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Abstract

The methylotrophic yeagtichia pastorishas evolved to a widely used expression hostior t
production of recombinant proteins in the past y@ars. However, most strategies in process
development for increased process understandingptichization are based on empiricism.
Such strategies are, caused by product or hostfispateractions, generally not transferable
to other production systems.

In the present study, a novel physiologically bagextess development strategy for the fast
and scalable determination of key parameter setdefb batch production processes with
P. pastorisstrains was developed. The strategy was appliedrious phenotypes expressing
different recombinant products. Certain strain gfgeparameters were reliably quantified in
batch pulse experiments and successfully transfam® fed batch feeding regimes. The
method based on the specific substrate uptakegtate a key parameter for process control
and optimization, was applied in single as wellnasixed feed substrate systems.

Increased process understanding regarding thelatore of g to product generation was
achieved and physiological changes caused by gemetidifications of the methanol
utilization pathway were quantified reliably. Addnally, a novel on-line device for fast
process monitoring of physiological relevant comgms as well as product quantity and
quality was introduced and supported the processloement strategy to increase process
understanding by real time data extraction.

With the present strategy, enhanced bioprocessrnmafiion for recombinant protein
expression irP. pastoriswas achieved within a short time. The strategyesgnts a valuable
and transferable tool for fast early process depraknt in academic as well as in industrial
environments, where several strains have to betigaiivrely screened for their potential use

in later production processes.
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Motivation

1. Motivation

In recent decades the use of biotechnologicallydgeced compounds, like proteins, has
increased due to very high efficient productiongesses. The major challenge to develop
novel products, which are produced in biologicastemns, is the interdisciplinary link of
biological and process engineering aspects faabldiprocess development [1].

The development strategy of a production proceshvided into different phases, where an

early and late phase of the development is distamgal (Figure 1-1).

< Early process development > < Late process development >
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Figure 1-1Scheme of a process development strategy of adbiedéogical product including all steps from
initial process development to the manufacturingcpss. The dashed line indicates steps, which were

investigated in more detail in the present study.

Initially, a variety of biological hosts and straimave to be screened for high producing

clones regarding the target product [2]. Therebg,number of potential candidates has to be

reduced dramatically in order to save time and émsfurther process development steps.

Criteria for the selection of potential candidaées e.g. pathogenesis of the host, control of

gene expression, biological activity of the produpbst-translational modification or

glycosylation structures of the product [1]. Therntfied clones are then transferred to a
1
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larger scale for general strain performance quaatibn, which is mostly carried out in lab
scale environments using initial batch [3] and |dasting continuous cultures [4-5]. These
experiments are directed to determine key paraseteich are potentially related to product
yields (g-@'), volumetric productivities (G*h™) or final titres (g-f) [1]. Such key parameters
either represent process variables like feedingsrat inducer concentrations, but also can
reflect physiological information, like the specifgjrowth rate, which can be used for further
process control regimes. The most promising claressubsequently transferred into next
development steps where, based on the definedotqrdrameters, an optimization of the
process regarding maximum product release wittshaat time is envisioned. This can either
be carried out by genetically based strain improxais regarding substrate conversion or
modified pathways [1], or by the variation of presetechnology parameters, like pH or
temperature [6].

Due to advances in genetic modification of biolagjicosts, the number of potential clones is
increasing continuously. The initial screening stegcommonly carried out by the use of
automated multi-well systems, which can perform skeeening of hundreds of clones in
parallel. Nevertheless, for the strain performargpeantification a more sophisticated
bioreactor environment is needed to detect phygicdéh parameters of the strains in a reliable
way. An inherent drawback is the quantificationdinequired for each strain and its potential
in further process development. Therefore, a fasthodology is needed to determine strain
specific characteristics in order to set up constohtegies for further process optimization
during the following development steps. With thdphef such a fast methodology, more
promising strains could be quantified in a shareti

An important prerequisite for the key parametemntdied during the strain performance
quantification is the scalability of these paramstgs. Scalable control parameters have to be
easily transferrable into all following developmestéps and scales to allow a general valid
control strategy for the manufacturing process.

The different process development steps are sugplet by parallel media development to
optimize strain performance and to generate defmedia, which ensure all physiological
requirements at minimum cost level [1]. The impletagon of on-line monitoring devices at
early steps of process development, leads to aetete data generation, which can be
consequently used to increase process informatwonnfedia development and process
control.

The scope of the present study was to combine aleprrcess development steps, where the

main focus was addressed to the strain performap@mtification, the initial process
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development, process optimization as well as mddiglopment of a recombinant protein

production system and is highlighted with a dadirelin Figure 1-1.




Goal

2. Goal

Recombinant protein expression Richia pastoriswas studied extensively during the last
years [7-9]. Basically, different approaches cartrie® to find novel process strategies, not
only motivated by the goal of increasing the pradty, but also for the implementation of
novel automated control techniques. Strain perfocaajuantification is either carried out in
long lasting continuous cultivations [4] and seVdea batch experiments [10-11], or solely
based on empirical knowledge [12]. Due to the ubdlifferent P. pastoris phenotypes
producing different products, the direct transfalioraof process settings from one to another
system arises to be difficult.

To facilitate process development, the presentystocused on the establishment of a novel
process development strategy, which describes aiglbgically based method for the fast
and scalable determination of key parameter sets fted batch production process with
recombinan®P. pastorisstrains.

Advances in genetic manipulation leads to the gdiwer of a high number of potential
expression hosts in a short time. Therefore, a rgengpproach for the quantitative
characterisation of different strains expressinfedent products in a fast way is of utmost
interest. In addition, a potential on-line execntaf the derived methodologies would speed
up the gathering of process knowledge and thus teachproved product yields in a short
time. The prerequisite for a novel quantificatioethodology is the scalability as well as the
general applicability of the derived key paramet&irserefore, the power of the method has to
be checked by its execution on different straind hasts in different process modes, like
single and mixed substrate environments in ordendet industrial requirements.

Different aspects have to be considered to reaelgdal of the study. The proposal of a novel
tool for process development was divided into saveubunits, which are interacting with
each other (Figure 2-1). The subunit “method faaist quantification” describes a novel
experimental approach for strain performance charaation using batch experiments and
the consequent data transfer into a fed batch @mwient (Chapters 4.1.1 and 4.1.2). Novel
strain specific parameters, like the specific substuptake rate, were addressed as a basis for
process control in fed batch cultivations in sin@#apter 4.1.1) as well as in mixed substrate
regimes (Chapter 4.2.1). Therefore, a detailedyaisabf the metabolic interactions during
protein expression in these process modes is nemdkdrranged within the subunit “process
understanding” (Chapters 4.2.1 and 4.2.2). In adit‘'on-line process monitoring” for the
identification of substrates, metabolites as wslltlee recombinant product is addressed in

chapters 4.3.1 and 4.3.2 by the use of a novelnenrhonitoring device. The target of this

4
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subunit is dedicated to highlight the potentialaof on-line executable methodology for the

increase of process understanding during processagement.
[ 1 subunit
A novel process development tool 1 focus
/ ﬁ \ 1 target

method for process :
strain <—— | understanding | ——> on-line process
quantification e monitoring
optimization
experimental key single mixed substrates, product
design parameters substrate substrate | | metabolites
} ! b b ! / \
batch fed specific optimal optimal media quality || quantity
batch substrate feeding mixed development
transfer uptake rate, profiles feeding
adaptation ratios
time, ... J v
methanol mixed
metabolism || metabolism

Chapter 4.1.1 Chapter 4.1.1 | | Chapter4.22 | [ Chapter4.3.1 | | Chapterd.32
Chapter 4.1.2 Chapter 4.2.1

Figure 2-1 Overview of the approaches and targetheopresent study classified into respective sitbwf a

novel process development tool.

Reliable data extraction out of batch experimemnis the subsequent transfer into fed batch
production environments is the major challenge aodelty of the conducted study. In
contrast to time consuming continuous cultivatioadast determination of scalable strain
characteristic parameters leads to a quick andesstid production process set up using fed
batch experiments. Most of the published studiesguB. pastoriswere carried out with a
wild type strain (Methanol utilization plus, Mif whereas the present study describes a large
and detailed work for the alternative phenotypehaeo! utilization slow (M.

The use of a novel on-line monitoring device fordmedevelopment and also product
guantification increases process understanding thwedefore enables the early process
development to focus to Process Analytical Techgwlovhere quality attributes of the

process are addressed.




Background

3. Background

3.1. The methylotrophic yeastPichia pastoris

Forty years ago, Koichi Ogata described for thet ftrme the ability of several yeasts to
utilize methanol as a sole carbon source [13]idltyt methylotrophic microorganisms were
used as a potential single cell protein source atatkas protein animal feed, which was
initiated by the petrochemical industry [7]. In th@70s, the Phillips Petroleum Company
developed a first cultivation medium and protocm P. pastorisgrowing on methanol. In
continuous cultivation already high cell densitiesup to 130 gt were achieved [14].
Alternative sources for animal feed productione lgoybeans, presented a low cost alternative
to methane because of rising costs during therwiscin 1970s [7]. Thus, in the following
decades the focus on the use Rdf pastoriswas more directed in recombinant product
production, especially since the researchers ofShakk Institute Biotechnology/Industrial
Associates, Inc. (SIBIA) isolated the gene andphmmoter of the alcohol oxidaspAOX)
and generated first vectors for molecular genetanipulation. Hence, a huge variety of

recombinant products were successfully producdd pastorig7, 15].
3.1.1. Metabolism

3.1.1.1 The alcohol oxidase promoter

The facultative methylotrophic yeast species thalotg to the four generdlansenula,
Pichia, Candidaand Torulopsis share a specific methanol utilization pathway (MUT
pathway) [16]. HenceP. pastorishas the capability to utilize methanol as a sa@eban
source. The methanol metabolism is regulated by desmes that code for alcohol oxidase,
aox1 and aox2 which are induced by methanol. The AOX1 promd@OX1) regulates
85 % of the alcohol oxidase activity in the celhile pAOX2 is less active.

The regulation of the MUT pathway is strongly afé&t by promoter repression and de-
repression effects of several substrates. Espgdiadl enzyme alcohol oxidase (AOX) is
present at high levels in cells growing on methandl is not detectable in cells grown on
other substrates, like glucose, glycerol or eth@AplA high induction of theaox gene was
reported, where up to 30 % of the total solubldgirowas found to be AOX for fermentation

cultures growing on methanol at limiting conditida3-18].
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In general, three different phenotypes regardirgy ritethanol utilization oP. pastorisare
described. The methanol utilization plus phenotgigeit’) contains both genesdgx1 and
aoxd in an active state and is dedicated as a wile tgpwth strain. For the methanol
utilization slow phenotype (Mt the aoxl gene is knocked out and therefore the
consumption of methanol is slowed down. In thedtiphenotype, methanol utilization minus
(Mut), both genes are knocked out and subsequentlyowtly on the substrate methanol is
possible [7]. However, also the Mutrain retains the potential to be inducible bythaaol
[19].

The benefits of using the different phenotypes Mu¥ut” or Mutf was discussed
controversially in the literature. In general, Mstrains are characterized by a higher growth
rate than Mut strains and have also been reported to show higeetuctivities [20-23],
which is why the majority of research so far hasrbperformed with this phenotype; to date
7 times more studies can be found in PubMed dealittyrecombinant protein expression in
P. pastorisMut” strains than in Mdtstrains. This is why the main focus in this worksw
addressed to Muto further increase bioprocess information fos tticombinant expression

phenotype.

3.1.1.2 Methanol metabolism

The enzyme alcohol oxidase (AOX) catalyses thé §trsp in the dissimilation of methanol,
where methanol is oxidized to formaldehyde and bgedn peroxide using molecular oxygen.
This reaction takes place within specialized orfesealled peroxisomes (Figure 3.1.1-1) in
order to avoid the toxic effect of hydrogen per@xjd4]. Peroxisomal catalase (CAT) ensures
the degradation of hydrogen peroxide to water antkoular oxygen.

Formaldehyde forms a complex with reduced glutahiand enters the cytosol where it is
oxidized to carbon dioxide by two subsequent debgenase (FLD, formaldehyde
dehydrogenase and FDH, formate dehydrogenase)arscBesides the generation of energy
in the form of NADH, this dissimilatory oxidationathway of formaldehyde is thought to

play an important role in the detoxification of imeldehyde in methylotrophic yeasts [25].
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Figure 3.1.1-1 Different cellular locations wherethanol utilization takes place; scheme taken ff26h

The remaining formaldehyde reacts in a transketolaaction catalysed by dihydroxiacetone
synthase (DAS) with xylulose-5-phosphate {Ruto yield dihydroxyacetone (DHA) and
glyceraldehyde-3-phosphate (GAP). The formed C3pmmds are further assimilated within
the cytosol and serve as building blocks for bismagthesis. DHA is phosphorylated by a
dihydroxyacetone kinase, and subsequently, in @olade reaction with GAP, it forms
fructose-1,6-bisphosphate;(#BP), which is then converted to fructose-6-phospligP) by

a phosphatase s enters the pentose phosphate pathway to regenstatose-5-phosphate.
Every three cycles, one net molecule of GAP is peced and utilized in order to form
biomass by standard reactions of gluconeogenesis.

There are contradictory results reported on thes rof the dissimilatory pathway in
methylotrophic yeasts. Some studies report the dtdahyde dehydrogenase and formate
dehydrogenase enzymes to be responsible for thegtiamn of the cell from toxic levels of
formaldehyde caused by a high residual methanotexdnation in the medium [27-28]. In
contrast, Jahiet al. described this pathway as the main energy souwncéhé cells when
growing solely on methanol [29]. It is also notariehow formaldehyde is distributed between

the assimilatory and the dissimilatory pathwaythimcell.
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Figure 3.1.1-Metabolic pathway for methanol P pastoris;scheme taken and adapted from [10].

3.1.1.3 Glycerol metabolism

Glycerol is phosphorylated by a glycerol kinase,ichleads to glycerol 3-phosphate,
followed by oxidation to dihydroxyacetone phosphéte a FAD-dependent glycerol-3-
phosphate dehydrogenase located on the outer swfabe mitochondrial inner membrane.
The dihydroxyacetone phosphate formed enters thieolgtic pathway [10]. Pyruvate is
formed as the outcome of glycolysis and is furtbridized to acetyl-CoA, via pyruvate
dehydrogenase. Acetyl-CoA enters the tricarboxg@ad (TCA) cycle, where numerous
metabolites are produced and used for the syntlésigllular constituents such as amino
acids, nucleic acids and cell wall components.Ha TCA cycle, most of the energy is
conserved in the form of NADH and subsequently deedell growth and maintenance.

P. pastorisis a Crabtree-negative yeast [30]. According to Reml, the residual ethanol
concentration measured during growth on glycerolnegligible [10]. Hence, ethanol
formation can be neglected when oxygen is not iimgitThe use of glucose as carbon source
is usually avoided because of higher amounts arethproduced as a metabolite on glucose
[31]. Residual ethanol concentrations represspth®X, even at very low levels of around
10-50 mg™ [32]. However, glucose depicts a low cost substfat biomass growth prior

induction.
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Figure 3.1.1-3 Metabolic pathway for glycerolRnpastoris scheme taken and adapted from [10].

3.1.1.4 Mixed substrate metabolism

The metabolism of glycerol and methanol in a migatstrate environment was investigated
in batch [3, 33], carbon-limited fed batch as veslin continuous cultivation systems [4, 34-
35]. Under glycerol excess tpAOX is repressed and methanol is not taken up. eleinca
multiple substrate batch environment, diauxic gtowias reported. However, in a carbon-
limited environment,P. pastoristakes up glycerol and methanol in parallel. Mixeéd
studies usingP. pastoris are mostly designed to obtain high productivitemused by
increased biomass yields on glycerol. Interestingie metabolism in a mixed substrate
environment is still not entirely understood.

A clear advantage of a mixed feeding strategy ceoetpdo single methanol feed is the
reduced heat production of the culture [34] caubgdthe enthalpies of combustion of
methanol and glycerol, which are -727&ol* and -549.5 k&-mol™, respectively [36]. In
addition, oxygen uptake is also reduced in a mifesting strategy because of a lower
oxygen demand for glycerol oxidation compared tothaeol. The reduction of oxygen
consumption rate and heat production rate is vewamatageous in high cell density cultures

with recombinanP. pastorisstrains, especially at large industrial scales.

3.1.2. Recombinant protein expression withPichia pastoris

Several advantages of usiRg pastorisfor recombinant protein production were reporied.
contrast to the baker’'s yeaSaccharomyces cerevisjde. pastorisis dedicated as Crabtree
negative yeast [30] and does not produce significanounts of potentially inhibiting
fermentative by-products like ethanol [3H. pastorissimply turns the carbon source into

biomass and no significant change of the biomaalsl y$ expected, which enables a straight

10
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forward and easy process regime for recombinantejroproduction withP. pastoris
Protocols for fed batch and continuous cultivatiomsich are based on defined and
inexpensive media [37-38], are described. SiAcpastorisis mostly cultivated at relatively
low pH and in the presence of methanol, only a mim risk of contamination by other

microorganisms exists.

3.1.2.1 Expression vectors

The construction of recombinaRt pastorisexpression strains is divided in different stefps.
foreign gene has to be inserted into an expres&otor and introduced into the genomdPof
pastoris Afterwards, the generated strains have to be sainfor potential foreign gene
expression capability [7]. Besides the prominent¥A@omoter, other promoter systems like
GAP, FLD1 and others were described and consequersitd for recombinant protein
expression [7]. The GAP promoter provides a camsig expression of the foreign gene on
glucose at comparable levels to that with the AQXnmter. The major advantage is that
methanol is not required for induction. The FLDlngeencodes the formaldehyde
dehydrogenase enzyme and the promoter can be shdaither by methanol or by
methylamine as nitrogen source combined with gle@sscarbon source [7].

All expression vectors can be designedEascoli/P. pastorisshuttle vectors and contain
markers for one or even both microorganisms. Theiga gene is inserted into the expression

cassette between the promoter and the terminajoesees.

3.1.2.2 Secretion signals and posttranslational modificatio

Foreign proteins can be produced Rn pastoriseither intracellular or, combined with a
secretion signal, released to the supernatantséaetion of a recombinant product, vectors
are available where in-frame fusions of foreigntgirss and the secretion signal can be
generated. The most prominent secretion signalthate. pastorisacid phosphatase (PHO1)
or thea-mating factor §-MF) from S. cerevisia¢7].

For secretion processes, the vast majority ofdked protein in the supernatant represents the
heterologous one due to the low level secretioerafogenous proteins By. pastoris[7].
Another major advantage Bf. pastorisover other expression systems (e.g. bacteriashst
the potential for post-translational modificationcherefore, recombinant proteins derived
from fungi, plants and even from humans were exga@successfully iR. pastoris[7, 15].
Pichiais at present the most frequently used yeast epdar the production of heterologous
proteins. Due to relatively low efforts needed fioocess development and with respect to its

secretion efficiency, it was dedicated to be swqed other yeasts [15].

11
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3.1.2.3 The model enzyme horseradish peroxidase

In the presented study, the enzyme horseradishxigase was exemplarily chosen as a model
enzyme for recombinant protein productiorPinpastoris.

Horseradish peroxidase (HRP) is a member of thet gdaroxidase super family [39] and
catalyzes the oxidation of many substrates usirdydgen peroxide, resulting in oxidized
products and in the formation of two molecules aftav per molecule of hydrogen peroxide
[40-42] (Eq.3.1).

H.,O, + 2AH, - 2H,0+2AH" (Equation 3.1)

AH, represents the reduced substrate and &s$lradical product. Typical substrates are
aromatic phenols, phenolic acids, indoles, aminelssalfonates.

HRP is a heme-containing glycoprotein with a molacwveight of approximately 44 kDa
that has been studied for more than 100 years §4#] gained more and more industrial
relevance in the past few years; it is used in evagater treatment [43-44], analytical
diagnostics [45] and for the elimination 0f®} from food and industrial wastewater [46].

In nature, the enzyme HRP can be found in horsemg@drmoracia rusticanaand comprises
between 18 to 22 % carbohydrates. HRP expressBd pastorisshowed higher amounts of
carbohydrates caused by higher glycosylation widmmnose-residues [47]. The molecular
mass of HRP, produced . pastoriswas described at arour@® to 66 kDa [47]. Several
different isoenzymes exist of which the isoenzymis @e most abundant and characterized
one.

The isoenzyme Horseradish Peroxidase C comprisasgée polypeptide of 308 amino acid
residues and the sequence was determined by Weimd®76 [39]. Four disulfide bridges
between cysteine residues and one buried saltéotdgyveen an Aspargine and an Arginin
residue were found. Furthermore, nine potentiafjifeosylation sites were recognised [42].
Two different types of metal centres are descritexh(lll) protoporphyrin IX = heme group
and two calcium atoms), which are essential forstnectural and functional integrity of the
enzyme. A loss of calcium results in lower thermatl enzyme stability as well as in slight
changes in the heme environment [42].

The three dimensional structure of horseradish yigage isoenzyme C was described by
Gajhedeet al.[48] and by Veitch [42] (Figure 3.1.2-1).
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Figure 3.1.2-1 Three-dimensional representationthaf X-ray crystal structure of horseradish peros@a
isoenzyme C from Veitch 2004 [42]. The heme groapldured in red) is located between the distal and
proximal domains, which contain one calcium atomhe@hown as blue sphereg}Helical andB-sheet regions

of the enzyme are shown in purple and yellow, respaly.

3.2. Bioprocess development for recombinant protein exm@ssion in

Pichia pastoris
3.2.1. Steps of process development

3.2.1.1 Strain screening experiments

The initial step of a development process is a ficseening of potential candidates [1]. The
target of this step is to select the most promisiagdidates out of a pool of available strains.
Here, shake flasks or multi well microtitre platee used and the output of the screening is
mainly based on qualitative statements based onrienmngsults. Normally, these systems are
rather uncontrolled and especially changes in pbkewvthe use of strong buffer systems
which are not scalable up to larger process si#8f [n general, the highest producers are
selected and transferred into next developmenssidfithin this procedure it is possible that
potentially high producers are rejected due to aptimal process conditions for the
respective strains. Therefore, novel tools for fasid semi-quantitative experimental
screening procedures were developed during the dastde and have been reviewed
elsewhere [2]. Improvements regarding process obatrd scalability for critical parameters,
like oxygen transfer, compared to other experimesystems were achieved.
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3.2.1.2 Strain performance quantification and initial presedevelopment

The selected strains from the screening procedanesubsequently transferred to the next
development step. During strain performance quaatibn, detailed information about
characteristic parameters of the respective stsaobtained for initial process development.
In order to launch a successful protein productimoctess, key parameter sets, which combine
biological as well as process technological knogtedare needed to keep the strains in a
defined physiological state. This knowledge is ta$y derived by raw data generation and
subsequent data exploitation to compile conversates and specific rates out of the process.
The use of specific rates, like e.g. specific glowdte, ensures scale independency and easy
transferability into further development steps. Potential of such key parameters to act as
operational control variables can be seen in Fi@u2el-1, where a general strategy for data

transfer to information and knowledge is shown [49]

Accuracy % @ Frequency

2
W

Process

development

Independent from
scale

&

specific
rates

Scale up

initial conditions

o Ong,
critical quality attribute )
Process control

Figure 3.2.1-1 General strategy for transfer oadatknowledge from process development to manurfiscy.

Manufacturing

Strain characteristic parameters are estimatediffareht cultivation modes during strain
performance quantification. So far, empirical dnvepproaches as well as studies based on
continuous cultivation systems have been conduttednvestigate the performance of
different P. pastoris strains. Time intensive experiments are used téneleoptimal
parameters, like the specific growth rate in regpedo the highest productivity [4-5]. In
contrast to continuous cultivations, another apgnoased several consecutive fed batch

cultivations with changed parameter sets in orddind an optimal specific growth rate for

14



Background

maximum productivity [10-11]. Both of the experint@napproaches are time-consuming and
therefore not suitable for numerous strain quaratfons in a short time.

The fact that still a high number of strains areced for strain quantification highlights the
necessity of a reliable and fast methodology farfgmance quantification. Exemplarily,
parallel bioreactor systems have been establisheguantify selected strains in lab-scale

environment of up to 2 litres working volume [50].

3.2.1.3 Process optimization and process control

Based on the findings of the initial process depelent, the next step is to optimize the
process and to establish a reliable control autemain order to scale up the production
system to industrial scales. The approaches famig#tion are very interdisciplinary, as in
principle all biological and process parametershmigteract with each other and therefore
might have a possible impact on productivity. Teselopment phase is characterized by
quantitative analysis of product quality relatedgpaeters, identified as Critical Process
Parameters (CPP) and their relationship to theitguaf the product, defined as Critical
Quiality attributes (CQA) [49] (see also Figure 3-2). In that sense the concept of “design
space” has been proposed in the ICH Q8 guideli&sdnd was exemplarily applied tdPa
pastoris system by Harme®t. al. Numerous process variables like pH, dissolved eryg
temperature as well as feeding rates were usegruress characterization and optimal
parameter identification with a Design of Experim@oE) approach [6]. The final goal of
the process optimization phase is the gatheringrotess understanding. A process is
generally considered well understood when, i) atlaal sources of variability are identified
and explained,; ii) variability is managed by theqass; and iii) product quality attributes can
be accurately and reliably predicted over the desgace [52]. A structured process
development on a small scale, using experimentsigde can provide increased insight and
understanding for process development, optimizagoale-up and control [52].

After optimization, the final development is cadieut in pilot scale to check for parameter

consistency at industrial scales and to proof iy of the developed control strategy.
3.2.2. Key parameters for process control strategies

3.2.2.1 Getting started Pichia pastori$ermentation guidelines
The wide use ofP. pastorisfor protein production is mainly caused by a ntutte of
advantages like substrate variety, phenotypic ihffees and easy genetic manipulation. In

1993, Phillips Petroleum sold tHe. pastorisexpression system to Research Corporation
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Technologies (Tucson, AZ, US), which is the curr@attent holder [7]. The company
Invitrogen in contract with Research Corporatiorchielogies established further protocols
for the easy set up &f. pastoris, namely the Pichia Fermentation Process Guidelines” [12].
In general, the production process of proteinsguBinpastorisis divided into several steps
(Figure 3.2.2-1). Initially, a batch on a carbomi®e like glycerol or glucose is conducted for
biomass generation. Afterwards, further increasbiofmass concentration is achieved by a
fed batch phase with high concentrated feeds afegbl or glucose, either with linear or
exponential feeding profiles. Subsequently, methasoused to induce the cells for
recombinant protein production under the controlp8fOX. The experimental strategies
suggested in the fermentation guideline from llwgan describe a constant volumetric flow
of methanol for a certain adaptation time and &ntincrementally increased to a higher value
and further kept constant until the end of induttibue to concomitant biomass growth on
the inducer methanol, the biomass concentratiancreasing which leads to a decrease in the
specific growth and specific substrate uptake rdtging induction. Therefore, the
physiological state of the cells is rather uncdidgtb and obviously not aiming at optimal
productivity. For all periods (batch, fed batch anduction), the experimental strategy is
based on empirical knowledge and the transfer fom strain to another is difficult due to
potential different characteristics.

A

Flow [1]

........

specific growth/substrate uptake

Il S | e
—

-

oo »

Time

Figure 3.2.2-1 A protein production experiment ieatrout withP. pastorisin different phases based on the
fermentation guidelines from Invitrogen; A, batamglycerol or glucose; B, fed batch on glycerobbfcose; C,

induction period on methanol for recombinant profgioduction.
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3.2.2.2 Methanol excess conditions

During the last decades, high efforts were madeptomize recombinant protein production
in P. pastoris Based on the fermentation guidelines developethbyrogen [12], different
improvements regarding optimal feeding strategietnd induction were done. In some cases
protein expression was carried out under metharokéss and systems for the automatic
control of methanol concentrations during inductisere developed [53-55]. According to
the controlled methanol concentration in the celtbroth and to the Monod kinetic of the
methanol assimilation, the cells are most probgobwing closely to the maximum specific
growth rate. Therefore, the physiological statetr@ cells is rather undefined, e.g. due to

different phenotypes, and thus not transferablen fome strain to another.

3.2.2.3 Methanol limited conditions

In contrast, it was reported that a higher induciod thepAOX is achieved under methanol
limited conditions [56] and several studies focusackasy to do feed forward regimes based
on the specific growth rate [29, 53, 57-59].

The conducted research on the relationship betwleermprocess parameter specific growth
rate u on the inducer methanol and specific prodtyctwas reported diverse; growth
associated productivity was reported once [60],re@e a few studies showed no correlation
between p and the productivity of the cells [54587 61].

Based on these contradictory results, other paemetvere tested for their possible
correlation with the productivity i. pastoris Parameters, like the specific substrate uptake
rate @¢ and its relationship to the specific productivitgre analyzed in the past years [62-64].
In summary, all studies showed higher productiatylower specific substrate uptake rates
and @ was stated as the most important induction pammé&he control parameteg @
methanol based production systems reflects a plogsoal variable, which is directly
correlated to the induction of recombinant prot@ne to the parallel usage of thAOX for
substrate assimilation on the one hand and protelaction at the other hand, possible
interactions might be correlated to the physiolabstatus of the cells.

A biological burden caused by protein expressios vegorted in the literature and changing
biomass yields caused by stress conditions [65a6d] higher maintenance effects [68] were
described foiE. coli. Therefore, a control regime based on the spesifiistrate uptake rate
could handle such physiological changes in bionyadds and describes a promising tool for
process control in recombinant protein expressystesns. However, an approach basedon g

for process control of feeding profiles has notrbssted yet.
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3.2.2.4 Mixed feed conditions

Beside the single substrate induction strategy &hegthanol presents the carbon and energy
source as well as the inducer to the cells, sev&ttalies are described using a second
substrate to integrate also biomass growth intgtb&ein expression phasef pastoris[4,

8, 34, 69-71]. Technical benefits, like lower oxggeonsumption and lower heat production
[34], as well as increased volumetric productigteaused by accelerated biomass generation
due to higher biomass yields on the second substaa¢ reported [8]. For supporting cell
growth, glycerol is a prominent C-source for miXedd approaches, although it was several
times reported to reprep\OX, even if fed in limiting amounts [69-70]. Thuihe glycerol
feeding rate is a versatile parameter to optimizenigzed feed strategy [71]. Different
approaches were carried out to identify optimatiieg regimes in a mixed feed environment.
On the one hand methanol concentrations were niaéntaat 1-5 g in the broth and
variations of the glycerol feeding rate were carraut in continuous [4] as well as in fed
batch approaches [72-73]. In contrast to that,néefiratios of the two substrates were mixed
and fed together in limiting amounts in other s&sdi34-35, 74]. To investigate the effect of
different substrate mixing ratios, again time-canslg continuous cultures or several fed
batch experiments were performed. In summaryhaie¢ studies comprised the disadvantage
that the substrate feeding rates were not cleadgpendent and therefore the estimation of
any related effect of either of the substrateshengroductivity and physiology of the cells
was not possible [34-35, 74].

A novel approach based on the individual controboth of the substrates would probably
reveal additional information about physiologicablgroductivity interactions d®. pastoris
Detailed information of the correlation between thetabolism of the two substrates, like
physiologic repression effects or the differentintof energy and building block distribution,
would additionally increase process understandimg) subsequently improve productivity.
Open questions concerning the stoichiometric icteon, as e.g. whether the physiological
substrate uptake rate is a sum of the two indiVvidatas or whether it can be even boosted in
mixed environments, are still remaining. Theref@erocess regime based on the specific
uptake rates as control parameters is a promiging for mixed feed protein production

systems offP. pastoris
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3.2.3.  On-line monitoring for process development

During the last decades more and more effort wdsirpthe development of robust and
reliable devices for on-line monitoring of process#lotivated by the Process Analytical
Technology (PAT) initiative, which was suggestedihy US Food and Drug Administration
(FDA) [51-52], the development of novel techniqdies process parameter determination in
real time is more and more implemented within pssagevelopment. PAT is defined to be a
system for designing, analyzing and controlling ofanturing through timely measurements
of critical quality and performance attributes afwrand in-process materials and processes,
with the final goal of ensuring final product qugli{52]. The term “analyzing” includes
chemical, physical, microbiological, mathematicalhd risk analysis conducted in an
integrated manner.

The motivation of implementing on-line monitoringuices in early process development is
mainly driven by media development issues and obparameter identification. The fast and
reliable determination of substrates and produgtsghese dedicated PAT tools enhances
process understanding during development phasesdditionally facilitates potential real
time CQA estimation in manufacturing at industseles.

3.2.3.1 On-line monitoring for substrates and metabolites

The monitoring of substrates and metabolites ipitamoesses is mainly motivated to enhance
bioprocess understanding and bioprocess knowledgeder to take action and interfere with
the process, while the process is still being edrrout. A broad portfolio of different
analytical devices based on different analyticai@ples were described to extract important
information out of bioprocesses and the field hasrbreviewed intensively in the last two
decades [75-77].

One of the main goals of the research group of lBatcal Engineering at the Vienna
University of Technology (VUT) is the establishmerfitnovel tools and methods for reliable
on-line monitoring of bioprocesses and a real tquantification of physiological reactions.
Therefore, studies were conducted to use on-lirsladble signals as input variables for
kinetic modelling and balancing (elemental and niedances) for the real time quantification
of bioprocess key parameters like specific growttl substrate uptake rates [78]. In addition,
a theoretical study on the needed data qualiteliably extract quantitative information out
of on-line measurements was carried out to indgmtrerequisites regarding the signal to

noise ratio for potential novel on-line monitoripgnciples [79].
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The on-line monitoring aspect for substrate ancabngtte analysis focused within the present
study was addressed to media development and #hdimee extraction of key parameters

during strain performance quantification experirsent

3.2.3.2 On-line monitoring for product determination

Another focus area of on-line monitoring in reconait protein expression systems is the
determination of the target product quantity andjomlity. In case of a recombinantly
expressed enzyme, analysis regarding the proteiteeband the activity of the enzyme are of
interest. Interestingly, only few approaches foe tn-line determination of proteins are
described in literature. In principle, quantificati methods are either based on the direct
measurement of the protein, like HPLC [80-81], enatic assays [82], as well as
fluorescence sensors [83-84] or on the reliablerdahation of compounds, like metabolites
or by-products, which are directly related to tiheduct expression [85-87].

In the presented study, a novel on-line monitoriagl was chosen which combined the
capability to determine substrates, metabolitewvels as the target protein HRP. Currently,
the research group Biochemical Engineering at V&Jibcusing in parallel on the reliable and
fast determination of target proteins with autordd#LC systems.
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Abstract

Background

Pichia pastorisis one of the most important host organisms ferrdcombinant production of
proteins in industrial biotechnology. To date, strspecific parameters, which are needed to
set up feeding profiles for fed batch cultivatiorese determined by time-consuming
continuous cultures or consecutive fed batch catitims, operated at different parameter sets.
Results

Here, we developed a novel approach based on rdseasy to do batch cultivations with
methanol pulses enabling a more rapid determinatidhe strain specific parameters specific
substrate uptake rate, gspecific productivity g and the adaption timeA{meagap) Of the
culture to methanol. Based og gn innovative feeding strategy to increase tloeyctivity

of a recombinanPichia pastorisstrain was developed. Higher specific substratakgtates
resulted in increased specific productivity, whadbo showed a time dependent trajectory. A
dynamic feeding strategy, where the setpoints favere increased stepwise until a.gx of

2.0 mmol-g-h* resulted in the highest specific productivity afl-g*-h™.

Conclusions

Our strategy describes a novel and fast approadetermine strain specific parameters of a
recombinantPichia pastorisstrain to set up feeding profiles solely basedtlos specific
substrate uptake rate. This approach is genericnalh@llow application to other products

and other hosts.

Keywords: recombinant protein expressidpichia pastoris Mut®, specific substrate uptake

rate, specific productivity, batch cultivation, manol pulse, dynamic feeding profile
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Background

Recombinant protein expression with biological Bost one of the most examined key
processes in the pharmaceutical industry. Numepooducts like organic acids, antibiotics,
enzymes and amino acids are produced heterologbysigcombinant microorganisms. The
methylotrophic yeasPichia pastorisis one of the most important host organisms fas th
purpose.

Several of the published fermentation strategigsPfopastoristo date are based on the
Invitrogen protocol (http://tools.invitrogen.comJ.his protocol suggests constant feeding
profiles for fed batch cultivations, but does noamnato improve production efficiency
regarding time and yield or substrate consumptBased on this protocol, different process
strategies were developed to optimize recombinestem production withP. pastorisin the
past few years. A commonly used feeding strateggrilmes a feed forward regime based on a
constant specific growth rate p [1-5]. This stragtegsults in an exponential feeding profile
and does not require complex instrumentation, bistalso not controlled, and since the cells
capacity may change over time, the feeding profilessider a large safety margin. Another
feeding strategy is based on a controlled p andines) laborious continuous culture
investigations and an effective computer controldgeration, based on established growth
models and a feedback algorithm requiring expensiméne measurement sensors for
methanol [2, 6-8]. Employing these strategies, dbcome regarding specific productivity
and specific growth rate was diverse; some studleswed that the maximal specific
productivity did not relate to the maximal specijowth rate [1, 3, 6-7], whereas another
study showed a more or less growth associated ptiody [9].

Due to these controversial findings, other pararsetgere analyzed for their possible
correlation with the productivity in the past feways. Khatri and Hoffmann analyzed the
specific substrate uptake rate)(gnd its association with the specific producii\) in fed-
batch cultivations oP. pastorisand showed that lower gesulted in higher g[10-11]. In
another study, Cunhet al. used a constant feeding rate of methanol durimgraéfed-batch
cultivations with different initial biomass contertb monitor gover time [12]. Interestingly,
Cunhaet al. also showed increaseg gt lower g and clearly stated that gvas the most
important induction parameter. However, despite dbgious effect of gon g, feeding
profiles based onsfpave not been tested yet.

Regardless of which control parameter is chosesetoup feeding profiles for fed batch
cultivations, strain specific parameters have todbeermined. This can either be done by

continuous cultures [13] or by several, conseculikbatch cultivations, which are operated
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at different parameter sets [14-15]. These metihaede the disadvantage of being very time-
consuming and labor-intensive. A robust methodeti@ihine these strain specific data and to
develop a suitable feeding strategy in a shomee fperiod is of high interest in biotechnology
to speed up process development and to quantitaseesen industrial relevant strains.

In this study, we developed a new and fast metbatktermine the strain specific dateaqd

Op, as well as the adaptation time of the culturtheosubstrate methanol, based on easy to do
batch cultivations with methanol pulses. The hBstpastorisand the product horseradish
peroxidase (HRP) were used as a model system, fiaethwwve subsequently developed a
novel feeding strategy solely based on the detexthtp (Figure 4.1.1-1). Various fed batch
cultivations, employing differentsgfeeding profiles, were carried out to charactetize
strain, hence, to determine yieldsx(Y Ycoxz9 and the specific productivity gpto evaluate
and improve the feeding strategy. To our knowletlys is the first time that different
dynamic feeding profiles only based onveere tested to develop a feeding strategyHor
pastorisaiming at increased productivity.

\

Batch E. ---------- -f:-l---l-) ----- (-j- ---------- E
* Atime i, profiebasedon set up feed profiles
adapt < POAtme, & Qo :
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s adapt e T
* e
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Figure 4.1.1-1 Experimental strategy for the deteation of relevant strain specific parameters iach

cultivation with methanol pulses. These strain ffpedata (\timeadapt - adaptation time; adapt — specific
substrate uptake rate during the adaptation peggaiax — maximum specific substrate uptake rate)ttaea
used to set up a feeding profile for P. pastoriethbatch cultivations. The calculated yields£YYco29 and

the specific productivity (g can consequently be used for strain charactesizat

Material and Methods

Microorganism and recombinant protein

The Pichia pastoris strain KM71H @rg4 aoxl:arg4)was transformed with a plasmid
containing the gene for the horseradish peroxitasnzyme C1A (HRP) and was gratefully
provided by Prof. Anton Glieder (Graz UniversityTéchnology, Austria). The phenotype of
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the strain corresponded to an AOX1—deficient chvhéeh is characterized as Mifmethanol
utilization slow) and HRP was secreted into thenkemtation broth.

Horseradish peroxidase is a member of the plarixmbase super family [16] and catalyzes
the oxidation of many substrates using hydrogenxpee, resulting in oxidized products and
in the formation of two molecules of water per noolle of hydrogen peroxide [17-19]. It is a
heme-containing glycoprotein with a molecular weighapproximately 44 kDa that has been
studied for more than 100 years [19]. Horseradestoxidase gains more and more industrial
relevance in the past few years; it is used in evagater treatment [20-21], analytical

diagnostics [22] and for the elimination 0f®} from food and industrial wastewater [23].

Stability of the enzyme horseradish peroxidase ime presence of methanol

To check whether certain concentrations of methamede affecting the stability of the
enzyme horseradish peroxidase, HRP was dilute@reithwater or in BSM medium to a
concentration of 1 U/mL and incubated in a watdrhbatt 28°C in the presence of up to
20 mg/mL methanol (which corresponds to 2.5 % wvgrnight. At several time points

samples were taken and analyzed for catalytic iactwd protein content.

Culture Media

Preculture: Yeast nitrogen base media (YNBM), pier:| potassium phosphate buffer (pH
6.0), 0.1 M; YNB w/o Amino acids and Ammonia SuéfgDifco™), 3.4 g; (NH).SO, 10 g;
biotin, 400 mg; glucose, 20 g.

Batch/fed batch: Basal salt media (BSM) [24], pézrl 85% phosphoric acid, 26.7 mL;
CaSQ-2H0, 1.17 g; KSQ,, 18.2 g; MgSQ@ 7H,0, 14.9 g; KOH, 4.13 g; §81,06-H,0, 44 g,
Antifoam Struktol J650, 0.2 mL; PTM1, 4.35 mL; WBH as N-source (see experimental
procedure). Trace element solution (PTM1), perelitCuSQ-5H0, 6.0 g; Nal 0.08 g;
MnSQO,-H,O, 3.0 g; NaMoO,4-2H,0O, 0.2 g; HBO3;, 0.02 g; CoCGl, 0.5¢g; ZnCj, 20.0 g;
FeSQ-7H,0, 65.0 g; biotin, 0.2 g, 404, 5 mL.

Feed glucose, per liter: glucose, 250 g; PTM1, 12 &truktol J650, 0.3 mL.

Feed methanol, per liter: methanol, 300 g; PTMinl4 Struktol J650, 0.3 mL, induction
period was carried out in presencedAminolevulinic acid §-ALA), 1 mM.

Base: NHOH, concentration was determined by titration wWitB5 M potassium hydrogen
phthalate (KHP).
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Experimental Procedure

Preculture

Frozen stocks (-80 °C) were pre-cultivated in 100a@h YNBM in 1000 mL shake flasks at
28 °C and 200 rpm for max. 24 hours. Then, theytee was transferred aseptically to the
respective culture vessel. The inoculation volumas vapproximately 10 % of the final

starting volume.

Batch cultivation and determination aof g

Batch cultivations were carried out in a 1 L workimolume glass bioreactor (Applikon,
Netherlands). Basal salt media was sterilized enltioreactor and pH was adjusted to pH 5.0
by using concentrated ammonia solution after aataad). Sterile filtered trace elements were
transferred to the reactor aseptically. Dissolved/gen (dQ) was measured with a
sterilizable polarographic dissolved oxygen elat#gr¢Mettler Toledo, Switzerland). The pH
was measured with a sterilizable electrode (Mefilletedo, Switzerland) and maintained
constant with a step controller using ammonia smhu{l to 2 M). Base consumption was
determined gravimetrically. Cultivation temperatwas set to 28 °C and agitation was fixed
to 1200 rpm. The culture was aerated with 1.25 wried air and off-gas of the culture was
measured by using an infrared cell for £&hd a paramagnetic cell for, @oncentration
(Servomax, Switzerland). Temperature, pHpd&@yitation as well as GGand Q in the off-
gas were measured online and logged in a procéssniation management system (PIMS;
Lucullus, Biospectra, Switzerland).

After the complete consumption of the substrateage, which was indicated by an increase
of dissolved oxygen and a drop in off-gas activitlye first methanol pulse of a final
concentration of 0.5 % (v/v) was conducted witheparethanol (supplemented with PTM1,
12 mL/L of methanol). Following pulses were perfednwith 1 % (v/v), before a last pulse
with 2 % (v/v) final concentration of methanol wearried out. To investigate the metabolic
activity during methanol excess and also the dynamehavior of the cell metabolism after
methanol limitation for several hours, the pulsperiments were performed like this: after
methanol was depleted after the “first” pulse @aled by off-gas analysis), an immediate
“second” methanol pulse with the same concentratias conducted per day. After methanol
depletion, methanol starvation was carried out deveral hours before another so-called

“first” pulse was applied (Figure 4.1.1-2).
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For each pulse, at least two samples were takeletermine the concentrations of substrate
and product as well as dry cell weight andgg@o calculate the specific substrate uptake rate

Os-

Fed batch cultivations

Fed batch cultures were carried out in a 7.5 L (8drking volume) glass bioreactor (Infors,
Switzerland). Concentrated BSM medium (2-fold coricated to supply necessary salts for
high cell densities) was sterilized in the bioreacnd pH was adjusted to pH 5.0 by using
concentrated ammonia solution after autoclavinge Hitial volume was set to 1.5 L. Trace
elements were filter sterilized and transferrethreactor aseptically. Dissolved oxygen was
measured with a sterilizable polarographic dissblvexygen electrode (Hamilton,
Switzerland). The pH was measured with a sterilezabectrode (Hamilton, Switzerland) and
maintained constant using ammonia solution (3 k) 5Agitation was set to 1500 rpm. The
culture was aerated with at least 1 vvm to avoigigex limitation. The dissolved oxygen
signal was used to adjust air-in flow manually &z levels >30 % dat all time points. In
case air flow was limited, pure oxygen was adddgd, @nd Q were measured as described
above. Base consumption and reactor weight weresunea gravimetrically. The fed batch
feed was measured and controlled using a gravicadiribased PID flow controller.

At several time points during fed batch cultivaspsamples were taken and analyzed for
accumulated methanol, biomass concentration (dityweaght and optical density Qfgy),
protein content and enzymatic activity. Based an tthtal biomass content, feed rates were
adjusted manually corresponding to the defingsetpoint.

Three different fed batch strategies were testedblatch A, where methanol was adjusted to
a constant flow during the whole induction phasel hatch B, where after the adaption time
with a G adap: @ Shift to a high substrate uptake rate of ~90®@s max was done and
adjustments to the very samgsgt point during cultivation were performed repédat; and
fed batches C1 and C2, where after the adaptagangwith g agap the methanol flow was
stepwise increased Up G max Values for g agaprtand @ max had been determined in batch
experiments \(ide supra. An overview of the fed batch cultivations ane ttorresponding

settings is given in Table 4.1.1-1.
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Table 4.1.1-1 Description of feeding strategiesféat batch cultivations based on the specific sabstuptake

rate gs.
Fed batch name  Symbol Description of the strategy
Fed batch A A conventional feeding strategy: long adaptation tane
initially adjusted, constant flow rate
Fed batch B ¢ short adaptation time (out of batch exp.) and ddjast to
high uptake rate (90 % of g, With repeated readjustments
Fed batch C1 v
short adaptation time (out of batch exp.) and stepw
Fed batch C2 ° adjustment of guntil gs maxWith repeated readjustments

Analysis of growth- and expression-parameters

Dry cell weight (DCW) was determined by centrifugatof 5 mL culture broth (5000 rpm,
4 °C, 10 min) in a laboratory centrifuge (Sigma &Ktotor 11156), washing the pellet with
5 mL deionized water and subsequent drying at 108°@ constant weight in an oven.
Optical density of the culture broth was measursthgi a spectrophotometer (U-1100
Hitachi, Japan) at a wavelength of 600 nm (gD Correlation between dry cell weight
measurement and QR showed a coefficient of regression of=R.997 over the full
concentration range (data not shown) and coulcfoer be used fors@daptation.

The activity of HRP was determined using a CuBIiAD Xnzymatic robot (Innovatis,
Germany). Cell free samples (10 ul) were addeddd il of 1 mM ABTS (2.2' azino bis 3-
ethylbenzthiazoline-6-sulphonic acid) prepared @niM NaOAc buffer (pH 4.5). The
reaction mixture was incubated at 37 °C and watestdy the addition of 20 pl of 0.075 %
H,O,. Changes of absorbance at 415 nm were measurefliOfeeconds and rates were
calculated. Calibration was done using commercialigilable horseradish peroxidase (Type
VI-A, Sigma-Aldrich, P6782, Lot# 118K76703) as stard at six different concentrations
(0.02; 0.05; 0.1; 0.25; 0.5and 1.0 U/mL). Samphath high enzymatic activity were
automatically diluted by the system. Protein cot@ions were determined at 595 nm by the
Bradford assay [25] using the BioRad Protein Adsiayvith BSA as standard.

Substrate concentrations
Concentrations of methanol were determined in &k samples by HPLC (Agilent
Technologies, USA) equipped with a Supelcoguarduroal, a Supelcogel C-610H ion-

exchange column (Sigma-Aldrich, USA) and a refsactiindex detector (Agilent
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Technologies, USA). The mobile phase was 0.1 %@ with a constant flow rate of
0.5 mL/min and the system was run isocratic. Catibn was done by measuring standard
points in the range of 0.1 to 10 g/L methanol.

Concentrations of glucose were determined in cel samples by a commercial enzymatic
assay kit using the CuBIiAN XC enzymatic robot (lmatis, Germany). Calibration was done
with 4 standard points in the range from O to 3 glucose. Samples with higher glucose

concentration were diluted automatically by theteys

Data analysis

Measurements of biomass concentration, producterdretion and substrate concentration
were executed in duplicates: along the observeddatd deviation for the single
measurement, the error was propagated to the Bpeiés g and ¢ as well as to the yield
coefficients. The error of determination of theape rates and the yields was therefore set to

10 % and 5 %, respectively.

Electrophoresis

To check the purity of the excreted HRP, electropbis was done with aliquots of
supernatants obtained at different time pointsmduthe cultivation oP. pastorisexpressing
the hrp gene extracellularly as described by Laemahlal [26]. SDS-PAGE was performed
using a 5% stacking gel and a 10% separating gkx ifiris-glycine buffer. Gels were run in
the vertical electrophoresis Mini-PROTEAN Tetra l@Ggdparatus (Biorad; Vienna, Austria) at
150 V for about 2 h. Gels were stained with Coomealskie. The protein mass standard used

was the PageRuler Prestained Ladder (Fermentasn&,idustria).

Results and Discussion

Stability of the enzyme horseradish peroxidase ime presence of methanol

To check whether the enzyme horseradish peroxidasatures at certain concentrations of
methanol, HRP was incubated in the presence ofanetltoncentrations of up to 2.5 % (v/v)
at 28 °C overnight. No loss in catalytic activitgdaprotein content was detected after this
incubation, which is why methanol pulses in batgepegiments with concentrations of up to

2.5 % (v/v) were theoretically possible without atgnaturing effects on HRP.
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Determination of strain specific parameters by easyto do batch cultivations with
methanol pulses

After depletion of glucose in batch cultivationsfirat methanol adaption pulse with a final
concentration of 0.5 % (v/v) was applied. The ad@ph time to the new substrate methanol
(Atimeagap) Was determined with 7 hours and was defined kydgtection of a maximum in
off-gas activity (Figure 4.1.1-2A).

The calculated carbon dioxide evolution rate (CER)nifying metabolic activity, allowed to
distinguish different states within the methandiksps with local minima and maxima (Figure
4.1.1-2). This metabolic behavior of the cells Hsstrom inhibition and regulation events in
transient conditions, caused by intracellular congmis like e.g. produced ,6,, and
transport actions, and has been described foruasgstems in literature before [27-29].

The high frequent determination of biomass, methand product concentrations allowed
specific rate calculations for methanol uptakeagd productivity g during the methanol
pulses. Specific substrate uptake rates were eaézliiwith 0.8 + 0.08 mmol'gh' in the
adaptation period {Gdapt and with around 2 + 0.20 mmof-gi* as a maximum during pulses
(0s may- No difference in the calculated between the “first” and the subsequent “second”
pulse on a respective day was observed (Figur@-2A). In contrast, the calculated values
for o, (Figure 4.1.1-2B) were very different between flist and the subsequent second
pulse. During the first pulse specific productigitiof maximum 1.3 + 0.13 U'di* were
observed, whereas during the second pulse an sexespecific productivity of up to 2.5 £
0.25 U-g~h* was measured. This increased productivity durfrey gecond methanol pulse
may be due to the fact that no adaption of thesdellmethanol was necessary because all
metabolic key functions for methanol assimilatiommained in an active state. Thus,
recombinant protein expression could start direatly energy was used more efficiently for
product formation. This result shows clearly tRathia cultures should be kept induced at all
time to obtain maximal productivity. Interestingly, also increased over time for first and
second pulses, respectively (Figure 4.1.1-2B). kiedh pulses, where the same final
concentration of methanol was used, but which werelucted in the later phase of the batch
cultivation, showed higher specific productivitiesmpared to pulses before. Obviously, the
culture exhibited a “memory effect” and thus a tidependence of,gcould be observed in

the batch experiment.
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Figure 4.1.1-2 Batch cultivation with methanol md<f 0.5, 1 and 2 % (v/v). A, calculated specifibstrate
uptake rate g(circle) and carbon dioxide evolution rate (CER);specific production rate,diamond) and

carbon dioxide evolution rate (CER).

As we show here, batch cultivations with methanadkes allowed a fast identification of
strain specific parameters, which are crucial fabsequent fed batch cultivations. The
determined maximum specific substrate uptake ratgiqepresents the upper end of the feed
profile respective to g This novel method has the advantage of beingtless-consuming
and labor-intensive compared to the traditional hods, like continuous cultivations, and
additionally allows a free choice of substratee l&kg. the 2 to 3-fold cheaper glucose instead

of glycerol.
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Fed batch feeding strategy based onsq
Based on the batch results, we performed sevetdddech cultivations with different feeding
profiles based on the specific substrate uptake ggtto find a feeding strategy for a

recombinanP. pastorisstrain.

Feeding profiles

After a batch phase on glucose as substrate (vollirid), an exponential fed batch
cultivation with glucose yielded in biomass concatibns of up to 70 g/L in a volume of
2.5 L. At the end of this fed batch phase, a sawale taken to determine the current biomass
concentration by measuring the gpand the DCW.

Based on the calculated specific methanol uptake aaring adaptation {gqap from the
batch experiment, which was around 0.8 + 0.08 nuitdi', we used a little bit lowersQ@gapt

of 0.5 mmol-@-h* methanol for the fed batch cultivations during #aaption time. After
Atimeadap: three different feeding strategies (fed batcheBAand C1/C2) were tested and
compared (Figure 4.1.1-3, Table 4.1).
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Figure 4.1.1-3 Specific substrate uptake rate l@®fivhich were used for different fed batch culiiwas.
Theoretical gfed batch A (black triangle up), offline determing, fed batch A (grey triangle up); theoretical g
fed batch B (black diamond), offline determinedfed batch B (grey diamond); theoreticalfqd batch C1
(black triangle down), offline determinedfed batch C1 (grey triangle down); theoreticaleql batch C2 (black
circle), offline determined (fed batch C2 (grey circle). The error of deterrtiovafor offline g (10 %) is not
shown for better readability.

For fed batch A, which described a conventionaldiieg strategy as in the Invitrogen
protocol, the methanol feed was adjusted to a mathstiptake rate of 1.0 mmof-¢*. The

adjustment just happened at the beginning and ribefureadjustments of the feeding rate
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were performed during the cultivation. Consequeral/biomass still increased, a drop down
of gs over time was observed (Figure 4.1.1-3).

In the other fed batch experiments B, C1 and CRisthjents of gwere done after each
sampling, based on QB measurements. As shown in Figure 3, the effeciveetermined
by off-line sampling, and the designatedmythese fed batch cultivations were very similar.
Thus, a frequent determination of the actual bi@mamcentration in the reactor vessel is
necessary, to be able to adjust the feeding ratbet@hosen (g The development of robust
measurement devices for the online determinatigdh@biomass concentration, as e.g. FTIR,
capacity probes or soft sensors, could allow amerddjustment of the feeding rate tobg

an automatic control system in the future, and tngslabor-intensive, frequent sampling

procedure would be unnecessary.

Maintenance metabolism vs. cell growth

The relationship between gnd the specific growth rate was tested and fdarigke linearly
correlated (data not shown). Based on this, thent@aance coefficient for thiB. pastoris
strain could be determined with around 0.5 mmbhg (which equals 0.016 g'¢hl). Very
similar results were reported by Jabical.for fed batch cultures usirfg pastorisexpressing

a fusion protein [5] with a maintenance coefficien.013 g-g-h*. When we adjustedsdo
values higher than 1.0 mmof-gi’, we observed a significant increase inysYand a
corresponding decrease irnds (Figure 4.1.1-4). That means that abf|<1.0 mmol-g-h*
most of the energy is obviously used for mainteeanetabolism of the cells and thus for the
production of CQand not for cell growth or protein production.drastingly, the same effect
on biomass yield was observed by d’Anjeual. using a continuous culture system with a
mixed feed strategy [13]. However, we were ableextract this information from time-
efficient, dynamic experiments equivalently. Conssgly, we employed specific substrate
uptake rates of >1.0 mmoldi* to guarantee a sufficient amount of energy forhpot

maintenance and cell growth.
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Figure 4.1.1-4 Carbon dioxide yield {¥,,9 and biomass yield (¥s) at different specific substrate uptake rates
in fed batch cultivations. ¥,sfed batch A (black triangle up),x% fed batch A (grey triangle up);c¥%sfed
batch B (black diamond), s fed batch B (grey diamond);c¥,sfed batch C1 (black triangle down)y¥ fed
batch C1 (grey triangle down);c¥,s fed batch C2 (black circle); s fed batch C2 (grey circle). The error of
determined yields (5 %) is not shown for bettededality.

Required methanol concentration for induction —riagiple question

When producing recombinant proteins with pastoris the principle question is how much
methanol has to be fed to guarantee a fully induW®@X promoter. A lot of different studies
have examined this topic, with different resultsAmjou et al, for examplereported that a
methanol concentration between 1 and 2 g/L shoeldthhintained in the culture to guarantee
fully induced heterologous protein production [13nother study of the methanol
concentration and its effect ¢h pastorisMut® strains was done by Kupcsulik and Sevella,
who showed that the specific productivity of a mabinant human serum albumin expression
system showed a maximum at 0.45 g/L of methandl [[BOcontrast to those studies, Cregg
reported an even stronger induction of the AOX potanin limited conditions [31], which
was the basis for several following studies apgyanlimited methanol supply for induction
[1-3].

For all described fed batch strategies in our stadysignificant methanol accumulation was
detected (detection limit 0.1 g/L). We clearly shomat high residual concentrations of
methanol during the production phase are not reduior the induction of th®. pastoris
Mut® strain, as even higher specific productivities avebtained in limited fed batches with
constant substrate uptake rates, compared to tteh lwaltivations with high methanol

concentrations applied in the pulse-experimentblerd.1.1-2).
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Table 4.1.1-2 Comparison of the specific substrapgake rates gs and determined maximum specific

productivities gp.

. . Methanol Specific substrate uptake  Specific productivity
Experiment ) 11 11
concentration rate qs[mmol-g™-h-] gp [U-g™-h7]
Batch with methanol
from O to 16 g/L ~2 25%0.25
pulses

Fed batch AA limited <1 2.0+0.20
Fed batch B» limited 1.75 5.0+ 0.50
Fed batch CI¥v limited stepwise up to 2 10+£0.10
Fed batch C®» limited stepwise up to 2 11+£0.11

@ all experiments were performed in the presenakffefrent concentrations of the inducer methanol

Extracellular protein production and specific pradivity ¢,

To follow the formation of excreted horseradish gx@tase (HRP) during the induction
phase, SDS-PAGE analyses with cell-free superrataate performed. SDS-PAGE analysis
(Coomassie staining, Figure 4.1.1-5) of the cutibrabroth taken at different time points did
not show a distinct band for HRP, but rather a snhetween 60 — 65 kDa. The difference
between the reported molecular weight of aroun#3d for HRP and the observed molecular
weight in this study results from the high degréglgcosylation of the recombinant protein
expressed irP. pastoriswith mannose-type oligosaccharides, as descrilvediqusly for
HRP by Morawsket al.[32].

The protein content in the cultivation broth in@ed over time from 0.052 mg/mL after the
fed-batch phase with glucose to 0.243 mg/mL aetigtof the cultivation, which were around
91 hours of induction. As shown in Figure 4.1.1tHg increase of the protein content in the
cultivation broth is ascribed to an increased amofiiRP, which constituted the majority of
secreted proteins in the cultivation broth.
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Figure 4.1.1-5 SDS-PAGE analysis of recombinanthdpced HRP in fed batch B. Aliquots of the suptnga
obtained at different time points during the cwdtion of P. pastorisexpressing the hrp gene extracellularly at
28 °C were loaded onto the gel. lanes 1 and 9, culde mass standard; lane 3, not induced (aftetbétdh
phase with glucose); lane 3-8, 7 h; 33 h; 58 hh;788 h; 91 h of induction.

Based on the determined biomass content and th@naiiz activity, the specific productivity
gp during the different fed batch cultivations wadcatated. The lowestgwas obtained in
fed batch A, which described a conventional feeditigtegy, where also the lowestwps
used and was not adapted over time (Figure 4.1.InGed batch B, which considered the
actual biomass concentration and where thefdl.75 mmol-g-h* was adapted regularly
over time and thus the cells were kept in a cenphiysiological state, a 2-fold increase i ¢
was observed. Clearly, a higheyrgsulted in a higherygwhich disagrees with the results
obtained by Khatri and Hoffmann and Curétaal. [10-11], who stated that lowet gesulted

in higher protein production.

However, a dynamic, stepwise feeding strategy teduin an even higher productivity
compared to the other strategies tested (Figurel-8)L This dynamic feeding strategy
considered gmnax Which had been determined in the batch experin@anthe highest possible
substrate uptake rate of the cells, as well asytbll coefficients and the maintenance
coefficient as the lower end of efficient energpaes. The feed profile was set up in a way to
head off as quickly as possible from the mainteasstate of the cells (hence was set to
values>1.0 mmol-g-h'), before gwas dynamically adapted in steps ta.g In fed batch
cultivations C1 and C2, where this dynamic feedstigitegy was applied, g @f around
11 +0.11 U-g-h* was determined, which represents a 5.5-fold isereaompared to

fed batch A.
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Figure 4.1.1-6 Specific productivity {gplotted against the specific substrate uptake (g). Fed batch A
(triangle up); fed batch B (diamond); fed batch(@iangle down); fed batch C2 (circle).

Time adaptation

The fact that there was still a more than 2-folifedence in g between fed batches C1/C2,
where @ was increased stepwise, and fed batch B, whereedrately after the adaption
period a high gof 1.75 mmol-g-h* was applied, indicated another factor being ctifcia
the specific productivity besides. d herefore, the specific productivity gas plotted against
the induction time, to analyze possible time-depamnckffects (Figure 4.1.1-7). Fed batch A
and B were characterized by a linear increasg, alvgr time (fed batch B was characterized
by a significant steeper slope), whereas fed bat€teand C2 even showed an exponential
increase of the specific productivity. It becameviobs that the productivity was directly
correlated to the induction time for all experingenbnducted in this study, even in the batch
experiments (Figure 4.1.1-2). Plamstizal. have recently reported an influence of the indurcti
time on @ as well. They showed increasing product yieldsttier recombinant production of
an interferon withP. pastorisin the first period of induction, but a subsequdatrease in
product formation and a shift of the energy transb@vards biomass growth during the later
phase of the cultivation [8]. In contrast to thadst of Plantzet al, we clearly showed an

increase of glover the whole induction time for all experimeimtshis study (Figure 4.1.1-7).
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Figure 4.1.1-7 Specific productivity figin fed batch cultures over the induction timed Batch A (triangle up);
fed batch B (diamond); fed batch C1 (triangle dawedl batch C2 (circle). Regression lines: linesgression
for fed batch A (continuous line); linear regressfor fed batch B (discontinuous line); exponente&gression

for fed batch C1 (dotted line); exponential regi@s$or fed batch C2 (dashed-dotted line).

Furthermore, fed batches C1 and C2 were charaetehy an exponential increase gfayer
time, in contrast to a linear increase for fed bascA and B (Figure 4.1.1-7). Obviously, a
feeding strategy starting with a loweya the beginning of the induction phase, follovegc
subsequent increase with a stepwise, dynamic fgeguhiofile until ¢ max (fed batch C1 and
C2), was superior to a feeding strategy, where idiately after theAtimeaqgapea high g was
applied and kept constant (fed batch B). When ks tbad the time to undergo a dynamic,
physiological adaptation to the current culturediban before gwas increased, a boost ip g
was observed, which probably cannot be triggereddmgtant or exponential feeding regimes
(Table 4.1.1-2).

Summarizing, we showed a clear time dependentctaajefor specific product formation, as
gp increased over induction time for all experimeirtsthis study. A tool for the early
identification of this effect is of utmost importanin order to consistently compare different
feeding profiles.
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Conclusions

In this study, we developed a fast and easy to dthod based on batch cultivations with
methanol pulses to determine strain specific parammeof aP. pastoris Mut® strain
expressing the enzyme horseradish peroxidase. Segukntly developed dynamic feeding
strategy solely based on, gvhere the cells on the one hand had time to attapulture
conditions, but were then challenged again repgabgda stepwise increase of up t0 G max
resulted in the highest,aqcompared to the other strategies tested. Henaggnig feeding
profiles turned out to be a valuable method to btles specific productivity. This calls for
increased use of dynamic process conditions evemdlustrial feed profiles. We strongly
believe that the strategy presented here can beessftlly applied on other microbial
expression systems, which is why we are curremdfirig the applicability of our novel,

dynamic approach on other expression systemsElikeli, and other products.

List of Abbreviations

Atimeadapt time for adaptation of the culture to the new stdist (methanol) [h]; u,
specific growth rate [fj; CER, carbon dioxide evolution rate [mmof-b’]; HRP,
horseradish peroxidase; Mutmethanol utilization slow phenotype; PID, projaral-
integrative-derivative controller;,gspecific productivity of horseradish peroxidased*-h

Y: s, specific substrate uptake rate [mmdlItg]; gs adapt SPecific substrate uptake rate during
adaptation [mmol-4h']; gsmax Maximum specific substrate uptake rate [mmbhd, rpm,
rounds per minute, vwvm, volume gas flow per voluhgrid per minute, ¥oxs Yield
coefficient of carbon dioxide respective to metHg@mol-C-mol], Yxss, yield coefficient
of biomass respective to methanol [C-mol-C-fhol
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Abstract

Background

The microorganisniPichia pastorisis a commonly used microbial host for the expassif
recombinant proteins in biotechnology and biopha@en#cal industry. To speed up process
development, a fast methodology to determine stcaiaracteristic parameters, which are
needed to subsequently set up fed batch feedirigsrds required.

Results

Here, we show the general applicability of a naygbroach to quantify a certain minimal set
of bioprocess-relevant parameteig, the adaptation time of the culture to methanog th
specific substrate uptake rate during the adaptgtimse and the maximum specific substrate
uptake rate, based on fast and easy-to-do battkatidns with repeated methanol pulses in a
batch culture. A detailed analysis of the adaptatibdifferentP. pastorisstrains to methanol
was conducted and revealed that each strain sheeed different characteristics during
adaptation, illustrating the need of individualesamings for an optimal parameter definition
during this phase. Based on the results obtainebtaibch cultivations, dynamic feeding
profiles based on the specific substrate uptake westre employed for differe. pastoris
strains. In these experiments the maximum spesiiiestrate uptake rate, which had been
defined in batch experiments, also representedpper limit of methanol uptake, underlining
the validity of the determined process-relevantapeters and the overall experimental
strategy.

Conclusion

In this study, we show that a fast approach terde@he a minimal set of strain characteristic
parameters based on easy-to-do batch cultivatioite wmethanol pulses is generally
applicable for differentP. pastorisstrains and that dynamic fed batch strategies lmn
designed on the specific substrate uptake rate owfitirunning the risk of methanol

accumulation.

Keywords: Pichia pastoris strain characterization, specific substrate uptakte, batch

cultivation, methanol pulse, dynamic feeding peofil
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Background

Advances in molecular biology, cloning techniquesl astrain improvement allowed an
increasing use of recombinant organisms for theustréhl production of a variety of
substances like organic acids, antibiotics, enzyares$ amino acids. In this context the
methylotrophic yeasPichia pastorisis one of the most important host organisms fa th
expression of recombinant proteins. To meet inchlsttemands, a fast and easy-to-do
characterization of recombinanPichia strains to extract bioprocess-relevant strain
characteristic parameters for the subsequent setfypoduction processes is essential to
speed up process development. Normally, this strharacterization procedure is done by
time-consuming experiments, which require compled aostly equipment, like continuous
cultures [1-2] or several, consecutive fed batchivations, operated at different conditions
[3-4]. Parameters, which have to be extracted duhese experiments, describe the best
operating conditions for each strain as well asapgmal condition for the adaptation of the
culture from the growth substrate (e.g. glucosglgeerol) to the inducer methanol. To date,
different strategies are employed regarding theptadian of Pichia to methanol; two
prominent examples are: 1) after a fed batch orcegbhl or glucose a certain low
concentration or flow of methanol is applied to thdture which is then increased to a pre-
defined maximum and constantly maintained througkioel whole cultivation time [5-6], and
2) the glycerol flow in the reactor is decreasedlofing a linear function during a
concomitant addition of methanol, a period whicltadled transition phase, to slowly adapt
the culture to methanol [7-10]. These methods &endyased on specific experiences with a
certain strain, but are nevertheless often usedgeneral approach for differdpitchia strains

in following studies, without taking into accouhetspecific requirements of the single strains
during adaptation.

After adaptation of the culture to methanol, diéfetr feeding strategies can be employed for
recombinant protein production with pastoris Besides the two common strategies of either
using a feed forward regime or a controlled spegfowth rate (i) [6-7, 9-14], a few studies
have also described the importance of the spesifistrate uptake rates(@n recombinant
protein production [15-16]. A direct correlationtlween g and the specific productivity {n
was shown [15-16], and it was clearly stated, tipatvas the most important induction
parameter in these experiments [17]. Based on tfindengs and motivated by problems
which occur, when more traditional feeding stragegare applied (e.g. possible accumulation
of methanol caused by changing cell capacitiesnducultivation or the need of expensive

monitoring equipment to allow p-controlled feed{8g14]), we have focused our research on
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the specific substrate uptake ratg) @d have recently shown optimization potentiahgs
dynamic feeding profiles based on this parametg}. [1

In our previous study we also developed a fastagir based on batch experiments with
methanol pulses to extract a minimal set of stchiaracteristic parametense( Atimeadapt—
time for adaptation, adapt— Specific substrate uptake rate during adaptatégnmax —
maximum specific substrate uptake rate), whichrageiired to set up a subsequent feeding
regime based onsqHowever, our previous study dealt with the depeient and the
application of this approach for only one recomhin@. pastorisMut® strain [18]. In the
present work, we characterized varidispastorisstrains with different phenotypes (Mut
and Mut) expressing different target enzymes using thevabmentioned strategy. We
analyzed the required time for adaptation to meshari each strain in detail and could
reliably derive certain strain characteristic pagtans from pulse experiments to fed batch
cultivations. With the variety of used strains Imststudy, we demonstrate that this approach
is generally applicable for differe. pastorisstrains and is thus a valuable tool for fast

process development, which is especially intergstiran industrial environment.

Material and Methods
The experiments conducted in the present study wertarmed according to our previous

study [18], and are thus only described brieflyeher

Microorganisms and recombinant proteins
Different P. pastorisstrains with different phenotypes expressing d#fié target enzymes
were used in this study to prove the general apipiiity of our strategy. A list of the various

strains is given in Table 4.1.2-1.
Table 4.1.2-1 DifferenP. pastorisstrains used in this study

' in this study
strain phenotype expressed enzyme _
designated as

KM71H Mut® - KM71H

KM71H Mut® HRP KM71H HRP

KM71H Mut® PDI and HRP KM71H PDI HRP

CBS7435 Mut HRP CBS7435 HRP
SMD1168H Mut GalOX SMD1168H GalOX
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All recombinant genes used in this study were utigdercontrol of the AOX1 promoter. The
expressed HRP gene coded for the isoenzyme HRP CThA.strain KM71H PDI HRP
concomitantly expressed HRP and the chaperoneiprdisulfide isomerase (PDI), which
was under the control of a modified AOX1 promot&®][ The strains KM71H, KM71H
HRP, KM71H PDI HRP and CBS7435 HRP were gratefptiyvided by Prof. Anton Glieder
(Graz University of Technology, Austria). The sr&@MD1168H GalOX was constructed by

Spadiutet al, as described elsewhere [20].

Culture Media

Precultures were performed in complex yeast nimdgase media (YNBM), whereas batch
and fed batch cultivations were done in definedabaalt media (BSM; [21]). The glucose
feed was prepared with glucose (250'y-ltrace element solution PTM1 (12 nf)-land
antifoam Struktol J650 (0.3 ml/l). The methanoldeeas composed of methanol (300%y:|
PTM1 (4 ml-I") and Struktol J650 (0.3 mif). The induction period for HRP expression was
carried out in the presence dAminolevulinic acid §-ALA) in a final concentration of

1 mM. The concentration of the base )XHH was determined by titration with 0.25 M

potassium hydrogen phthalate (KHP).
Experimental Procedure

Preculture
Frozen stocks (-80 °C) were precultivated in 100omYNBM in 1000 ml shake flasks at
28 °C and 230 rpm for max. 24 hours.

Batch cultivation with methanol pulses

Batch cultivations were carried out in a 51 workivolume glass bioreactor (Infors,
Switzerland) at 28 °C and a fixed agitation spekedi200 rpm. The culture was aerated with
1vvm dried air and off-gas was measured by usingirdrared cell for CQ@ and a
paramagnetic cell for £Oconcentration (Servomex, Switzerland). Procesarpaters were
recorded and logged in a process information maneage system (PIMS; Lucullus,
Biospectra, Switzerland). After the complete congtiom of glucose, which was indicated by
an increase of dissolved oxygen and a drop in a#f-gctivity, the first methanol pulse
(adaptation pulse) with a final concentration & % (v/v) was conducted with pure methanol

(supplemented with PTM1, 12 mt-lof methanol). Following pulses were performed with
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1 % (v/v) concentration of methanol. For all steiseveral pulses were conducted after the
adaptation pulse to generate consistent data fihr t@ain. For each methanol-pulse, at least
two samples were taken to determine the concemitdf substrate and product as well as

dry cell weight and OBy, to calculate the specific substrate uptake rate q

Fed batch cultivations

Fed batch cultivations were carried out in a 5 Irkiy volume glass bioreactor (Infors,
Switzerland) in 2-fold concentrated BSM medium &t°Z and 1500 rpm. The culture was
aerated with at least 1 vwvm to keep dissolved omylggels > 30 %. In case, air flow was
limited, pure oxygen was added. The fed batch f®aed measured and controlled using a
gravimetrically based PID flow controller. At sesmkrtime points during fed batch
cultivations, samples were taken and analyzed focurmulated methanol, biomass
concentration (dry cell weight and optical densiDso9) and, if applicable, enzymatic
activity. Based on the total biomass content, fegdrates were adjusted manually
corresponding to the defined, get point. All fed batches described in this stwdgre
conducted in the same way: after an adaptatiorogeat q of 0.5 mmol-g-h’, a stepwise

increase of gup to ¢ maxOf the respective strain was carried out with sies of 24 hours.

Analysis of growth- and expression-parameters

Dry cell weight (DCW), Olgy, Substrate concentrations as well as the catadiivity of
HRP were determined as described before [18]. Hewan this study the ABTS solution for
HRP activity measurements was prepared in 50 mMRGQgbuffer at pH 6.5 and the
calibration range was expanded to 2.0 U:nillso GalOX activity was measured with an
ABTS assayj.e. a sample of diluted enzyme (10 pl) was added @ |89f assay buffer
containing horseradish peroxidase (222 U) (TypeAVISigma-Aldrich, P6782), ABTS
(17.7 mg), KHPOy-buffer (50 mM, pH 6.5) and D-galactose (300 mMheTabsorbance
change at 420 nn&fo= 42.3 mM*cm™) was recorded at 30 °C for 180 seconds. One Unit o
GalOX activity was defined as the amount of enzyraeessary for the oxidation of 2 pmol of
ABTS per min, corresponding to the consumption @fniol of G per min. An additional
post-translational activation of GalOX by addingSCy to the samples in the presence of

oxygen before activity measurements, as descrilsesvbere [20], was not executed.
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Specific rate calculations

Batch cultivations

To obtain the specific rates for substrate uptakeé productivity, samples were taken at
certain time points during the methanol pulses. beginning of pulse, maximum off-gas of
pulse, end of pulse) and analyzed offline for bissneontent, methanol concentration and, if
applicable, enzymatic activity. Determined valudstt®e beginning and the end of the
respective pulse were used to calculate an avesag®f the specific substrate uptake, which
was corrected for stripping using Antoine’s equatiand the specific productivity. Errors for
specific rates were set to 10 %, according to oevipus study [18]. Online calculated carbon
dioxide evolution rate (CER) was divided by actbamass concentrations to obtain the
specific carbon dioxide production rate (ggQn addition, a time derivative of the qgO
signal {.e. qCQ,") was calculated using a time window of 30 minytEs minutes before and

15 minutes after the actual time point).

Fed batch cultures

During different cultivation periods, representitgfined g set points, several samples were
taken and Okyo measurements were used to calculate the actahlbiomass content, which
allowed adjustments of the methanol feed flow t® dlstual gset point. Specific rates were
calculated using DCW and the amount of consumedhanel, which was determined
gravimetrically. Presented results correspond t@wrage value over the respectiveset

point period. Again, errors for specific rates wse¢ to 10 %.

Results and Discussion

A fast approach to derive a minimal set of strain laracteristic parameters relevant for
bioprocess development

EachP. pastorisstrain was cultivated in an easy-to-do batch systéth methanol pulses to
obtain certain strain characteristic parameterinduhe adaptation period\ime,gap:— time

for adaptation of the culture to methandl,.gpi— Specific substrate uptake rate during the
adaptation pulse) and the maximum specific sulestiptake rate (Ona). These parameters
were extracted and consecutively transformed infeeding profile for fed batch operations

based on g
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Adaptation of the culture to methanol

After depletion of glucose in batch cultivation,nzethanol adaptation pulse with a final
concentration of 0.5 % (v/v) was applied. The tireguired to develop a maximum in off-gas
activity was used to defintimeaqap: according to our previous study [18], and is shdwere

as the specific carbon dioxide production rate (g&@ure 4.1.2-1).

The used strains showed very different metaboliaratteristics during the adaptation to
methanol. The shortesttime,qap: 0f 3.5 h was detected for the KM71H strain, whicas a
Mut® strain, not carrying a recombinant gene for héogrmus protein expression. The other
Mut® strains KM71H HRP, KM71H PDI HRP and CBS7435 HRRj(re 4.1.2-1B, C and D,
respectively) showed 2-fold longer adaptation timesipared to the KM71H strain (see also
Table 4.1.2-2). These results clearly show thatomdmnant Pichia strains, which
heterologously produce proteins upon the presericéh® inducer methanol, carry an
additional biological burden which significantly aiiges their metabolism and slows down
their adaptation to methanol.

Surprisingly, theP. pastorisMut™ strain SMD1168H GalOX showed the longest adaptatio
time of 14 h (Figure 4.1.2-1E). However, this maxim was just detected as a result of
methanol depletion and thus Monod kinetics, rathan representing the real time point of
full methanol adaptation. As shown in Figure 4.1,2he Mut strain SMD1168H GalOX
showed a very different metabolic behaviour wittaaislope for gCQ@ compared to the GO
curves of the MUt strains, which might be due to intracellular regioin and inhibition
events, caused by producedQd and the absence of sufficient catalases in thés.cel
Regulation events like this have been describedarious systems before [22-24]. Thus, the
determinedAtime,dap: Of 14 h for the Mut strain is questionable and the cells had probably
been adapted to methanol before.

Consequently, the usefulness of the strain charstiteparameteAtimeaqap: €specially with
regard to the Mutstrain SMD1168H GalOX, was checked by introducintime derivative
of the qCQ signal (qCQ). Since qCQ@and the specific growth rate p are linearly relathe
maximum of qCQ@ represents the time point of adaptation of tHauoe to the new substrate
methanol. At the maximum qGQthe cells should be already fit for further asktion to
methanol, and thus this point represents a goodingapoint for consecutive fed batch

cultivations without running the risk of methanctamulation.
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Figure 4.1.2-1Adaptation pulses with 0.5 % (v/v) methanol aftéuicgse depletion for differere. pastoris
strains. Straight line, specific carbon dioxide quction rate qCg dashed line, time-derivative of the specific
carbon dioxide production rate qg@d(qCQ)/dt); A, KM71H; B, KM71H HRP; C, KM71H PDI HRP; D,
CBS7435 HRP; E, SMD1168H GalOX.

%data taken from [18]

A good example for this is shown in Figure 4.1.24bA the strain KM71H, where a rising
slope is shown with a single q@@naximum after 2.1 h. However, the other Matrains
tested (KM71H HRP, KM71H PDI HRP and CBS7435 HRRYyavcharacterized by a more
bumpy qCQ curve, resulting in a qCOsignal with several shoulders (Figure 4.1.2-1End

D, respectively). Apparently, the adaptation ofsthestrains to methanol did not happen as
straight-forward as for the strain KM71H, but witital minima and maxima of the metabolic

capacity probably caused by regulatory events umorexcess of methanol. For the Mut
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strain SMD1168H GalOX the specific carbon dioxideduction was rather low compared to
the Muf strains. The maximum in qGQOvas determined already after 2.7 h, which was by
far sooner than the observAtime,qap: Of 14 h. The quite constant gg&Qignal over time
(Figure 4.1.2-1E), further supports the fact theg tell capacity was already adapted to its
maximum after this short time of 2.7 h and thatdkbis had been fully adapted to methanol

much sooner than thime,gap:0f 14 h.

In general, the more detailed analysis of the dbfie strains in their adaptation to methanol
revealed three different patterns in the gCsignal: 1) with a single maximum, 2) with
several shoulders and 3) a quite constant sigrned tme. This underlines the necessity for
individual analyses of different strains in orderquantitatively characterize them during the
adaptation phase in the presence of methanol ex®éssourse, the observed maximum in
off-gas activity is dependent on the affinity ofetltells to the substrate methanol. The
maximum in qCQ could also be reached in terms of substrate ltraitaand a consequent
drop in the qCQ® signal due to Monod kinetics rather than by theximam metabolic
adaptation to methanol, which in this study canarje be seen for the Mutstrain
SMD1186H GalOXFigure 4.1.2-1E). However, for all strains testedhis study, maximum
values of qC@ were reached before the maximum off-gas acti{figure 4.1.2-1and Table
4.1.2-2), demonstrating that the applied conceaotraif methanol in the adaptation pulse was
high enough to guarantee that the maximum £G@as reached independent of Monod
kinetic effects. The validity of gCfOas a reliable signal to detect the adaptatiahefculture

to methanol is further underlined when analyzing thspiratory quotient (RQ) during the
adaptation pulse, which is exemplarily shown fa $train KM71H in Figure 4.1.2-2. During
the adaptation pulse, RQ fluctuates with local mmiand maxima until the signal becomes
rather constant indicating the adaptation of thitucel to methanol, which actually coincides
with the maximum of qC@. Bespoken fluctuations of RQ at the beginninghef adaptation
pulse represent the differences in catabolic amdb@lic activity of the adapting cells. Similar
effects have been observed faccharomyces cerevisig®2, 25-26]. During the following
pulses, RQ shows a rather constant signal indigdliat the cells had already been adapted to
the new substrate. These findings validate thenpeter qCQ as a reliable indicator for

methanol adaptation.
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Table 4.1.2-2 Batch experiments with methanol muklsedetermine strain specific parameters of dsfieP.

pastorisstrains.

KM71H KM71H CBS7435 SMD1168H

KM71H
HRP PDI HRP HRP GaloX
Atlm%dapt Batc}{h] 35 7 7 75 14
max. qCQ' [h] 21 2.3 5.7 2.5 2.7
Os adapt
11 0.96 £0.10 0.80 £ 0.08 056+0.06 0.77+0.08 8&4.05
[mmol-g~-h-]
Qs ma>?
11 1.94 +£0.19 2.00 £0.20 1.08+0.10 154+0.15 22®.26
[mmol-g~-h-]
Op maxb
U g’l h'l] - 25+0.25 6.3 +0.63 4.25+0.43 200.8+20.1

& data taken from [18]

® representing the maximum value determined outl pidses

However, despite the advantage of describing tie point of adaptation of the culture to
methanol more accurately, the use of gC3 a parameter to determine the starting point of
the following fed batch could be risky becausehaf tlescribed fluctuations in q@QFigure
4.1.2-1). On the other hand, the maximum off-gds/ifg (Atimeadap) IS @ parameter which
safely describes methanol adaptation. Another adganof using\timegapiinstead of qCe

is the fact that due to no significant biomassease during the adaptation pulses, the carbon
dioxide evolution rate (CER), which can easily leived in online mode, can be used to
determineAtimeadap: @s also shown in our previous study [18], and thescribes a valuable
online tool for process monitoring and control. €equently, we stuck tAtimeagaptas a
minimum and safe parameter for complete methanaptation, as we have done previously
[18], while the maximum of qCOshould be regarded as a possible minimum presiguo
start the fed batch feed.

Determination of the specific substrate uptake rat® (G adapt aNd Qs may USING batch
cultivations with repeated methanol pulses

The frequent determination of biomass and methanakentrations allowed specific rate
calculations for methanol uptakeg cduring the methanol pulses. Adaptation pulses of
0.5 % (v/v) methanol were used to determine thamater g aqdapt(Specific substrate uptake

rate during the adaptation pulse) for each straable 4.1.2-2). The knowledge 0of gapt
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allows the operator to adjust a specific, optimaifof methanol during the adaptation for
each single strain, thus preventing methanol actatron.

After the methanol of the adaptation pulse was etegl several pulses with 1 % (v/v)
methanol were conducted to determine the maximuwsnip substrate uptake rate; (g, for
eachP. pastorisstrain. In Figure 4.1.2-2, this strategy is exeaript shown for the Mut
strain KM71H, for which the specific substrate Uatarate was calculated with
0.96 + 0.09 mmol-gh'in the adaptation period {ghay and with 1.94 + 0.19 mmol'gh* as

a maximum during pulses (Figure 4.1.2-2 and Talle242).

All P. pastorisstrains were characterized with the above mentigtetegy and results are
summarized in Table 4.1.2-2. Very different values the single strain characteristic
parameters of the differeRt pastorisstrains were determined and it becomes evideattPth
pastorisstrains require specific conditions for an optiradhptation to methanol and that the

maximum levels of methanol uptake differ signifitgrietween the single strains.

40 } F-2.0

adaptation
pulse

CER [mmol-1"h™]
=
respiratory quotient RQ [-]

r-0.5

specific substrate uptake rate q [mmol~g‘]-h‘1]

T T T T 0.0 - 0.0
60 80 100 120 140

time [h]
Figure 4.1.2-2 Batch cultivation of the strain KM¥ With a 0.5 % (v/v) methanol pulse for adaptatiomd 1 %
(v/v) methanol pulses for gs max determinationaigtrt line, calculated carbon dioxide evolutioreré€ER);

dotted line, respiratory quotient RQ (CER/OUR);dilaot, specific substrate uptake ratg {gr each pulse.

Summing up, our results underline the importancanaflyzing differenP. pastorisstrains in
more detail during methanol adaptation and reggrthe maximum substrate uptake rate. By
a more detailed analysis of each strain, which lsardone in a fast way by the strategy
described here, the bioprocess-relevant strainactexristic parameteltimeagap: G adaptand
0s maxCan be easily extracted and used for setting agnaecutive fed batch experiment based
on g. Additionally, the more detailed individual anal/ef each strain during the adaptation

phase delivers important information for an earlygess development.
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Fed batch design based on batch cultivations with ethanol pulses

After characterization experiments in batch culiwas, fed batch experiments usingogsed
feeding profiles were carried out, according to previous study [18]. Besides proving the
general applicability of this feeding strategy affedlent P. pastorisstrains, we wanted to
check for parameter consistengye. whether gmax Which had been determined in batch
experiments before, could be reached in fed batttivations without observable methanol
accumulation.

After a batch phase on glucose as substrate (vollirhd), an exponential fed batch
cultivation with glucose yielded in biomass concatons of up to 70 g/l in a final volume of
2.51. As soon as glucose was depleted, a sam@dakan to determine the current biomass
concentration by measuring the g@pPand the DCW. Afterwards, all cultures were induced
with a flow corresponding to asdpelow @ adapit0 guarantee a certain safety margin. The
observed adaptation times during the fed batchvatitbns for all strains are summarized in
Table 4.1.2-3. All the Mitstrains were characterized by slightly longer &alagn times in
fed-batches compared to the batch cultivations¢lvihiight be due to the mode of providing
methanol,i.e. in batch experiments methanol was pulsed into rdsetor, resulting in a
temporal excess of methanol, whereas in fed baittivations methanol was slowly fed into
the bioreactor according to the actual biomassertnwhich is why it took the cells longer to
fully adapt to the new substrate methanol.

However, the Mut strain SMD1168H GalOX showed a completely différeehaviour: the
adaptation time in the fed batch was much shottan tthe one observed in the batch
experiment, which might be due to the fact thatshdden excess of methanol in the batch-
pulse experiment resulted in inhibition events eduBy produced $D, and thusAtimeagap:
which had been determined in the batch experintkdtnot really describe the time point of
adaptation of the culture to methanol, but ratl@0g (vide supra.

However, as soon as the maximum in off-gas activilgs reached in the fed batch
cultivations, the feed was increased to 1.0 mrfeli and then stepwise
(0.5 mmol-@-h/step) every 24 hours up tg g Since gmafor the strain KM71H HRP PDI
had been determined with just 1.08 mmdlkf, smaller increases of 0.25 mmal-b* in the

gs steps were performed. This strategy, describirgjepwise increase of; @0 G max Was
chosen to allow the detection of possible dependsrmetween gand g. At several time
points during each step, samples were taken arsgdban the apparent biomass content
(estimated by ORo measurements) feeding rates were adjusted mamu@itgsponding to

the defined gset point. Since these regular adjustmentss b ghe actual biomass content
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were performed, the feeding profile actually repréed an accelerated exponential feeding
profile, which has proven to result in higher sfiegroductivities compared to other feeding
profiles tested [18].

Table 4.1.2-3 Results of dynamic fed batch culiorag of differentP. pastorisstrains based on.q

KM71H KM71H CBS7435 SMD1168H
HRP PDI HRP HRP GalOx

KM71H

Atlmeadapt Fedbatclﬁh] 5.5 9.7 10.4 9.2 5.3

0s maxdetermined in
batch experiments 1.94+0.19 2.00+0.21 1.08+0.10 154+0.15 22®.26
[mmol-g*-HY

gsreached without
methanol
_ 1.79+0.18 192+0.19 122+0.12 1.64+0.16 4240.24
accumulation

[mmol-g*-h]

b
Op max

o : 11.0£110 7.09+0.10 6.48+0.65 139+139
[U-gh]

®data taken from [18]

® representing the maximum value determined outl of.@eriods

In Figure 4.1.2-3, this fed batch strategy, whidsvapplied for alP. pastorisstrains in this
study, is exemplarily shown for the Muttrain KM71H and the Mitstrain SMD1186H
GalOX. The g set points were increased stepwise to a value.Gf gmol-g-H* for the
KM71H strain, and, as shown in Figure 4.1.2-3A, mebl accumulation was only observed
when the feeding rate exceeded values above theatd#e @ max0f 1.94 + 0.19 mmolGh™.
When we stopped feeding after ~ 70 h, the accueuilanethanol was consumed
immediately. For the strain SMD1168H GalOX, theset point was stepwise increased to 2.5
mmol-g*h? (Gs max = 2.62 mmol-g-h') and no methanol accumulation was detected when
these g steps were conducted (Figure 4.1.2-3B). The saymandic feeding strategy was
applied to the otheP. pastorisstrains and all essential results are summarinedable
4.1.2-3.

As shown in Table 4.1.2-3, values foy.@x which had been determined in batch pulsing
experiments before, were reached in fed batch erpats without methanol accumulation.

However, when gset points were further increased, methanol actatron was observed.
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This proves that the values for gx from batch experiments can be found again in
consecutive fed batch experiments for differBnfpastorisstrains and thus shows the great
potential of this approach: by determininggin fast and easy-to-do batch experiments, the
operator does not run the risk of overfeeding mathan consecutive fed batch cultivations.
However, we recommend a maximum feed flow belaw,§to guarantee a certain safety

margin.
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Figure 4.1.2-3 Fed batch cultivations of differntpastorisstrains on methanol with a stepwise increase tf q
Os max A, P. pastorisMut® strain KM71H; B,P. pastorisMut® strain SMD1186H GalOX; straight line, set point

for g black dot, calculatedsgalues; black triangle, methanol concentratiothesupernatant.

Regarding the productivity, for all the strainscegt for SMD1168H GalOX, same or even
higher specific productivities were obtained in fledtch cultures compared to the batch
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experiments, signifying that volumetric producties were higher in fed batch cultivations
compared to batch experiments (Table 4.1.2-2 anloleT4.1.2-3). This shows that our
approach employing dynamic feeding profiles [18} ba successfully applied on differdht
pastorisstrains. The lower fmax0f the strain SMD1168H GalOX in fed batch cultivati
probably resulted from copper-limitation [20], bués not investigated any further, since it
was not goal of this study to optimize the produttdf recombinant enzymes of the sinBle
pastorisstrains.

Summing up, in this study we show the general appllity of a fast approach to determine
certain strain characteristic parameters, whichewetracted out of batch experiments and
were verified in subsequent fed batch cultures itier@nt P. pastorisstrains, making this

approach a valuable tool for fast bioprocess dgretnt.

Conclusions

In the present study we prove that the fast approaaetermine bioprocess-relevant strain
characteristic parameters and the novel dynamirigestrategy based on, gqvhich we have
described recently for one recombin&ntpastorisstrain [18], are applicable for a variety of
P. pastorisstrains with different phenotypes producing deéf@r recombinant proteins. This
underlines the great potential of this strategy dast and simple tool to quantify a minimal
set of parameters needed to set up consecutivébdtth regimes, which is particularly
important for industry, where a fast process dgualent is essential.

Our strategy describes:

1) a batch experiment with

* a 0.5 % (v/v) methanol adaptation pulse to defteemitime,gaprand @ adapt

« at least 4 consecutive 1.0 % (v/v) methanol muteedetermine Gnax

2) a dynamic fed batch feeding strategy basedsowltere after the adaptation of the culture
to methanol (described by a maximum in off-gasvaed, gs set points can be increased to q
maxWithout observable methanol accumulation

We further show that a detailed analysis of theptateon to methanol reveals a variability of
adaptation characteristics of the different stralmghlighting that an individual analysis of
potentially new strains in this respect is requitedllow quantitative strain characterization
and to derive parameters necessary for a consect#id batch set-up. The parameter
Atimeagaprsafely describes the transition condition duringtmanol adaptation. Since also the
carbon dioxide evolution rate (CER), as well asdkggen uptake rate (OUR), can be used to

determineAtimeagapt it further describes an online available datars®wallowing real-time
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monitoring and controlling of bioprocesses, whishessential under the aspect of Process
Analytical Technology (PAT).

In this study we show that easy-to-do batch expanisiwith methanol pulses delivered valid
and safe strain characteristic parameters whicke wensistent and precise enough to set up
fed batch feeding profiles based on the speciflisgate uptake rate. Our strategy is faster
than the usually used continuous cultures or canisecfed batch cultivations, and therefore
allows faster process development. Besides, tlaegly described here can be carried out
using standard equipment without the need of eusnsive tools; only a standard bioreactor
connected to an off-gas analysis system and an HBLGC to determine methanol
concentrations are required to carry out the erpanis.
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Atimeagapr mtime for adaptation of the culture to the newsdtate (methanol) [h],

U - specific growth rate [, ABTS - 2,2' azino bis 3-ethylbenzthiazoline-8phwnic acid
CER- carbon dioxide evolution rate [mmdti'], d(qCQ)/dt - derivative of qC@ DCW -
dry cell weight, HPLC - high performance liquid ohratography, HRP - horseradish
peroxidise, GalOX - galactose 6-oxidase, Muimethanol utilization phenotype, wildtype,
Mut® - methanol utilization slow phenotype, @p- optical density at 600 nm [AU], PID -
proportional-integrative-derivative controller, g&©Ospecific carbon dioxide production rate

[mmol-g*-h"], qCQ, - derivative of qC@ ¢, - specific productivity [U-g-h"], Osadapt-
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specific substrate uptake rate during adaptatiomdirg®-H"], 0smax- maximum specific
substrate uptake rate [mmot-§7], gs - specific substrate uptake rate [mmdHg'], rpm -

rounds per minute, RQ - respiratory quotient, Vverolume gas flow per volume liquid per
minute
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Abstract

Mixed substrate feeding strategies are frequenthgstigated to enhance the productivity of
recombinanPichia pastorisprocesses. For this purpose, numerous fed batoériexents or
time-consuming continuous cultivations are requi@aptimize control parameters such as
the substrate mixing ratio or the applied methaoolcentration.

In this study, we decoupled the feeding of methara glycerol in a mixed substrate fed
batch environment to gain process understanding farcombinanP. pastorisMut® strain
producing the model enzyme horseradish peroxidgsecific substrate uptake rateg) (gere
controlled separately, and a stepwise increaggecgntrol scheme was applied in order to
investigate the effect of various substrate flupesthe culture. The sgcontrolled strategy
allowed a parallel characterization of the metadmland the recombinant protein expression
in a fed batch environment. A critical specific ggyol uptake rate was determined, where a
decline of the specific productivity occurred, amdime dependent acceleration of protein
expression was characterized with the dynamic &dhbapproach.

Based on the observations on recombinant protemesgion, propositions for an optimal
feeding design to target maximal productivities evetated. Thus, the dynamic fed batch
strategy was found to be a valuable tool for bathcess understanding and optimization of

product formation foP. pastorisin a mixed substrate environment.
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Introduction

The major objective of bioprocess development i itfentification and optimization of
process parameters in order to achieve the higlwestentration and quality of the desired
product. In this respect, recombinant protein pobidn is mainly affected by the process
mode during induction. Parameters like the subsfietding rate or the inducer concentration
are known to play key roles regarding the produtgtief recombinant microorganisms [1].

The methylotrophic yead®ichia pastoriscan be designed in a way to use methanol as a
substrate as well as an inducer for recombinanteproexpression. In such a case, the
recombinant gene is inserted either at the locubefndogenous alcohol oxidase gaogl

or aoX2. Depending on the locus, three phenotypes of reauanbP. pastorisstrains can be
defined: methanol utilization plus (Mt methanol utilization slow (Md} and methanol
utilization minus (Mud [2]. All three phenotypes express the recombirgerie under the
control of the AOX promoterpAOX). This promoter is induced by methanol and esged
by several other carbon sources [3]. Thus, commaoskd fermentation strategies fer
pastorisdescribe two different phases: growth on a cadmnce, like glycerol or glucose, to
get a high biomass yield, followed by the inductiminrecombinant protein production by
methanol [4].

To integrate and combine growth and induction aftgin expression, different mixed feed
approaches were investigated [1, 5-9]. A mixed fetdtegy gives different technical
benefits, like lower oxygen consumption and loweathproduction [5], and also facilitates
biomass growth due to higher biomass yields onst@nd substrate [10]. Increased cell
densities result in increased volumetric produttjihe most emphasized benefit of a mixed
feed system [1]. A prominent C-source for theser@gghes is glycerol although it was
reported to represpAOX, even if fed in limiting amounts [6-7]. Thusnamportant
parameter in such a mixed feed strategy turnedooog the glycerol feeding rate [8].

To investigate a mixed feed environment, both cwdus [9] and fed batch approaches [11-
12] were conducted, where methanol concentratiéis5og-I* were maintained in the broth,
while the feeding rate of glycerol was varied. Hoes this strategy did not allow a tight
control of the methanol uptake of the culture amastto reliably show dependencies of the
productivity on certain substrate uptake rates. tAaeo study described enhanced AOX
expression under methanol-limited conditions [1®@hich is why a controlled methanol
uptake at a low level could boost the productivfyrecombinantP. pastorisstrains. To
analyze such effects, defined ratios of the twossakes glycerol and methanol were mixed

and fed together in limiting amounts, either basadhe specific growth rate [5, 13] or on
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constant volumetric flows [14]. However, time-conmsag continuous cultivations or several
fed batch experiments had to be performed in tesglies in order to investigate the effect of
different substrate mixing ratios on the culturest&p towards faster process understanding
would be to control the feeding rates of the twbsttates separately, as this allows the
investigation of several substrate mixing ratiogust a single fed batch experiment.

A common way to control limiting substrate fluxesa fed batch environment is to increase
the respective feeding rate exponentially in ottdemaintain a defined specific growth rate
(1) during the induction phase [15-16]. Howeveg thfferent biomass yields on methanol
and glycerol can lead to deviations from the tagdet in a mixed substrate environment [17].
Moreover, the results on the relationship betweemvth and recombinant protein production
are contradictory, even fd?. pastorisprocesses on the single substrate methanol []0, 18
Thus, it is desirable to use other process param#ian p to control the feeding rates.

We recently reported an experimental approach whestabled both a fast strain
characterization and the enhancement of recombprat¢in production of a recombinapt
pastorisMut® strain in a single substrate system [19-20]. Werdgined certain strain specific
parameters in fast and easy to do batch cultivatiith methanol pulses and used the
specific methanol uptake rate@s a control parameter for the development ofraahic
fed batch strategy [19-20]. We could prove thatvgs a valuable and powerful alternative
control parameter to u for bioprocess design.

In the present study, we aimed at enhancing prasedsrstanding for a mixed feed regime
using a recombinar®. pastorisMut® strain. Specific substrate uptake rate$ \(ere used as

a strain specific process parameter to control ameth and glycerol feeding rates. The
decoupled feeding of the two substrates allowedntividual adjustment of g, and Geor.
With this experimental approach, the effect of efiéint substrate mixing ratios on the
metabolism and the productivity of the culture vigestigated in just a few dynamic fed

batch experiments.
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Material and Methods

Microorganism and recombinant protein

The P. pastorisstrain CBS7435arg4 aox1:arg4 was transformed with a plasmid carrying
the gene of the horseradish peroxidase isoenzyme(BRP) and was gratefully provided by
Prof. Anton Glieder (Graz University of Technolog\stria). The phenotype of the strain
was Muf and HRP was secreted into the fermentation bibiie. stability of HRP in the

presence of methanol was checked and reported iprevious study [19].

Culture Media

Preculture: Yeast nitrogen base medium (YNBM), pir: potassium phosphate buffer
(pH 6.0), 0.1 M; YNB w/o Amino acids and Ammonialfate (Difco™), 3.4 g; (NH).SO,
10 g; biotin, 400 mg; glucose, 20 g.

Batch/fed batch: Basal salt medium (BSM) [21], p&ar: 85% phosphoric acid, 26.7 mi;
CaSQ-2H0, 1.17 g; KSQ,, 18.2 g; MgSQ@ 7H,0, 14.9 g; KOH, 4.13 g; §H1,06-H,0, 44 g,
Antifoam Struktol J650, 0.2 ml; PTM1, 4.35 ml; bBH as N-source. Trace element solution
(PTM1), per litre: CuS®5H,0, 6.0 g; Nal 0.08 g; MnSEH,O, 3.0 g; NaMoO,4-2H,0,
0.2 g; BBOg3, 0.02 g; CoC, 0.5 g; ZnCY, 20.0 g; FeSQ7H,0, 65.0 g; biotin, 0.2 g, 50,

5 ml.

Feed glycerol (exponential fed batch phase), per. Iglycerol, 250 g; PTM1, 12 ml; Struktol
J650, 0.3 ml.

Feed glycerol (induction phase), per liter: gly¢e@00 g; PTM1, 12 ml; Struktol J650,
0.3 ml.

Feed methanol (induction phase), per liter: methaB00 g; PTM1, 4 ml; Struktol J650,
0.3 ml, induction was carried out in presence éfndinolevulinic acid §-ALA), 1 mM.

Base: NHOH, concentration was determined by titration wWitB5 M potassium hydrogen
phthalate (KHP).

Experimental Procedure

Preculture

Frozen stocks (-80 °C) were pre-cultivated in 1000mYNBM in 1000 ml shake flasks at
28 °C and 230 rpm for max. 24 hours. Then, theyee was transferred aseptically to the
respective culture vessel. The inoculation volumas vapproximately 10 % of the final

starting volume.
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Batch cultivations

Batch cultivations were carried out in a 31| (2bnking volume) glass bioreactor (Infors,
Switzerland). Basal salt medium (BSM) was sterdize the bioreactor and pH was adjusted
to pH 5.0 by using concentrated ammonia solutiderautoclaving. The cultivations were
carried out with initial substrate concentratiorfs20 gl™for both glycerol and methanol.
Glycerol was added to the basal salt medium bedftendlization. Calculated amount of sterile
filtered methanol was transferred into the readseptically with sterile filtered trace
elements and-ALA. The pH was measured with a sterilizable eled¢ (Hamilton,
Switzerland) and maintained constant with a PID tder using ammonia solution
(approximately 4 M). Cultivation temperature was e 28 °C and agitation was fixed to
1200 rpm. Dissolved oxygen was measured with aliztde optical dissolved oxygen
electrode (Hamilton, Switzerland). The culture wasated with 1.5 vvm dried air and off-gas
of the culture was measured by using an infrarddfaeCO, and a paramagnetic cell for O
concentration (Servomax, Switzerland).

Samples were taken frequently to determine sulestnatl product concentrations as well as
biomass dry cell weight (DCW) to calculate strajpedfic parameters. The calculated
methanol uptake rates were corrected for strippisimg Antoine’s equation, as described

previously [20].

Fed batch cultivations

Fed batch cultivations were carried out in a 7(51 working volume) glass bioreactor
(Infors, Switzerland). 1.5 | concentrated BSM (Mfooncentrated to supply required salts for
high cell densities) containing 4@ §glycerol was prepared. Agitation was set to 1500.rp
pH, dissolved oxygen, GOand Q were measured as described above. The culture was
aerated with at least 1 vvm to avoid oxygen linndtat The dissolved oxygen signal was used
to adjust air-in flow manually to keep levels >30d0,. In case air flow was limited, pure
oxygen was added. Methanol and glycerol feeds wezasured and controlled separately
using gravimetrically based PID flow controllersddamere added via a submerged tube to the
fermentation broth. The setup of the fed batchdaotor with separately controlled feeds is

shown in Figure 4.2.1-1.
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Methanol @_ ,,,,,,,,,,
feed

Glycerol ®7@

feed

Base

Figure 4.2.1-1 Process and Instrumentation Diagoérhe experimental set-up to adjust substrate flates

separately in fed batch experiments. Nomenclatiaetording to DIN EN ISO 10628.

The fed batch experiments were conducted as fallgwafter a batch phase on 40y

glycerol, an exponential fed batch phase was impigad with a controlled specific growth
rate of p=0.15M. The exponential glycerol feed was terminated fes wolume in the
bioreactor reached 2.51. Then, the induction phases started with a methanol feed
corresponding to avdon setpoint of 0.5 C-mmed™-h™ to ensure the adaptation of the culture
to methanol. After an adaptation period of 12 hpthie glycerol feed was started. We used
slightly different values for the adaptation tini€ifn€adap) and ¢ adsapCompared to the values,
which we had determined for this strain befor®. (s agapt= 0.77 C-mmob*h" *and
Atimeadapt= 9.2 h [20]) to guarantee a certain safety margin

Samples were taken at several time points of tlduadtion phase and analyzed for
accumulated methanol, biomass concentration (DCW aptical density OkRg and
enzymatic activity. Based on the total biomass eattfeeding rates were adjusted manually
corresponding to the current conditions of theuweltand the definedsgetpoint. Accurate
Os real Values were calculated based on the online meaasmteof feed balances, reactor
volume and off-line DCW.

Temperature, pH, dQagitation, the weight of the reactor, base aeddeas well as CGand

O, in the off-gas were measured online and logged process information management

system (PIMS; Lucullus, Biospectra, Switzerland).
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Analysis of growth- and expression-parameters

Biomass DCW was determined by centrifugation of |Scoiture broth (5000 rpm, 4 °C,
10 min) in a laboratory centrifuge (Sigma 4K15,0ro11156), washing the pellet with 5 ml
deionized water and subsequent drying at 105°C ¢orstant weight in an oven. Optical
density of the culture broth was measured usingeatsophotometer (U-1100 Hitachi, Japan)
at a wavelength of 600 nm (Qfg). Correlation between DCW and @9 showed a
coefficient of regression of°R0.997 over the full concentration range and calégefore be
used for gadjustment. The activity of HRP was determinedadiog to our previous study
[20].

Substrate concentrations

Concentrations of methanol and glycerol were deatezthin cell free samples by HPLC
(Agilent Technologies, USA) equipped with a Supgleard column, a Supelcogel C-610H
ion-exchange column (Sigma-Aldrich, USA) and a aefive index detector (Agilent
Technologies, USA). The mobile phase was 0.1 %@ with a constant flow rate of
0.5 ml-min* and the system was run isocratic. Calibration dase by measuring standard

points in the range of 0.2 to 20 4fbr each substrate.

Data analysis

Errors

Measurements of biomass and substrate concentiadiovell as HRP activity were executed
in duplicates. According to our previous study, tiiserved standard deviation for the single
measurement was propagated to an error of 10 %néospecific ratessqand g and an error
of 5 % for the yield coefficients [19].

Calculation of theoretical respiration quotients

Respiration quotients (RQ) were calculated foritftvidual substrates based on the biomass
yields determined in the dual substrate batch éexjets. Then, theoretical mixed feed
respiration quotients were determined to show degecies of RQ on different substrate
uptake ratios according to equation 4.2.1.1.

RQmixedfeed = (RQMeOH GCMJ + (RQGIy quij

total total

(Eq. 4.2.1.1)
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Check of data consistency
Carbon- and degree of reduction balances were lagdcufor each gperiod. The acceptance

criterion was set to be £ 10 % of closing balances.

Results and Discussion

Strain specific parameters determined in dual subsate batch experiments

In order to quantify important strain specific paeters of the recombinant CBS7435 Mut
strain, dual substrate batch cultivations weregraréd. Methanol was only consumed, when
glycerol was exhausted (data not shown). This glmiauxic behaviour was in accordance to
previous studies witR. pastorig[22-23]. Recombinant HRP production was only detedn
the phase of methanol uptake. Samples were takéh gh frequency for offline
measurements of substrate concentrations and bsoB@sVv, and strain specific parameters
were calculated (Table 4.2.1-1). The maximal speatibstrate uptake rate for glycerol
(Qely, may and methanol (gkon, may Were subsequently extracted into the design afotch
experiments, where they represented the upper lionitthe g-based feed control. The
calculated biomass yields ¥, ey andY xs, meor) Were used to estimate cell growth in the

mixed substrate fed batch environment.

Table 4.2.1-1 Strain specific parameters determineflial substrate batch experiments.

parameter result

Jaly, max -12.21 £+ 0.15 C-mmqi;‘l-h'l
OveoH, max | -1.44+0.33 C-mmayh

Y s, ly 0.65+0.06 C-meC-mol*

Y x/s, MeOH 0.41 +0.09 C-moC-mofl

Mixed feed fed batch design based on the specifiglstrate uptake rate g

In order to ensure the complete derepressiopA@X and to reach high cell densities, a
limiting exponential glycerol fed batch phase wagplemented after the batch on glycerol.
Afterwards, the gcontrolled induction phase was initiated. Firstethanol was fed as a
single substrate to ensure the full induction @& thethanol-utilization pathway in the cells.
During this adaptation phase, methanol accumul@egure 4.2.1-2), but was taken up

completely as soon as the cells were fully adapted.
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Figure 4.2.1-2 Design of a fed batch experimenhwidynamically increasing specific glycerol uptaiee. The

thick solid line ks, represents the periodically adjusted glycerol iegdate. The thin solid linedy is a fitted

k+at)-t

accelerated exponential curve following the equafic= i - e ¢ ) Solid lines, setpoint for respective uptake

rates; triangles, calculated values for respectptake rates; cross, methanol concentration.

During the mixed feed induction phase, thedy setpoint was kept at a constant low value of
0.5 C-mmol-g-h* to avoid the use of high amounts of methanol, tbuassure continuous
induction ofpAOX. In order to investigate the behaviour of thiture at defined gy/Queon
ratios, the gy setpoint was kept constant for 12 hour periodsredfovas stepwise increased.
Samples were taken with high frequency and feedatgs were adjusted according to the
apparent biomass content in the bioreactor to keemffset between the; GetpointdnNd @, real
values low. To ensure constaniegn in the course of the experiment, methanol feedatg
values described an exponential curve due to callitlp, whereas the dynamic increase of the

Qely resulted in an accelerated exponential functiogufé 4.2.1-2).

Three dynamic fed batch cultivations with differparameter settings were done according to
the strategy shown in Figure 4.2.1-2 in order teestigate the effects of certain substrate
ratios on the metabolism and the productivity aEeombinant. pastorisMut® strain. The
basic settings of each fed batch experiment anddsgective objective are summarized in
Table 4.2.1-2.
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Table 4.2.1-2 Summary of the experimental stratefie the conducted fed batch (FB) cultivationse&fic

substrate uptake rate setpoints are given in [C-rgthd™].

experiment Eliy setpoint | OMeOH setpoint major objective
FB1 0.5-3.0 0.5 investigate the culture at variogg/Queon ratios
FB2 3.0-7.0 0.5 extend thesgrange of experiment FB1
FB3 ascending + 10 analyze the effect of a highey&y on the
descending ' repression of productivity

Decoupled substrate feeds for the characterizatioof metabolic behaviour

In order to prove the applicability of the experited approach based og we decoupled the
two substrates glycerol and methanol and contrdhedfeeding rates separately according to
the respective (gsetpoint. The glycerol feed was started after ¢e#s were adapted to
methanol, and subsequently the two substrates takem up simultaneously in the carbon-

limited mixed feed environment.

Predictable metabolism of the Nstrain on mixed substrates

The ability to predict metabolic attributes like yggen consumption or biomass vyield
facilitates process understanding and scale ugily @rocess development. Therefore, we
calculated various yields in order to investigabsgible changes in the metabolic activity of
the culture at differentdy,/queon ratios.

The giy/dmeon ratio had a significant impact on the respiratidrth® culture. s values
decreased as thesgqueon ratio increased (Figure 4.2.1-3). This is in cadecice with the
fact that less oxygen is necessary for the oxidatib glycerol than methanol [5], a clear
advantage of mixed feed processes over single meitfeed processes. Also thedsyield
decreased at increasingy/alues. Biomass yields were between 0.41 and 0-6®KC-mol

! which was in good agreement with the values tafed in the dual substrate batch
experiments for the individual substrates (Tabl241). Carbon balances were calculated
close to 100 % (error less than 10%, data not shamd as the product formation was
expected to have a negligible effect on the catimance due the low amount of recombinant
protein expressed, the decrease in they)¥ yield was predicted to happen in concomitance
with a proportional increase in thex¥ yield. However, no significant increase of the
calculated Yys values was detected with increasing,/Queon ratios (Figure 4.2.1-3), which
might be due to deviations in biomass weight measents and subsequent error

propagation.
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Figure 4.2.1-3 Changes in the metabolism of théuprlat increasing qGly/gMeOH ratios in experimEBtL.

A) Calculated yields based on consumed mols of tthe substrates glycerol and methanol. The error of
determined ¥o,s and Yo, yields (<5%) is not shown for better reading. B}-lihe calculated respiration
quotients compared to theoretically calculatediraipn quotients and the, grofile.

To validate this assumption, online measured carthoxide evolution rate (CER) and
oxygen uptake rate (OUR) values were used to cledhe respiration quotient. Moreover,
the theoretical respiration quotient (RQeiica) Was calculated based on the biomass yields on
the individual substrates and th@yffveonratio. A good correlation between the theoretically
calculated values and the online determined védireRQ was shown (Figure 4.2.1-3). Thus,
the biomass yield could be predicted as the wethhtean of the biomass yields on the two
individual substrates. This observation is in adaoce with other studies reporting biomass
yields on mixed substrates in continuous cultivaid5, 13]. However, thes@ontrolled
feeding regime in the present study allowed usu@ntjfy the change in the biomass yield at

different substrate mixing ratios in a less timasaming fed batch environment.

Metabolic interactions at high glycerol fluxes

In order to investigate the metabolic behaviouthef culture at higherdy rates, experiment
FB2 was designed to extend thg,gqange of experiment FB1 (see Table 4.2.1-2). Theze
the glycerol feeding rate was set to gygof 3.0 C-mmolg™h™® immediately after the
adaptation phase on methanol, and was then stepmdseased up to 7.0 C-mmgl-h™
(Figure 4.2.1-4A). Above @ values of 5.0 C-mmeai™h™, methanol accumulation was
observed in the culture, indicating that the cebsild not take up methanol at the rate of
0.5 C-mmoig™h™ anymore. The continuous decrease of the calculggsh value (Figure
4.2.1-4B) indicated that the culture kept losing rmhethanol assimilating capacity, most
probably due to the repressionpg#OX.
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Figure 4.2.1-4. Methanol accumulation at higfy getpoints in experiment FB2. A) Experimental stggtand
calculated specific uptake rates. B) Zoom in of ld&t phase of the experiment - marked with a dray in

figure A - where methanol accumulated.

As most of the studies on mixed feed fermentatwits P. pastoriswere conducted at low
glycerol feeding rates and with a controlled mettaroncentration of 1-5-4* so far [6, 8,
11-12], there is only little reported on methanaicamulation in a carbon-limited
environment. Solat al. observed residual methanol concentrations in roaotis mixed feed
cultivations of aP. pastoris Mut® strain at dilution rates, which were higher thdme t
respectiveumax on methanol [13]. However, the reason for methawmagumulation was not
clear, as it could have been caused either by ssjore effects due to high glycerol fluxes or
by methanol feeding rates which were higher thantlaximal geon of the strain. As the two
substrates were mixed in specified ratios and fegether, the reason could not be
investigated accurately by the authors. In contraséth the separately controlled feeding
regime based onsgised in the present study, exagl galues, where the methanol uptake of
the culture started to be repressed, could berdated.

Summarizing, in only two dynamic fed batch expentsgFB1 and FB2), we could estimate
the effect of the g,/Queon ratio on the metabolic activity and determine @&,qwhere
methanol uptake was repressed. These findings raporiant steps towards process
understanding and facilitate process design. Basethis knowledge, the most important
metabolic attributes, like biomass growth or oxygksmand, can be predicted for different
specific substrate uptake rate ratios in a mixestl fenvironment. Moreover, besides the
characterization of metabolism in the mixed feediremment, we could gain valuable

knowledge on recombinant protein expression irtwtefed batch experiments.
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Recombinant protein production in the dynamically cnanged mixed feed environment
Recombinant HRP production was induced in the adi@pt phase of experiment FB1 and the
specific productivity increased in parallel to ttignamically changeddy, especially in the
phases wheregg values reached 1-2 C-mmyt-h (indicated in Figure 4.2.1-5). However,
above a gy of approximately 2.5 C-mmg*h, the specific productivity did not increase to
the same extent as before. To analyze this tremdoire detail, the effect of higheggrates

on recombinant protein production was investigategkperiment FB2.

_rapid increase
f

v AGly
64| v aveon

qg [C-mmol-gh"]

0 12 24 36 48 60 72 84
induction time [h]

Figure 4.2.1-5 Increase of the specific produgtiuit the dynamic mixed feed environment of expentrieB1.
The rapid increase in,@bserved in the first phase of induction slowedndat higher specific glycerol uptake

rates.

Repression of recombinant protein production ahtsgecific glycerol uptake rates

In experiment FB2 the & setpoint was set to 3.0 C-mnwth? immediately after the
adaptation phase on methanol. Specific HRP prodtyctncreased only slightly after the first
step, and as gy reached levels higher than 3.0 C-mmgdh™, a significant drop in g
occurred and further decreased with increasiig(gigure 4.2.1-6).

According to Monod kinetics, residual glycerol centrations can be present at a high
specific glycerol uptake rate, which could causedhserved decrease indpe to repression
effects. Nevertheless, no glycerol could be detkteoffline samples with the HPLC method

used in this study.
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Figure 4.2.1-6 Recombinant protein expression ipeerent FB2. A significant drop in recombinant tgin

expression was observed above a specific glycgtake rate of 3.0 C-mmgi™h.

However, by using €y as a process variable, we could determine thieariglycerol flux,
where the culture exhibited a decline in recomhbinarotein expression. Therefore, we
postulate here to use substrate fluxes insteadsidual concentrations for the identification
of repression effects in dynamic experiments. Wes also suggested by Herwag al. for
dynamic experiments on metabolic shifts in contusiocultures with Saccharomyces
cerevisiae[24]. Recently, Zhangt al. also demonstrated the existence of a carbon-flux
dependent mechanism responsible for the represgi@ox expression at a transcriptional
level [25]. They reported a direct relationshipvbetn the PpHxt1l hexose transporter protein
and aoxlL repression and validated their observation byaterg a Ahxtl strain, which
effectively expressedox by non-limiting glucose concentrations. Interegityn PpHxt was
found to be responsible for hexose transport ohlyigh substrate fluxes. We propose that a
similar repression mechanism could lead to theinledf recombinant protein expression, as
well as to the change in methanol assimilationgtt ylycerol fluxes, in the present study.
Interestingly, lower specific productivities werbdserved in experiment FB2 compared to
FB1. This indicates that a feeding strategy witghhinitial qzy leads to low productivity
(experiment FB2), whereas a more dynamic gradugtyeasing gy turns out to be
beneficial (experiment FB1). These observationsimm@incidence with our previous study
on the single substrate methanol, where we repatetepwise increased @mp to be
superior to a strategy, which ensured higliadues right from the beginning of the induction

phase, in terms of productivity [19].
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Repression of recombinant protein production atghér specific methanol uptake rate

After we indicated the repression of product foriorato be dependent on the glycerol flux in
the mixed feed environment, we also wanted to iyate a possible effect of the methanol
flux on this phenomenon. We conducted another fa@dhbexperiment (FB3) with a higher
Oveor t0 determine any changes in the critical,gat which the decline iny,gpccurs. Thus,

after the adaptation phase at @edh of 0.5 C-mmolg™h™, queon was shifted to
1.0 C-mmolgh? after 12 hours (Figure 4.2.1-7A).
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Figure 4.2.1-7 Time dependent increase of the fipgrbductivity in experiment FB3. A) Experimenttlategy

and calculated specific uptake rates. B) Specifidpctivity in the ascending and descending phadethe
glycerol feed.

After the initiation of the mixed feed phase, weselyed a dynamic increase in the specific
productivity in parallel to the increase ofg(Figure 4.2.1-7B). No further increase in the
specific productivity was determined agyqeached values higher than 3.0 C-muidh?,
which was in coincidence with the results of FB2g(ife 4.2.1-6). We concluded that an
increased geon did not significantly change the criticakig where repression of productivity
occurs.

In order to find out whether the culture can beeaskd from the repression effect at high
glycerol fluxes, we decreased theygsetpoint stepwise. Interestingly, a highgrvalue
(3.73 Ug™h™) was observed in the descending phase compart tsame @y setpoint in
the ascending phase of the experiment (2.424"). This observation indicates the
existence of a time-dependent adaptation effectdoombinant protein expression. Hence,
recombinantP. pastoriscells apparently need a certain induction timeech the maximal
capacity for recombinant protein expression. Weehdescribed a similar effect for R

pastorisMut® culture in a dynamic fed batch system on the sisglestrate methanol before
[19].
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Results of ongoing experiments in our group sugyest this time-dependent effect is not
detectable in chemostat cultures due to the comtiuexchange of cells. The results
described by d"Anjoet al. indicate a similar effect, as the authors observesifynificantly
higher specific productivity in a fed batch cultwae predicted from continuous experiments
[9]. Thus, a feeding strategy which is designedetlasn parameters from chemostat
experiments would fail to consider such a time-aele&t increase in recombinant protein
production and deviations from the expected pradigtin the fed batch environment would

occur.

The effect of gy on ¢

A decrease in recombinant protein production wasenked in all experiments carried out at
high qziy rates. To visualise this effect, the specific picitvities determined in FB1, FB2 and
FB3 were plotted against the specific uptake rétglycerol (Figure 4.2.1-8). The maximal
productivity was determined at a specific glycauptake rate of 3.0 C-mmgl*h™. Above
this gy value, repression of recombinant protein expresgeis dominant.

Other mixed feed studies defined critical ratiofe#ding rates [8] or specific growth rates
[17], where productivity was maximal. In contraste individual control of specific substrate
uptake rates in this study allowed the determimatiba single gy value, where the system

exhibits maximal specific productivity.
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Figure 4.2.1-8 Specific productivities plotted amsithe specific glycerol uptake rate. The rightXs was

scaled considering the maximum specific produgtivilue of experiment FB2.
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Conclusions

In this study, we applied a specific substrate kgpteate controlled fed batch strategy to
characterize a recombinat pastorisMut® strain on mixed substrates. Individually adjusted
feeding rates for methanol and glycerol allowedfds investigation of the metabolism and
recombinant protein expression by different lingtirsubstrate fluxes in a fed batch
environment. Specific glycerol uptake rates werenidied, where repression effects for
methanol uptake and productivity occurred.
Based on the observed relationship betwegpag a controlled process parameter anesg
the critical quality attribute, following proposafer a process design targeting maximal
productivities can be withdrawn:
A dynamically increasing &}, regime with aow initial qgy setpoint has beneficial
effects on specific productivity in the mixed feggktem. This observation highlights
the use of dynamicsdeeding regimes for production purposes.
The highest specific productivity of the usBd pastorisstrain was observed at a
specific glycerol uptake rate of 3.0 C-mngdth™. This should subsequently define
the maximal value of the dynamiggcontrol scheme.
A time-dependent factor, which accelerates recoantirprotein production during
induction, was detected with the dynamic fed ba#giproach. Based on this
knowledge, a gcontrolled fed batch strateggn be designed to reach the maximal g
in correspondence with the adaptation pattern@ttiiture. We are currently working

on the development of an optimalyqamp for maximal productivity.

The characteristics of the recombin&ntpastorisMut® strain were investigated in this study
as a function of the specific substrate uptake Byeusing g as a process control parameter,
a fast increase of strain- and process understgais achieved in a few batch and fed batch
cultivations. Moreover, it was possible to deterenia time-dependent acceleration of the
productivity in a fed batch environment, whereastitmous experiments with the same strain
in our laboratory failed to predict this phenomenon

The reported results clearly legitimate the usthefspecific substrate uptake rate for process
control and optimization. Thergontrolled fed batch strategy is not only an dffecmethod

for process understanding, but also a ready-to-oggmization tool for bioprocess
development.
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Abbreviations

Os specific substrate uptake rate [mmdHg}]

Os, max maximum specific substrate uptake rate [mmbhg]

Mut® methanol utilization slow phenotype

AOX alcohol oxidase

U specific growth rate [H

HRP horseradish peroxidase

PID proportional-integrative-derivative controller

Op specific productivity of horseradish peroxidasegtjh]

RQ respiration quotient

rpm rounds per minute

vvm volume gas flow per volume liquid per minute

Y cozis yield coefficient of carbon dioxide respective tonsumed mols of substrate
[mol-C-molY]

Y ozs yield coefficient of oxygen respective to consunmedls of substrate [mol-C-
mol ]

Y xis yield coefficient of biomass respective to consunmedls of substrate [C-
mol-C-mol]

CMeOH methanol concentration in the broth T§-|
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Abstract

Background

The methylotrophic yeasPichia pastorishas become an important host organism for
recombinant protein production and is able to usthanol as a sole carbon source. The
methanol utilization pathway describes all the lgéita reactions, which happen during
methanol metabolism. Despite the importance ofagekey enzymes in this pathway, so far
very little is known about possible effects of awgsressing either of these key enzymes on
the overall energetic behavior, the productivityl dhe substrate uptake rate fn pastoris
strains.

Results

A fast and easy-to-do approach based on batclvatitths with methanol pulses was used to
characterize differenP. pastorisstrains. A strain with MGt phenotype was found to be
superior over a strain with Mutphenotype in both the volumetric productivity atiek
efficiency in expressing recombinant horseradisioyidase C1A. Consequently, either of the
enzymes dihydroxyacetone synthase, transketoladerimaldehyde dehydrogenase, which
play key roles in the methanol utilization pathwaygs co-overexpressed in Mustrains
harboring either of the reporter enzymes horsenapesoxidase o€andida antarcticdipase

B. Although the co-overexpression of these enzydi@siot change the stoichiometric yields
of the recombinant Mditstrains, significant changes in the specific growate, the specific
substrate uptake rate and the specific productiwigre observed. Co-overexpression of
dihydroxyacetone synthase yielded a 2- to 3-foldeefficient conversion of the substrate
methanol into product, but also resulted in a reduo/olumetric productivity. Co-
overexpression of formaldehyde dehydrogenase eskinita 2-fold more efficient conversion
of the substrate into product and at least simvitdmmetric productivities compared to strains
without an engineered methanol utilization pathwaryg thus turned out to be a valuable
strategy to improve recombinant protein production.

Conclusions

Co-overexpressing enzymes of the methanol utibmapathway significantly affected the
specific growth rate, the methanol uptake and teciic productivity of recombinan®.
pastoris Mut® strains. A recently developed methodology to deitee strain specific
parameters based on dynamic batch cultivationseprdg be a valuable tool for fast strain

characterization and thus early process development
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Background

The methylotrophic yeagtichia pastorishas become an important host organism for the high
level production of recombinant proteins (e.g. [L-8 can be grown to high cell densities, is
characterized by an efficient secretory systemraady tools for molecular manipulation are
available. ThusP. pastorishas become an interesting and important altermdtivbacterial
expression systems such Bscoli, especially when it comes to the production of ptax
proteins which require typical eukaryotic post-giational modifications or contain disulfide
bridges [4].

The ability ofP. pastoristo utilize methanol as the sole carbon sourcecisieial aspect of its
metabolism. The enzyme alcohol oxidase (AOX, EC311B) catalyzes the first step in the
recently described methanol utilization pathway (Mpathway) [5]. The genome of
P. pastoriscontains two gene®OX1L andAOX2, encoding two enzymes with AOX activity
[2]. AOX1 can comprise up to 30 % of the total $béuprotein in extracts dP. pastoris
grown solely on methanol [5-7], showing the outdiag strength of the AOX1 promoter
(PAOX1). On the contrary, the second alcohol oxida€eX2 is controlled by a much weaker
promoter pAOX2) and thus accounts for just 15 % of the ouek@X activity in the cell [8].
The tight regulation of these promoters [9], thersg inducibility of pAOX1 and differently
regulated pAOX1 promoter variants [10] as well as the alteneiveaker AOX2-mediated
methanol oxidation allow the design of differenpesssion strains with specific properties.
Three phenotypes &f. pastoriswith regard to methanol utilization are currerdlailable: 1,
Mut® (methanol utilization plus), where bothOX genes are intact and active; I, Mut
(methanol utilization slow), wher®OXL is knocked out; and 1ll, Mu¢methanol utilization
minus), which is unable to grow on methanol assibie carbon source due to a knock-out of
both AOX genes [2]. In Mut and Muf strains the transcription of MUT pathway genes is
repressed when grown in the presence of suffigiehiyjh concentrations of glucose or
glycerol. Employing either of the two natural AOXomoters, protein expression at high
levels can be induced by methanol in media lackingh fermentable carbon sources [11].
De-repression at low concentrations of glucoselyregol can be used for strong induction, if
AOX1 promoter variants are used [10].

In general, MLt strains are characterized by a higher growth tiete Muf strains and have
also been reported to show higher productivitiesI%]. In addition, if antibiotics are used
for selection of transformants, there is no dineeed to employ Mdtstrains, but wildtype
strains such aB. pastorisCBS7435 (which is identical tB. pastorisNRRL Y-11430 [16])

or P. pastorisX-33 can be used as hosts. This is why the mgjofitesearch so far has been
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performed with this phenotype. However, Mistrains are very sensitive to transient high
methanol concentrations, rendering the scale upiagrocesses more difficult [15, 17, 18].
Methanol oxidation is also linked to hydrogen pédexformation as a by-product which is
known to cause cellular stress and to induce cadlthd [19]. The combustion of methanol
(-727 kJ-C-mol) results in the production of heat, which migtgoatonstitute a problem in
large scale processes. Another important issubeishigh demand for oxygen in high cell
density cultures oP. pastoriswith Mut” phenotype [20, 21]. By usirfg. pastoris strains with
Mut® phenotype these problems can be bypassed due towier methanol consumption rate.
However, the Mut phenotype also leads to long induction times auticed growth rates.
Mixed feed strategies (e.g. glycerol and methara®@ commonly employed for the
fermentation induction phase when using ®&ttains. Hereby the cells are not dependent on
the slow metabolization of methanol, which thermaniily functions as an inducer, and can
use the alternative C-source for growth [20, 22¢r&bver, the strong production of AOX1 in
Mut® strains during growth on methanol may compete whth production of recombinant
proteins [15]. Other advantages and disadvantafjesing the AOX1 promoter system in
P. pastorisMut™ strains have been summarized by Macauley-Paticll recently [7].
Interestingly, Mut strains have been reported to be advantageousMw@rstrains for the
production of some recombinant proteins [23-25],iclwhcurrently drives the ongoing
discussion in the scientific community about thestniavorableP. pastorisphenotype for
recombinant protein production.

Regardless of which phenotype is used, AOX catsalyte first reaction in the MUT
pathway, oxidizing methanol to formaldehyde whielucing Q to H,O, (Figure 4.2.2-1A).
Formaldehyde is then either oxidized to @the dissimilative branch of the MUT pathway
giving 2 NADH molecules per molecule formaldehyade,is condensed with xylulose-5-
phosphate and subsequently converted to dihydrexgae and glyceraldehyde-3-phosphate
in the assimilative branch of the MUT pathway (Fg4.2.2-1A; see also [9]).

Knock-out studies of the genes encoding formaldeldehydrogenase (FLD, EC 1.2.1.1) and
formate dehydrogenase (FDH; EC 1.2.1.2) revealel, Hlereafter called FLD1, to be the
key enzyme in the dissimilative branch of the MUathway [26, 27]. FLD1 is encoded by
the FLD1 gene and catalyzes the NADependent oxidation of S-hydroxymethylglutathione
to S-formylglutathion (Figure 4.2.2-1B). ConsequgnELD1 has been studied in more detail

in terms of being a promising enzyme for improvethctor regeneration recently [28].
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Figure 4.2.2-1 Methanol utilization (MUT) pathwayR. pastoris A, MUT pathway overview (adapted from [5]
and [16]); B, catalytic reaction of DAS1, DAS2 ahgpothetically TKL1; C, catalytic reaction of FLDD,
catalytic reaction of TKL1 in the pentose phosphaaé¢hway. ADH: methylformate synthase. AOX: alcohol
oxidase. CAT: catalase. DAK: dihydroxyacetone k@aBHA: dihydroxyacetone. DHAP: dihydroxyacetone
phosphate. FBP: fructose-1,6-bisphosphate.sPF fructose-6-phosphate. FBA: fructose-1,6-bisphatp
aldolase. FBP: fructose-1,6-bisphosphatase. FLBndtdehyde dehydrogenase. FDH: formate dehydrogenas
FGH: S-formylglutathione hydrolase. GAP: glycerdlgde-3-phosphate. GSH: glutathione. Pyr: pyruvagp:
pentose phosphate pathway. Ri5P: ribose-5-phospBatdée7P: sedoheptulose-7-phosphate. TCA: tricgtimox
acid cycle. XygP: xylulose-5-phosphate.

The key enzyme in the assimilative branch of the TMpathway is dihydroxyacetone
synthase (DAS; EC 2.2.1.3). B. pastoris two isoforms of DAS are encoded by the two
genesDASl1landDAS2which are 91 % identical [5, 16]. Due to the hegguence identity,

wrong sequences for these two genes were desdréfeck, which were artefacts from wrong
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assemblies during sequencing. Both DAS1 and DA$2yze the conversion of xylulose-5-
phosphate and formaldehyde to dihydroxyacetone giykeraldehyde-3-phosphate (Figure
4.2.2-1C; [5, 16]). Despite the importance of tarzyme, no analysis has been reported so
far, describing whether the transcription of the tgenesDAS1and DAS2is equally high
induced upon methanol induction or if differencastianscription, such as fgxOX1 and
AOX2 occur.

Another important enzyme in the assimilative braiscthe transketolase (TKL; EC 2.2.1.1)
[16], hereafter called TKL1, which catalyzes thaaton between xylulose-5-phosphate and
ribose-5-phosphate to form glyceraldehydes-3-phatgpand sedoheptulose-7-phosphate and
vice versa(Figure 4.2.2-1D). InSaccharomyces cerevisidmnsketolase activity has been
shown to constitute the rate-limiting factor in th@n-oxidative part of the pentose phosphate
pathway [29], demonstrating the importance of teizyme in yeast metabolism. .
pastorisTKL1 has recently been assigned a hypotheticaldibxyacetone synthase activity
(Figure 4.2.2-1C; [16]). A highly conserved domainucture of the enzymes DAS1, DAS2
and TKL1 and the fact that a double knock-out stiDAS1andDAS2is still able to grow

on the substrate methanol (personal communicatidgh ®rof. Anton Glieder) actually
underline this hypothesis (Supplementary Figure2412.

In this study, we determined and compared the 8pesiibstrate uptake rateg(cand the
specific productivity (g) of a recombinanP. pastorisCBS7435 Mut strain with a Mut
strain, both overexpressing the reporter enzymeednadish peroxidase (HRP), to determine
the more efficient phenotype for recombinant pro&xpression. Based on our findings, we
co-overexpressed either of the enzymes DAS1, TKLEL®D1, which all play key roles in
the MUT pathway, in recombinafit. pastorisMut® strains harboring either of the reporter
enzymes horseradish peroxidase (HRPLandida antarcticdipase B (CalB), to check for
possible influences on stoichiometric yields, thewgh rate, the methanol uptake and the
production of the respective reporter enzyme. Werdus novel and fast approach based on
batch cultivations with repeated methanol pulsebjclv has proven to be a valuable
alternative to the traditionally more often usedatgtgies of either employing continuous
cultures or repetitive fed-batch cultivations dfatent parameter sets [33, 34], to determine

these strain specific parameters.
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Material and Methods

Chemicals

Enzymes were purchased from Fermentas GmbH, GermaRy'-azino-bis(3-
ethylbenzthiazoline-6-sulphonic acid) diammoniunit §aBTS) was obtained from Sigma-
Aldrich Handels GmbH, Austria. Difco™ vyeast nitrogbase w/o amino acids (YNB),
Bacto™ tryptone and Bacto™ yeast extract were obthifrom Becton Dickinson and
Company, Austria. Zeocin™ was obtained from Invieo&dEubio, AustriaD-Biotin and p-
nitrophenyl butyrate (p-NPB) were obtained fromKauWChemia AG, Switzerland. All other
chemicals were purchased from Carl Roth GmbH &KI8, Germany.

Strains and vectors

The strainP. pastorisMut® (AaoxL::FRT) was engineered by N&atsaatial (manuscript in
preparation) at Graz University of Technology, itageé of Molecular Biotechnology, based
on theP. pastoriswildtype strain CBS7435. These two strains weredugs starting strains
for the corresponding overexpression studies. Thatle vectors pPpT4_S and pPpKan_S,
derivatives of pPpT2 [38] with two point mutatioms the EM72 promoter and 8mi
restriction site instead ofBglll, were used for cloning. pPpKan_S contains a
kanamycin/geneticin resistance gene instead ofoaizgesistance gene [39, 40]. pPpT4_S
was used for harboring either the HRP isoenzyme GAAalB, which both were codon-
optimized for high-level expression . pastoris The codon table described in [38] was
applied for codon optimization. Overexpression @ASL, FLD1, TKL1 and the genes
encoding HRP and CalB was under the contrgdA®X1. Secretion of HRP and CalB to the
cultivation supernatant was facilitated by a N-texatly fused prepro-signal sequence of the
S. cerevisiaalpha-factor. pPpKan_S was used as shuttle véetdroringDAS], FLD1 or
TKL1, which were amplified from chromosomal DNA Bf pastorisCBS7435 using the
cloning primers depicted in Table 1A with Phusiorhigh fidelity DNA-polymerase
(Finnzymes Oy, Finland) and GC buffer accordingh®® manufacturer's protocol.

Strain construction and screening procedure

Transformation of approximately 2 |[Bmi-linearized pPpT4_S or pPpKan_S plasmid DNA
harboring the respective gene of interest iRtopastoriswas done as described by Lin-
Cereghinoet al [41]. Selection of successfully transformed ckmeas performed on YPD
agar plates containing 25 my-keocin (for HRP/CalB strains) or 25 mby-keocin plus
300 mg-* geneticin (for HRP/CalB DAS1/FLD1/TKL1 strains).cr8ening of randomly

94



Physiological evaluation of recombinant Pichia paststrains

chosen transformants and rescreening of promidimges (in quadruplicates) were done as
micro-scale cultivations in 96-deep well platesikanto the protocol described by Weisal
[42]: cells were cultivated in 250 ul BMD1% (1 &D(+)-glucose monohydrate, 6.0 4|
K,HPO,, 23.6 gt KH,PO,, 13.4 g YNB, 0.4 mg/l D-biotin) for approximately 60 h,
followed by addition of 250 ul BMM2 (1 % methanél0 g-I' K,HPQ,, 23.6 g1 KH.PO,,
13.4 g-1 YNB, 0.4 mg-T" D-biotin) and 50 pl BMM10 (5 % methanol, 6.0 4K,HPQ,, 23.6
g-I* KH,PQy, 13.4 g1 YNB, 0.4 mg-T D-biotin) per well 12 h, 24 h and 36 h after thetfir
addition of BMM2.

HRP activity was verified by using an ABTS assafteracentrifugation of the induced
transformants (3000 g, 10 min), 15 pl of the caltion supernatant were mixed with 140 ul
assay solution (0.5 mM ABTS in 50 mM NaOAc, pH 29 mM HO,) in a 96-well PS-
microplate [35]. The increase in absorbance at #@5was followed in a Spectramax Plus
384 platereader (Molecular Devices, Germany) ainréemperature for 5 min. CalB activity
was evaluated by an esterase activity assay sitoildae assay described by Zhasal. [43]:

20 pl cultivation supernatant were mixed with 180rgsh assay solution (4 mM p-NPB in
300 mM Tris-HCI, pH 7.4, 1 % dimethyl sulfoxid). &hncrease in absorbance at 405 nm was
followed in a Spectramax Plus 384 platereader@nrtemperature for 5 min.

Evaluation of the transcription @AS1andDAS2upon methanol induction was performed
by quantitative real-time PCR (qPCR). For this msgy RNA was isolated from the
corresponding strains before and 5 h after methewloiction using the ZR Fungal/Bacterial
RNA MicroPrep™ kit from Zymo Research Corporatidnvife, CA, USA). In-column
DNase digestion was performed according to the maatwrer's recommendations using
RNase-free DNase | from Zymo Research. RNA wasdlut 20 pl DNase/RNase-free water
(plus 1 pul RNaseOUT™ Recombinant Ribonuclease itdrilrom Invitrogen Corporation,
CA, USA) and used directly for gPCR using the S8pédpt® Il Platinum® SYBR® Green
One-Step gRT-PCR Kit (Invitrogen). The qPCR wadgrared in the ABI PRISM 7500 Real
Time PCR System (Applied Biosystems, CA, USA) adow to the manufacturer's
recommendations employing the primers listed inl@abh2.2-1B. For visualization of the
magnitude of transcription induction, the deterrdingycle threshold (Ct) signals were
transformed to 2' and normalized to the correspondiiBG4signals (which is supposed to
be constitutively transcribed). The extent of intttut of a target transcript was calculated as
the ratio of the normalized® signal of the target transcript at 5 h over themadized signal
at 0 h {.e. before induction). The time point 0 h represerttesl de-repression state of the

P. pastorisculture, since the C-source glucose was depletéatd the addition of methanol.
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Analogically, the overexpression of genes encodiil pathway enzymes was verified via
gqPCR with the primers listed in Table 4.2.2-1C. Ttanscript levels were shown a$'2
signals, normalized to the correspondiigG4signals.

To determine the copy number of the transformedgea gPCR based method was used as
described by Abacet al [44] using the Power SYBR® Green Master Mix (Appl
Biosystems) with the ABI PRISM 7500 Real Time PCgt8m. Hereto, genomic DNA was
isolated fromP. pastorisaccording to the protocol by Hoffmat al [45]. The primers (Table
4.2.2-1D) were used at concentrations of 200 nMppiener with 0.66 ng of genomic DNA as
template. The copy number of the genes encodingtdhget enzymes was determined
indirectly via verification of the copy number dfet Zeocin™ resistance-mediating gene
Zed®. Conditions were 10 min at 95°C, 40 cycles of & 85°C and 60 s at 60°C followed

by a final dissociation step.
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Table 4.2.2-1 Oligonucleotide-primers used for mpdification of DASYFLD1/TKL1 from chromosomal DNA,;
B, evaluation ofDASIDAS2transcription induction; C, the analysis BASYFLD1/TKL1 overexpression; D,

copy number determination of the reporter genes \(grification of the Zebcopy number).

A. target orientation  sequence 5'-3'

forward AAAAGGCGCGCCGAAACGATGGCTAGAATTCCCAAAGCAG
DAS1

reverse TTTGCGGCCGCTTACAACTTGTCATGCTTTGGTTTTC

forward AACACTAGTATGTCTACCGAAGGTCAA
FLD1

reverse AACGCGGCCGCTTAGTGCATAGTAATCAC

forward AGAGAATTCGAAACGATGTCTGATCTCTTAGCTATCAACAC
TKL1

reverse AGAGCGGCCGCCTACGCATGAACAGACTCAAAAG

B. target orientation  sequence 5'-3'

forward TGCTGGCTACAGATCTTGCCGACT
ARG4

reverse CTCGGCTTGTCTGACACATTCACCAG

forward ATACTCATCCGAGGCCAGAGCTTACG
AOX2

reverse ACCGTGAGCAAGACCAGCAGTCAA

forward CTGAGAAACCAGCTAAAGGTGACGAGT
DAS1

reverse TCTTGTCCCTCACGAGGGTACTCT

forward CTGAAAAACCAGCCGAGGGTGATC
DAS2

reverse TTCCTCACCTTCTTGAGGATAGTTCTTAACG

C. target orientation sequence 5'-3

forward TGCTGGCTACAGATCTTGCCGACT
ARG4

reverse CTCGGCTTGTCTGACACATTCACCAG

forward ATACTCATCCGAGGCCAGAGCTTAC
AOX2

reverse ACCGTGAGCAAGACCAGCAGTCAA
DAS1 forward CTGAGAAACCAGCTAAAGGTGACGAGT
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reverse TCTTGTCCCTCACGAGGGTACTCT

forward TGGATTATCTGTCATCCAAGGTGCAGTTTC
FLD1

reverse GTCCGCCCATGCCTTCTTTGAATC

forward GTCGCTACACATGACTCGATTGGTC
TKL1

reverse CATGAGGTTTGGAAGAGCTCTCAAGTG

D. target orientation sequence 5'-3'

forward GACTCGGTTTCTCCCGTGACT
Zed

reverse CTGCGGAGATGAACAGGGTAA

forward TCCTCCGGTGGCAGTTCTT
ARG4

reverse TCCATTGACTCCCGTTTTGAG

Strain characterization in bioreactors

Culture Media

Precultures were done in yeast nitrogen base me@BM; 0.1 M potassium phosphate
buffer pH 6.0, 3.4 g YNB w/o amino acids and ammonia sulfate, 10 gNH.),SOs,
400 mg-1 biotin, 20 gt glucose). Batch cultivations were performed inabaslt medium
(26.7 ml-I* 85 % phosphoric acid, 1.17 §-ICaSQ-2H,0, 18.2 gt K,SO, 14.9¢gt
MgSQOy-7H,0, 4.13 g1 KOH, 44 g CgH1.06-H,O, 0.2 ml-* Antifoam Struktol J650,
4.35 ml-I* PTM1, NH,OH as N-source). Trace element solution (PTM1) mase of 6.0 g
CuSQ-5H,0, 0.08 g-F Nal, 3.0 g+ MnSQ,-H,0, 0.2 gt NapMoO,-2H,0, 0.02 gt H3BO;,
0.5g-I* CoCh, 20.0gt ZnCh, 65.0 gt FeSQ-7H,0, 0.2 gt biotin, 5ml-1* H,SO..
Induction was carried out in presence of 1 @gminolevulinic acid for HRP overexpressing
strains. The concentration of the base,8H was determined by titration with 0.25 M
potassium hydrogen phthalate.

Experimental Procedure

Preculture

Frozen stocks (-80°C) were pre-cultivated in 100viNBM in 1000 ml shake flasks at 28°C
and 230 rpm for max. 24 h. The grown preculture trassferred aseptically to the respective

culture vessel. The inoculation volume was apprataty 10 % of the final starting volume.
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Batch cultivation

Batch cultivations were carried out in either a & la 5| working volume glass bioreactor
(Infors, Switzerland). Basal salt medium was stexd in the bioreactor and pH was adjusted
to pH 5.0 by using concentrated MPH solution after autoclaving. Sterile filtered dea
elements were transferred to the reactor aseptidalssolved oxygen (d£) was measured
with a sterilizable d@electrode (Visiferm™, Hamilton, Switzerland). ThE vas measured
with a sterilizable electrode (Easyferm™, Hamilt@witzerland) and maintained constant
with a PID controller using NKMDH solution (1 to 3 M). Base consumption was deteioh
gravimetrically. Cultivation temperature was seR8&C and agitation was fixed to 1200 rpm.
The culture was aerated with 1.0 vvm dried air affegas of the culture was measured by
using an infrared cell for COand a paramagnetic cell for, @oncentration (Servomax,
Switzerland). Temperature, pH, gQagitation as well as GQand Q in the off-gas were
measured online and logged in a process informatianagement system (PIMS; Lucullus,
Biospectra, Switzerland).

After the complete consumption of the substrateage, indicated by an increase of,@&dd

a drop in off-gas activity, the first methanol plsf a final concentration of 0.5 % (v/v) was
conducted with methanol (supplemented with 12'mPTM1). Following pulses were
performed with 1 % methanol (v/v). All pulses waenducted directly after exhaustion of
the substrate without lack phases. For each puasdeast two samples were taken to
determine the concentrations of substrate and ptpds well as dry cell weight to calculate

specific rates and yields.

Analysis of growth- and expression-parameters

Dry cell weight was determined by centrifugation ®fl culture broth (5000 rpm, 4°C,
10 min) in a laboratory centrifuge (Sigma 4K15,0ro11156), washing the pellet with 5 ml
deionized water and subsequent drying at 105°Cctmnatant weight in an oven.

The enzymatic activity of HRP was measured usingABTS assay in a CuBiAn XC
enzymatic robot (Innovatis, Germany). Ten pl of pemwere mixed with 140 pul 1 mM
ABTS solution (50 mM KHPOQ,, pH 6.5). The reaction mixture was incubated &C3for 5
min before the reaction was started by the addibib20 pl 0.078% KD, (v/v). Changes in
absorbance at 415 nm were measured for 80 secaddsites were calculated. The standard
curve was prepared using a commercially availadRPHreparation (Type VI-A, Sigma-
Aldrich, USA\) in the range from 0.02 to 2.0 Ul
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The enzymatic activity of CalB was measured by met@ng the esterase activity of CalB. A
stock solution was generated by mixing 42 ul p-N## 458 ul DMSO and stored at -20°C.
The assay reagent was prepared freshly by addifid®0 pl stock solution to 10 ml TrisHCI
(300 MM, pH 7.5). Color development at 405nm wadloived in a UV-1601
spectrophotometer (Shimadzu GmbH; Austria) at 3G%C5 min. One Unit of CalB was
defined as the formation ofiimol p-nitrophenol-mith.

Substrate concentrations

Concentrations of methanol were determined in &k samples by HPLC (Agilent
Technologies, USA) equipped with an ion-exclusiaumn (Supelcogel C-610H Sigma-
Aldrich, USA) and a refractive index detector (Agit Technologies, USA). The mobile
phase was 0.1 % 470, with a constant flow rate of 0.5 ml-rifirand the system was run
isocratically. Calibration was done by measuringndard points in the range from 0.1 to
10 g-I* methanol.

Data analysis

Measurements of biomass concentration, producterdretion and substrate concentration
were executed in duplicates. Along the observedhdstia deviation for the single
measurements, the error was propagated to thefispates g and ¢ as well as to the yield

coefficients. The error for the volumetric ratepobduct formation was set to 5 %.

Data reconciliation

The Muf phenotype caused a slow biomass growth duringumiad methanol pulses. Thus,
the determined increase of biomass during one pub® close to the standard deviation
observed for one duplicate measurement and coakfttre not be regarded as accurate.
Hence, the biomass rate was calculated using th&@IMMB software (MathWorks, USA),
using the carbon balance and the degree of redutisdance, made of the determined
volumetric rates for the substrate uptake, the erygonsumption and the carbon dioxide
evolution. As the system of equations consistetivof elemental balances and only one rate
to be calculated, the degree of freedom was 1. &prestly, the statistical test value h had to
be lower than 3.84 not to reject the null hypotheshat there were no errors in the
measurements at a 95 % confidence level for eazhpiant. Including error margins of 5 %

for off-gas measurements and substrate determirsatay? (chi-square distribution) test was
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conducted for each data point and gave the comespg h-values. This method was
described in detail elsewhere [37].

Results and Discussion

Mut* vs. Mut® for recombinant protein production

To date, the majority of research has been perfomvith P. pastorisMut” strains, since they
have been reported to grow faster on methanol lamltb produce more recombinant protein
(e.g. [14]). However, several other studies haxashMut strains to be superior over Mut
strains in terms of recombinant protein product{iery. [23]). To shed more light on this
controversial topic, we design@&d pastorisstrains overexpressing the reporter enzyme HRP
in both phenotypes Mltand Muf, and compared these two strains in terms of dpecif
substrate uptake rate, specific productivity andumetric productivity. This strain
characterization was performed using a recentlgnted strategy employing fast and easy-to-
do batch cultivations with methanol pulses [33, a4f is shown for the Mutand for the
Mut® phenotype in Supplementary Figure 4.2.2-2 and Buopgtary Figure 4.2.2-3,

respectively.
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Figure 4.2.2-2 Average values for specific ratesinled in pulse experiments with pastorisMut® and Mut

strains overexpressing HRP. A, specific substratake rate for methanol; B, specific HRP produtyivi

The frequent determination of biomass, methanol@onduct concentration allowed specific
rate calculations during methanol pulses. Averagaes for the specific rates were calculated
out of several pulses to be able to compare thestvains on the basis of a reliable set of data.
The specific growth rate of the Mustrain was calculated to be approximately 1.5-fotsher
than for the Mut strain (data not shown). As shown in Figure 42.2he Mut strain was
also characterized by a nearly 2-fold higher speaibtake rate for methanolgwhereas the

specific productivity (g) was 3-fold lower compared to the Mstrain.
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To combine the observed effect og and ¢ in just one parameter and thus put the
productivity of the strains in direct relation tbet consumed substrate, we introduced the

efficiency factorn (equation 4.2.2.1), which is in fact the producld respective to the
substrate methanol.

%o

n= q [U/mmol] (equation 4.2.2.1)

S

In Figure 4.2.2-3A, the benefit of using a Mstrain for the recombinant production of HRP

is highlighted, as the substrate methanol was atewée/-fold more efficient into product
compared to the Mustrain.
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Figure 4.2.2-3 Comparison of R pastorisMut® and Mut strain overexpressing HRP. A, efficiency factpr
(relationship between,@nd @); B, volumetric productivity.

Additionally, the volumetric productivity was calated to compare the two Mut phenotypes
in terms of product formation per volume and tindes shown in Figure 4.2.2-3B, the
volumetric productivity of the Mdtstrain was more than 3-fold higher than for thetMu
strain, underlining the usefulness of this phenetypr the production of recombinant
proteins. Interestingly, Morawskt al. reported up to 3-fold higher HRP activity levelng
the P. pastoriswildtype strain X-33 with Mt phenotype compared to the strain KM71 with
Mut® phenotype H{is4, aox1::ARG2 [35]. An explanation for this contradictory resaiight

be a difference in the gene copy number of HRPh& NMut and Muf strains studied by
Morawskiet al and/or differences in the operational conditiddigice the strains used in the
present study both were found to have a single aoj@gration of the HRP encoding gene,
and since the batch cultivations were performethénsame way in the same bioreactors, we
can exclude such influences. Consequently, Rhg@astorisMut® strain was chosen as the

basis for subsequent overexpression studies.
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Transcription of the genesDAS1and DAS2 upon methanol induction

In order to study a possible difference betwBé&tland DAS2transcription upon methanol
induction, as known for th&OX1 and AOX2 genes [36], we determined the respective
transcript levels in &. pastorisMut® strain and calculated the increase in transcripiter 5

h upon induction. The transcription DAS1andDAS2was found to be equally high induced
upon methanol induction, aSASL1 transcription was 98.1-fold anDAS2 was 99.1-fold
induced. Methanol induction of tHeAS1andDAS2genes was also much stronger than for
AOX2 (about 30-fold) Considering the high sequence similarityDpAS1andDAS2and the
equivalent increase in transcript levels upon mmathanduction, we focused on the co-
overexpression dDAS1to subsequently study the influence of emphasitzegdroxyacetone

synthase activity on recombinant protein expression

Co-overexpression of the MUT pathway enzymes DASI/B1/TKL1

We co-overexpressed three key enzymes of the MUfhwag, i.e. dihydroxyacetone
synthase 1 (DAS1), formaldehyde dehydrogenase DIfland transketolase 1 (TKL1), to
analyze possible effects on stoichiometric yieldd an the strain specific parametegsagd

gp- We used a Mdtstrain for this study, since it had been showbédasuperior to the Mt
phenotype in terms of recombinant protein producfiede suprd. To be able to draw more
general valid conclusions from these experimenespsed two recombinaft pastorisMut®
strains overexpressing either the reporter enzye ldr CalB, hereafter called benchmark
strains, as a platform for co-overexpression studigh the above mentioned MUT pathway
enzymes. We characterized all strains in terms esfegcopy numbers of the respective
reporter enzyme to exclude variations in the measb@nzyme activity levels due to copy
number rearrangements, such as duplications otialede All the generated strains had a
single copy integration of the gene encoding thepeetive reporter enzyme. Thus, all
observed variations in enzymatic activity were cdeied to be due to the respective co-
overexpressed MUT pathway enzyme. In order to y¢hé successful co-overexpression of
the MUT pathway enzymes, the mRNA levelsAS] FLD1 and TKL1 were quantified
relatively to the transcript levels of the condtfitaly transcribedARG4 gene via qPCR
analysis (Figure 4.2.2-4).

In all strains the transcript level &fOX2 increased upon methanol addition, indicating
successful induction with methanol. We also obskreéevated transcript levels of the
respective mRNAs 0fDAS] FLD1 and TKL1 upon methanol induction in all co-

overexpression strains compared to the benchmasinst (Figure 4.2.2-4), proving the
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successful co-overexpression of the MUT pathwayye®es in these strains. However,
transcript levels varied between HRP and CalB rsdraihe transcript level dfLD1 in the
CalB FLD1 strain was 2.5-fold higher than in theHRLD1 strain, whered3ASlandTKL1
were 1.5-fold and 2.5-fold higher transcribed inPHRAS1/TKL1 strains, respectively. This
could be due to two reasons: despite the facttligasame amount of DNA was used for each
transformation, different copy numbers of the retige genes might have integrated. Also,
the genes might have integrated at different Iodihe chromosome, which might influence
the accessibility of the transcription machineryhe transformed gene and thus the extent of
transcription. Regardless of these variationgdyi&lIT pathway enzymes were successfully co-
overexpressed, which is why observed effects oighstonetric yields, the specific substrate
uptake rate and the specific productivity of theorabinantP. pastorisMut® strains were

ascribed to these enzymes.
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Figure 4.2.2-4 Transcription analysis of the corexpressed MUT pathway gen&ASIFLDI/TKL1 in
HRP/CalB overexpressing strains. The transcripgllewere normalized to the corresponding transteigls of
ARG4 The increase inAOX2 transcript levels indicated successful inductioithwmethanol. All co-

overexpression strains showed elevated transoeheld of the respective target mMRNAs compared @ th
benchmark strains.
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Characterization of P. pastorisstrains in the bioreactor

We characterized theP. pastoris Mut® strains HRP FLD1/TKL1/DAS1 and CalB
FLD1/TKL1/DAS1 using a fast and dynamic approaclsdohon batch cultivations with
repeated methanol pulses, as described in defaileb 83, 34].

Growth rate and stoichiometric yields of the diéetP. pastoristrains

Due to the very low biomass growth rate of BIl pastorisstrains in the pulsed batch
experiments, the error of the dry cell weight doglé measurements yielded standard
deviations close to the determined biomass increagen one pulse (for an example see
Supplementary Figure 4.2.2-2 and Supplementaryr&igi2.2-3). Thus, the biomass growth
rate had to be calculated using the carbon balandethe degree of reduction balance to get
more accurate values. All the calculated h-valeesaf? test were lower than 3.84, implying
that all determined values were within error masgiRurthermore, the respiratory quotients
(RQ) of the strains were calculated using the enftimeasured off-gas data and were compared
with the theoretical values for RQ, which had bestimated based on the reconciled biomass
yields. In general, calculated and theoretical R@rewvery similar (data not shown),
signifying that the reconciled biomass rates weieate.

The specific growth rate was reduced 2- to 3-foldstrains which co-overexpressed either of
the MUT pathway enzymes, compared to the benchnsrkins. Apparently, the
overexpression of yet another enzyme describeddditi@hal metabolic burden for the host
cells and/or down-regulated the transcription ADX2 as indicated by the transcription
analysis (Figure 4.2.2-4), thus reducing the spegrowth rate.

In analogy to the determination of the specificvgto rates, we studied the influence of the
co-overexpressed MUT pathway enzymes on the storettric yields of the recombinaRt
pastoris Mut® strains. The vyields of biomass on substratg{¥ano), CO> on substrate
(Y cozimethang @nd Q on substrate (¥/methang Were calculated in a way to close both the
carbon balance and the degree of reduction baktant@0 % [37]. No significant differences
between the Mdtstrains could be observed as equal yields werctiet for all the strains
(i.e. Y ximethanol = 0.42 C-mol-C-mat, Y cozmethano= 0.57 C-mol-C-mot and

Y o2methano= 1.06 C-mol-C-mal). Apparently, the energetic behavior of the recimait
strains was not affected by co-overexpressing edghthe three MUT pathway enzymes. This
fact was further underlined by the analysis of tleepiratory quotient (RQ), since no

significant differences in RQ between the differsinains were detected (Table 4.2.2-2).
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Table 4.2.2-2 Summary Table. The respiratory qudiiRQ), the specific substrate uptake ratg, the specific
productivity (g), the efficiency factor 1) and the volumetric productivity of the benchmaskains
(overexpressing either HRP or CalB) and the resgebenchmark strains co-overexpressing eitheheMUT
pathway enzymes DAS1, FLD1 or TKL1 were determined.

vol.

reporter MUt RQ qs_l 1 qf 1 L 4, productivity

enzyme enzyme [mMmol-g~h~] [U-g™~h~] [U-mmol] U
benchmark 0.54 -1.67 1.66 0.99 38.79
HRP DAS1 0.56 -0.51 1.56 3.06 28.35
FLD1 0.57 -1.22 2.01 1.65 49.11

TKL1 0.57 -0.88 1.96 2.22 39.87

benchmark 0.57 -1.32 1.39 1.05 30.27
CalB DAS1 0.57 -0.36 0.78 2.15 15.23
FLD1 0.57 -0.70 1.49 2.13 31.27

TKL1 0.57 -0.35 0.12 0.34 2.07

We believe that the fact that Mustrains metabolize methanol at a lower rate, dmc t
produce less of the intermediate formaldehyde, @etp to Mut strains, describes the
metabolic bottleneck responsible for this outcoffiee situation might be different for the
Mut® phenotype, which has been found to be faster imanel oxidationide supry. Thus,
possible effects of overexpressing either of the TMjhaithway enzymes, e.g. an increased
formation of CQ by overexpression of FLD1, have to be determimgépendently for Mt

strains.

Specific substrate uptake rate and specific pragitgt

The specific substrate uptake ratg @nd the specific productivity gpof all the strains were
calculated as average values from all the condugtdses after data reconciliation and are
summarized in Table 4.2.2-2.

Regarding g all strains co-overexpressing either of the MUWAthgvay enzymes consumed
less methanol per biomass and time than the benkhstaains (Table 4.2.2-2). Co-
overexpression of DAS1 decreasedeygen up to 3-fold compared to the benchmark srain
Although the total numbers differ slightly the satrend for HRP strains and CalB strains can
be seen (Table 4.2.2-2). The loweredmght be explained by a general deceleration ef th
metabolism of the cells which have to deal with tlverexpression of recombinant proteins
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(i.e. either of the reporter enzymes HRP or CalB andtiaddlly either of the MUT pathway
enzymes).

Interestingly, co-overexpression of FLD1 increagg®f both the HRP FLD1 strain and the
CalB FLD1 strain compared to the benchmark straitsereas co-overexpression of DAS1
decreasedTable 4.2.2-2).

Co-overexpression of TKL1 led to controversial fesswith regard to g as a slightly higher
gp for HRP could be observed, wheregdar CalB was even lower than for the benchmark
strain. Since the strains were checked for the capyber of the integrated reporter enzyme
and for the successful overexpression of the MUthyay enzymes on transcript levelde
supra, and since the bioreactor cultivations of the TKto-overexpressing strains were
conducted repeatedly, giving the same results, wreetly have no evident explanation for
this outcome. We hypothesize that product spedaffects might be the reason for the
observed difference in,épr TKL1 co-overexpressing strains.

Due to the unaltered stoichiometric yielofsthe co-overexpression strains compared to the
respective benchmark strains, we can currentlyerptain on which metabolic level the co-
overexpressed MUT pathway enzymes affected theuptmoh of the recombinant reporter
enzymes. However, this outcome underlines the itapoe and necessity of having a fast and
easy-to-do methodology to characterize recombiRamiastorisstrains, as certain changes in
the metabolism apparently might not have the sdfeeteon different Mut strains harboring

different target enzymes.

Efficiency factom

Co-overexpression of DAS1 resulted in the mostcigffit conversion of the substrate
methanol into product, regardless of which repoeiezyme was produced; for HRP 3-fold
more product was obtained per substrate, and f &anore than 2-fold increase could be
observed (Table 4.2.2-2). Also co-overexpressiorrldDl led to an approximately 2-fold
increased efficiency for both reporter enzymes ([@ab2.2-2). Interestingly, we found that
the calculated efficiency factors correlated witle bbserved transcription levels of the co-
overexpressed MUT pathway genes (Figure 4.2. DAS1transcript levels were higher in
the HRP strain than in the CalB strain, wherEa®1 transcript levels were higher in the
CalB strain than in the HRP strain. This trend e#&so be seen in the respective efficiency
factors (Table 4.2.2-2). Thus, increasing the copynber of the respective MUT pathway
gene in the genome d?. pastorismight intensify the beneficial effects on reconarn

protein production and could be an interestingdtafgr future studies.
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For the recombinant strains co-overexpressing THKliferent results for HRP strains and
CalB strains were observed. While the co-overexgioesof TKL1 resulted in a 2-fold more
efficient conversion of methanol into the produdRy a lowem than for the benchmark
strain was detected for the production of CalB tuthe very low g (Table 4.2.2-2).
Summarizing, all strains which co-overexpressedymes of the MUT pathway, excluding
the CalB TKL1 strain, showed a more efficient casien of the substrate methanol into the
respective product. In particular, an expressiaif@m, where the MUT pathway enzyme
DASL1 is overexpressed, could be interesting foustidal large-scale protein production
processes due to significantly lower substrate wmpgion and consequently a reduced risk

management compared to strains without an engidd@tél pathway.

Volumetric productivity

Besides the importance of reducing the required umnof methanol and the associated
reduction in cost and risk management, the volumptoductivity,i.e. the amount of product
per volume and time, is an important factor in stdal production processes. The
determined average volumetric productivities of diféerent recombinanlP. pastorisstrains
are summarized in Table 4.2.2-2.

In terms of volumetric productivity only FLD1 co-erexpressing strains showed slightly
higher or similar volumetric productivities compar® the benchmark strains, whereas the
DAS1/TKL1 co-overexpressing strains produced lessdyct per volume and time. The
beneficial effect of co-overexpressing the MUT padls enzyme DAS1, which resulted in a
much better conversion of substrate to product Ier'dh2.2-2), obviously came at cost of
process time.

Taking into account all the different strain spiecgarameters, an expression platform where
the MUT pathway enzyme FLD1 is overexpressed tumégdo be a very interesting tool for
the industrial production of proteins, since notyanethanol can be converted into product 2-
fold more efficiently, but also the volumetric pradivity is at least equally high compared to
benchmark strains.

In summary, several aspects have to be considdned designing and choosing a production
strain, i.e. if the main goal is a significant reduction in tesd risk management due to a
more efficient conversion of substrate into produrca fast production process due to a high
volumetric productivity. With the methodology dabed here, these strain characteristics can

be determined in a fast and easy way, which sicantly speeds up bioprocess development.
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Conclusions

In this study a fast and easy-to-do method basedatech cultivations with methanol pulses
was used to characterize different recombinBntpastoris strains. The results can be
summarized as follows:

« a direct comparison of a Mueind a Mut strain, both overexpressing the recombinant
enzyme HRP, revealed the Mustrain to be 7-fold more efficient in the conversiof
substrate into product and to have a 3-fold higloéumetric productivity.

* the transcription of the gend3AS1 and DASZ which encode the key enzymes of the
assimilative branch of the MUT pathway, was equiigh induced upon MeOH addition.

» co-overexpression of either of the MUT pathwayyenes DAS1, TKL1 or FLD1 irP.
pastoris Mut® strains overexpressing either HRP or CalB did caatse any changes in the
energetic behavior of the strains, as calculatettlyiand observed respiratory quotients were
equal, but significantly reduced the growth rate.

* co-overexpressing MUT pathway enzymes affectedspiecific substrate uptake rate as well
as the specific productivity of recombinant Mstrains. The co-overexpression of DAS1
resulted in a 2- to 3-fold more efficient conversiaf methanol into product, but came at cost
of process time.

 co-overexpression of FLD1 resulted in an appratety 2-fold increased efficiency in the
conversion of methanol into product and showed edstl equally high volumetric
productivities compared to benchmark strains, nmkihis expression platform highly
interesting for industrial production processes.

* since product specific effects might influencetaia strain specific parameters, as shown
for TKL1 overexpressing strains in this study, tteeessity of having a fast methodology to
characterize recombinant strains before going imdustrial production processes was
highlighted. The methodology described here pra/siech a tool and has great potential for

the use in early process development in an indlignvironment.

Outlook

The present study shows the effect of co-overesprgsMUT pathway enzymes on strain
specific parameters of different recombinBntpastorisMut® strains and revealed interesting
targets for strain engineering. However, this stweig performed using only a Mutrain as
expression platform since, it showed significarttistter properties compared to the Kut
strain (without co-overexpression of MUT pathwayne®). Thus, effects on some strain

specific parameters might be more pronounced in*Mtrains and have to be evaluated
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independently. Moreover, the molecular mechanisgrasdause the beneficial influence of the
studied MUT pathway enzymes on the efficiency tombinant protein production remain to
be elucidated in more detail. Increasing the copslmer of the respective MUT pathway
genes in the chromosome might further intensifyrteéiects and should be considered when
designing a specifi®. pastorisexpression host in future studies. We further meoend to
analyze interesting co-overexpressing strainsdrbf@ch cultivations, which can be easily set
up with the parameters extracted out of the desdriimtch method with methanol pulses (see

also [33, 34]), to test their long term stabilityproduction processes.
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Supplementary Figure 4.2.2-1 Domain structure ofSRADAS2 and TKL1 (conserved domain prediction via
CD-search tool [30-32]). All three enzymes beload,ta thiamine pyrophosphate (TPP)-enzyme supésfam
[NCBI CDD:cl01629]; Il, a superfamily of TPP-depénd enzymes containing a pyrimidine binding domain
[NCBI CDD:cl11410]; and Ill, a superfamily of enzg® with a transketolase C-terminal domain [NCBI
CDD:cl08363]. Amino acid sequenceskfpastorisstrain CBS7435 from [16].
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Supplementary Figure 4.2.2-2 Experimental stratiegythe fast determination of strain specific paedens of
the P. pastorisMut® HRP strain using a batch experiment with methandses of 0.5 % and 1 % (v/v). A,
(continuous line), oxygen uptake rate OUR; (diamomidmass dry cell weight concentration; B, (countus
line), carbon dioxide emission rate CER,; (circled)Jculated specific substrate uptake rafe(fjiangle up),

calculated specific HRP productivity.q
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Supplementary Figure 4.2.2-3 Experimental stratiegythe fast determination of strain specific paedens of
the P. pastorisMut™ HRP strain using a batch experiment with methgndses of 0.5 % and 1 % (v/v). A,
(continuous line), oxygen uptake rate OUR; (diamamdmass dry cell weight concentration; B, (contins
line), carbon dioxide emission rate CER; (circleg)Jculated specific substrate uptake rage(jiangle up),
calculated specific HRP productivity.q
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Abstract

On-line monitoring devices for the precise detemation of a multitude of components are a
prerequisite for fast bioprocess quantification-l{dbe measured values have to be checked
for quality and consistency, in order to extracagfitative information from these data.

In the present study we characterized a novel mn-kampling and analysis device
comprising an automatic photometric robot. We cotex this on-line device to a bioreactor
and concomitantly measured six componerits. (glucose, glycerol, ethanol, acetate,
phosphate and ammonium) during different batchvaitlons ofPichia pastoris The on-line
measured data did not show significant deviatiawsnf off-line taken samples and were
consequently used for incremental rate and yieldutations. In this respect we highlighted
the importance of data quality and discussed tren@menon of error propagation. On-line
calculated rates and yields depicted the physicddgesponses of tHeichia pastoriscells in
unlimited and limited cultures. A more detailed lgss of the physiological state was
possible by considering the off-line determinedniéss dry weight and the calculation of
specific rates.

Here we present a novel device for on-line momiprof bioprocesses, which ensures high
data quality in real-time and therefore refers tovaduable tool for Process Analytical
Technology (PAT).
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Introduction

Recombinant proteins and an increasing number fééreint other products are currently
produced in biological systems using bioprocesshrtelogy. To speed up process
development and process understanding, a fast ahable determination of several
components (substrates, metabolites, etc.) is equisite for the quantitative estimation of
process interactions. Monitoring of certain processables in real-time enables the operator
to take action and interfere with the process, avltile process is still being carried out.
Consequently, processes can be characterized &astararried out more efficiently, resulting
in higher productivity and enhanced quality contwll these facts are implemented in the
Process Analytical Technology (PATinitiative, which was proposed by the Food anddpr
Administration recently [1-2]. Thus, a lot of resg@ahas been focused on the development of
reliable and robust on-line monitoring devicesbmprocesses [3-5].

In general, monitoring devices for bioprocesseshmroughly divided into two groups: either
the sensor is integrated inside the bioreactosi{u) or samples are taken from the bioreactor
and analyzed on-lineek sity [6]. In-line in situ sensors are directly interfacing with the
process, which causes several problems like lomg-t#ability, selectivity, detection limits
and a difficult re-calibration [7]. Regardirex situon-line sampling systems several aspects
have to be considered: any contamination of therbmess by the sampling process must be
omitted, a representative sample should be deliveréhe measuring device and the sample
composition must not change during the transpdrerdfore, on-line sampling systems have
to be thoroughly characterized to guarantee reiadsults, which was exemplarily shown by
Christenseret al. for a polypropylene sampling membrane in 1991 [8].

On-line analytical devices based on proven quaatibn principles such as gas
chromatography [9-10], HPLC [11-12] or biosensarg. via Flow Injection Analysis (FIA)
[10, 13-16], are the systems of choice to date. @emially available FIA systems, like YSI

Biochemistry Analyzer (YSI Life Sciences, US) oroBrofile (Nova Biomedical, US), are

'Abbreviations: BDW, biomass dry weight; CER, carftioxide evolution rate; DoE, Degree
of Reduction; FDA, Food and Drug AdministrationAFIFlow Injection Analysis; HPLC,
High performance liquid chromatography; ICH, Intfranal Conference on Harmonisation;
NH4, ammonia (NH'); OUR, oxygen uptake rate; PAT, Process Analytitathnology;
PIMS, Process Information Management System; P@dsghate (P§); g, specific rate for
component i; i volumetric rate for component i; vwm, volume pir volume liquid per

minute; Yj; conversion yield of component i out of component j;
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increasingly used in scientific and industrial eoaments, especially for mammalian cell
culture processes [17]. However, inherent drawbatkisese systems are on the one hand the
use of buffer solutions to maintain the sensorsynithich causes high maintenance costs and
a quite cumbersome handling, as well as the limitex) term stability of the sensor unit
itself.

When generating on-line data for bioprocess quaatibn, not just the equipment, but also
signal sensitivity and selectivity have to be tak#n account. Recently, we have conducted a
theoretical study to reveal the relationship ofnaigquality and the real-time extraction of
information [18]. We showed that error propagatiwas dependent on the signal-to-noise
ratio, the absolute signal value and the variatibesveen two measured data points and
analysed the impact of the sampling frequency @ndbnsistency of calculated elemental
balances.

One goal of our research is the utilization of dust on-line monitoring device to
concomitantly quantify a multitude of component®owling the real-time exploitation of
bioprocesses. In the present study, we describertpiementation and characterization of a
novel on-line sampling system. We successfully usleid system to determine the
concentration of different carbon sources, metédm®liand other substrates (nitrogen,
phosphate) during several batch cultivationsPathia pastoris We further motivate to
analyse the quality of the data by the extractibecale independent information. Hence, we
aim to demonstrate the applicability of the usedtay for discussion of physiological
responses of microbial cultures in limitation egesblely based on on-line data and thus
providing process understanding within the PAT egnt

Material and Methods

Microorganism

A recombinan®Pichia pastorisCBS7435 Mut strain was used as a model strain in this study
and was gratefully provided by Prof. Anton Gliedgraz University of Technology,

Austria).

Culture Media

Preculture: Yeast nitrogen base medium (YNBM), Iger: potassium phosphate buffer (pH
6.0), 0.1 M; YNB w/o Amino acids and Ammonia SufgDifco™), 3.4 g; (NH),SO, 10 g;
biotin, 400 mg; glucose, 20 g.
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Trace element solution (PTM1), per litre: CuSEB,0, 6.0 g; Nal 0.08 g; MnSEH,0, 3.0 g;
NaMo00O,-2H,0, 0.2 g; HBO3, 0.02 g; CoGl, 0.91 g; ZnCJ, 20.0 g; FeSQ7H0, 65.0 g;
biotin, 0.2 g, HSQy, 5 mL.

All cultures were cultivated in basal salt mediua®M). Unlimited batch culture: the original
BSM was adapted (BSMix Table 4.3.1-1) to have all concentrations of &relysed
components in the technical range of the on-lingage(Table 4.3.1-2). Therefore, thgRO,
content was reduced and subsequently, less coatahtammonia solution was needed for

initial pH adjustment.

Table 4.3.1-1 Media composition for all experimerasried out with different limitations

adapted BSMapt unlimited culture P-limited culture N-limited culture
medium per litre per litre per litre

Glucose monohydrat 339 44 g 339
HsPQO,, 85 % 6.85 ml oml 6.85 ml
CaSQ-2H,0 1.17 g 1.17 g 1.17 g
K2SOy 18.2¢ 18.2¢g 18.2 g
MgSOy-7H,0 1499 1499 1499
KOH 4.13 ¢ 0g 4.13 ¢
(NH4)2SOq 0g 339 O0g
Antifoam Structol 300 pl 300 pl 300 pl
initial pH adjustment 25 % NJOH - 25 % NHOH
pH adjustment

3.4 M NH,OH 3.4 M NH,OH 3 M NaOH

during cultivation
PTM 1 4.35 mi 4.35 mi 4.35 mi

Phosphate limited batch culture: BgMp:was further adapted to have less amount of PO
Therefore no BPO, was added and consequently the pH of the medius alr@ady at
around 5.4. As no initial pH adjustment was neagss®o NH,OH was added to the medium.
To avoid initially upcoming nitrogen limitation, ).SO, was added. During the
cultivation, NH,OH was used to maintain the pH and also supplitedgen for cell growth.
Nitrogen limited batch culture: BSMh, was used and pH was kept constant with NaOH
[3 M] instead of NHOH during the cultivation.
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Batch cultivation

Batch cultivations were carried out in 7.5 | volumglass bioreactors (Infors, Switzerland)
with a working volume of 4 [. Initial batch mediuwas sterilized in the bioreactor and pH
was adjusted by addition of concentrated ammoniuwtutiesn. Glucose was sterilized
separately and transferred into the bioreactortesdly. The sterile filtered PTM1 as well as
the sterilized antifoam solution were added witthsposable syringe via a septum. Dissolved
oxygen (dQ) was measured with a sterilizable dissolved oxygégctrode (Hamilton,
Switzerland). The pH was measured with a sterileabectrode (Hamilton, Switzerland) and
maintained constant at pH 5 with a PID controllgrdaldition of base (Table 4.3.1-1). Base
consumption was logged gravimetrically. Cultivatitemperature was set to 28°C and
agitation was fixed to 1200 rpm. The culture wasgsel with 1 vvm of dried air via a sterile
filter and off-gas (@and CQ) was measured on-line with an off-gas monitorigstem GA4
(DASGIP, Germany). All data were logged in a precedgormation management system
(PIMS; Lucullus, Biospectra, Switzerland).

After the initial batch had finished a repeatedchatvas carried out. Therefore, the culture
volume was reduced to 0.75 | (via the sampling taioel fresh medium was refilled through a
sterile filter up to a volume of 4 |. Hence, a stdiomass concentration of 2 §ivas obtained
after refill. Additionally, the media compositiorfable 4.3.1-1) had to consider residual
component concentrations caused by the media .réMith this procedure, several

experiments were carried out with the describeéaisgu batch strategy.

Construction of a flow-through cuvette for the on-ine sampling device

A special flow-through cuvette was constructed gissncommercially available half-micro
cuvette, which was drilled at both sides in certagnghts to generate a working volume of
1 ml. The lower drilling was connected to a Luelklapnnector for ingoing flow, the upper
drilling was connected to a Luer-Lok T-piece agardoff.

To characterize the liquid exchange in the flowstlygh cuvette, a Coomassie solution
(210579, Sigma-Aldrich, USA) was pumped through ¢heette, filled with water, at a flow
rate of 1 ml-mift. The absorbance at 600 nm was measured in a patEp(/-1100 Hitachi,
Japan) in regular intervals. The acceptance anitefor a complete volume exchange in the
cuvette was defined with 97% of response. To redlieesolume in the cuvette and thus the
required pumping time, 0.5 g of glass beads (G8%i@na-Aldrich, USA) were filled into
the cuvette. The cuvette was inserted in the aaiort of a photometric robot (CuBiAn XC,;
OptoCell , Germany) and connected with PTFE tul®e8 x1.6 mm; Bartelt, Austria) to a
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sterilizable ceramic sampling probe made ofQ3l(pore size 0 0.2 um, filter area 17,8%cm
membrane thickness 1.6 mm; iba, Heiligenstadt, @agn A peristaltic pump (ISM847E;
Ismatec, Switzerland) was used to transport thepkafmom the probe to the cuvette with a
flow rate of 1 ml-miit and the full sampling system (probe, tubings, teyewas

characterized.

Off-line sampling and biomass dry weight determinabn

To validate on-line data, frequent off-line samplkesre taken to analyse the biomass dry
weight (BDW) and to measure the concentration @iEdint components in the supernatant.
BDW was determined by centrifugation of 5 ml cudtlbroth (5000 rpm, 4°C, 10 min) in a
laboratory centrifuge (Sigma 4K15, rotor 11156),shiag the pellet with 5 ml deionised
water and subsequent drying at 105°C to a constaight in an oven. The off-line
determined biomass concentrations were enteredhet®IMS and a continuous BDW signal
was generated by linear interpolation for the sqbeat calculation of specific rates.

On-line component analysis

Measurements of carbon sources, metabolites,” NHereafter called NH4) and RO
(hereafter called PO4) were performed on-line afidiree with an automatic photometric
robot (CuBiAn XC; Innovatis). All photometric assayere carried out at 37°C and are listed
in Table 4.3.1-2.

Table 4.3.1-2 Different commercial assays for thelioe determination of carbon sources, metabglitéd4
and PO4

assay supplier assay range dilution technical range
glucose (gluc) Randox 0.05to39:! 1:20 1.0to060.0 g'l
ethanol (eth) Enzytec fluid line 0t00.25%9 1:10 0.1t0 2.5 gl
acetate (ace) Enzytec fluid line Oto1l.2'gl 15 0.05 to 6 g
glycerol (gly) Enzytec fluid line 0t00.2591  1:10 0.1to 2.5 gl
ammonium (NH4) Enzytec fluid line 0.1to 3.75mM 3Q: 3t0112.5 mM
anorg. phosphate (PO4) Randox 0to 10 mM 1:10 0.1 to 100 mM

All listed assays are commercial available ass&®andox, OptoCell GmbH & CO. KG,

Germany; Enzytec fluid line, R-Biopharm, Germanydl @alibration was carried out by using

four standards points in the respective assay rabge to higher concentrations of the

components under culture conditions an automatitiain (Table 4.3.1-2) was conducted by

the system. A recalibration of the methods for ethaacetate and ammonium had to be
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carried out every two days, whereas the reagemtgléose, glycerol and PO4 showed a
stability of up to 4 weeks without recalibration.

Rate and yield calculation
In order to use the on-line determined data forptmoess quantification, incremental
volumetric rates were calculated from on-line meadwconcentrations according to Equation
43.1.1,
rc{ti _ti‘lj _alt)-al) (Eq. 4.3.1.1)

2 (ti _ti—l)

where tand t; describe two consecutive measurement time points.

In addition, volumetric rates where used to caleutpecific rates with the respective biomass

concentration according to Equation 4.3.1.2,

U _ %) (Eq. 4.3.1.2)

Cx(ti)
For all components, rates were calculated withréspective algebraic sign indicating the

flux out or into the celli(e. + = release; - = uptake). All other calculatioosfates and yields

as well as for elemental balances were carriecdoedrding to our previous study [18].

Results and Discussion

Set up of an on-line connected automatic photometrirobot

The fully equipped bioreactor system with severatline sensors was connected to an
automatic photometric robot, as shown in Figurel413 The sampling system consisted of a
ceramic filtration probe (pore size 0.2 um), a $gaort line (length 1.5 m), a controlled pump
with a constant flow of 1 ml-mihand a self-constructed cuvette in the on-line pérthe
photometric robot.

The advantage of this novel on-line sampling systeer more traditional on-line devices is
the possibility to determine multiple componentsjust one sample concomitantly in the
photometric roboti(e. 6 different components in this study). Basicalty g@hotometric assay
can be used with this system demonstrating itsdoegplicability, for example to determine
different substrates and metabolites as well aalytat activities of different enzymes. This
system can either be used with commercially avilabzymatic and photometric assay Kits,
but also allows the development of new off-the-kimeéthods and assays, which can be
adjusted to the specific requirements of the ussrabling the operator to be more
independent from commercially available assay kits
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Figure 4.3.1-1 Process and Instrumentation Diagoarnthe experimental set-up for on-line measuremamts
batch fermentations d?. pastoris The on-line sampling system consisted of a) aroér filtration probe, b) a
transport line, ¢) a pump, d) the self-construatedette and the automatic photometric robot. Noratae is
according to DIN EN 1SO 10628.

Characterisation of a self-constructed flow-throughcuvette

A specified sample amount for each analysis waenaatically withdrawn from a cuvette
installed in the on-line port of the photometribob. As the device was not provided with an
appropriate on-line cuvette, a suitable cuvettetbaok constructed and characterized (Figure
4.3.1-2).

For characterization, a Coomassie solution of tageabsorption value was pumped into the
water-filled cuvette at a defined rate of 1 ml-thiand the Olgy, was measured. Due to a
laminar flow profile in the cuvette (the calculat&kynolds number was Re = 1.9), a
complete exchange of the solution, defined by aceptance criterion of 97% of full
response, took about 7 minutes (Figure 4.3.1-2@)cduse a faster exchange of the solution
and thus shorten the required pumping time, thamel of the cuvette was reduced by adding
glass beads (Figure 4.3.1-2A). Consequently, thepmyg time was reduced to only 3

minutes to meet the defined acceptance criteriaqu(g 4.3.1-2C).
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Figure 4.3.1-2 Construction and characterizatioa 8bw-through cuvette; A) schematic illustratids); picture
of the cuvette; C) characterization of liquid exegea in the self-constructed cuvette by pumping antassie
solution with a certain OD600 at a flow rate of kmmin™.

After characterization and improvement of the ctejetthe whole sampling system,
comprising the cuvette, the transport line andcgramic sampling probe, was characterized.
In combination, the required total pumping time wiasermined with 7 minutes to guarantee
a representative sample in the cuvette (data rvtish

Bioprocess quantification at unlimited growth ofPichia pastoris

On-line vs. off-line data for bioprocess monitoring

To show the feasibility of the described on-linevide, a batch cultivation d?. pastoriswas
conducted on the substrate glucose. The medium asitign for this batch was defined in a
way to supply unlimited growth until glucose demat During the experiment several
physiological relevant compounds, namely glucostharel, acetate, ammonium and
phosphate were measured on-line at the maximunudrery of every ~ 0.6 h by the
automatic controlled on-line device. In paralleff-lme samples were taken to check the
validity of the on-line measured values and to ihetee the biomass dry weight (Figure
4.3.1-3).
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Figure 4.3.1-3 Batch cultivation &f. pastorisuntil carbon depletion referenced at time poirt; ®3) Carbon
dioxide evolution rate (CER), on-line/off-line gh&e concentration, on-line/off-line ethanol concatiin, on-
line/off-line acetate concentration; off-line biogsaconcentration (BDW); B) oxygen uptake rate (OU&R)-

line/off-line PO4 concentration, on-line/off-lineHd concentration.

As shown in Figure 4.3.1-3, on-line and off-linetaldasically described the same values.
Variations in the measured data weré %, which highlights the potential of the desedb
system for the precise determination of relevaatess parameters in real-time.

The high frequent on-line determination of carboarses and substrates was used to identify
the metabolic activity of the cells in more det#&k shown in Figure 4.3.1-3A, glucose was
taken up exponentially until it was depleted (refered at time point O h). In the latter phase
of glucose consumption (-3.5 to 0 h), ethanol waslpced up to a concentration of 2'g:|
After glucose depletion, ethanol was metabolized @onverted to acetate, which reached a
maximum concentration of 1.4 g-in the bioreactor. These changes in metabolisne &0
depicted by the carbon dioxide evolution rate (CERure 4.3.1-3) and the oxygen uptake
rate (OUR, Figure 4.3.1-3B). Both rates showed xgoeential increase until a certain time
point (-2 h), after which the rates depicted a maitenuated slope until glucose depletion.
Subsequent growth on ethanol and acetate (Fig@&-3A and B; 0 to 4 h) also caused a
characteristic off-gas pattern.

Besides the determination of carbon sources andhbuolties, also NH4 and PO4 were
determined on-line and off-line. The PO4 conceidnashowed a slight decrease during the
cultivation indicating an uptake by the cells (Figu4.3.1-3B). In contrast, the NH4
concentration stayed constant, even in the exp@igitase of the culture, due to the use of
NH,OH as base for pH titration. However, in the lafgdyase of the cultivation a slight
increase of the NH4 concentration was detected¢lwhias caused by media acidification

during acetate production and enhanced pH titratidim NH,OH.
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On-line data quality — rate and yield calculation

In order to judge on the quality of the on-line alafenerated by the on-line device the
question arises, whether a simple overlay of oe-ind respective off-line data is sufficient?
We want to stress, that data are only useful drimfation can be reliable extracted as we have
shown elsewhere [18]. Hence, to further analyse dhality of the on-line measured
concentrations and to extract more on-line avadatformation, incremental rates and yields
were calculated from on-line sample to on-line s@mpn Figure 4.3.1-4A and B the
calculated volumetric rates for all on-line meagummponents are shown. Decreasing
values (logical sense for uptake) for the voluneetsite of glucose (i) indicate the increase
of biological activity caused by cell growth oveme. Interestingly, from the time point
where the volumetric rate of ethanalrincreased, the signals fqji,¢ described a different
slope as no further exponential growth was possidier glucose depletion, the produced
ethanol was taken up and converted to acetatdyagnsin the volumetric rates for ethanol
(re) @and acetate {f9. Finally, acetate was consumed and the cultumeved no further
metabolic activity (Figure 4.3.1-4A).

Besides the volumetric rates for glucose, ethandl acetate, also the volumetric rates for
NH4 and PO4 were determined. The volumetric rateNBl4 (ryus, Figure 4.3.1-4B) was
calculated as a sum of the on-line measured datahengravimetrically logged consumption
of NH,OH during the cultivation. Both ratesyfk and pos exhibit a scattered trend (Figure
4.3.1-4B), which was caused only by small variagian the on-line determined values
between samples at high absolute values (Figur&-4B). Therefore, the calculation of rates
arises to be questionable in this case since tkelatle difference between on-line measured
values was too small. This outcome underlines omwavipus findings regarding error
propagation [18], where small measurement errork%fand a sampling frequency of 0.5 h
led to huge variations for yield calculations, wéaes larger sampling frequencies resulted in a
much better quantification of the bioprocess. lalagy to our previous study, a filter was
introduced to guarantee that only useful data paafitthe calculated volumetric rates of the
glucose uptake were used for subsequent yield lesilons. As shown in Figure 4.3.1-4A,
only values where the biological activity was highiean 50 mmol-¢-H* for the glucose
uptake showed significant differences between ifferdnt sampling time points. Thus, the
time point for filtering was set to -6 h (see dathiaes in Figure 4.3.1-4A and B) and yield

calculations were carried out only from this tinem onwards (Figure 4.3.1-4C and D).
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Figure 4.3.1-4 Calculated incremental volumetritesaand yields from on-line measured data; A) veiin
rates for substrate and metabolites (used filtercidculations is indicated with a vertical dasHaat); B)
volumetric rates for NH4 and PO4 from on-line détised filter is indicated with a dashed line); Gglg

coefficients calculated from volumetric rates in By} yield coefficients calculated from volumetriates in A
and B.

Yield calculations from on-line data revealed anlimng yield for ethanol (¥ngud from
-3.5 h on, whereas no acetate was produced froooggu(Figure 4.3.1-4C). This indicates a
shift of the glucose conversion from biomass to thetabolite ethanol. The off-line
determined biomass dry weight was used to checlofeer biomass yields in this phase. As
shown in Figure 4.3.1-4C, the off-line calculatednbass yield decreased concomitantly with
the increasing ethanol yield.

The vyields for NH4 and PO4 over glucose before agecdepletion did not show a constant
signal but were highly scattered (Figure 4.3.1-4D)is was due to the scattered values of the
different volumetric rates (Figure 4.3.1-4B). A®sm in Figure 4.3.1-3, the absolute values
between two on-line measurements of NH4 and PO4ndidchange significantly before
glucose depletion and thus the signal-to-noiseo ratas quite low. As we have discussed
recently [18], a high ratio of the absolute concatndn change to the error for the respective
measurement represents a prerequisite to ensudedeata quality for a reliable extraction

of information from bioprocesses in real-time. Tataan more consistent data for the NH4
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and PO4 consumption and more stable signals foyitids, larger absolute changes in the
respective concentrations are needed.

Quantification of physiological effects

In order to use the on-line data to further anatiigephysiological state of the culture, the off-
line biomass dry weight concentrations were usezhloulate specific rates (Fig. 3.3.1.5A).
The specific ethanol production ¢} showed increasing values until glucose depletion,
whereas the specific glucose uptakg.{qadapted to a maximum value at -3 h and did not
further decrease (negative sign due to uptakelhAssame trend was observed also for the
specific oxygen uptake ratedg), the production of ethanol was likely caused dyrdtation

of the oxidative capacity of the cells. AlthouBhpastorisis classified as a Crabtree negative
yeast [19], our results are in coincidence witheotstudies in literature [20-21], where small
amounts of ethanol were produced under aerobicittonsl and glucose excess in cultivations
of P. pastoris Heylandet al. concluded on a Crabtree like effect [21], wherasn et al.
detected a potential gene encoding the alternadxagdase (AOD), which controls an
alternative respiration pathway (CRR, Cyanid-resisé respiration). The disruption of the

described gene led to a decreased ethanol produntiy pastorig20].
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Figure 4.3.1-5 Specific rates and elemental bakfaethe filtered period (-6 h onwards); A) spicifates of
glucose, ethanol and oxygen; B) carbon balanceal@roe) and degree of reduction balance (DoR-bajanc
horizontal lines indicate 10 % variation from 100c#bsing balances according to [18].

To further underline the reliability of the on-lirdetermined data, a consistency check by
calculating two elemental balances (carbon-balaart# degree of reduction balance) was
done using the on-line determined data for the enedmponents in combination with on-line

off-gas measurements as well as off-line determbiethass concentrations. As the balances
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were close to the acceptance criterion of = 10 %ldsing balances (Figure 4.3.1-5B), the on-
line data for rate and yield calculation could taex as valid.

In summary, the experimental set up comprising éneline sampling device and the
automatic photometric robot delivered reliable meldata which allowed the real-time
guantification of bioprocesses. By calculating satand yields, conclusions on the
physiological regulation of the cells could be dnaw

Bioprocess quantification of cell growth under phophate limitation

In order to further check the potential of the ol quantification of physiological
regulations in microbial cultures, tie pastorisstrain was cultivated in an adapted basal salt
medium to consciously drive the culture into a giade limitation.

Basically, the P-limited culture showed the sanfegat profile (Figure 4.3.1-6A and B) as
the unlimited culture (Figure 4.3.1-3A and B). Pbiwste limitation occurred at -2.3 h (Figure
4.3.1-6B), which could be detected in the CER dmel DUR signal as a small shoulder
(indicated in Figure 4.3.1-6A and B with a vertidfaight line). However, glucose was
further consumed and again ethanol was producedoritrast to the unlimited culture, less
acetate was formed out of ethanol after glucosétep. In order to quantify this experiment
in the same way as described before, a respedtievias set at -7 h (indicated as a vertical
dashed line in Figure 4.3.1-6A and B). Since t®t@4 concentrations changed significantly
during the cultivation (Figure 4.3.1-6B) the volume rates for PO4 could be calculated
reliably. Also the volumetric rate for NH4 was lessattered in this experiment (data not
shown), which is why a better yield coefficient azdation for NH4 and PO4 (Figure
4.3.1-6C) compared to the unlimited culture (Figdr8.1-4C) was possible. The amount of
NH4 was correlated to the glucose uptake and @ratmstant value of 0.13 mmol-C-mfhol
of glucose was determined. The yield of PO4 shoeeetstant values of 0.02 mmol-C-mmhol
of glucose and dropped to 0 at phosphate limitation

To check whether the on-line calculated yieldsNé&t4 (YnHagud and PO4 (¥oagug before
PO4-limitation (-7 h to -2.5 h) relate to their pestive consumption by the biomass, a
composition analysis of the biomass was done. Esalis were in a good agreement and
showed values of 0.15 mmol-C-mriobiomass for nitrogen and 0.02 mmol-C-mihol
biomass for phosphate.

Surprisingly, the culture was not significantlyedted by PO4 limitation as the specific rates
for glucose and oxygen remained rather constarnk gincose depletion (Figure 4.3.1-6D).

Obviously, the culture used alternative phosphaterces, like organic compounds, as
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described before [22]. Probably, the time framehis experiment where the culture was
PO4-limited until complete depletion of substratesl metabolites was too short to see

physiological regulations of the cells upon POA4itaton.
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Figure 4.3.1-6 Batch cultivation &f. pastorisunder phosphate limitation (indicated by vertisahight lines)
normalized to glucose depletion at time point &hpn-line measured data for substrates, metalsadisewell as
the CER and the off-line biomass dry weight (uskerffor calculations is indicated with a vertictdshed line)
; B) on-line measured data for NH4 and PO4 as asthe OUR (used filter for calculations is indézhtvith a
vertical dashed line); C) yield coefficients for Mtnd PO4 on glucose; D) specific rates of gludogg),
ethanol (g and oxygen uptake &g).

Bioprocess quantification of cell growth under nitogen limitation

The same experimental set up was used to analyzephlgsiological performance of a
P. pastorisculture under nitrogen limited conditions. Therefothe basal salt medium was
adapted as described in Table 1. The overall @ijperformance changed significantly when
nitrogen limitation started at approximately -2.9ihdicated as vertical straight lines in
Figure 4.3.1-7).

As shown in Figure 4.3.1-7A, the glucose uptakenged upon NH4-limitation from an
exponential to a linear consumption, but glucose stdl consumed completely. However, in
contrast to unlimited and PO4-limited cultures (F&y 4.3.1-3 and Figure 4.3.1-6), less

ethanol (0.37 g4 compared to 2.0 and 2.5 §-Irespectively) and no acetate was produced.
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Interestingly, both off-gas signals (CER and OURkdme unstable shortly before NH4
depletion at -3 h (Figure 4.3.1-7A and B), indingtthat the culture was already limited at a
certain low ammonium concentration. In additiomgbacose, ethanol and acetate also glycerol
was measured during this cultivation, but could betdetected (quantification limit was
0.1 g-1M. This was motivated by the results obtained imtaer study, where glycerol

formation was observed inSaccharomyces cerevisiaalture under nitrogen limitation (EU-

project on “Engineering Yeast Starvation” BIO498Rh6
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Figure 4.3.1-7 Batch cultivation d¢f. pastorisunder nitrogen limitation (indicated by verticatasght lines)
referenced on glucose depletion at time point A)pn-line measured data for substrates, metalsddisewell as
the CER and the off-line biomass dry weight (uskerffor calculations is indicated with a verticddshed line);
B) on-line measured data for NH4 and PO4 as wethasOUR (used filter for calculations is indicateidh a

vertical dashed line); C) yield coefficients for Mtand PO4 on glucose; D) specific rates of glugggec) and

ethanol (g) as well as the specific oxygen uptake ratg)(q

As shown in Figure 4.3.1-7B, the concentration &fd\showed an exponential decrease until
depletion, whereas the concentration of PO4 deedegsst slightly during the whole
cultivation time, as also shown in the unlimitedtare (Figure 4.3.1-3).

In general, the yields of NH4 and PO4 on consumadoge before NH4-limitation showed
lower and also scattered values compared to theureulnder POA4-limitation (Figure
4.3.1-6C), with a very high outlier forwaguc at -7 h, which is a very good example for

bespoken error propagation from raw measurememgsird-4.3.1-7A and B). If there are no
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significant changes between measured concentrateons thus the signal-to-noise ratio is
low, calculated rates and yields show scatterettpest In contrast to the NH4-limited batch,
in the PO4-limited batch the absolute PO4 concgatrs.changed to a higher extent between
two on-line measurements resulting in more staklkies for calculated rates and yields
(Figure 4.3.1-6C). However, after nitrogen was degal in the NH4-limited batch also the
calculated yield coefficient Mja/gucdropped to O (Figure 4.3.1-7C).

To get more insight into the physiological reguwatiof the cells in limited conditions, we
again used the off-line determined BDW to calcukgiecific rates (Figure 4.3.1-7D). Before
NH4-limitation, the specific rates for glucosgy(g and oxygen uptake ¢g) were detected in
the same range as for the other experiments desdcnibthis study. Shortly before complete
nitrogen depletion, & inclined and showed a linear increase. With a tsketay Quc
followed the same trend until glucose depletion. dkdy a small amount of ethanol was
released into the medium, the previously descrilveitiation and regulation events (Crabtree
or alternative respiration) could not be obsergethis extent in the NH4-limited culture.
Summarizing, we could show the usefulness of a lnmvdine sampling and analysis device
comprising an automatic photometric robot for peabn-line measurements of six different
components during different batch cultivationsPofpastoris The quality of the on-line data
was underlined by rate and yield calculations, whaliso the importance of the signal-to-
noise ratio of measured data points was highlightetldiscussed. By considering the off-line
determined biomass dry weight specific rates wateutated, which allowed deeper insights
in the physiological status of the cells and endible discussion on physiological responses
on media limitations during highly dynamic processditions. A reliable on-line device to
determine the biomass concentration in the biooeaetg. by capacity measurements or
different soft sensor devices, would further allthe operator to obtain this information on-

line and thus in real-time.

Conclusion

In the present study we introduce a novel on-limalysis device with an automatic

photometric robot for fast bioprocess monitoringro€robial cultures. A full characterization

of the sampling line comprising a ceramic filtratiprobe and a self-constructed flow-through
cuvette was carried out. The on-line sampling systeas connected to a fully equipped
bioreactor set up (with on-line analysis of pH,.dénd off-gases) to measure various
components during differe®. pastorisbatch cultivations:
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» Six componentsi.ge. glucose, glycerol, ethanol, acetate, phosphateaamdonium) could
be concomitantly analysed with the novel on-linestesgn. No time consuming re-
calibration and maintenance work was needed.

* A good correlation between on-line and off-lineattetined concentrations was found for
all components and the data quality was underlmeckliable incremental rate and yield
calculations out of the high frequent determinedioa values.

« Based on the on-line data, an early identificabbmupcoming limitations is possible and
allows the operator to control the process in tiaé.

* Combining the on-line measured data with the oféldetermined biomass dry weight,
specific rates were calculated and allowed a deggéaght in the physiological response
of the cells to different cultivation conditions.

» We strongly suggest analysing the quality of thia et only by direct comparison to the
respective off-line values but rather to checktfar ability of extraction of information,
such as rates, yields and specific rates. Thisoaggpralso enables the efficient discussion

of physiological effects, independent of scale iitthl conditions.

The used photometric robot describes a novel andampling and analysis device, which
can be adapted to concomitantly measure numerougpaments, as in principle any
photometric assay can be implemented. Differentliegdpns, like optimization of
recombinant enzyme expression, strain charactenzat early bioprocess development as
well as media development and optimization can iygpsrted by the system in either
academic or industrial environments. The descriioetl increases bioprocess understanding
and represents a valuable on-line device for Peogeslytical Technology (PAT).
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Abstract

A polypropylene and a ceramic sampling probe westetl for the online measurement of
substrate and protein concentrations in fed batttivations of a recombinamichia pastoris
strain overexpressing the enzyme horseradish masai Whereas small substrate molecules
could be determined precisely under process camditionline and offline data for enzyme
activity and protein content showed offsets for hbo@ampling probes. An easy-to-do
multivariate Design of Experiments screening apg@nogevealed the limitations for both
sampling probes. Online and offline determined dataenzymatic activity and protein
content were fitted to a physiologically meaningéguation. A direct correlation of these
equations showed a linear relation between onlim @ffline data for the polypropylene
probe and a quadratic relation for the ceramic @raksing the resulting formulas, observed
offsets could be compensated for by mathematiealstormation allowing the use of online
calculator tools to determine the enzymatic agtiaind the protein content in quasi real-time.
This study demonstrates the usefulness of a Desligaxperiments approach to evaluate
online sampling probes in a short time and intredua strategy to obtain data with two

different online sampling probes also for largegéhrmolecules despite observed offsets.

141



A novel on-line monitoring device for early process/elopment

Practical applications note

Pichia pastoris has evolved into one of the most important hogjanisms for the
heterologous expression of proteins in white biotetogy. Reliable online monitoring
strategies for protein production during cultivatiprocesses are very useful to control and
optimize these production processes. In the preBechnical Report we used two different
commercially available sampling probes for the deieation of produced proteins in
bioreactors. We uncovered that these sampling prdiadenot meet our specific requirements,
since offsets between online and offline determimleda were observed. A Design of
Experiments screening approach revealed the limisitof each sampling probe in a very
short time and thus proved to be a useful toocf@racterization and optimization processes
in the lab. We proposed a strategy based on matiwintansformation to compensate for
the observed offsets. Thus, the tested online sagpkobes could still be used and gave

good quasi-online data despite observed offsets.

Introduction

Rapid development in genetic engineering allowsahnanced employment of recombinant
microorganisms for the industrial production of teins. A fast and precise determination of
substrates and products in these processes isf ¢ine most important requirements to allow
better process control and to speed up processopenvent and understanding [1]. Real-time
monitoring of process variables enables the opertatdake action and interfere with the
process, while the process is still being carried, eesulting in higher productivity and
enhanced quality control. Therefore, several studiealt with the development of robust
online monitoring devices for bioprocesses in tastplecade [2-4].

In general, different aspects of online samplingpbes have to be considered: any
contamination of the bioprocess by the samplinggse must be avoided, a representative
sample has to be delivered to the measuring deancethe sample composition must not
change during the sampling process. Thereforenersiampling probes have to be thoroughly
characterized to guarantee reliable results [5].

One goal of our research is the implementation eraduation of robust online monitoring
devices to quantify the formation of extracellWagroduced proteins, available substrate
molecules and metabolites in bioreactors. In tlesgmt study, two different sampling probes
were tested for their applicability to determine #oncentration of the substrate molecules
glucose and glycerol as well as the catalytic @#gtiend the total protein content of an

extracellularly produced enzyme in a bioreactorcakding to our previous studies, we
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conducted fed batch fermentations with a recombiRarpastorisstrain overexpressing the
enzyme horseradish peroxidase (HRP) [6-7], and wsegblypropylene and a ceramic
sampling probe for online measurements of bespu&eables.

In this contribution we are demonstrating the agilility of a multivariate Design of
Experiments (DoE) screening approach for a fast eady-to-do evaluation of online
sampling probes. We propose a strategy using matteahtransformation to compensate for
observed offsets between online and offline deteeochidata allowing the extraction of

accurate data from online measurements despitevaoseffsets.

Material and Methods

Fed batch fermentations of a recombinant P. pastosistrain

We conducted fed batch fermentations of a reconmbidapastorisstrain overexpressing the
enzyme horseradish peroxidase, according to ouwique studies [6-7]. Fed batch
cultivations were carried out in a 7.51 (51 wargi volume) glass bioreactor (Infors,
Switzerland) equipped with three 6-bladed flatbl&leshton stirrers. The cylindrical probes
were installed in distance to the baffles in therdactor to reduce any influence caused by
changing flow profiles. We conducted these fed lbd¢écmentations in order to develop and
test a novel feeding strategy based on the spextibistrate uptake rate(@nd concomitantly
tested the sampling probes for their applicabilify online measurements. The detailed

fermentation conditions can be found in our presistudies [6-7].

Substrate and product analysis

All measurements of substrate molecules and prodoratentration were performed online
and offline using an automatic photometric robouB&n XC, Innovatis, Germany). A
special flow-through cuvette was constructed ussngommercially available half-micro
cuvette, inserted in the on-line port of the phaétmo robot and connected with PTFE tubes
(0.8 x1.6 mm; Bartelt, Austria) to either of thengding probes. A peristaltic pump
(ISMB47E; Ismatec, Switzerland) was used to trarisffee sample from the probe to the
cuvette with a flow rate of 1 ml/min. Concentrasaof glucose and glycerol were determined
automatically in cell free samples with commergiahailable enzymatic assay kits in the
photometric robot [6-7]. The total protein contergs determined using a Bradford assay and
HRP activity was measured with an ABTS assay, asrdeed before [6-7]. All measurements
and data acquisition were controlled by a proce&gmation management system (Lucullus,

Biospectra, Switzerland).
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Online sampling probes

The two sampling probes tested were a ceramic sagnplobe made of AD; (pore size
0.2 pm, filter area 17,8 cnmembrane thickness 1.6 mm; iba, Heiligenstadtiraay) and a
polypropylene probe (pore size 0.2 pm, filter a4€a7 cnf, membrane thickness 1.5 mm;
ABC GmbH, Puchheim, Germany). Fully automated sargphas carried out every 3 hours
during the whole induction phase. Both probes hdithdrical membranes and were installed
in the bioreactor in the direction of flow and weret impeded by baffles. After cleaning

procedures, according to the manufacturer’s instas, the membranes were reused.

Biomass determination

Dry cell weight was determined by centrifugation Ml culture broth (5000 rpm, 4 °C,
10 min) in a laboratory centrifuge (Sigma 4K15,0ro11156), washing the pellet with 5 ml
deionized water and subsequent drying at 105°©netant weight.

Factor screening using a Design of Experiments (DQstrategy

A 2-level cubic full factorial screening approacithw3 centre points and 1 replicate for all
points was set up with the program MODDE (UmetA¢3, Umea, Sweden) to explore the
influence of the factors “agitation” (0 - 1200 rpniaeration” (0 - 1 vwm) and “biomass
concentration” (0 - 77 g/l) as well as their lineateractions on the response parameters
“relative HRP activity” and “relative protein comtg. Twenty-two experiments were
necessary to determine the possible influence ef dliferent factors and their linear

interactions on each response parameter.

Experimental set-up for the DoE screening approach

A fermentation broth oP. pastorisexpressing HRP with a biomass dry cell weight o7 g/,

an enzymatic activity of 19 U/ml and a protein @nttof 0.4 mg/ml was used as starting
material. To meet the requirements of the DoE deditge culture broth was either diluted to a
biomass dry cell weight of ~38.5 g/l or centrifugéal prepare a cell free supernatant
(5000 rpm, 4°C, 10 min; Sorval RCBB, rotor H6000BBB6). At each biomass
concentration, off-line samples were taken, cangetl (5000 rpm, 4°C, 10 min; Sigma 4K15,
rotor 11156) and the determined values for thelgataactivity, the protein content and the
substrate concentration were subsequently usedefasemce values to evaluate online

measured data.
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Data analysis

Online and offline determined activities for HRP revditted to an exponential function
according to equation (4.3.2.1) by estimating tieevay of HRP at induction time zero
a(HRP), the exponential coefficiefitand the deceleration facter

a(HRF) = a(HRF),[exp((8+ al t)[ 1) (4.3.2.1)

While the exponential coefficieffit was chosen to describe the exponential feedintjgied
the limiting substrate in the fed batch cultivagpthe deceleration factarwas set in order to
compensate for the hydraulic dilution of the voldngeactivity in the reaction vessel due to
constant feeding. Parameter fitting was perfornmetMatlab (The Mathworks, USA). Model
coefficients were obtained by applying the Leveghdarquardt method [8] of minimizing
the squared prediction error, fulfilling the comsétt of equal exponential factosfor models

of online and offline measurements.

Results and Discussion

Online measurement of substrate and product concergtions

A polypropylene and a ceramic online sampling proleee tested for their applicability to
measure the concentration of small substrate migle@as well as the enzymatic activity and
the protein content in fed batch cultivations ofrecombinantP. pastoris strain. All
measurements of the small substrate molecules sguaod glycerol gave responses of 100 +
5 % between online and offline determined valuegsyipg that precise measurements of
these molecules were possible with both online dampprobes at the tested process
conditions. We could further measure exact conaéotrs of N- and P-sources as well as
small metabolites in the bioreactare( ethanol and acetate), which allowed the online
calculation of rates and yields and consequentigréov conclusions about the physiological
state of the culture (full manuscript submittedhwéver, offsets between online and offline
determined values for the enzymatic activity websewved for both sampling probes (Figure
4.3.2-1). The same offsets were also observechiotdtal extracellular protein content (data
not shown). Interestingly, these offsets were npwogounced for the ceramic sampling probe

than for the polypropylene probe (Figure 4.3.2-1).
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Figure 4.3.2-1 Online and offline measurement of PHRctivity in fed batch cultures of P. pastoris. A,

polypropylene probe; B, ceramic probe; (circle)jmmeasured data; (triangle), offline measured.da

Multivariate analysis of online sampling probes bya DoE screening approach

To screen for reasons for the observed offsetstandentify the limitations of the online
sampling probes under process conditions, a mukitea 2-level cubic full factorial DoE
screening approach was set up to analyse the ®ftédhe factors agitation, aeration and
biomass concentration (as well as their linearauions) on the response parameters relative
HRP activity and relative protein content.

The analysis of the performed DoE screening appesmcrevealed that the response
parameters did not follow a normal distribution andicated that not only linear but also
quadratic interactions between the factors existduich caused a low “model validity”.
However, the other 3 basic model parameters “mbtel‘estimation of future prediction”
and “reproducibility” gave satisfactory results fasth sampling probes.¢. R* = 0.689, G =
0.565, repr. = 0.917 for the polypropylene probé Bh= 0.869, G = 0.769, repr. = 0.976 for
the ceramic probe, respectively), which is whyriedels could be evaluated and analyzed.
In general, the same effects were observed for besponse parameters “relative HRP
activity” and “relative protein content” for botlusipling probes.

For the polypropylene probe, the quality of thepmese parameter relative HRP activity
decreased significantly with increasing agitatiowl aeration. At an agitation of 1200 rpm
and an aeration of 1 vvm, conditions which are vagnmon for bioreactor cultivations of
P. pastoris only less than 65 % of the HRP activity could imeasured. However, the
biomass concentration was determined as a norfisgmi factor for the polypropylene

probe.
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For the ceramic sampling probe, even all threeofac{.e. agitation, aeration and biomass
concentration) significantly affected online measnents of the HRP activity (Figure
4.3.2-2). At an agitation of 1200 rpm, a biomasscemtration of 70 g/l, which can be easily
reached in fed batch cultivations Bf pastoris and an aeration of 1 vvm, less than 45 % of

the HRP activity could be measured.
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Figure 4.3.2-2 Response surface plot of the facgitation, aeration and biomass concentratioresponse to
the relative HRP activity for the ceramic samplprgbe.

Since the same effects were observed for both nsgpparameters, HRP activity and protein
content, for both sampling probes, we concluded tthe offsets between online and offline
data did not result from a potential reduction teé £nzymatic activity of HRP, but that the
enzyme was somehow hindered in penetrating the Isagmmprobes. We also ruled out a
significant effect of a potential deposition of thezyme in the membrane, as it has been
described before (e.g. [9]), since the randomlyfquered experiments in the context of the
conducted DoE approach clearly showed that therdifit process parameters described the

significant factors causing the observed offsets.
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Interpretation of DoE results

For both sampling probes, the factor “agitation’sveetermined as having the main effect on
either of the response parameters. However, siffset® between online and offline data
were just observed for the large molecule HRP aat far small substrate molecules,
apparently size dependent effects were respon$ibleéhis outcome. In mammalian cell
culture a similar effect is observed when spirefdt are used to retain mammalian cells in
order to operate in perfusion mode. Particles aer@red due to steric effects of the rotating
system and not due to the filter pore giee se which is why filters with absolute pore sizes
larger than the average cell size can be usedasetlsystems [10-12]. Analogically, our
results suggest that a kind of inverted spin-fikéiect, where not the filter but the liquid
rotates, causes difficulties for HRP (44 000 Da)ametrate the sampling probe, whereas
glucose (180 Da) and glycerol (90 Da) can stillsptiee membranes unimpeded. Increasing
aeration in the bioreactor apparently causes sireffacts (Figure 4.3.2-2).

The biomass concentration only affected the ceraampling probe (Figure 4.3.2-2), which
is an asymmetric membrane with varying pore siPegbably a biomass layer was formed on
top of the ceramic probe during sampling, causidditeonal filter effects and a size-
dependent retention, a phenomenon which has besiloed as membrane fouling before
[13]. Since we were limited to a maximum flowraté d ml/min according to the
manufacturer’'s specifications for the ceramic samgpprobe, we were not able to test a
higher pumping speed and consequently a highesrtrambrane pressure on the quality of
the response parameters.

Summarizing, the performed DoE screening approdearlg showed that the two tested
sampling probes could not be used for a precism@guantification of HRP at high stirring
speed and aeration and/or high cell densities, itond which are common in fed batch

cultivations ofP. pastoris due to emerging offsets caused by different me@arameters.

Mathematical transformation of online measured data

To be able to extract data from online measuremaititsthe two sampling probes despite the
observed offsets, we fitted the data points toed#iit mathematical equations and evaluated
the best fit with the highest®Rvalues. Since the stepwise feeding profile appliedhe
conducted fed batches [7] was most accurately destiby an exponential function of the
type f(HRP) = f(HRP)-€#**9Y we also tried to describe and fit the offlinevesll as the

online determined data to this equation. As shawhkigure 4.3.2-3, both the online and the

148



A novel on-line monitoring device for early process/elopment

offline determined values described this exponéfiiaction for both sampling probes with a

very high accuracy (Rvalues of > 0.98).
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Figure 4.3.2-3 Online and offline determined dataH&®P activity for the polypropylene and the cerami
sampling probe. Data points were fitted to the dqunaa(HRP) = a(HRP)@((3+a-t)-t) and resulting equations
are shown in the Figure for each sampling probspeetively. A, offline data polypropylene probe; @line
data polypropylene probe; C, offline data ceramiobp; D, online data ceramic probe; (triangle),limdf

determined values; (circle), online measured values

Results from the DoE screening approach identéiechtion and agitation to cause an offset
between online and offline measurements from thg eginning of the process for both
sampling probes, while biomass concentration ctwldshown to only affect measurements
using the ceramic sampling probe (Figure 4.3.2€&)nsequently, the offset caused by
aeration and agitation is reflected in a reduceghina(HRP), for all online transformation
functions (Figure 4.3.2-3). The biomass accumutativas expected to cause further
deviations over process duration for the ceramaber(Figure 4.3.2-2), which was confirmed
in different deceleration factossfor online and offline measurements (Figure 43.2While

the deceleration factar was identical for online and offline determinediates for the
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polypropylene probe (Figure 4.3.2-3A and Figure23B), it showed a significant difference
for the ceramic probe (Figure 4.3.2-3C and FiguB243D). Analogically to the results from
the DoE screening approach, we observed that adatinguibiomass caused an accelerated
shift between online and offline determined datatf® ceramic probe, while the increasing
biomass concentration over time did not affectranineasurements with the polypropylene
probe. Observed differences in the exponentialfiopert § (i.e. 0.051 for the polypropylene
probe and 0.076 for the ceramic probe, respectivieélyure 4.3.2-3) were due to slightly
different feeding regimes in the conducted fed Ibatultivations of the recombinant
P. pastorisstrain, when either the polypropylene or the céecaaampling probe were used.

In order to get equations compensating for the miese offsets, we correlated the two
decelerated exponential functions obtained fornenland offline data for the respective
sampling probe.

Consequently, online measured activities could dreverted to offline determined data by a
simple linear transformation according to equaf3.2.2) for the polypropylene probe.
a(HRF)

= a(HRF) 1.4+0.002¢ (4.3.2.2)

offline pp,online[

For the ceramic probe the conversion of online mneak activities to offline determined
values could only be accomplished by transformatibhigher order according to equation
(4.3.2.3), as not only agitation and aeration, dsb the biomass concentration significantly
affected online measurements.

a(HRP)

=0.05768(HRP)ceramiconine +1.79848(HRP) (4.3.2.3)

offline ceramiconline

Summarizing, it was possible to successfully cdromtine measured values by mathematical
transformation and thus to compensate for the obdenffsets. By using equations (4.3.2.2)
and (4.3.2.3) for the polypropylene and the cergmobe, respectively, online measured data
could be corrected to offline determined data vathaccuracy of £ 10 %. This mathematical
transformation can be done using an online calculatool in the respective process
information management system allowing the quaaitisme monitoring of enzyme activity
and protein content in the bioreactor. Howevers¢hgansformations are dependent on the
applied process conditions and have to be detedhorechanging process variableg (used

microorganism, stirring speed, optical density,)ezach time.
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In general, the two sampling probes might still egiprecise online data without any
difficulties and without the need of data transfation for systems where less agitation and
aeration is needed and where the culture does mmt ¢o high cell densitiese(g. in
mammalian cell culture). Besides, a precise andbiel online measurement of the small
molecules glucose and glycerol is possible withhbohline sampling probes at process
conditions. Consequently, the two studied sampbirapes can also be purposefully used for
online monitoring of the concentration of substrat®lecules as well as other media
components and small metabolites during cultivatiorallowing a quasi real-time
identification of critical process steps, like thtrting-point of the fed batch phase or the

moment of induction (full manuscript submitted).

Concluding remarks

Here we show the application of two online samplprgbes for the determination of
substrate concentration, enzymatic activity andgmnocontent in fed batch cultivations of a
recombinantP. pastorisstrain. We highlight the usefulness of using & &l easy-to-do
DoE screening approach for the evaluation of tisesepling probes and propose a strategy to
compensate for observed offsets between onlineHinge determined data. Our findings can
be summarized as follows:

e both the ceramic and the polypropylene samplirap@rcan be used to reliably determine
the concentration of the small substrate moleagliegsose and glycerol at process conditions.
e for both sampling probes offsets between onlind affline determined data for the
enzymatic activity of HRP and the protein contertevobserved.

e an easy-to-do multivariate DOE screening apprasmovered the reasons for the observed
offsets in a very short time.

e the measured data points for both online andnaffietermined values for both sampling
probes were fitted to the mathematical equatitRP) = f(HRP)-€“**9Y which also
described the applied feeding strategy, giving iRgkalues of > 0.98 each time.

e by putting the equations for each sampling prabedirect correlation, the resulting
formulas could be used to transform the online meakvalues to offline determined data
and thus to compensate for the observed offsets. mathematical transformation can be
done by online calculator tools allowing a quadireameasurement of the enzymatic activity

and the protein content despite observed offsets.
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5. Conclusions and Outlook

The methylotrophic yea®®. pastorishas evolved to a widely used expression host fer th
production of recombinant proteins in the past fg»ars. However, strategies in process
development for increased process understandingpeockess optimization are still mostly
based on empiricism. The present study aimed t@bksth a novel, physiologically based
process development strategy for the fast and ldeatketermination of key parameter sets for

a fed batch production process with recombifargastorisstrains.

« A fast and easy to do method for parameter tranffem batch to fed batch was
successfully developed and applied.

A fast and easy to do strain performance quantiivanethod was developed to determine

strain specific key parameters of recombirfnpastorisstrains.

- In contrast to commonly used long lasting contiraiocultures, batch pulse
experiments were used for the reliable quantifocatof certain strain specific
parametersAtimeadap: Gs adapt G max), Which were successfully transferred into a fed
batch feeding regime, within a short time (Chagtérl).

- The general applicability of the strategy was conéid by the execution on different
P. pastoris phenotypes (M& Mut), which also expressed different recombinant
products, like HRP and GalOX (Chapter4.1.2).

« The key parameter specific substrate uptake ratevitf play a central role in future
process development because it describes a phg&alo and scalable process
parameter.

The specific substrate uptake ratengs successfully applied as a key parameter forgss

control and process optimization in single as &slin mixed substrate systems.

- In single substrate systems, a dynamic, stepwisease of the control parameter g
to ¢ max Was identified to be superior to a constant cdielioparameter set and a
time-dependent effect of the specific productivitys observed (Chapter 4.1.1).

- In mixed feed systems, individualk @djustment for both substrates was applied.
Different substrate uptake rates for the co-sutestglycerol were detected, where
repression effects for protein production or metthanetabolism occurred (Chapter
4.2.1).
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Hence, the methodology based arcquld not only be used for “process developmenit,
was also successfully applied to increase “prouaaderstanding”
« Increased process understanding for correlatiomgtio product generation iR. pastoris
was achieved.
The novel strain quantification strategy was usedevaluate and compare different
P. pastorisclones with an altered methanol utilization pathwa
- The overexpression of the enzyme formaldehyde delggmhase (FLD1) turned out to
be a promising strategy to increase the efficiesfagcombinan®. pastorisstrains in
terms of substrate to product conversion (Chapzex
- Product specific (HRP or CalB) interactions witlifetient MUT pathway enzymes
(DAS1, TKL1, FLD1) were identified which highlighdethe necessity of a reliable
and fast quantification method for key parametentdication.
The methodology allows not only the quantificatioh the final product titre, but also

comprises the analysis of specific production kasetf differentP. pastorisstrains.

* An on-line device for fast process monitoring irogess development was successfully
introduced.

The presented, novel on-line monitoring device sugal “process development” as it can be

used for media development, detection of poteritraitations events and for product

determination.

- An automatic photometric robot was introduced tdede physiological relevant
compounds, like substrates and metabolites. On+ieasurements speed up data
generation in a reliable way and were consequemsigd for fast physiological
response estimation in sevelalpastoriscultivations (Chapter 4.3.1).

- The novel on-line monitoring system was used ferghantification and qualification
of the target product HRP in on-line mode. Compdcetihe off-line data, the product
was determined with offsets in on-line mode. Thefégets were caused by changing
bioprocess conditions, which cannot be kept comstaming protein expression
(Chapter 4.3.2).

* Promising perspective for further extrapolationachievements.
- The fast and reliable quantification of key parasngin batch mode and the possible
data transfer into a fed batch production enviromntscribes the major novelty of

the present study. Based on precise data exptoitathe batch quantification
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principle was identified as a valid tool in procedsvelopment. In principle, the
strategy can be extrapolated to other recombinaotein production systems, where
the inducing substrate is assimilated during pnogipression. Such systems are e.g.
the P. pastorisFLD1 promoter system, the.coli L-rhamnoserhaPsap promoter or
theE.coli L-arabinose Eap system.

A mechanistic model of product release in relatmthe specific substrate uptake rate
supplemented with a time dependent variable wolldavahe optimization of feeding
strategies. A remaining question is, whether thesbian specific productivity was
caused by the stepwise challenge of the cells, or whether a simple feauvérd
feeding regime would result in equally high prodwites. Such a feeding regime
would represent an accelerated exponential prafilé variations in the acceleration
factor can be used to further optimize recombimaotein production easily.

The physiological key parametes ig a promising control parameter for fed batches
and induction processes for recombinant proteindgecton. In carbon limited
regimes combined with a reliable estimation of bass contents, sqdepicts a
versatile and universal control parameter whichc@npared to the specific growth
rate (1 less noisy and closely related to induabiorecombinant protein expression.
The transfer of the determined specific rates liermodified strains, e.g. MUELD1
strain, into a fed batch production regime wouldnfoen higher volumetric
productivities, which were shown in batch cultieais. Hence, the industrial
applicability of such genetically modified hostastrs in production processes can be
proven.

The novel on-line device has shown its power topsupprocess development and
can be applied to other systems for media developared product quantification in
real time. Further investigations are ongoing teroeme observed offsets for large
molecules. Modified filtration units comprising ¢gar pore sizes are currently under
investigation for the HRP on-line determination.
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Dietzsch C, Spadiut O, Herwig @& dynamic method based on the specific substrate
uptake rate to set up a feeding strategy for Pichipastoris. Microbial Cell Factories2011,
10:14.

Dietzsch, C.; Spadiut, O.; Herwig, @\, fast approach to determine a fed batch feeding
profile for recombinant Pichia pastoris strains.Microb. Cell Fact.2011, 10, (1), 85.
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A dynamic method based on the specific
substrate uptake rate to set up a feeding strategy
for Pichia pastoris

Christian Dietzsch, Oliver Spadiut, Christoph Herwig™

Abstract

Background: Pichia pastoris is one of the most important host organisms for the recombinant production of
proteins in industrial biotechnology. To date, strain specific parameters, which are needed to set up feeding
profiles for fed batch cultivations, are determined by time-consuming continuous cultures or consecutive fed batch
cultivations, operated at different parameter sets.

Results: Here, we developed a novel approach based on fast and easy to do batch cultivations with methanol
pulses enabling a more rapid determination of the strain specific parameters specific substrate uptake rate g,
specific productivity g, and the adaption time (Atime,gapy) Of the culture to methanol. Based on g, an innovative
feeding strategy to increase the productivity of a recombinant Pichia pastoris strain was developed. Higher specific
substrate uptake rates resulted in increased specific productivity, which also showed a time dependent trajectory. A
dynamic feeding strategy, where the setpoints for g; were increased stepwise until a gs max of 2.0 mmol-g™-h™'
resulted in the highest specific productivity of 11 U-g-h™".

Conclusions: Our strategy describes a novel and fast approach to determine strain specific parameters of a
recombinant Pichia pastoris strain to set up feeding profiles solely based on the specific substrate uptake rate. This

approach is generic and will allow application to other products and other hosts.

Background

Recombinant protein expression with biological hosts is
one of the most examined key processes in the pharma-
ceutical industry. Numerous products like organic acids,
antibiotics, enzymes and amino acids are produced het-
erologously by recombinant microorganisms. The
methylotrophic yeast Pichia pastoris is one of the most
important host organisms for this purpose.

Several of the published fermentation strategies for P.
pastoris to date are based on the Invitrogen protocol
http://tools.invitrogen.com. This protocol suggests con-
stant feeding profiles for fed batch cultivations, but does
not aim to improve production efficiency regarding time
and vyield or substrate consumption. Based on this pro-
tocol, different process strategies were developed to
optimize recombinant protein production with P. pas-
toris in the past few years. A commonly used feeding

* Correspondence: christoph.herwig@tuwien.ac.at
Vienna University of Technology, Institute of Chemical Engineering, Research
Area Biochemical Engineering, Vienna, Austria

( BioMVed Central

strategy describes a feed forward regime based on a con-
stant specific growth rate p [1-5]. This strategy results in
an exponential feeding profile and does not require
complex instrumentation, but p is also not controlled,
and since the cells capacity may change over time, the
feeding profiles consider a large safety margin. Another
feeding strategy is based on a controlled p and requires
laborious continuous culture investigations and an effec-
tive computer controlled operation, based on established
growth models and a feedback algorithm requiring
expensive online measurement sensors for methanol
[2,6-8]. Employing these strategies, the outcome regard-
ing specific productivity and specific growth rate was
diverse; some studies showed that the maximal specific
productivity did not relate to the maximal specific
growth rate [1,3,6,7], whereas another study showed a
more or less growth associated productivity [9].

Due to these controversial findings, other parameters
were analyzed for their possible correlation with the
productivity in the past few years. Khatri and Hoffmann

© 2011 Dietzsch et al; licensee BioMed Central Ltd. This is an Open Access article distributed under the terms of the Creative
Commons Attribution License (http://creativecommons.org/licenses/by/2.0), which permits unrestricted use, distribution, and
reproduction in any medium, provided the original work is properly cited.
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analyzed the specific substrate uptake rate (qs) and its
association with the specific productivity (q,) in fed-
batch cultivations of P. pastoris and showed that lower
qs resulted in higher q, [10,11]. In another study, Cunha
et al. used a constant feeding rate of methanol during
several fed-batch cultivations with different initial bio-
mass contents to monitor g over time [12]. Interest-
ingly, Cunha et al. also showed increased g, at lower q;
and clearly stated that qs was the most important induc-
tion parameter. However, despite the obvious effect of
qs on qp, feeding profiles based on g, have not been
tested yet.

Regardless of which control parameter is chosen to set
up feeding profiles for fed batch cultivations, strain spe-
cific parameters have to be determined. This can either
be done by continuous cultures [13] or by several, con-
secutive fed batch cultivations, which are operated at
different parameter sets [14,15]. These methods have
the disadvantage of being very time-consuming and
labor-intensive. A robust method to determine these
strain specific data and to develop a suitable feeding
strategy in a shorter time period is of high interest in
biotechnology to speed up process development and to
quantitatively screen industrial relevant strains.

In this study, we developed a new and fast method to
determine the strain specific data q, and qp, as well as the
adaptation time of the culture to the substrate methanol,
based on easy to do batch cultivations with methanol
pulses. The host P. pastoris and the product horseradish
peroxidase (HRP) were used as a model system, for
which we subsequently developed a novel feeding strat-
egy solely based on the determined q, (Figure 1). Various
fed batch cultivations, employing different q; feeding pro-
files, were carried out to characterize the strain, hence, to
determine yields (Yx/s, Ycoz/s) and the specific produc-
tivity (q,) to evaluate and improve the feeding strategy.
To our knowledge this is the first time that different
dynamic feeding profiles only based on g, were tested to

Fed batch
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* Atime,g,,,

q, profile based on

P Atime g, & 4 set up feed profiles J

* Qs adapt
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9, iy v H stramcharactcnzatlonJ
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Figure 1 Experimental strategy for the determination of
relevant strain specific parameters in a batch cultivation with
methanol pulses. These strain specific data (Atime,gap: - adaptation
time; Qs adape - specific substrate uptake rate during the adaptation
period; Qs max - Maximum specific substrate uptake rate) are then
used to set up a feeding profile for P. pastoris in fed batch
cultivations. The calculated vyields (Yy,y, Ycoa/s) and the specific
productivity (qp) can consequently be used for strain
characterization.
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develop a feeding strategy for P. pastoris aiming at
increased productivity.

Material and methods
Microorganism and recombinant protein
The Pichia pastoris strain KM71 H (arg4 aox1:arg4) was
transformed with a plasmid containing the gene for the
horseradish peroxidase isoenzyme C1A (HRP) and was
gratefully provided by Prof. Anton Glieder (Graz Uni-
versity of Technology, Austria). The phenotype of the
strain corresponded to an AOX1-deficient clone which
is characterized as Mut® (methanol utilization slow) and
HRP was secreted into the fermentation broth.
Horseradish peroxidase is a member of the plant per-
oxidase super family [16] and catalyzes the oxidation of
many substrates using hydrogen peroxide, resulting in
oxidized products and in the formation of two mole-
cules of water per molecule of hydrogen peroxide
[17-19]. It is a heme-containing glycoprotein with a
molecular weight of approximately 44 kDa that has been
studied for more than 100 years [19]. Horseradish per-
oxidase gains more and more industrial relevance in the
past few years; it is used in waste water treatment
[20,21], analytical diagnostics [22] and for the elimina-
tion of H,O, from food and industrial wastewater [23].

Stability of the enzyme horseradish peroxidase in the
presence of methanol

To check whether certain concentrations of methanol
were affecting the stability of the enzyme horseradish
peroxidase, HRP was diluted either in water or in BSM
medium to a concentration of 1 U/mL and incubated in
a waterbath at 28°C in the presence of up to 20 mg/mL
methanol (which corresponds to 2.5% v/v) overnight. At
several time points samples were taken and analyzed for
catalytic activity and protein content.

Culture Media
Preculture: Yeast nitrogen base media (YNBM), per liter:
potassium phosphate buffer (pH 6.0), 0.1 M; YNB w/o
Amino acids and Ammonia Sulfate (Difco™), 3.4 g;
(NHg4)>SOy4, 10 g; biotin, 400 mg; glucose, 20 g.

Batch/fed batch: Basal salt media (BSM) [24], per liter:
85% phosphoric acid, 26.7 mL; CaSO4-2H,0, 1.17 g;
K,SOy4, 18.2 g; MgS0O4-7H,0, 14.9 g; KOH, 4.13 g;
CeH1,06-H,0, 44 g, Antifoam Struktol J650, 0.2 mL;
PTM1, 4.35 mL; NH,OH as N-source (see experimental
procedure). Trace element solution (PTM1), per litre:
CuS0O,4-5H,0, 6.0 g; Nal 0.08 g; MnSO,4-H,O, 3.0 g;
Na,Mo0O4-2H,0, 0.2 g; H3BO3, 0.02 g; CoCl,, 0.5 g;
ZnCl,, 20.0 g; FeSO47H,0, 65.0 g; biotin, 0.2 g, Hy,SO,,
5 mL.

Feed glucose, per liter: glucose, 250 g; PTM1, 12 mL,
Struktol J650, 0.3 mL.
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Feed methanol, per liter: methanol, 300 g; PTM1, 4 mL;
Struktol J650, 0.3 mL, induction period was carried out in
presence of 6-Aminolevulinic acid (5-ALA), 1 mM.

Base: NH,OH, concentration was determined by titra-
tion with 0.25 M potassium hydrogen phthalate (KHP).

Experimental Procedure

Preculture

Frozen stocks (-80°C) were pre-cultivated in 100 mL of
YNBM in 1000 mL shake flasks at 28°C and 200 rpm
for max. 24 hours. Then, the preculture was transferred
aseptically to the respective culture vessel. The inocula-
tion volume was approximately 10% of the final starting
volume.

Batch cultivation and determination of q

Batch cultivations were carried out in a 1 L working
volume glass bioreactor (Applikon, Netherlands). Basal
salt media was sterilized in the bioreactor and pH was
adjusted to pH 5.0 by using concentrated ammonia solu-
tion after autoclaving. Sterile filtered trace elements were
transferred to the reactor aseptically. Dissolved oxygen
(dO,) was measured with a sterilizable polarographic dis-
solved oxygen electrode (Mettler Toledo, Switzerland).
The pH was measured with a sterilizable electrode (Met-
tler Toledo, Switzerland) and maintained constant with a
step controller using ammonia solution (1 to 2 M). Base
consumption was determined gravimetrically. Cultivation
temperature was set to 28°C and agitation was fixed to
1200 rpm. The culture was aerated with 1.25 vvm dried
air and off-gas of the culture was measured by using an
infrared cell for CO, and a paramagnetic cell for O, con-
centration (Servomax, Switzerland). Temperature, pH,
dO,, agitation as well as CO, and O, in the off-gas were
measured online and logged in a process information
management system (PIMS; Lucullus, Biospectra,
Switzerland).

After the complete consumption of the substrate glu-
cose, which was indicated by an increase of dissolved
oxygen and a drop in off-gas activity, the first methanol
pulse of a final concentration of 0.5% (v/v) was con-
ducted with pure methanol (supplemented with PTM1,
12 mL/L of methanol). Following pulses were performed
with 1% (v/v), before a last pulse with 2% (v/v) final
concentration of methanol was carried out. To investi-
gate the metabolic activity during methanol excess and
also the dynamic behavior of the cell metabolism after
methanol limitation for several hours, the pulse experi-
ments were performed like this: after methanol was
depleted after the “first” pulse (followed by off-gas ana-
lysis), an immediate “second” methanol pulse with the
same concentration was conducted per day. After
methanol depletion, methanol starvation was carried out
for several hours before another so-called “first” pulse
was applied (Figure 2).
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Figure 2 Batch cultivation with methanol pulses of 0.5, 1 and
2% (v/v). A, calculated specific substrate uptake rate gs (circle) and
carbon dioxide evolution rate (CER); B, specific production rate g,
(diamond) and carbon dioxide evolution rate (CER).

For each pulse, at least two samples were taken to
determine the concentrations of substrate and product
as well as dry cell weight and ODgq to calculate the
specific substrate uptake rate qs.

Fed batch cultivations

Fed batch cultures were carried out in a 7.5 L (5 L
working volume) glass bioreactor (Infors, Switzerland).
Concentrated BSM medium (2-fold concentrated to sup-
ply necessary salts for high cell densities) was sterilized
in the bioreactor and pH was adjusted to pH 5.0 by
using concentrated ammonia solution after autoclaving.
The initial volume was set to 1.5 L. Trace elements
were filter sterilized and transferred to the reactor asep-
tically. Dissolved oxygen was measured with a steriliz-
able polarographic dissolved oxygen electrode
(Hamilton, Switzerland). The pH was measured with a
sterilizable electrode (Hamilton, Switzerland) and main-
tained constant using ammonia solution (3 to 5 M). Agi-
tation was set to 1500 rpm. The culture was aerated
with at least 1 vvm to avoid oxygen limitation. The dis-
solved oxygen signal was used to adjust air-in flow
manually to keep levels >30% dO, at all time points. In
case air flow was limited, pure oxygen was added. CO,
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and O, were measured as described above. Base con-
sumption and reactor weight were measured gravimetri-
cally. The fed batch feed was measured and controlled
using a gravimetrically based PID flow controller.

At several time points during fed batch cultivations,
samples were taken and analyzed for accumulated
methanol, biomass concentration (dry cell weight and
optical density ODgq), protein content and enzymatic
activity. Based on the total biomass content, feed rates
were adjusted manually corresponding to the defined g
setpoint.

Three different fed batch strategies were tested: fed
batch A, where methanol was adjusted to a constant
flow during the whole induction phase; fed batch B,
where after the adaption time with a g aqape @ shift to a
high substrate uptake rate of ~90% of qs max was done
and adjustments to the very same g4 set point during
cultivation were performed repeatedly; and fed batches
C1 and C2, where after the adaptation period with qs
adapt the methanol flow was stepwise increased up to g
max- Values for qg adapt and s max had been determined
in batch experiments (vide supra). An overview of the
fed batch cultivations and the corresponding settings is
given in Table 1.

Analysis of growth- and expression-parameters

Dry cell weight (DCW) was determined by centrifuga-
tion of 5 mL culture broth (5000 rpm, 4°C, 10 min) in a
laboratory centrifuge (Sigma 4K15, rotor 11156), wash-
ing the pellet with 5 mL deionized water and subse-
quent drying at 105°C to a constant weight in an oven.
Optical density of the culture broth was measured using
a spectrophotometer (U-1100 Hitachi, Japan) at a wave-
length of 600 nm (ODgg). Correlation between dry cell
weight measurement and ODgg showed a coefficient of
regression of R” = 0.997 over the full concentration
range (data not shown) and could therefore be used for
qs adaptation.

The activity of HRP was determined using a CuBiAn
XC enzymatic robot (Innovatis, Germany). Cell free
samples (10 pl) were added to 140 pl of 1 mM ABTS
(2.2’ azino bis 3-ethylbenzthiazoline-6-sulphonic acid)
prepared in 50 mM NaOAc buffer (pH 4.5). The reac-
tion mixture was incubated at 37°C and was started by
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the addition of 20 pl of 0.075% H,0,. Changes of absor-
bance at 415 nm were measured for 80 seconds and
rates were calculated. Calibration was done using com-
mercially available horseradish peroxidase (Type VI-A,
Sigma-Aldrich, P6782, Lot# 118K76703) as standard at
six different concentrations (0.02; 0.05; 0.1; 0.25; 0.5 and
1.0 U/mL). Samples with high enzymatic activity were
automatically diluted by the system. Protein concentra-
tions were determined at 595 nm by the Bradford assay
[25] using the BioRad Protein Assay Kit with BSA as
standard.

Substrate concentrations

Concentrations of methanol were determined in cell free
samples by HPLC (Agilent Technologies, USA)
equipped with a Supelcoguard column, a Supelcogel C-
610 H ion-exchange column (Sigma-Aldrich, USA) and
a refractive index detector (Agilent Technologies, USA).
The mobile phase was 0.1% H3PO, with a constant flow
rate of 0.5 mL/min and the system was run isocratic.
Calibration was done by measuring standard points in
the range of 0.1 to 10 g/L methanol.

Concentrations of glucose were determined in cell free
samples by a commercial enzymatic assay kit using the
CuBiAN XC enzymatic robot (Innovatis, Germany).
Calibration was done with 4 standard points in the
range from 0 to 3 g/L glucose. Samples with higher glu-
cose concentration were diluted automatically by the
system.

Data analysis

Measurements of biomass concentration, product con-
centration and substrate concentration were executed in
duplicates: along the observed standard deviation for the
single measurement, the error was propagated to the
specific rates qs and q, as well as to the yield coeffi-
cients. The error of determination of the specific rates
and the yields was therefore set to 10% and 5%,
respectively.

Electrophoresis

To check the purity of the excreted HRP, electrophor-
esis was done with aliquots of supernatants obtained at
different time points during the cultivation of P. pastoris

Table 1 Description of feeding strategies for fed batch cultivations based on the specific substrate uptake rate g

Fed batch Symbol Description of the strategy
name
Fed batch A A conventional feeding strategy: long adaptation time and initially adjusted, constant flow rate
Fed batch B . short adaptation time (out of batch exp.) and adjustment to high uptake rate (90% of gs may) With repeated
readjustments
Fed batch C1 v short adaptation time (out of batch exp.) and stepwise adjustment of gy until gs max With repeated readjustments

Fed batch C2 °
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expressing the /irp gene extracellularly as described by
Laemmli et al. [26]. SDS-PAGE was performed using a
5% stacking gel and a 10% separating gel in 1x Tris-
glycine buffer. Gels were run in the vertical electrophor-
esis Mini-PROTEAN Tetra Cell apparatus (Biorad;
Vienna, Austria) at 150 V for about 2 h. Gels were
stained with Coomassie blue. The protein mass standard
used was the PageRuler Prestained Ladder (Fermentas;
Vienna, Austria).

Results and Discussion

Stability of the enzyme horseradish peroxidase in the
presence of methanol

To check whether the enzyme horseradish peroxidase
denatures at certain concentrations of methanol, HRP
was incubated in the presence of methanol concentra-
tions of up to 2.5% (v/v) at 28°C overnight. No loss in
catalytic activity and protein content was detected after
this incubation, which is why methanol pulses in batch
experiments with concentrations of up to 2.5% (v/v)
were theoretically possible without any denaturing
effects on HRP.

Determination of strain specific parameters by easy to do
batch cultivations with methanol pulses

After depletion of glucose in batch cultivations, a first
methanol adaption pulse with a final concentration of
0.5% (v/v) was applied. The adaptation time to the new
substrate methanol (Atime,qap¢) Was determined with 7
hours and was defined by the detection of a maximum
in off-gas activity (Figure 2A).

The calculated carbon dioxide evolution rate (CER),
signifying metabolic activity, allowed to distinguish dif-
ferent states within the methanol pulses with local
minima and maxima (Figure 2). This metabolic behavior
of the cells results from inhibition and regulation events
in transient conditions, caused by intracellular compo-
nents like e.g. produced H,O,, and transport actions,
and has been described for various systems in literature
before [27-29].

The high frequent determination of biomass, methanol
and product concentrations allowed specific rate calcula-
tions for methanol uptake qs and productivity q, during
the methanol pulses. Specific substrate uptake rates were
calculated with 0.8 + 0.08 mmol-g™"-h™ in the adaptation
period (s adapt) and with around 2 + 0.20 mmol~g’1-h'1 as
a maximum during pulses (qs max). No difference in the
calculated g, between the “first” and the subsequent “sec-
ond” pulse on a respective day was observed (Figure 2A).
In contrast, the calculated values for qj, (Figure 2B) were
very different between the first and the subsequent
second pulse. During the first pulse specific productivities
of maximum 1.3 + 0.13 U-g'1~h'1 were observed,
whereas during the second pulse an increased specific
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productivity of up to 2.5 + 0.25 U.g'"-h™! was measured.
This increased productivity during the second methanol
pulse may be due to the fact that no adaption of the cells
to methanol was necessary because all metabolic key
functions for methanol assimilation remained in an active
state. Thus, recombinant protein expression could start
directly and energy was used more efficiently for product
formation. This result shows clearly that Pichia cultures
should be kept induced at all time to obtain maximal
productivity. Interestingly, qj, also increased over time for
first and second pulses, respectively (Figure 2B). Metha-
nol pulses, where the same final concentration of metha-
nol was used, but which were conducted in the later
phase of the batch cultivation, showed higher specific
productivities compared to pulses before. Obviously, the
culture exhibited a “memory effect” and thus a time-
dependence of q, could be observed in the batch
experiment.

As we show here, batch cultivations with methanol
pulses allowed a fast identification of strain specific
parameters, which are crucial for subsequent fed batch
cultivations. The determined maximum specific sub-
strate uptake rate g ma.c represents the upper end of
the feed profile respective to qs. This novel method has
the advantage of being less time-consuming and labor-
intensive compared to the traditional methods, like con-
tinuous cultivations, and additionally allows a free
choice of substrate, like e.g. the 2 to 3-fold cheaper glu-
cose instead of glycerol.

Fed batch feeding strategy based on ¢

Based on the batch results, we performed several fed
batch cultivations with different feeding profiles based
on the specific substrate uptake rate g, to find a feeding
strategy for a recombinant P. pastoris strain.

Feeding profiles

After a batch phase on glucose as substrate (volume 1.5
L), an exponential fed batch cultivation with glucose
yielded in biomass concentrations of up to 70 g/L in a
volume of 2.5 L. At the end of this fed batch phase, a
sample was taken to determine the current biomass
concentration by measuring the ODgg and the DCW.

Based on the calculated specific methanol uptake rate
during adaptation (qs ,dape) from the batch experiment,
which was around 0.8 + 0.08 mmol-g-h™, we used a lit-
tle bit lower s adapt of 0.5 mmol-g’1~h'1 methanol for the
fed batch cultivations during the adaption time. After
Atime,gape, three different feeding strategies (fed batches
A, B and C1/C2) were tested and compared (Figure 3
Table 1).

For fed batch A, which described a conventional feed-
ing strategy as in the Invitrogen protocol, the methanol
feed was adjusted to a substrate uptake rate of 1.0
mmol-g"-h™'. The adjustment just happened at the
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Figure 3 Specific substrate uptake rate profiles which were
used for different fed batch cultivations. Theoretical g, fed batch
A (black triangle up), offline determined gs fed batch A (grey
triangle up); theoretical g, fed batch B (black diamond), offline
determined gs fed batch B (grey diamond); theoretical gs fed batch
C1 (black triangle down), offline determined g, fed batch C1 (grey
triangle down); theoretical g5 fed batch C2 (black circle), offline
determined g fed batch C2 (grey circle). The error of determination

for offline gs (10%) is not shown for better readability.

beginning and no further readjustments of the feeding
rate were performed during the cultivation. Conse-
quently, as biomass still increased, a drop down of q;
over time was observed (Figure 3).

In the other fed batch experiments B, C1 and C2
adjustments of q; were done after each sampling, based
on ODgpo measurements. As shown in Figure 3 the
effective q,, determined by off-line sampling, and the
designated qs in these fed batch cultivations were very
similar. Thus, a frequent determination of the actual
biomass concentration in the reactor vessel is necessary,
to be able to adjust the feeding rate to the chosen gs.
The development of robust measurement devices for the
online determination of the biomass concentration, as e.
g. FTIR, capacity probes or soft sensors, could allow an
online adjustment of the feeding rate to qs by an auto-
matic control system in the future, and thus the labor-
intensive, frequent sampling procedure would be
unnecessary.

Maintenance metabolism vs. cell growth

The relationship between q, and the specific growth rate
was tested and found to be linearly correlated (data not
shown). Based on this, the maintenance coefficient for
this P. pastoris strain could be determined with around
0.5 mmol-g"-h™" (which equals 0.016 g-g’*-h™"). Very
similar results were reported by Jahic et al. for fed batch
cultures using P. pastoris expressing a fusion protein [5]
with a maintenance coefficient of 0.013 g.g™"-h™*. When
we adjusted g to values higher than 1.0 mmol-.g*-h™*,
we observed a significant increase in Yy,s and a
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corresponding decrease in Ycos/s (Figure 4). That
means that at g of <1.0 mmol-g-h"" most of the energy
is obviously used for maintenance metabolism of the
cells and thus for the production of CO, and not for
cell growth or protein production. Interestingly, the
same effect on biomass yield was observed by d’Anjou
et al. using a continuous culture system with a mixed
feed strategy [13]. However, we were able to extract this
information from time-efficient, dynamic experiments
equivalently. Consequently, we employed specific sub-
strate uptake rates of >1.0 mmol-g *h™! to guarantee a
sufficient amount of energy for both, maintenance and
cell growth.

Required methanol concentration for induction - a principle
question

When producing recombinant proteins with P. pastoris,
the principle question is how much methanol has to be
fed to guarantee a fully induced AOX promoter. A lot
of different studies have examined this topic, with differ-
ent results. D’Anjou et al., for example, reported that a
methanol concentration between 1 and 2 g/L should be
maintained in the culture to guarantee fully induced
heterologous protein production [13]. Another study of
the methanol concentration and its effect on P. pastoris
Mut® strains was done by Kupcsulik and Sevella, who
showed that the specific productivity of a recombinant
human serum albumin expression system showed a
maximum at 0.45 g/L of methanol [30]. In contrast to
those studies, Cregg reported an even stronger induction
of the AOX promoter in limited conditions [31], which
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Figure 4 Carbon dioxide yield (Ycoy/s) and biomass yield (Yy,s)
at different specific substrate uptake rates in fed batch
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Yyss fed batch C1 (grey triangle down); Yco,s fed batch C2 (black
circle); Yys fed batch C2 (grey circle). The error of determined yields

(5%) is not shown for better readability.




Dietzsch et al. Microbial Cell Factories 2011, 10:14
http://www.microbialcellfactories.com/content/10/1/14

was the basis for several following studies applying a
limited methanol supply for induction [1-3].

For all described fed batch strategies in our study, no

significant methanol accumulation was detected (detec-
tion limit 0.1 g/L). We clearly show that high residual
concentrations of methanol during the production phase
are not required for the induction of the P. pastoris
Mut® strain, as even higher specific productivities were
obtained in limited fed batches with constant substrate
uptake rates, compared to the batch cultivations with
high methanol concentrations applied in the pulse-
experiments (Table 2).
Extracellular protein production and specific productivity q,
To follow the formation of excreted horseradish peroxi-
dase (HRP) during the induction phase, SDS-PAGE ana-
lyses with cell-free supernatants were performed. SDS-
PAGE analysis (Coomassie staining, Figure 5) of the cul-
tivation broth taken at different time points did not
show a distinct band for HRP, but rather a smear
between 60 - 65 kDa. The difference between the
reported molecular weight of around 44 kDa for HRP
and the observed molecular weight in this study results
from the high degree of glycosylation of the recombi-
nant protein expressed in P. pastoris with mannose-type
oligosaccharides, as described previously for HRP by
Morawski et al. [32].

The protein content in the cultivation broth increased
over time from 0.052 mg/mL after the fed-batch phase
with glucose to 0.243 mg/mL at the end of the cultiva-
tion, which were around 91 hours of induction. As
shown in Figure 5 the increase of the protein content in
the cultivation broth is ascribed to an increased amount
of HRP, which constituted the majority of secreted pro-
teins in the cultivation broth.

Based on the determined biomass content and the
enzymatic activity, the specific productivity q, during
the different fed batch cultivations was calculated. The
lowest q, was obtained in fed batch A, which described
a conventional feeding strategy, where also the lowest q;
was used and was not adapted over time (Figure 6). In
fed batch B, which considered the actual biomass con-
centration and where the q of 1.75 mmol-g-h™* was
adapted regularly over time and thus the cells were kept
in a certain physiological state, a 2-fold increase in q,
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Figure 5 SDS-PAGE analysis of recombinantly produced HRP in
fed batch B. Aliquots of the supernatant obtained at different time
points during the cultivation of P. pastoris expressing the hrp gene
extracellularly at 28°C were loaded onto the gel. lanes 1 and 9,
molecular mass standard; lane 3, not induced (after fed-batch phase
with glucose); lane 3-8, 7 h; 33 h; 58 h; 76 h; 88 h; 91 h of
induction.

was observed. Clearly, a higher q; resulted in a higher
qps which disagrees with the results obtained by Khatri
and Hoffmann and Cunha et al. [10,11], who stated that
lower g resulted in higher protein production.

However, a dynamic, stepwise feeding strategy resulted
in an even higher productivity compared to the other
strategies tested (Figure 6). This dynamic feeding strat-
egy considered s max, Which had been determined in
the batch experiment, as the highest possible substrate
uptake rate of the cells, as well as the yield coefficients
and the maintenance coefficient as the lower end of effi-
cient energy usage. The feed profile was set up in a way
to head off as quickly as possible from the maintenance
state of the cells (hence g, was set to values >1.0
mmol-g-h™!), before q; was dynamically adapted in
steps to s max- In fed batch cultivations C1 and C2,
where this dynamic feeding strategy was applied, a q, of
around 11 # 0.11 U.gh™" was determined, which repre-
sents a 5.5-fold increase compared to fed batch A.

Time adaptation

The fact that there was still a more than 2-fold differ-
ence in q, between fed batches C1/C2, where g, was
increased stepwise, and fed batch B, where immediately
after the adaption period a high q, of 1.75 mmol-gh™
was applied, indicated another factor being crucial for

Table 2 Comparison of the specific substrate uptake rates g, and determined maximum specific productivities q,

Experiment?

Methanol concentration Specific substrate uptake rate g5 [mmol-g-h™']  Specific productivity q, [U-g”"-h™']

Batch with methanol pulses from 0 to 16 g/L

Fed batch A 4 limited
Fed batch B * limited
Fed batch C1 v limited
Fed batch C2 @ limited

~2 25+ 025
<1 20 +0.20
1.75 50 + 050
stepwise up to 2 10 £ 0.10
stepwise up to 2 11 +£0.11

“all experiments were performed in the presence of different concentrations of the inducer methanol.
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the specific productivity besides qs. Therefore, the speci-
fic productivity q, was plotted against the induction time,
to analyze possible time-dependent effects (Figure 7). Fed
batch A and B were characterized by a linear increase of
qp over time (fed batch B was characterized by a signifi-
cant steeper slope), whereas fed batches C1 and C2 even
showed an exponential increase of the specific productiv-
ity. It became obvious that the productivity was directly
correlated to the induction time for all experiments con-
ducted in this study, even in the batch experiments
(Figure 2). Plantz et al. have recently reported an influ-
ence of the induction time on q, as well. They showed
increasing product yields for the recombinant production
of an interferon with P. pastoris in the first period of
induction, but a subsequent decrease in product forma-
tion and a shift of the energy transfer towards biomass
growth during the later phase of the cultivation [8]. In
contrast to the study of Plantz et al., we clearly showed
an increase of q, over the whole induction time for all
experiments in this study (Figure 7).

Furthermore, fed batches C1 and C2 were character-
ized by an exponential increase of q, over time, in con-
trast to a linear increase for fed batches A and B (Figure
7). Obviously, a feeding strategy starting with a lower q;
at the beginning of the induction phase, followed by a
subsequent increase with a stepwise, dynamic feeding
profile until qs ,ax (fed batch C1 and C2), was superior
to a feeding strategy, where immediately after the
Atime, g, a high qs was applied and kept constant (fed
batch B). When the cells had the time to undergo a
dynamic, physiological adaptation to the current culture
condition before qy was increased, a boost in q, was
observed, which probably cannot be triggered by con-
stant or exponential feeding regimes (Table 2).

Regression lines: linear regression for fed batch A (continuous line);
linear regression for fed batch B (discontinuous line); exponential
regression for fed batch C1 (dotted line); exponential regression for
fed batch C2 (dashed-dotted line).

Summarizing, we showed a clear time dependent tra-
jectory for specific product formation, as q, increased
over induction time for all experiments in this study. A
tool for the early identification of this effect is of utmost
importance in order to consistently compare different
feeding profiles.

Conclusions

In this study, we developed a fast and easy to do
method based on batch cultivations with methanol
pulses to determine strain specific parameters of a P.
pastoris Mut® strain expressing the enzyme horseradish
peroxidase. A subsequently developed dynamic feeding
strategy solely based on qs, where the cells on the one
hand had time to adapt to culture conditions, but were
then challenged again repeatedly by a stepwise increase
of g5 up to s max resulted in the highest q, compared
to the other strategies tested. Hence, dynamic feeding
profiles turned out to be a valuable method to boost the
specific productivity. This calls for increased use of
dynamic process conditions even for industrial feed pro-
files. We strongly believe that the strategy presented
here can be successfully applied on other microbial
expression systems, which is why we are currently test-
ing the applicability of our novel, dynamic approach on
other expression systems, like E. coli, and other
products.
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specific productivity of horseradish peroxidase [U-g™-h™'I; g specific
substrate uptake rate [mmol-g™-h™']; g, adapt: SPecific substrate uptake rate
during adaptation [mmol-gh™'}; gs max Maximum specific substrate uptake
rate [mmol-g™"-h™']; rpm: rounds per minute; vwwm: volume gas flow per
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Abstract

feeding profiles, is required.

experimental strategy.

without running the risk of methanol accumulation.

dynamic feeding profile

Background: The microorganism Pichia pastoris is a commonly used microbial host for the expression of
recombinant proteins in biotechnology and biopharmaceutical industry. To speed up process development, a fast
methodology to determine strain characteristic parameters, which are needed to subsequently set up fed batch

Results: Here, we show the general applicability of a novel approach to quantify a certain minimal set of
bioprocess-relevant parameters, i.e. the adaptation time of the culture to methanol, the specific substrate uptake
rate during the adaptation phase and the maximum specific substrate uptake rate, based on fast and easy-to-do
batch cultivations with repeated methanol pulses in a batch culture. A detailed analysis of the adaptation of
different P. pastoris strains to methanol was conducted and revealed that each strain showed very different
characteristics during adaptation, illustrating the need of individual screenings for an optimal parameter definition
during this phase. Based on the results obtained in batch cultivations, dynamic feeding profiles based on the
specific substrate uptake rate were employed for different P. pastoris strains. In these experiments the maximum
specific substrate uptake rate, which had been defined in batch experiments, also represented the upper limit of
methanol uptake, underlining the validity of the determined process-relevant parameters and the overall

Conclusion: In this study, we show that a fast approach to determine a minimal set of strain characteristic
parameters based on easy-to-do batch cultivations with methanol pulses is generally applicable for different P.
pastoris strains and that dynamic fed batch strategies can be designed on the specific substrate uptake rate

Keywords: Pichia pastoris, strain characterization, specific substrate uptake rate, batch cultivation, methanol pulse,

Background

Advances in molecular biology, cloning techniques and
strain improvement allowed an increasing use of recom-
binant organisms for the industrial production of a vari-
ety of substances like organic acids, antibiotics, enzymes
and amino acids. In this context the methylotrophic
yeast Pichia pastoris is one of the most important host
organisms for the expression of recombinant proteins.
To meet industrial demands, a fast and easy-to-do char-
acterization of recombinant Pichia strains to extract bio-
process-relevant strain characteristic parameters for the
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Vienna University of Technology, Institute of Chemical Engineering, Research
Area Biochemical Engineering, Vienna, Austria

( BioMVed Central

subsequent set-up of production processes is essential to
speed up process development. Normally, this strain
characterization procedure is done by time-consuming
experiments, which require complex and costly equip-
ment, like continuous cultures [1,2] or several, consecu-
tive fed batch cultivations, operated at different
conditions [3,4]. Parameters, which have to be extracted
out of these experiments, describe the best operating
conditions for each strain as well as the optimal condi-
tion for the adaptation of the culture from the growth
substrate (e.g. glucose or glycerol) to the inducer metha-
nol. To date, different strategies are employed regarding
the adaptation of Pichia to methanol; two prominent
examples are: 1) after a fed batch on glycerol or glucose
a certain low concentration or flow of methanol is

© 2011 Dietzsch et al; licensee BioMed Central Ltd. This is an Open Access article distributed under the terms of the Creative
Commons Attribution License (http://creativecommons.org/licenses/by/2.0), which permits unrestricted use, distribution, and
reproduction in any medium, provided the original work is properly cited.
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applied to the culture which is then increased to a pre-
defined maximum and constantly maintained through-
out the whole cultivation time [5,6], and 2) the glycerol
flow in the reactor is decreased following a linear func-
tion during a concomitant addition of methanol, a per-
iod which is called transition phase, to slowly adapt the
culture to methanol [7-10]. These methods are often
based on specific experiences with a certain strain, but
are nevertheless often used as a general approach for
different Pichia strains in following studies, without tak-
ing into account the specific requirements of the single
strains during adaptation.

After adaptation of the culture to methanol, different
feeding strategies can be employed for recombinant pro-
tein production with P. pastoris. Besides the two com-
mon strategies of either using a feed forward regime or
a controlled specific growth rate (p) [6,7,9-14], a few
studies have also described the importance of the speci-
fic substrate uptake rate (qs) on recombinant protein
production [15,16]. A direct correlation between qs and
the specific productivity (q,) was shown [15,16], and it
was clearly stated, that g5 was the most important
induction parameter in these experiments [17]. Based on
those findings and motivated by problems which occur,
when more traditional feeding strategies are applied (e.g.
possible accumulation of methanol caused by changing
cell capacities during cultivation or the need of expen-
sive monitoring equipment to allow p-controlled feeding
[9,14]), we have focused our research on the specific
substrate uptake rate (qs) and have recently shown opti-
mization potential using dynamic feeding profiles based
on this parameter [18].

In our previous study we also developed a fast
approach based on batch experiments with methanol
pulses to extract a minimal set of strain characteristic
parameters (i.e. Atime,qape - time for adaptation, qs aqapt
- specific substrate uptake rate during adaptation, qs max
- maximum specific substrate uptake rate), which are
required to set up a subsequent feeding regime based
on qs. However, our previous study dealt with the devel-
opment and the application of this approach for only
one recombinant P. pastoris Mut® strain [18]. In the
present work, we characterized various P. pastoris
strains with different phenotypes (Mut® and Mut")
expressing different target enzymes using the above
mentioned strategy. We analyzed the required time for
adaptation to methanol of each strain in detail and
could reliably derive certain strain characteristic para-
meters from pulse experiments to fed batch cultivations.
With the variety of used strains in this study, we
demonstrate that this approach is generally applicable
for different P. pastoris strains and is thus a valuable
tool for fast process development, which is especially
interesting in an industrial environment.
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Materials and methods

The experiments conducted in the present study were
performed according to our previous study [18], and are
thus only described briefly here.

Microorganisms and recombinant proteins

Different P. pastoris strains with different phenotypes
expressing different target enzymes were used in this
study to prove the general applicability of our strategy.
A list of the various strains is given in Table 1.

All recombinant genes used in this study were under
the control of the AOX1 promoter. The expressed HRP
gene coded for the isoenzyme HRP C1A. The strain
KM71H PDI HRP concomitantly expressed HRP and
the chaperone protein disulfide isomerase (PDI), which
was under the control of a modified AOX1 promoter
[19]. The strains KM71H, KM71H HRP, KM71H PDI
HRP and CBS7435 HRP were gratefully provided by
Prof. Anton Glieder (Graz University of Technology,
Austria). The strain SMD1168H GalOX was constructed
by Spadiut et al., as described elsewhere [20].

Culture Media

Precultures were performed in complex yeast nitrogen
base media (YNBM), whereas batch and fed batch culti-
vations were done in defined basal salt media (BSM;
[21]). The glucose feed was prepared with glucose (250
gl™), trace element solution PTM1 (12 ml1™") and anti-
foam Struktol J650 (0.3 ml/l). The methanol feed was
composed of methanol (300 g~1’1), PTM1 (4 ml11) and
Struktol J650 (0.3 ml1™). The induction period for HRP
expression was carried out in the presence of 5-Amino-
levulinic acid (3-ALA) in a final concentration of 1 mM.
The concentration of the base NH,OH was determined
by titration with 0.25 M potassium hydrogen phthalate
(KHP).

Experimental Procedure

Preculture

Frozen stocks (-80°C) were precultivated in 100 ml of
YNBM in 1000 ml shake flasks at 28°C and 230 rpm for
max. 24 hours.

Table 1 Different P. pastoris strains used in this study

Strain  phenotype expressed in this study designated
enzyme as
KM71H Mut® - KM71H
KM71H Mut® HRP KM71H HRP
KM71H Mut® PDI and HRP KM71H PDI HRP
(CBS7435 Mut® HRP (CBS7435 HRP
SMD1168H Mut* GaloX SMD1168H GalOX
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Batch cultivation with methanol pulses

Batch cultivations were carried out in a 5 1 working
volume glass bioreactor (Infors, Switzerland) at 28°C
and a fixed agitation speed of 1200 rpm. The culture
was aerated with 1 vvm dried air and off-gas was mea-
sured by using an infrared cell for CO, and a paramag-
netic cell for O, concentration (Servomex, Switzerland).
Process parameters were recorded and logged in a pro-
cess information management system (PIMS; Lucullus,
Biospectra, Switzerland). After the complete consump-
tion of glucose, which was indicated by an increase of
dissolved oxygen and a drop in off-gas activity, the first
methanol pulse (adaptation pulse) with a final concen-
tration of 0.5% (v/v) was conducted with pure methanol
(supplemented with PTM1, 12 ml1™" of methanol). Fol-
lowing pulses were performed with 1% (v/v) concentra-
tion of methanol. For all strains, several pulses were
conducted after the adaptation pulse to generate consis-
tent data for each strain. For each methanol-pulse, at
least two samples were taken to determine the concen-
trations of substrate and product as well as dry cell
weight and ODgqg to calculate the specific substrate
uptake rate ;.

Fed batch cultivations

Fed batch cultivations were carried out in a 5 1 working
volume glass bioreactor (Infors, Switzerland) in 2-fold
concentrated BSM medium at 28°C and 1500 rpm. The
culture was aerated with at least 1 vvm to keep dis-
solved oxygen levels > 30%. In case, air flow was limited,
pure oxygen was added. The fed batch feed was mea-
sured and controlled using a gravimetrically based PID
flow controller. At several time points during fed batch
cultivations, samples were taken and analyzed for accu-
mulated methanol, biomass concentration (dry cell
weight and optical density ODggo) and, if applicable,
enzymatic activity. Based on the total biomass content,
feeding rates were adjusted manually corresponding to
the defined qg set point. All fed batches described in
this study were conducted in the same way: after an
adaptation period at g of 0.5 mmol-g"-h™, a stepwise
increase of s up to qs max Of the respective strain was
carried out with step times of 24 hours.

Analysis of growth- and expression-parameters

Dry cell weight (DCW), ODgqo, substrate concentrations
as well as the catalytic activity of HRP were determined
as described before [18]. However, in this study the
ABTS solution for HRP activity measurements was pre-
pared in 50 mM KH,PO,-buffer at pH 6.5 and the cali-
bration range was expanded to 2.0 U-ml™. Also GalOX
activity was measured with an ABTS assay; i.e. a sample
of diluted enzyme (10 pl) was added to 990 pl of assay
buffer containing horseradish peroxidase (222 U) (Type
VI-A, Sigma-Aldrich, P6782), ABTS (17.7 mg), KH,PO,-
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buffer (50 mM, pH 6.5) and D-galactose (300 mM). The
absorbance change at 420 nm (g459 = 42.3 mM ".cm™)
was recorded at 30°C for 180 seconds. One Unit of
GalOX activity was defined as the amount of enzyme
necessary for the oxidation of 2 umol of ABTS per min,
corresponding to the consumption of 1 pmol of O, per
min. An additional post-translational activation of
GalOX by adding CuSO, to the samples in the presence
of oxygen before activity measurements, as described
elsewhere [20], was not executed.

Specific rate calculations

Batch cultivations

To obtain the specific rates for substrate uptake and
productivity, samples were taken at certain time points
during the methanol pulses (i.e. beginning of pulse,
maximum off-gas of pulse, end of pulse) and analyzed
offline for biomass content, methanol concentration
and, if applicable, enzymatic activity. Determined values
at the beginning and the end of the respective pulse
were used to calculate an average rate of the specific
substrate uptake, which was corrected for stripping
using Antoine’s equation, and the specific productivity.
Errors for specific rates were set to 10%, according to
our previous study [18]. Online calculated carbon diox-
ide evolution rate (CER) was divided by actual biomass
concentrations to obtain the specific carbon dioxide
production rate (qCO,). In addition, a time derivative of
the qCO, signal (i.e. qCO,’) was calculated using a time
window of 30 minutes (15 minutes before and 15 min-
utes after the actual time point).

Fed batch cultures

During different cultivation periods, representing
defined g set points, several samples were taken and
ODgpp measurements were used to calculate the actual
total biomass content, which allowed adjustments of the
methanol feed flow to the actual g5 set point. Specific
rates were calculated using DCW and the amount of
consumed methanol, which was determined gravimetri-
cally. Presented results correspond to an average value
over the respective g5 set point period. Again, errors for
specific rates were set to 10%.

Results and Discussion

A fast approach to derive a minimal set of strain
characteristic parameters relevant for bioprocess
development

Each P. pastoris strain was cultivated in an easy-to-do
batch system with methanol pulses to obtain certain
strain characteristic parameters during the adaptation
period (Atime,q,p¢ - time for adaptation of the culture to
methanol, g .dapt - Specific substrate uptake rate during
the adaptation pulse) and the maximum specific sub-
strate uptake rate (qs max)- These parameters were
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extracted and consecutively transformed into a feeding
profile for fed batch operations based on q.

Adaptation of the culture to methanol

After depletion of glucose in batch cultivation, a metha-
nol adaptation pulse with a final concentration of 0.5%
(v/v) was applied. The time required to develop a maxi-
mum in off-gas activity was used to define Atime,qapt,
according to our previous study [18], and is shown here
as the specific carbon dioxide production rate (qCO,;
Figure 1).

The used strains showed very different metabolic
characteristics during the adaptation to methanol. The
shortest Atime,qa.pe of 3.5 h was detected for the
KM71H strain, which was a Mut® strain, not carrying a
recombinant gene for heterologous protein expression.
The other Mut® strains KM71H HRP, KM71H PDI HRP
and CBS7435 HRP (Figure 1B, C and 1D, respectively)
showed 2-fold longer adaptation times compared to the
KM71H strain (see also Table 2). These results clearly
show that recombinant Pichia strains, which heterolo-
gously produce proteins upon the presence of the indu-
cer methanol, carry an additional biological burden
which significantly changes their metabolism and slows
down their adaptation to methanol.

Surprisingly, the P. pastoris Mut® strain SMD1168H
GalOX showed the longest adaptation time of 14 h (Fig-
ure 1E). However, this maximum was just detected as a
result of methanol depletion and thus Monod kinetics,
rather than representing the real time point of full
methanol adaptation. As shown in Figure 1, the Mut"
strain SMD1168H GalOX showed a very different meta-
bolic behaviour with a flat slope for qCO, compared to
the qCO, curves of the Mut® strains, which might be
due to intracellular regulation and inhibition events,
caused by produced H,O, and the absence of sufficient
catalases in the cells. Regulation events like this have
been described in various systems before [22-24]. Thus,
the determined Atime,g,pe of 14 h for the Mut” strain is
questionable and the cells had probably been adapted to
methanol before.

Consequently, the usefulness of the strain characteris-
tic parameter Atime,qape, especially with regard to the
Mut"® strain SMD1168H GalOX, was checked by intro-
ducing a time derivative of the qCO, signal (qCO5’).
Since qCO, and the specific growth rate p are linearly
related, the maximum of qCO,’ represents the time
point of adaptation of the culture to the new substrate
methanol. At the maximum qCO,’ the cells should be
already fit for further assimilation to methanol, and thus
this point represents a good starting point for consecu-
tive fed batch cultivations without running the risk of
methanol accumulation. A good example for this is
shown in Figure 1A for the strain KM71H, where a ris-
ing slope is shown with a single qCO,” maximum after
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2.1 h. However, the other Mut® strains tested (KM71H
HRP, KM71H PDI HRP and CBS7435 HRP) were char-
acterized by a more bumpy qCO, curve, resulting in a
qCO,’ signal with several shoulders (Figure 1B, C and
1D, respectively). Apparently, the adaptation of these
strains to methanol did not happen as straight-forward
as for the strain KM71H, but with local minima and
maxima of the metabolic capacity probably caused by
regulatory events upon an excess of methanol. For the
Mut"® strain SMD1168H GalOX the specific carbon
dioxide production was rather low compared to the
Mut® strains. The maximum in qCO, was determined
already after 2.7 h, which was by far sooner than the
observed Atime,g,pt of 14 h. The quite constant qCO,’
signal over time (Figure 1E), further supports the fact
that the cell capacity was already adapted to its maxi-
mum after this short time of 2.7 h and that the cells
had been fully adapted to methanol much sooner than
the Atime,gqp¢ of 14 h.

In general, the more detailed analysis of the different
strains in their adaptation to methanol revealed three
different patterns in the qCO,’ signal: 1) with a single
maximum, 2) with several shoulders and 3) a quite con-
stant signal over time. This underlines the necessity for
individual analyses of different strains in order to quan-
titatively characterize them during the adaptation phase
in the presence of methanol excess. Of course, the
observed maximum in off-gas activity is dependent on
the affinity of the cells to the substrate methanol. The
maximum in qCO, could also be reached in terms of
substrate limitation and a consequent drop in the qCO,
signal due to Monod kinetics rather than by the maxi-
mum metabolic adaptation to methanol, which in this
study can clearly be seen for the Mut" strain
SMD1186H GalOX (Figure 1E). However, for all strains
tested in this study, maximum values of qCO," were
reached before the maximum off-gas activity (Figure 1
and Table 2), demonstrating that the applied concentra-
tion of methanol in the adaptation pulse was high
enough to guarantee that the maximum qCO;" was
reached independent of Monod kinetic effects. The
validity of qCO,’ as a reliable signal to detect the adap-
tation of the culture to methanol is further underlined
when analyzing the respiratory quotient (RQ) during the
adaptation pulse, which is exemplarily shown for the
strain KM71H in Figure 2. During the adaptation pulse,
RQ fluctuates with local minima and maxima until the
signal becomes rather constant indicating the adaptation
of the culture to methanol, which actually coincides
with the maximum of qCO,’. Bespoken fluctuations of
RQ at the beginning of the adaptation pulse represent
the differences in catabolic and anabolic activity of the
adapting cells. Similar effects have been observed for
Saccharomyces cerevisiae [22,25,26]. During the
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following pulses, RQ shows a rather constant signal
indicating that the cells had already been adapted to the
new substrate. These findings validate the parameter
qCO;’ as a reliable indicator for methanol adaptation.
However, despite the advantage of describing the time
point of adaptation of the culture to methanol more
accurately, the use of qCO;’ as a parameter to determine

the starting point of the following fed batch could be
risky because of the described fluctuations in qCO, (Fig-
ure 1). On the other hand, the maximum off-gas activity
(Atime,qape) is a parameter which safely describes
methanol adaptation. Another advantage of using
Atime,gqp¢ instead of qCO;’ is the fact that due to no
significant biomass increase during the adaptation
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Table 2 Batch experiments with methanol pulses to determine strain specific parameters of different P. pastoris

strains.
KM71H KM71H HRP? KM71H PDI HRP CBS7435 HRP SMD1168H GalOX
Aimesdapt gatch [h] 35 7 7 75 14

max. qCO,' [h] 2.1 23 5.7 2.5 2.7

Qs adapt 096 + 0.10 0.80 + 0.08 0.56 + 0.06 0.77 £ 0.08 0.48 + 0.05
[mmolgh]

Qs max 194 +0.19 2.00 + 0.20 1.08 £ 0.10 1.54 £ 0.15 262 +0.26
[mmolgw-h'w]

dp max - 25+ 025 63 £ 063 425+ 043 200.8 + 20.1

[Ug"h']

? data taken from [18]
® representing the maximum value determined out of all pulses

pulses, the carbon dioxide evolution rate (CER), which
can easily be derived in online mode, can be used to
determine Atime,g.pt, as also shown in our previous
study [18], and thus describes a valuable online tool for
process monitoring and control. Consequently, we stuck
to Atime,qape @as @ minimum and safe parameter for
complete methanol adaptation, as we have done pre-
viously [18], while the maximum of qCO,’ should be
regarded as a possible minimum prerequisite to start the
fed batch feed.

Determination of the specific substrate uptake rates (q;
adapt and qs max) using batch cultivations with repeated
methanol pulses

The frequent determination of biomass and methanol
concentrations allowed specific rate calculations for
methanol uptake (qs) during the methanol pulses. Adap-
tation pulses of 0.5% (v/v) methanol were used to deter-
mine the parameter (s aqapt (specific substrate uptake
rate during the adaptation pulse) for each strain (Table
2). The knowledge of qs adapt allows the operator to
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Figure 2 Batch cultivation of the strain KM71H with a 0.5% (v/v) methanol pulse for adaptation and 1% (v/v) methanol pulses for g
max determination. Straight line, calculated carbon dioxide evolution rate (CER); dotted line, respiratory quotient RQ (CER/OUR); black dot,
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adjust a specific, optimal flow of methanol during the
adaptation for each single strain, thus preventing metha-
nol accumulation.

After the methanol of the adaptation pulse was
depleted, several pulses with 1% (v/v) methanol were
conducted to determine the maximum specific substrate
uptake rate (qs max) for each P. pastoris strain. In Figure
2, this strategy is exemplarily shown for the Mut® strain
KM71H, for which the specific substrate uptake rate
was calculated with 0.96 + 0.09 mmol-g*-h™" in the
adaptation period (qs adapt) and with 1.94 + 0.19
mmol-g -h! as a maximum during pulses (Figure 2 and
Table 2). All P. pastoris strains were characterized with
the above mentioned strategy and results are summar-
ized in Table 2. Very different values for the single
strain characteristic parameters of the different P. pas-
toris strains were determined and it becomes evident,
that P. pastoris strains require specific conditions for an
optimal adaptation to methanol and that the maximum
levels of methanol uptake differ significantly between
the single strains.

Summing up, our results underline the importance of
analyzing different P. pastoris strains in more detail dur-
ing methanol adaptation and regarding the maximum
substrate uptake rate. By a more detailed analysis of
each strain, which can be done in a fast way by the
strategy described here, the bioprocess-relevant strain
characteristic parameters Atime,gapts Qs adapt aNd qs max
can be easily extracted and used for setting up a conse-
cutive fed batch experiment based on q,. Additionally,
the more detailed individual analysis of each strain dur-
ing the adaptation phase delivers important information
for an early process development.

Fed batch design based on batch cultivations with
methanol pulses

After characterization experiments in batch cultivations,
fed batch experiments using qs based feeding profiles
were carried out, according to our previous study [18].
Besides proving the general applicability of this feeding
strategy on different P. pastoris strains, we wanted to
check for parameter consistency, i.e. whether qs max
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which had been determined in batch experiments
before, could be reached in fed batch cultivations with-
out observable methanol accumulation.

After a batch phase on glucose as substrate (volume
1.5 1), an exponential fed batch cultivation with glucose
yielded in biomass concentrations of up to 70 g/l in a
final volume of 2.5 . As soon as glucose was depleted, a
sample was taken to determine the current biomass
concentration by measuring the ODggo and the DCW.
Afterwards, all cultures were induced with a flow corre-
sponding to a qs below g .qapt to guarantee a certain
safety margin. The observed adaptation times during the
fed batch cultivations for all strains are summarized in
Table 3. All the Mut® strains were characterized by
slightly longer adaptation times in fed-batches compared
to the batch cultivations, which might be due to the
mode of providing methanol, i.e. in batch experiments
methanol was pulsed into the reactor, resulting in a
temporal excess of methanol, whereas in fed batch culti-
vations methanol was slowly fed into the bioreactor
according to the actual biomass content, which is why it
took the cells longer to fully adapt to the new substrate
methanol.

However, the Mut” strain SMD1168H GalOX showed
a completely different behaviour: the adaptation time in
the fed batch was much shorter than the one observed
in the batch experiment, which might be due to the fact
that the sudden excess of methanol in the batch-pulse
experiment resulted in inhibition events caused by pro-
duced H,O, and thus Atime,qap, which had been deter-
mined in the batch experiment, did not really describe
the time point of adaptation of the culture to methanol,
but rather qCO,’ (vide supra).

However, as soon as the maximum in off-gas activity
was reached in the fed batch cultivations, the feed was
increased to 1.0 mmol-g"-h™" and then stepwise (0.5
mmol~g'1oh'1/step) every 24 hours up to s max- Since qs
max for the strain KM71H HRP PDI had been deter-
mined with just 1.08 mmol-g"-h"", smaller increases of
0.25 mmol-g-h™ in the g, steps were performed. This
strategy, describing a stepwise increase of qs to Qs maxs
was chosen to allow the detection of possible

Table 3 Results of dynamic fed batch cultivations of different P. pastoris strains based on ;.

KM71H KM71H HRP? KM71H PDI HRP CBS7435 HRP SMD1168H GalOx
MiMegapt Fedbatch (] 55 97 104 92 53

0s max determined in batch experiments 194 +0.19 200 + 0.21 1.08 £ 0.10 154 +0.15 262 +0.26
[mmolzg'w-h'w}

gs reached without methanol accumulation 179 £ 0.18 192 +0.19 122 +£0.12 164 +0.16 244 + 024
[mmolgh]

do maxb - 11.0 £ 1.10 709 £ 0.10 648 £ 0.65 139 £ 139

[Ug™h]

@ data taken from [18]
b representing the maximum value determined out of all g5 periods
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dependencies between g, and qj,. At several time points
during each step, samples were taken and, based on the
apparent biomass content (estimated by ODgo, measure-
ments) feeding rates were adjusted manually corre-
sponding to the defined g5 set point. Since these regular
adjustments of g4 to the actual biomass content were
performed, the feeding profile actually represented an
accelerated exponential feeding profile, which has pro-
ven to result in higher specific productivities compared
to other feeding profiles tested [18].

In Figure 3, this fed batch strategy, which was applied
for all P. pastoris strains in this study, is exemplarily
shown for the Mut® strain KM71H and the Mut" strain
SMD1186H GalOX. The g set points were increased
stepwise to a value of 2.00 mmol-g"-h* for the KM71H
strain, and, as shown in Figure 3A, methanol accumula-
tion was only observed when the feeding rate exceeded
values above the respective g max of 1.94 + 0.19
mmol-g *-h™". When we stopped feeding after ~ 70 h,
the accumulated methanol was consumed immediately.

' Y
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Figure 3 Fed batch cultivations of different P. pastoris strains
on methanol with a stepwise increase of g to gs max. A P.
pastoris Mut® strain KM71H; B, P. pastoris Mut" strain SMD1186H
GalOX; straight line, set point for g black dot, calculated g5 values;
black triangle, methanol concentration in the supernatant.
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For the strain SMD1168H GalOX, the q; set point was
stepwise increased to 2.5 mmol-g "h™" (qs max = 2.62
mmol-g"-h™") and no methanol accumulation was
detected when these q, steps were conducted (Figure
3B). The same dynamic feeding strategy was applied to
the other P. pastoris strains and all essential results are
summarized in Table 3.

As shown in Table 3, values for qg ., which had
been determined in batch pulsing experiments before,
were reached in fed batch experiments without metha-
nol accumulation. However, when g set points were
further increased, methanol accumulation was observed.
This proves that the values for qs . from batch experi-
ments can be found again in consecutive fed batch
experiments for different P. pastoris strains and thus
shows the great potential of this approach: by determin-
ing qs max in fast and easy-to-do batch experiments, the
operator does not run the risk of overfeeding methanol
in consecutive fed batch cultivations. However, we
recommend a maximum feed flow below qg .y to guar-
antee a certain safety margin.

Regarding the productivity, for all the strains, except
for SMD1168H GalOX, same or even higher specific
productivities were obtained in fed batch cultures com-
pared to the batch experiments, signifying that volu-
metric productivities were higher in fed batch
cultivations compared to batch experiments (Table 2
and Table 3). This shows that our approach employing
dynamic feeding profiles [18] can be successfully applied
on different P. pastoris strains. The lower q, max of the
strain SMD1168H GalOX in fed batch cultivation prob-
ably resulted from copper-limitation [20], but was not
investigated any further, since it was not goal of this
study to optimize the production of recombinant
enzymes of the single P. pastoris strains.

Summing up, in this study we show the general
applicability of a fast approach to determine certain
strain characteristic parameters, which were extracted
out of batch experiments and were verified in subse-
quent fed batch cultures of different P. pastoris strains,
making this approach a valuable tool for fast bioprocess
development.

Conclusions

In the present study we prove that the fast approach to
determine bioprocess-relevant strain characteristic para-
meters and the novel dynamic feeding strategy based on
qs» which we have described recently for one recombi-
nant P. pastoris strain [18], are applicable for a variety
of P. pastoris strains with different phenotypes produ-
cing different recombinant proteins. This underlines the
great potential of this strategy as a fast and simple tool
to quantify a minimal set of parameters needed to set



Dietzsch et al. Microbial Cell Factories 2011, 10:85
http://www.microbialcellfactories.com/content/10/1/85

up consecutive fed batch regimes, which is particularly
important for industry, where a fast process develop-
ment is essential.

Our strategy describes:

1. a batch experiment with

+ a 0.5% (v/v) methanol adaptation pulse to deter-
mine Atime,dape and q adapt

« at least 4 consecutive 1.0% (v/v) methanol pulses
to determine (s max

2. a dynamic fed batch feeding strategy based on g,
where after the adaptation of the culture to metha-
nol (described by a maximum in off-gas activity), qs
set points can be increased to s max Without obser-
vable methanol accumulation

We further show that a detailed analysis of the adapta-
tion to methanol reveals a variability of adaptation charac-
teristics of the different strains, highlighting that an
individual analysis of potentially new strains in this respect
is required to allow quantitative strain characterization
and to derive parameters necessary for a consecutive fed
batch set-up. The parameter Atime,q,p safely describes
the transition condition during methanol adaptation. Since
also the carbon dioxide evolution rate (CER), as well as the
oxygen uptake rate (OUR), can be used to determine
Atime,qapy, it further describes an online available data
source allowing real-time monitoring and controlling of
bioprocesses, which is essential under the aspect of Pro-
cess Analytical Technology (PAT).

In this study we show that easy-to-do batch experi-
ments with methanol pulses delivered valid and safe
strain characteristic parameters which were consistent
and precise enough to set up fed batch feeding profiles
based on the specific substrate uptake rate. Our strategy
is faster than the usually used continuous cultures or
consecutive fed batch cultivations, and therefore allows
faster process development. Besides, the strategy
described here can be carried out using standard equip-
ment without the need of cost-intensive tools; only a
standard bioreactor connected to an off-gas analysis sys-
tem and an HPLC or GC to determine methanol con-
centrations are required to carry out the experiments.

List of Abbreviations

Atime,gap:: Mtime for adaptation of the culture to the new substrate
(methanol) [h]; w: specific growth rate [h']; ABTS: 2, 2" azino bis 3-
ethylbenzthiazoline-6-sulphonic acid; CER- carbon dioxide evolution rate
[mmol"-h™"]; d(qCO,)/dt: derivative of gCO5; DCW: dry cell weight; HPLC:
high performance liquid chromatography; HRP: horseradish peroxidise;
GalOX: galactose 6-oxidase; Mut*: methanol utilization phenotype; wildtype;
Mut®: methanol utilization slow phenotype; ODsgqo: Optical density at 600 nm
[AU]; PID: proportional-integrative-derivative controller; qCO,: specific carbon
dioxide production rate [mmol-g"-h']; gCO," derivative of qCO; gp: specific
productivity [Ugh™']; Qs aaape: SPecific substrate uptake rate during
adaptation [mmol-g™h]; g, max: Maximum specific substrate uptake rate
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[mmol-g-h™"]; g specific substrate uptake rate [mmol-g™"-h™']; rpm: rounds
per minute; RQ: respiratory quotient; Vvm: volume gas flow per volume
liquid per minute
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