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Introduction

1 Introduction

1.1 Beer gushing
Gushing denotes a physical phenomenon occurring in a wide variety of carbonated
beverages. It describes the spontaneous overfoaming of a bottled drink upon opening,
without previous agitation. Gushing was described in carbonated fruit juices, sparkling wines
and ciders, but is most remarkable in beer (Beattie, 1951; Fischer, 2001; Pellaud, 2002;
Schumacher, 2002) with high annual economic losses for the brewing industry. Gushing beer
batches are unsaleable and have to be withdrawn from the market. Moreover, if gushing
occurs in the consumer's hand, the brewery’s image and market share might suffer
considerably (Bellmer, 1995).
Even though the phenomenon is known since bottling of beer became popular in England
around 1650 (Beattie, 1951), the first scientific treatment of beer gushing was published only
in 1909 (Pellaud, 2002). Since this first publication a lot of research has been carried out to
describe, evaluate, and analyze the overfoaming of beer and other beverages. Further, even
more important to industries is the fact that research has been focused on finding ways to
prevent gushing incidence and on elucidating the mechanisms involved. However, since
gushing proved to be a multicausal phenomenon, no clear mechanism has been devised by
research to date (Gastl et al., 2008; Pellaud, 2002).
Basically, the occurrence of beer gushing is first of all driven by carbon dioxide, which is
produced by yeast cells during beer fermentation under anaerobic conditions (Deckers et al.,
2010; Pellaud, 2002). It can be demonstrated that 99 % of the beer’s carbon dioxide is freely
dissolved in the liquid part of a beer when it is in a bottle (Guggenberger, 1962). Bottle
opening results in a pressure decrease from 4 to 1 bar, leading to an abrupt change in the
solution equilibrium of CO; and forces a portion of the carbon dioxide from the water soluble
state into the gas phase. This leads to depletion of CO, super saturation by bubble formation
and ascendance of gas into the atmosphere as bubbles (Liger-Belair, 2005; Pellaud, 2002).
Bubble formation has been described as one of the key factors in gushing-research. A
homogenous nucleation process with de novo bubble formation, which describes the bubble
development in absolutely pure water, can be excluded for the regarded system beer. The
necessary super saturation of CO, (25 g/L at 10 °C) is never reached in beer or any other
carbonated beverage. As a consequence, evaporation of CO, in beer happens through
aggregation at condensation nuclei (Draeger, 1996; Fischer, 2001; Gardner, 1973; Pellaud,
2002). This type of bubble formation is called heterologous nucleation, and is limited by the
1
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concentration of nucleation sites present in the beverage (Draeger, 1996). It is therefore
widely assumed that in gushing beverages the concentration of such nuclei, present and
accessible for gas to evaporate, is much higher as compared to non-gushing beverages,
leading to faster bubble formation and liberation (Draeger, 1996; Pellaud, 2002). Depending
on the type of nuclei present for bubble formation, gushing is classified into secondary and

primary gushing (Gjertsen et al., 1963).

1.1.1 Secondary gushing

Secondary gushing results from organic or inorganic particulate matter present in the beer
and from other failures clearly assignable to the brewing technology currently used to
produce a particular batch of beer. Small particles can act as nucleation sites for evaporation
of CO,, which results in fast release of gas and leads to overfoaming of the beverage.
Particles that cause secondary gushing can be crystals of calcium oxalate, Kieselgur, metal
ions, such as iron or heavy metals, or bottle surface roughness as summarized by Pellaud
(2002). Residues of cleansing agents, abrasion of crown caps and residual filter materials
were also reported to cause gushing (Draeger, 1996; Wershofen, 2004). Other detrimental
physical factors can be over-carbonation, high temperature during filling as well as high
volume of air in the headspace of a bottle (Pellaud, 2002; Wershofen, 2004). Secondary
gushing is characterized by sporadic occurrence in a particular brewery (Garbe et al., 2004).
This type of gushing can generally be handled using good manufacturing practice and

appropriate management and process design.

1.1.2 Primary gushing

In contrast to secondary gushing, primary gushing occurs periodically and epidemically after
extremely humid summers. It affects the entire production volume of beer produced from one
malt lot (Bellmer, 1995; Casey, 1996). Curtis et al. (1961) speculated that the factors
inducing primary gushing might originate from the malt used for beer production. In those
early days of gushing research it was already suspected that mould infestation of grain with
fungi of the genus Fusarium may be the cause of beer gushing (Draeger, 1996). Today it is
generally accepted that Fusarium infected grain is the major cause of primary gushing in
beer. Some Fusarium spp. are causal agents for the Fusarium head blight (FHB) disease of
cereals, including brewing crops such as barley and wheat. Next to yield loss and mycotoxin
contamination, gushing was found to be a great damage due to FHB outbreaks. Fusarium

infection is greater in years with high humidity and rainfall during vegetation periods. This

2
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explains the periodic and regional nature of the occurrence of the gushing phenomenon
(Goswami & Kistler, 2004; Sarlin et al., 2005a; Schwarz et al., 1996; Wagacha & Muthomi,
2007). It was shown that species such as F. graminearum, F. culmorum, F. avenaceum and
F. sporotrichioides had more impact on gushing than others (Niessen et al., 1992; Sarlin et
al., 2012). However, it has also been postulated that non Fusarium fungi such as Aspergillus
spp., Alternaria alternata, Microdochium nivale or Rhizopus stolonifer may be connected to
the occurrence of gushing (Casey, 1996; Narzil3, 1995).

In recent research it was demonstrated that hydrophobin proteins act as gushing factors
(Haikara et al., 1999; Kleemola et al., 2001). These proteins are produced and secreted by
filamentous fungi during plant infection (Ebbole, 1997; Wosten & Wessels, 1997). By usage
of contaminated grain and malt for brewing, hydrophobin proteins are transferred into the

finished beer where they can promote gushing.

1.2 Approaches for the prevention of gushing in beer

1.2.1 Technical methods to prevent gushing

The occurrence of gushing is a problematic issue in breweries due to losses of beer and
unsaleability of affected batches. To avoid primary gushing as induced by hydrophobins,
several approaches have been proposed. One approach to overcome gushing has been shown
to be the addition of gushing reducing substances during the brewing process. Hop oils have
been proven to exhibit gushing reducing properties and can be added into the brewing
process, although the taste and flavor of the beer may suffer (Gardner et al., 1973;
Shokribousjein et al., 2011). Also the addition of proteases, which would degrade
hydrophobin proteins, was suggested as a strategy for gushing reduction. However, the
success of such a measure remains doubtful because also other beer proteins important for
foam formation or haze stability may also be degraded along with hydrophobins
(Shokribousjein et al., 2011). In addition, at least class 1 hydrophobins show high stability
against proteolytic cleavage (Aimanianda et al., 2009; Wdosten & Wessels, 1997). Moreover,
for German breweries, which produce beer according to the German law of purity
(Reinheitsgebot), no other ingredients except water, malt, hop and yeast are permitted as raw
materials. The company Erbsloh (Erbsloh Geisenheim AG, Geisenheim, Germany) markets a
substance called AnGus'>'°®, which is comprised of a mixture of silicates enriched with

calcium. The addition of AnGus"'®® into the mashing phase during brewing results in
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aggregation and binding of oxalate. According to the company, this addition would comply
with the law of purity. Various proteins, including hydrophobins present in the mash, will be
bound and removed from the mash with the spent grain fraction (Miiller et al., 2013).
However, as with the application of proteases, not only hydrophobin proteins are likely to be
affected, but also proteins with positive impact on beer flavor and foam.

In another approach filtration of gushing beer through nylon powder was suggested as a
means of removing gushing inducing materials from the beverage. The hydrophobic nylon
material will bind and remove hydrophobic particles, including hydrophobin proteins.
Because of the high amount of nylon powder needed, application in the industry is, however,
not realistic (Deckers et al., 2010; Gardner, 1973; Hudson, 1962). In effect, all measures
proposed to influence and reduce gushing directly, either during beer production or in the
finished product, are not always easily applied and include disadvantages, such as the
removal of beer foam proteins and flavor components, or are in contradiction to the German

law of purity.

1.2.2 Tests for gushing prediction

The addition of gushing-reducing substances during brewing is not suitable for the purpose of
brewing. Therefore, avoidance of gushing is attempted to be achieved by use of raw material
without gushing potential. Currently, it is common practice in the brewing industry to
determine the gushing potential of malt prior to its actual processing. A malt lot, which has
been tested to have a potential to induce gushing, will be either rejected by a brewery or is
blended with gushing negative malt in order to reduce the gushing potential. By blending, the
concentration of gushing inducing material, i.e. hydrophobin proteins, is thought to reach a
level below a critical limit (Garbe et al., 2004, Christian et al., 2009). Sarlin and co-workers
experimentally determined a minimum level of 250 ppm hydrophobin in malt, above which
malt shows a positive gushing potential. However, because of the different gushing inducing
capabilities of different hydrophobin proteins, the critical level cannot be clearly defined
(Sarlin et al., 2005b).

Counting of Fusarium-infected kernels or the determination of mycotoxin levels as a marker
for Fusarium infection have been used as an indirect measure to determine the gushing
inducing potential of malt lots. However, estimating a gushing potential by means of
calculating fungal contamination of barley or malt proved to be insufficient (Bellmer, 1995;
Narzif3 et al., 1990). Also the determination of mycotoxins produced by fungi, which was

linked to the fungal biomass only to a limited extent, was used as predictive test for gushing
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occurrence (Garbe et al., 2004; Niessen, 1993; Schwarz et al., 1996). However, different
levels of mycotoxins are produced by different fungal species, and the production of the
compounds varies with factors such as environmental conditions, agricultural practice or
cereal cultivar (Bellmer, 1995; Sarlin et al., 2005a). Therefore, also mycotoxins proved not to
be a reliable predictor for gushing. Furthermore, both values, fungal biomass and mycotoxin
level, can only be correlated to a limited extent to the severity of gushing and to the level of
the gushing factor hydrophobin (Sarlin et al., 2005b; Schwarz et al, 1996).

In previous research, two predictive gushing tests were developed and are currently widely
used to determine the gushing potential of raw materials. The Donhauser test uses unmalted
wheat or barley but can also be performed with malted grain. The sample is ground in a lab
mill and extracted with water under boiling (in case of malt) or without boiling (in case of
unmalted cereals). In the latter case, extracts are filtered and boiled. After cooling, trub is
separated from both types of extracts by centrifugation. Clear extracts are carbonated to a
standardized CO; content and filled in new standard glass bottles common in trade, which are
shaken under standardized conditions. After opening, the amount of overflowing extract is
used as an indirect measure for the gushing potential (Donhauser et al., 1990; MEBAK III,
1996). In the more commonly used modified Carlsberg test (MCT), ground malted or
unmalted cereals are extracted with water. After filtration and reduction of the volume by
boiling, extracts are added to standardize carbonated water (Bonaqa®) followed by defined
shaking of the bottles. The weight of the overflow upon opening is used as a measure of the
gushing potential of the examined sample (MEBAK III, 1996; Rath, 2008).

Furthermore, a PCR based method named loop-mediated isothermal amplification assay
(LAMP) has recently been developed. Results of the assay correlated to gushing potentials of
malt samples determined with the MCT. In the assay procedure, a partial sequence of the
hydrophobin coding hyd5 gene is amplified from typical gushing inducing Fusarium spp.
under isothermal conditions. Analysis of malt and grain samples was done to evaluate the
assay and authors claimed it to be more convincing than results of the MCT in corresponding
samples (Denschlag et al., 2013).

A new method was recently proposed, which can be additionally performed on samples
previously tested by the MCT. Micro bubbles, which were found to be associated with beer
gushing, are detected by dynamic light scattering (DLS). Presence of 100 nm particles
indicating the presence of micro bubbles stabilized by hydrophobin proteins, are used as

evidence for the presence of a gushing potential (Deckers et al., 2012b; Deckers et al. 2011).
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Direct detection of hydrophobin proteins would allow the most reliable gushing prediction.
An ELISA assay was developed by Sarlin and co-workers, which can be used to quantify
hydrophobin proteins in order to predict the gushing potential of raw materials (Sarlin et al.,
2005b; Sarlin et al., 2007). In this procedure, the used antibodies detect a hydrophobin of
Fusarium poae. To the author’s knowledge, this method is not yet applied widely for gushing

prediction in the brewing industry.

1.3 Stability of micro bubbles

As already mentioned in section 1.1, the amount of active condensation nuclei present in a
bottled beverage is important for bubble development and gushing occurrence. Micro
bubbles are believed to act as condensation sites for evaporation of CO, (Draeger, 1996;
Gardner, 1973). According to the Laplace equation (1), stable micro bubbles can be formed
when the pressure inside the bubble (Pg) is equal to the pressure on the outside of the bubble
(Ps) (Yount, 1982). In a system which is in equilibrium, however, the surface tension at the
gas/water interface surrounding the bubble (o) exerts high pressure on the bubble, according
to Laplace equation. Because surface tension ¢ increases with decreasing bubble diameter
(D), this pressure component is more pronounced in small bubbles than in bigger ones.
Smaller bubbles are therefore forced to shrink in order to fit the Laplace equation. This

results in the evanescence and eventually disappearance of small bubbles.

Laplace equation AP = PB — PS = 4.?0
In contrast, bubbles with a size exceeding the critical diameter will be lifted to the surface of
the liquid due to buoyancy. As a consequence no stable bubble will remain in a pure system
since they either shrink or ascend depending on the original bubble size.

Stable micro bubbles, which can act as condensation nuclei for carbon dioxide, are only
possible if the surface tension ¢ at the gas/water interfaces tends against zero. A decrease of
the surface tension will result if surface active substances are present in the interface layer
surrounding the bubble. However, a surface tension near zero cannot be reached by mere
adsorption of surface active molecules (Fischer, 2001). The varying permeability model
designed by Yount and co-workers proposes a stable micro bubble formation by formation of

rigid surfactant films at the bubble surface under compression (Yount, 1979, 1982). They
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postulated that if during compression the time for diffusion equilibrium is too short, the
surfactant film will become impermeable. The increasing skin compression will act against
surface tension, thus preventing further shrinkage of bubbles and promotion of the formation
of stable micro bubbles (Yount, 1979, 1982). If proteins serve as surface active particles, the
protein film formed at the bubble surface further provides mechanical strength upon
compression by bubble shrinkage, preventing further bubble reduction (Fischer, 2001;
Pellaud, 2002). This permeability model can explain the occurrence of micro bubbles in

carbonated beverages, which are the actual gushing driving force.

1.4 Surface active beer proteins

As previously explained in chapter 1.3, micro bubble stabilization can be achieved by
adsorption of surface active substances at the bubble surface. In beer particular hop
compounds as well as fatty acids and proteins are highly surface active and may be relevant
in micro bubble stabilization and gushing. Some hop compounds were observed to be
gushing promoters: dehydrated humulinic acid as well as oxidated forms of iso-o-acids
induce gushing and positively influence over foaming (Shokribousjein et al., 2011).
However, most of the surface active hop substances present in beer cannot form a solid
surface layer at hydrophobic/hydrophilic interfaces and therefore play no role in primary
micro bubble formation according to the permeability model (Gardner, 1972; Yount, 1979,
1982). In fact some hop compounds, such like iso-a-acids, dry hop oil and linalool were
shown to have a reducing impact on beer gushing (Gardner, 1972; Gardner et al, 1973;
Lutterschmid et al., 2010, 2011). Next to hop acids, high molecular protein molecules mainly
play a role in formation and stability of beer foam since they are surface active compounds
(Evans & Bamforth, 2008; Narzif3, 1995). Interactions between surface active compounds on
a molecular level is believed to be important for accomplishing high quality beer foam
(Jégou et al., 2000; Simpson & Hughes, 1994; Serensen et al., 1993). Proteins nsLtpl,
protein Z, and species derived from hordein and glutelin were found to be associated with
beer foam formation and stability (Evans & Bamforth, 2008; Serensen et al., 1993). The
major beer protein is protein Z with 50-200 mg/L, followed by nsLtpl with 50-90 mg/L
(Leisegang & Stahl, 2005).
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1.4.1 nsLtpl

Beer protein nsLtpl derives from the barley grain. This alkaline protein of Hordeum vulgare
is present in the aleuron layer in high concentrations. Its primary structure consists of 91 aa
and has a molecular weight of 9.7 kDa. nsLtpl belongs to a multigenic class of proteins,
which are ubiquitous in the plant kingdom. Their name stands for non-specific lipid transfer
protein since they were shown to have in vitro lipid transfer activity (Breu et al., 1989;
Douliez et al., 2000). However, their in vivo function within the plant is still unknown.
Because of the presence of a signal peptide domain in the mRNA translated protein sequence,
secretion and extracellular functions can be assumed (Douliez et al., 2000; Kader, 1996).
Induced expression of ns/tp genes in barley plants upon infection with fungi, as well as the
antimicrobial activity of barley nsLtp proteins in vitro, have led to the assumption of a role in
pathogen defense (Garcia-Olmedo et al., 1995; Molina et al., 1993). For the nsLtp protein of
rough lemon also an increased expression upon fungal infection and antifungal activity was
shown (Nishimura et al., 2008). Also gene induction by stress factors such as cold, drought,
and high salt concentrations was reported (Dunn et al., 1991; Hughes et. al, 1992; Soufleri et
al., 1996; Torres-Schumann et al., 1992). In addition, a protease inhibiting property was
shown for barley nsLtpl. The activity of some serine proteases, cysteine proteases, and green
malt proteases was reduced upon contact with the protein. A role of nsLtpl in silencing such
proteases during germination until their activity is required was suggested for malting (Jones
& Marinac, 2000).

All plant nsLtp proteins contain a conserved pattern of 8 cysteine residues, which are
involved in 4 intramolecular disulphide bonds (Kader, 1996). The secondary structure is
characterized by a four helix topology. Involving conserved hydrophobic residues, a
hydrophobic cavity is formed in the secondary structure of the protein. This is a potential site
for interaction with lipids or amphiphilic ligands (Douliez et al., 2000; Heinemann et al.,
1996). nsLtpl is capable of binding a wide variety of lipids (Pacios et al., 2012). By
capturing and removing foam negative lipids, this lipid binding property probably contributes
to beer foam stability (Evans & Bamforth, 2008; van Nierop et al., 2004).

Barley nsLtpl is highly stable against protease activity and heat denaturation with a melting
point above 100 °C. This results in stability and survival of the protein during the brewing
process (Lindorff-Larsen & Winther, 2001). It is surface active and able to bind to air/water
interfaces (Subirade et al., 1995). However, native barley nsLtp1 exhibits only poor foaming
potential, in contrast to the modified form, which is found in beer (Serensen et al., 1993).

Glycation of the protein by Maillard reaction as well as acylation were demonstrated during
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malting and mashing. Furthermore, structural unfolding during the boiling process occurs
under the chemically reducing conditions prevailing in the wort (Jégou et al., 2000, 2001;
Mills et al., 2009; Perrocheau et al., 2006). All these modifications increase the amphiphilic
character of the protein (Douliez et al., 2000). Substances which have a reducing effect on
gushing are believed to be surface active, which is the case for barley or wheat nsLtpl
present in beer. Indeed, a correlation between the severity of gushing and the level of nsLtpl
in beer has been described. Zapf et al. (2005) found that only half of the level of wheat nsLtp
was present in a gushing wheat beer as compared to non-gushing wheat beer of comparable
make. Hippeli and Hecht reported similar results in gushing wheat beer. They supposed that
degradation of nsLtpl may occur in infected malt due to activity of Fusarium proteases as an
explanation for the decrease in nsLtpl levels. Authors suggested that proteolytic degradation
products of nsLtpl might work as gushing inducers (Hippeli & Hecht, 2007). Still in current
literature this assumption leads to the ambiguous conclusion that nsLtpl serves as gushing
promoter. However, Lutterschimd and co-workers (2011) were able to demonstrate that
transgenic barley nsLtpl reduced hydrophobin induced gushing, especially after previous
heat treatment in synthetic wort. As an alternative to the nsLtpl fragmentation theory,
Niessen et al. (2006) speculated that nsLtp1 together with amphiphilic fungal proteins, e.g.
hydrophobins, might accumulate at the water/gas interface of CO, bubbles in the beer to
result in a mixed protein layer surrounding a bubble. As a result, the bubble layer becomes
more unstable against expansion and will burst upon pressure release and bubble growth.
Deriving fragments of the bubble skin will act as further condensation nuclei for additional
liberation of CO,. Thus, although nsLtpl may not be the agent stabilizing micro bubbles
responsible for gushing, the level of nsLtpl can be presumed to be an important gushing

determinator.

1.4.2 Protein Z4

Protein Z is another main beer protein, which is present in even higher concentrations than
nsLtpl. It makes up 10-25 % of total dialyzable beer protein (Hejgaard & Kaersgaard, 1983;
Kaersgaard & Hejgaard, 1979). As with nsLtpl, albumin protein Z derives from H. vulgare,
where three isoforms occur. Of these, mainly proteins Z4 and Z7 are found in beer, whereas
isoform Zx is generally less abundant and only present in traces in beer (Fasoli et al., 2010;
Ostergaard et al., 2004; Roberts et al., 2003). Proteins Z7 and Z4, which are encoded on

chromosomes 7 and 4 (hence the name), respectively, share 75 % protein identity (Hejgaard
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& Kaersgaard, 1983; Ostergaard et al., 2000). 80 % of the total beer protein Z content,
however, accounts to Z4 (Evans & Hejgaard, 1999).

74 is encoded by the Pazl gene, which consists of 3133 bp with a 334 bp long intronic
sequence. The mature protein has a size of 43.1 kDa with 399 aa in length. No signal peptide
is known to exist. However, an internal 21 aa long hydrophobic region may serve as signal,
targeting Z4 into the endoplasmatic reticulum (Brandt et al., 1990). Both isoforms, Z4 and
77, are mainly expressed in the maturing grain. Proteins are deposited into the starchy
endosperm and into the subaleuron layer. In addition, some expression of genes was also
found in vegetative plant tissues such like roots and leaves. Zx, on the other hand, was not
found in germinating barley (Roberts et al., 2003). Because of a high content of lysine, a role
for protein Z as storage protein in the grain was suggested (Finnie et al., 2002). Protein Z
contains 20 lysine residues per molecule and makes up 5 % of total grain lysine (Hejgaard,
1982). Moreover, protein Z is present in the grain as thiol-bound and free form, and during
germination, a significant number of bound forms are released (Hejgaard & Boisen, 1980;
Ostergaard et al., 2004; Rosenkrands et al., 1994). Yet the function as storage protein is
controversial. Because of sequence similarities, protein Z belongs to the serpin protein
family, which is an acronym for serine protease inhibitor (Hejgaard et al., 1985). Serpin
proteins are metastable. Their native form is relatively instable, but it gains high stability
after structural change during protease inhibition. Protein Z in the grain can function as a
protease inhibitor of proteolytic enzymes produced during germination. Thus, protein Z
becomes resistant to degradation and consequently is inappropriate as a storage protein
(Roberts et al., 2003).

Protein Z was the first serpin that was identified in plants (Brandt et al., 1990; Hejgaard et al.,
1985). Protein Z4 shows 25-30 % homology to mammalian serpin proteins with highly
conserved internal amino acid clusters also conserved in Z4 (Brandt et al., 1990). Serpins are
a family of serine protease inhibitors that inactivate serine proteases in an irreversible suicide
like inhibition process. The native serpin structure contains, next to a reactive centre loop
(RCL), three B-sheets (A-C) and eight to nine a-helices (A-I) (Devlin & Bottomley, 2005).
During the process of inhibition, a serpin-protease complex is formed. The reactive site, i.e.
the active serine, of the protease interacts with the RCL of the serpin protein which mimics a
protease’s bait. By this the catalytic site of the protease is disrupted, inactivating the enzyme.
The structurally disordered protease is now accessible to degradation. On the other hand, the
serpin protein is cleaved at the RCL and is structurally rearranged. The cleaved RCL is

inserted into one B-sheet of the molecule, leading to a relaxation state comprising lower free
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energy (Devlin & Bottomley, 2005; Huntington et al., 2000). A more stable form of the
serpin results, which possesses enhanced thermal stability and conformational stability
(Bruch et al., 1988; Horvath et al., 2005; Huntington et al., 2000). The structural changes of

serpin upon protease inactivation are shown in Figure 1.

Figure 1: Structural rearrangement of a serpin molecule during protease inhibition according to
Huntington et al., 2011. Left: the serpin in native form is displayed with the hinge region indicated by a
circle. By binding a protease a serpin-protease complex (middle) is formed by which the RCL is cleaved
resulting after release in a cleaved serpin form (right) with the RCL inserted into a B-sheet. The RCL is
shown in light yellow. B-sheets in the molecule are marked red.

Instead of having a role as storage protein, it was suggested that protein Z functions as a
protector for storage proteins. Protein Z protects by either shielding grain proteins from
endogenous plant proteases by regulating endogenous proteolytic events, or by inactivating
gut enzymes such as trypsin or chymotrypsin and thus enabling seed dispersal by animals
(Roberts et al., 2003). A function in pathogen defense has also been assumed since
expression of protease inhibitors was increased in plants upon fungal infection or contact
with insects (Casaretto & Corcuera, 1998; Cordero et al., 1994). Further, a plant serpin
protein was correlated to a reduction of survival and reproduction rates in aphids (Yoo et al.,
2000). For the barley serpin protein Z, no endogenous target proteases are known to date. /n
vitro studies showed that Z4 was no inactivator for the mammalian proteases trypsin,
chymotrypsin or elastase. However, it was able to inhibit cathepsin G (Dahl et al., 1996;
Hejgaard et al., 1985).

The stability, which is acquired by structural unfolding during protease inactivation, is

believed to enable protein Z to survive the brewing process. During germination most of the
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proteins Z4 and Z7 were converted to the cleaved serpin form. However, during the kilning
process of malting 10-30 % of protein Z is lost (Evans & Hejgaard, 1999). In fact the
proposed temperature and pH stability of protein Z only was shown by application of an
immunoelectrophoretic detection method (Hejgaard, 1982). Similar to nsLtp1, also protein Z
is modified during the malting process. Glycation occurs predominantly at the lysine residues
with both pentoses and hexoses (Bobalova et al., 2010; Hejgaard & Kaersgaard, 1983; Leiper
et al., 2003). Apart from glycation, virtually no further detectable changes of protein Z
occurred throughout malting and brewing processes (Mills et al., 1998). The presence of
different modified forms in beer can be visualized by SDS-PAGE analysis with a diffuse
protein cloud detectable in gels in a size range corresponding to protein Z (Curioni et al.,
1995; Hejgaard & Kaersgaard, 1983; Tanner et al., 2013).

The ability to withstand the conditions present during brewing with simultaneous glycation
makes protein Z a candidate protein for foam formation. In addition, protein Z is generally
rich in hydrophobic amino acids (Hejgaard, 1982), resembling structural features of an
amphiphilic protein. Based on its high surface activity, protein Z was claimed to be the beer
protein with the highest surface viscosity and elasticity properties (Maeda et al., 1991; Yokoi
et al., 1989) and was thus presumed to be a major foam protein in beer (Evans et al., 1999;
Kaersgaard & Hejgaard, 1979). Experimental evidence linking protein Z to beer foam
stability, however, resulted in contradictory conclusions. According to part of the literature,
protein Z was not detected in the foam fraction of beer at all (Leiper et al., 2003). Moreover,
the stability and quantity of beer foam was not influenced by partial removal of protein Z
from beer through immune affinity chromatography (Hollemans & Tonies, 1989; Vaag et al.,
1999). Also beers brewed with barley deficient in protein Z species showed no decrease in
foam stability (Iimure et al., 2012). In other studies, foam positive properties of protein Z
were confirmed. Protein Z was linked to foam stability by demonstrating its presence in beer
foam (Hejgaard & Kaersgaard, 1983; Yokoi et al., 1989). In 2-D gel analysis of different
beers the intensity of the spot corresponding to protein Z was increased in beers with better
foaming properties. Thus, a link between protein Z and foam stability was shown to exist
(Iimure et al., 2008). Also Evans and co-workers positively correlated protein Z4, but not Z7,
to foam stability. It was thus suggested, that only a specific form of protein Z, namely protein
Z4, may contribute to foam stability (Evans et al., 1999).

In conclusion, from the results described, an interaction of protein Z4 and other beer proteins,
such as nsLtpl, has been proposed to be necessary for the formation of proper beer foam

(Douma et al., 1997). Also the assumption was made, that nsLtpl proteins and hops are
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responsible for foam formation, whereas protein Z plays a role in further stabilizing the foam
once it has formed (Leiper et al., 2003; Serensen et al., 1993). To date no data have been

presented which would indicate a link between protein Z and the gushing phenomenon.

1.5 Hydrophobins

A gushing factor responsible for primary gushing was identified as hydrophobin proteins
(Haikara et al.,, 1999; Kleemola et al., 2001). These fungal proteins are structurally
amphiphilic and display great surface activity (Linder et al., 2005; Wosten et al., 1999). They
are secreted by filamentous fungi during plant infection and thereby can be present in grain
or malt used for brewing (Ebbole, 1997; Wosten & Wessels, 1997). Growth and hydrophobin
production may further continue during malting (Oliveira et al., 2012; Sarlin et al., 2007;
Schwarz et al, 1995). Since hydrophobins are quite stable and can at least partly withstand
the conditions of brewing, they may even get into the finished product. Sarlin et al. (2007)
speculated that about 10 % of the initial hydrophobin concentration found in malt might end
up in the finished beer. Since only low amounts of hydrophobin are necessary to induce
gushing, this is in the end sufficient to result in gushing beers (Deckers et al., 2013; Sarlin et
al., 2005b, 2012).

Hydrophobins are small amphiphilic fungal proteins. They are about 100 amino acids in size
and have a molecular weight between 7 and 20 kDa. Hydrophobins have been found to be
present in filamentous fungi within the Ascomycetes and Basidiomycetes (de Vries et al.,
1993; Wosten & Wessels, 1997; Wosten, 2001). Many of the fungal species analyzed contain
several distinctive genes coding for hydrophobin type proteins, which may be produced and
secreted under different growth conditions (Askolin et al., 2005; Ebbole, 1997; Kershaw &
Talbot, 1998; Kubicek et al., 2008; Mosbach et al., 2011; Wosten, 2001). Hydrophobin
proteins can display various different functions. They cover cell walls of aerial hyphae and
conidial spores where they are responsible for the water repellent properties of those
structures. In fruiting bodies of mushrooms, hydrophobins cover the walls of pores and thus
prevent them from being water soaked during rainfall. But they were also found to cover
submerged conidia (Bidochka et al., 1995; Stringer & Timberlake, 1995; Wessels et al.,
1991a). By lowering the surface tension of coated hyphae, hydrophobins enable the fungal
mycelia to escape the aqueous environment of the substrate and form aerial structures
(Wosten et al., 1999). Hydrophobins are also involved in plant infection (Carpenter et al.,
1992; Stringer & Timberlake, 1993; Talbot et al., 1993). By changing the hydrophobicity
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through assembly of the proteins at hydrophobic surfaces of plant tissues, close contact of
fungal cells and plant surface facilitates infection in many plant pathogenic fungi (Talbot et
al., 1993; Viterbo & Chet, 2006). Moreover a role of hydrophobins in the symbiosis of
ectomycorrhizal fungi has been discussed such that the hydrophobin layer allows close
contact between the fungus and the roots of a plant (Tagu et al., 1996). Because of the
coating of spores, a function in dissemination and protection against antimicrobial
compounds was also suggested (Ebbole, 1997).

The primary structure of hydrophobin proteins is very diverse. They all contain 8 cysteine
residues at conserved positions as the common feature of the primary structure. Those
residues form 4 strong disulphide bonds resulting in a secondary structure of a four—loop
protein (de Vries et al., 1993; Hakanpéda et al., 2004; Mackay et al., 2001; Wessels, 1994).
The disulfide bonds provide the protein with high structural stability against defolding, self
aggregation and solvent treatment, resulting in heat stability even at 90 °C (Askolin et al.,
2006; de Vocht et al., 2000; Torkkeli et al., 2002; Sunde et al., 2008; Wosten & Wessels,
1997). The core of the globular protein, consisting of a small B-barrel, is stabilized by the
network of disulfide bonds (Kallio et al., 2007; Linder, 2009). Originally, depending on their
hydrophobicity pattern, hydrophobins were classified into two types, class 1 and class 2
(Wessels, 1994). Further, classification is based on the length of the intervening sequences
between the conserved cysteine residues, with class 2 hydrophobins being more conserved in
the space length as is illustrated in Figure 2 (Kershaw & Talbot, 1998; Linder et al., 2005).
Moreover, class 2 hydrophobins are generally shorter and show different solubility properties

(Linder et al., 2005).

Class I Xosss - C- Xsg- C-C- X730 - C- Xgo3 - C- Xss" C-C- Xes - C- Xoia

Clasgs T X, =C=Xr C=C = Xyo € = Xpps Co Xy Coi€ =X, = C=X,,

Figure 2: Length of the sequences in between the eight conserved cysteine residues of class 1 and class 2
hydrophobins according to Wosten & Wessels, 1997.

Hydrophobin proteins form films at hydrophobic/hydrophilic interfaces by spontaneous
assemblage. Assembled films of class 1 hydrophobins are quite stable and assemblies can
only be dissolved with 100 % formic acid or trifluoroacetic acid (de Vries et al., 1993;
Wosten et al., 1993; Wessels et al., 1991b). Polymers appear as distinct amyloid like rodlets
(de Vocht et al., 2000; Kwan et al., 2006; Mackay et al., 2001; Wosten et al., 1993). In

contrast, hydrophobins classified as class 2 exhibit a higher solubility and aggregates dissolve
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already after addition of organic solvents or hot SDS (Carpenter et al., 1992; Szilvay et al.,
2006). Interface assemblies formed by class 2 hydrophobins resemble needle like structures
(Askolin et al., 2006; Torkkeli et al., 2002). Another difference between the two classes of
hydrophobins is their dissemination throughout the fungal phyla. Class 2 hydrophobins
appear to be restricted to the Ascomycetes, whereas class 1 hydrophobins are present in both
phyla of the dikarya, Acsomycetes and Basidiomycetes (Linder et al., 2005). Most knowledge
of hydrophobin proteins derives from investigations of the class 1 hydrophobin SC3
produced by the basidiomycete Schizophyllum commune and the class 2 hydrophobins Hfb1
and Hfb2 produced by the ascomyceteous fungus Trichoderma reesei. For class 2
hydrophobins the particular amino acids which are important for structure formation are
highly conserved, suggesting a more conserved pattern of folding (Hakanpdi et al., 2004,
2006). Proteins of both hydrophobin classes contain hydrophobic and hydrophilic surface
domains. In class 2 hydrophobins this is in form of a hydrophobic patch, created by
hydrophobic aliphatic amino acid side chains present on the otherwise hydrophilic protein
surface (see Figure 3) (Hakanpéi et al., 2004; Linder et al., 2005). Despite the similarities
between the hydrophobin groups, only class 2 hydrophobins were shown to induce gushing
in carbonated beverages to a degree which was dependent on the type of class 2 hydrophobin
analyzed (Lutterschmid et al., 2011; Sarlin et al., 2012, 2005b; Stiibner et al., 2010; Zapf et
al., 2006).

Figure 3: Space filling model of class 2 hydrophobin Hfb2 molecule of 7. reesei with hydrophobic and
hydrophilic domains according to Szilvay et al., 2007. The hydrophobic patch is shown in green, in
contrast to the hydrophilic protein surface (light blue). In blue and red C and N-termini are marked,
respectively.
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The amphiphility of hydrophobin molecules is the reason for their ability to assemble at
hydrophobic/hydrophilic interfaces. Self assembly at solid surfaces leads to a change of the
displayed hydrophobicity and hence wettability of surfaces. Use of this property was
proposed for several medical or industrial applications (for a review see Scholtmeijer et al.,
2001). Because of their amphiphility, hydrophobin molecules form dimers and tetramers in
solution by lateral hydrophobic interaction in a concentration dependent manner, explaining
also their solubility in aqueous solutions (Kisko et al., 2008; Szilvay et al., 2006; Torkkeli et
al., 2002; Wang et al., 2004). The arrangement of the hydrophobic surface areas at one side
of the dimer thereby allows further assembly of dimers to tetramers (Kallio et al., 2007).
Assembly driven by amphiphile molecules at air/water interfaces was suggested for the
monomeric, dimeric and tetrameric molecules (Hakanpdd et al., 2004, 2006; Kallio et al.,
2007; Paananen et al., 2003). The hydrophobin assembly mechanism is shown in Figure 4
according to the latest research results derived by x-ray diffraction of hydrophobin crystals
done by the group of Kallio (2007). Polymeric hydrophobin fibers, which were suggested to
occur by this group, can be thought of representing nucleation sites for heterologous bubble
formation (Shokribousjein et al., 2010), which may be determinative for gushing occurrence

and may explain the inducing properties of hydrophobin proteins.
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Figure 4: Multimerization and surface assembly of class 2 hydrophobin Hfb2 driven by the hydrophobic
patch at the protein surface (black) according to Kallio et al., 2007.

For class 2 hydrophobins no change in protein structure was observed upon interface
adsorption (Askolin et al., 2006; Cheung, 2012; Szilvay et al., 2007). A stable amphipathic

membrane, consisting of a protein monolayer is formed at interfaces. This provides a
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remarkably high elasticity and has a great impact on surface tension (Alexandrov et al., 2012;
Blijdenstein et al., 2010; Cox et al., 2009, 2007; Milani et al., 2013; Murray, 2007).
Hydrophobins are the proteins with the highest surface activity, lowering the surface tension
of water from 72 mJ m™ to down to 24 mJ m™ (Askolin, 2006; Wosten et al., 1999). These
film properties give rise to exceptional stability of foams and emulsions that are formed in
the presence of hydrophobin proteins (Cox et al., 2009; Linder, 2009; Lumsdon et al., 2005;
Niu et al., 2012). The densely packed and highly ordered layer of hydrophobin molecules
consists of a monolayer, which upon compression shows wrinkle structures (Basheva et al.,
2011a; Blijdenstein et al., 2010, 2013; Kisko et al., 2005, 2007; Paananen et al., 2003;
Szilvay et al., 2007). Wrinkles on drop surfaces are depicted in Figure 5. They are believed to
arise from superimposing of molecules into trilayers as result of a combination of pressure
derived surface space reduction and the inability of hydrophobins to desorb off the interface

(Cheung, 2012; Cox et al., 2007; Paananen et al., 2003; Stanimirova et al., 2013).

Figure 5: Wrinkle formation of hydrophobin films at air/liquid interfaces occurring after film
compression. Images of Hfb1 formed films at air/oil interface according to Milani et al., 2013 (right) and
at air/water interface according to Szilvay et al., 2007 (left).

1.5.1 FcHydSp

In this study, experiments on hydrophobin-gushing evaluation were performed with the class
2 hydrophobin FcHyd5p of F. culmorum. Stiibner and co-workers constructed a transformant
Pichia pastoris strain that heterologously expresses and excretes this hydrophobin protein.
The incorporated nucleotide sequence of the hyd5 gene did not contain sequences of the
intron nor of the fungal signal peptide. The nucleotide sequence was further optimized for the

codon usage of the yeast Saccharomyces cerevisiae (Stiibner et al., 2010; Zapf et al., 2006).
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Although the size of FcHyd5p was predicted to be 8.4 kDa, the transgenic protein ran at 12
kDa in SDS-PAGE. This resulted in the assumption of incomplete cleavage of the signal site
during production, or protein modification such as acylation or glycoslyation. Nevertheless,
FcHydSp was highly surface active and inverted the hydrophobicity of hydrophobic surfaces.
It formed stable foams and aggregates that were dissolvable only in strong denaturating acids
(Stiibner et al., 2010). FcHyd5p caused gushing in beer, carbonated water, and other
carbonated beverages (Lutterschmid et al., 2010; Stiibner et al., 2010). The gushing inducing
ability was maintained after heating. Boiling in synthetic wort, however, reduced the
overfoaming volume. Authors suspected that glycation, occurring during this process,
decreased the hydrophobin’s surface activity and hence lowered the gushing effect
(Lutterschmid et al., 2010).

Mature and secreted FcHyd5p from F. culmorum, was found to share 100 % homology with
the aa sequence of FgHyd5p from F. graminearum (Zapf et al., 2006). Both fungi are mainly
responsible for grain infection and FHB outbreaks with F. graminearum being the causal
agent in warmer and more humid regions and F. culmorum being more widespread in cooler
and dry areas (Wagacha & Muthomi, 2007). Representing a class 2 hydrophobin produced by
major gushing inducing fungi, FcHyd5p provides a highly attractive model for investigations

on the mechanisms leading to gushing of carbonated drinks.

1.6 Presumed gushing mechanism

1.6.1 Gushing by hydrophobins

Stable micro bubbles that can act as condensation nuclei for CO, diffusion are required to
induce gushing. Surface active layer formation around the bubbles by surface active
substances was already proposed in 1973 by Gardner, and later connected with hydrophobins
by Pellaud (Gardner, 1973; Pellaud, 2002). Hydrophobin proteins have the properties needed
as prerequisite for the formation of stable micro bubbles as described previously (see chapter
1.3). They are highly surface active and form a monomolecular film, compression of which
leads to increased surface density rather than protein desorption. Optical evidence of this
behavior is shown in Figure 5, where the wrinkled appearance of a hydrophobin layer upon
pressure application is demonstrated. Thus, hydrophobin layers fulfill the basic assumptions
made in the varying permeability model (for review see Pellaud, 2002). Simulation of

molecular dynamics of carbon dioxide condensation resulted in evidence for a clustering of
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CO, molecules at the hydrophobin’s hydrophobic patch, thus, supporting the interaction of
CO; and hydrophobins (Deckers et al., 2012a).

Deckers' group postulated and created a model for bubble stabilization by hydrophobins.
They coined the “nano-bombs” for such bubbles which lead to an immediate and fast release
of gas. The events which happen according to that theory prior to and during the process of
gushing are schematically displayed in Figure 6. Small particles of 5-10 nm in diameter
represent hydrophobin coated CO, micro bubbles. These develop during yeast fermentation,
filling, shaking and the carbonation process. At a critical diameter the
hydrophobic/hydrophilic monolayer hydrophobin film becomes impermeable and thus
prevents further shrinkage according to the varying permeability model. The resulting micro
bubbles were calculated to possess an internal pressure of about 4 bar (Deckers et al., 2010,
2012b). By opening of the bottle, the gas-liquid equilibrium between beer and the atmosphere
is abruptly disbalanced. Because of the pressure release, micro bubbles present in the
beverage will expand. CO; from the surrounding liquid phase diffuses into the bubble leading
to uncontrolled bubble growth (Pellaud, 2002). The rapid expansion of micro bubbles will
cause the surrounding surface film to disrupt in an explosion like manner. During explosive
disruption energy is released locally, which can then break bonds between surrounding CO,
molecules and water. This immediately forces CO, molecules to transit from the water
soluble state into the gas phase by free diffusion and formation of bubbles, which rise to the

surface in masses resulting in gushing (Deckers et al., 2010).

®s 8
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Figure 6: Schematic view on the theoretical evolution of gushing by hydrophobin stabilized nano bubbles
according to Deckers et al., 2010. A: closed bottle with hydrophobin coated micro bubbles, diameter
determined by internal pressure; B and C: after bottle opening, micro bubbles grow and explode, which
results in rapid CO, release inducing gushing; D: micro bubbles are formed by the hydrophobin
containing micro bubble fragments, diameter determined by the atmospheric pressure.
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After degassing of the beer, a fraction of the hydrophobin molecules can still be found in the
beer remained in the bottle. They assemble at residual gaseous CO,, resulting in the
formation of new micro bubbles with a critical diameter of 100 nm at atmospheric pressure.
These can be detected in gushing beer using the dynamic light scattering (DLS) technology.
Recently, Deckers et al. (2011, 2012a, 2012b) proposed the use of this technology as a new
method for gushing prediction in beer.

The model also stresses the importance of carbonization in relation to gushing. Not only the
amount of hydrophobin, but also the level of carbonization of the beverage determines
gushing. This is supported by the observation that increased entry of CO, into the liquid by
increased shaking of a bottle will result in a more pronounced occurrence of gushing
(Christian et al., 2009; Deckers et al., 2013). As a result, most of the tests for prediction of
gushing potential used in the brewing industry include more or less intensive shaking during

incubation periods.

1.6.2 Reduction of hydrophobin induced gushing by surface active
compounds
Already in 1972, Gardener stated that substances with anti-gushing properties, e.g. particular
hop compounds such as humolones and fatty acids, should be highly surface active
compounds which cannot form a solid surface layer at hydrophobic/hydrophilic interfaces
(Gardner, 1972). Surface active substances of beer that have the ability to at least partly
suppress gushing are mainly hop compounds but also unsaturated fatty acids (Gardner, 1972,
1973; Gardner et al., 1973; Shokribousjein et al., 2011). The fact that hydrophobin induced
gushing can indeed be negatively influenced has recently been demonstrated for hop
constituents such as modified iso-a-acids, dry hop oil, and linalool (Lutterschmid et al., 2011,
2010). Another surface active compound of beer, which has been demonstrated to impair
hydrophobin induced gushing, is the beer foam protein nsLtp1 (Lutterschmid et al., 2011). It
was speculated that due to the surface activity and the inability of formation of a solid surface
layer these compounds, fatty acids, hop oil and beer foam proteins, may be able to compete
with gushing inducing hydrophobin proteins for adsorption to the hydrophobic/hydrophilic
interface (Gardner, 1972; Niessen et al., 2006). Speculation about the mechanism involved
went along a line according to which the solidity and strength of the hydrophobin layer is
disturbed, leading to destabilization and disappearance of gushing inducing micro bubbles

and consequently to reduction of gushing.
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1.7 Aim of the study

This dissertation is based on the following thesis: Prevalence of surface active beer proteins
in the brewing process and their interaction with hydrophobin proteins are determinant
factors in the gushing occurrence of beer.

The aim of the current study was therefore to analyze the prevalence of the gushing inducing
protein hydrophobin FcHyd5p and the beer foam protein nsLtpl in raw materials and beer
using immunochemical (ELISA) assays and to investigate their fate during the brewing
process. A further aim was to study the mutual influences of reducing and promoting proteins

on gushing and on the formation of amphiphilic protein films in emulsions and surface films.
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2 Materials and Methods

2.1 Materials

2.1.1

Equipment

The different devices used for experiments in this work are recorded in Table 1.

Table 1: List of equipment used in this work.

Equipment Type Manufacturer
agarose gel chamber : Owl Separation Systems,
13.8 x 12 om Easy Cast electrophoresis system Portsmouth, NH, USA

atomic force microscope

MFP-3D

Atomic force F+E GmbH,
Mannheim, Germany

drop tensiometer

TVT2 Lauda

Lauda, Konigshofen, Germany

dynamic light scattering
instrument

Zetasizer pV, Model ZMV2000

Malvern instruments, Malvern,
UK

dynamic light scattering
instrument

ALV instrument CGS-3, compact

GonimeterSystem

ALV GmbH, Langen, Germany

electroporation system

GenePulser 11

Bio-Rad Laboratories, Hercules,
CA, USA

freeze dryer

FreeZone 2.5plus

Labconco, Kansas City, MO,
USA

Grinder

DFLU disc mill

Biihler GmbH, Braunschweig,
Germany

homogenizer

FastPrep®-24 instrument

MP Biomedicals, Solon OH,
USA

MALDI-TOF mass

microflex LT

Bruker Daltonics, Bremen,

spectrometer Germany
L BMG Labtech GmbH, Ortenberg,
microtiter plate-reader ~ FluoStar Omega abteci b eberg
Germany
L TECAN Austria GmbH, Grodig,
microtiter plate-reader ~ Tecan SUNRISE ustria bm rodig

Austria

microtiter plate-reader

Tecan Spectrafluor fluorimeter

TECAN Deutschland GmbH,
Crailsheim, Germany

Nanodrop

Nanodrop 1000 spectrophotometer

Peqlab Biotechnologie GmbH,
Erlangen, Germany

particle size analyzer

Mastersizer Malvern Hydro 2000 S

Malvern Instruments,
Herrenberg, Germany

PCR cycler

Primus 96 plus

MWG Biotech AG, Ebersberg,
Germany

PCR cycler

Mastercycler gradient

Eppendorf AG, Hamburg,
Germany
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Equipment Type

Manufacturer

pH meter

Knick pH 761 Calimatic

Knick elektronische Gerite,
Berlin, Germany

pH-electrode

InLab 412, pH 0-14

Mettler-Toledo, Giellen,

Germany
polyacrylami(.ie ge.l Mini Protean IIT Cell Bio-Rad Laboratories, Hercules,
electrophoresis unit CA, USA
tein int ti .
E rrl(;ljzlzne:};; Cl 11(2)r(1)_ )% BIAcoreX Biacore AB, Uppsala, Sweden
scanner Bio-5000, Microtek Microtek, Hsinchu, Taiwan
semi-dry blotter HEP-1 peqLab, Erlangen, Germany
Pharmacia Biotech, Cambridge,
spectrophotometer Novaspellq

England

ultrasonic bath

Sonorex Super RK 1034

Bandelin, Berlin, Germany

2.1.2 Chemicals

The sources of the chemicals used during the current work, are listed in Table 2.

Table 2: List of chemicals used in this study.

Chemical Manufacturer

2-butanol Carl Roth GmbH & Co. KG, Karlsruhe, Germany
2-propanol Carl Roth GmbH & Co. KG, Karlsruhe, Germany
BCIP GERBU Biotechnik GmbH, Gailberg, Germany

ANS Sigma-Aldrich Chemie GmbH, Schnelldorf, Germany

acetic acid (99 - 100 %, glacial)

Merck, Darmstadt, Germany

acetonitrile (HPLC-grade)

Mallinkrodt Baker B. V., Deventer, The Netherlands

acetylacetone

Merck, KGaA, Darmstadt, Germany

acrylamide (30 %, 37.3)

Bio-Rad Laboratories, Munich, Germany

agar

Difco, BD Sciences, Heidelberg, Germany

agarose

Biozym Scientific GmbH, Oldendorf, Germany

ammonium acetate

Merck, KGaA, Darmstadt, Germany

APS (p.a.)

SERVA, Heidelberg, Germany

ampicillin sodium salt

GERBU Biotechnik GmbH, Gaiberg, Germany

Akzo Nobel Surface Chemistry AB, Stenungsund,

Berol 840 Sweden

biotin GERBU Biotechnik GmbH, Gailberg, Germany
bromphenole blue SIGMA-Aldrich, Steinheim, Germany

CaCl, x 2 H,O (p.a.) Merck, KGaA, Darmstadt, Germany

CAPS SIGMA-Aldrich, Steinheim, Germany

CHAPS SIGMA-Aldrich, Steinheim, Germany

citric acid

SIGMA-Aldrich, Steinheim, Germany
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Chemical

Manufacturer

Coomassie-Blue, R350 PhastGel™
Blue R

Amersham Pharmacia Biotech AB, Uppsala, Sweden

diethanolamine (p.a.)

Merck, KGaA, Darmstadt, Germany

DL-lactic acid (Ph. Eur.)

Merck, KGaA, Darmstadt, Germany

DL-malic acid

FLUKA, Steinheim, Germany

DMSO Carl Roth GmbH & Co. KG, Karlsruhe, Germany
D-sorbit Carl Roth GmbH & Co. KG, Karlsruhe, Germany
DTT GERBU Biotechnik GmbH, Gaiberg, Germany

EDC Sigma-Aldrich Chemie GmbH, Schnelldorf, Germany
EDTA GERBU Biotechnik GmbH, Gaiberg, Germany

ethanol, absolute

VWR, Prolabo, Foutenay-sous-Bois, France

ethanolamide hydrochloride

Sigma-Aldrich Chemie GmbH, Steinheim, Germany

Thermo Fisher Scientific Biosciences GmbH, St. Leon-

Fast-AP
as Rot, Germany
_ Thermo Fisher Scientific Biosciences GmbH, St. Leon-
FD restriction buffer
Rot, Germany
. Thermo Fisher Scientific Biosciences GmbH, St. Leon-
FD restriction enzymes
Rot, Germany

formic acid (p.a.)

Merck, KGaA, Darmstadt, Germany

fructose (for microbiology)

Merck, KGaA, Darmstadt, Germany

glucose monohydrate

Merck, KGaA, Darmstadt, Germany

glycerol (87 %, p.a.)

GERBU Biotechnik GmbH, Gaiberg, Germany

glycine (p.a.) Merck, KGaA, Darmstadt, Germany

HCI (Ph. Eur.) Merck, KGaA, Darmstadt, Germany

HEPES GERBU Biotechnik GmbH, Gaiberg, Germany
KCI Carl Roth GmbH & Co. KG, Karlsruhe, Germany
KH,PO, Carl Roth GmbH & Co. KG, Karlsruhe, Germany
maltodextrin SIGMA-Aldrich, Steinheim, Germany

maltose monohydrate

GERBU Biotechnik GmbH, Gaiberg, Germany

methanol (HPLC-grade)

Mallinkrodt Baker B. V., Deventer, The Netherlands

MgCl, x 6 H,O FLUKA, Steinheim, Germany

MnCl, (p.a.) Merck, Darmstadt, Germany

MOPS (ultra pure) GERBU Biotechnik GmbH, Gaiberg, Germany
Na,CO; Carl Roth GmbH & Co. KG, Karlsruhe, Germany
Na,HPO, x 2 H,O Merck, KGaA, Darmstadt, Germany

NaCl Carl Roth GmbH & Co. KG, Karlsruhe, Germany
NaH,PO, Carl Roth GmbH & Co. KG, Karlsruhe, Germany
NaHCO; GERBU Biotechnik GmbH, Gaiberg, Germany
NalO, Merck, KGaA, Darmstadt, Germany

NaOH Merck, KGaA, Darmstadt, Germany

NHS Sigma-Aldrich Chemie GmbH, Schnelldorf, Germany
NBT (analytical grade) GERBU Biotechnik GmbH, Gaiberg, Germany
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Chemical

Manufacturer

o-phosphoric acid (85 %, p.a.)

Carl Roth GmbH & Co. KG, Karlsruhe, Germany

peptone of casein

Merck, KGaA, Darmstadt, Germany

PNPP GERBU Biotechnik GmbH, Gaiberg, Germany
Proteinase K Omega Bio-Tek, Norcross, GA, USA

pyruvic acid (p.a.) FLUKA, Steinheim, Germany

RbCl1 Merck, KGaA, Darmstadt, Germany

Roti®-Blue, 5 x concentrated,
colloidal CBB G-250

Carl Roth GmbH & Co. KG, Karlsruhe, Germany

saccharose (p.a)

SIGMA-Aldrich, Steinheim, Germany

sodium acetate

Merck, KGaA, Darmstadt, Germany

sodium citrate x 2 H,O

Carl Roth GmbH & Co. KG, Karlsruhe, Germany

SDS (research grade) Serva, Heidelberg, Germany

T4 DNA ligase Thermo Fisher Scientific Biosciences GmbH, St. Leon-
Rot, Germany

TEMED (p.a.) Merck, KGaA, Darmstadt, Germany

Tricine (ultra pure) GERBU Biotechnik GmbH, Heidelberg, Germany

Tris HCl (p.a.) GERBU Biotechnik GmbH, Gaiberg, Germany

Tris-Base (ultra pure) MP Biomedicals, Solon, OH, USA

trypsin SIGMA-Aldrich, Steinheim, Germany

Tween20 GERBU Biotechnik GmbH, Gaiberg, Germany

urea GERBU Biotechnik GmbH, Gaiberg, Germany

yeast extract

Carl Roth GmbH & Co. KG, Karlsruhe, Germany

YNB, Difco™

Becton, Dickinson and Company, Sparks, MB, USA

Zeocin™

InvivoGen, San Diego, CA, USA

2.1.3 Consumables

Other materials used in this work are shown in Table 3.

Table 3: Overview of consumables used in this study.

Material Type

Manufacturer

AFM discs

specimen disc, 15 mm dia

TED Pella Inc, Redding, CA, USA

AFM gl lid .
glass cover slide .

glass cover slip, round 15 mm

TED Pella Inc, Redding, CA, USA

silicon-SPM-sensor, point

AFM tip probe-plus, PPP-NCHR-50 Nanosensor, Neuchtal, Switzerland
UVt t di bl

cuvettes ransparent disposable Sarstedt, Niimbrecht, Germany
cuvettes

S molecular weight cut off 3500  Serva Electrophoresis GmbH,

dialysis tube .
Da Heidelberg, Germany

DNA purification kit MasterPure Yeast DNA Epicentre, Biotechnologies,

Purification Kit™

Madison, WI, USA
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Material Type Manufacturer
EasySelect™ Pichi : :

wySe .ec . rema Invitrogen, Paisley, UK
Expression Kit
electroporation Biozym scientific GmbH,
cuvettes Oldendorf, Germany

gel extraction kit

PeqGold gel extraction kit

PEQLAB Biotechnologie GMBH,
Erlangen, Germany

microscopy glass slides

Marienfeld, Lauda-Konigshofen,
Germany

microtiter plates

96-well plate, transparent, flat
bottom, with lid

Sarstedt, Niimbrecht, Germany

microtiter plates

96-well FIA-plate, black, flat
bottom

Greiner Bio-One GmbH,
Frickenhausen, Germany

microtiter plates

Immnuo Module F8 x 12, PS,
96 wells, MaxiSorp,

Thermo Fisher Scientific Nunc
A/S, Roskilde, Denmark

transparent
nitrocellulose Hybond™ ECL™ Amersham pharmacia biotech, AB,
membrane nitrocellulose Uppsala, Sweden
NMR sample tubes thin walled VWR, international
Parafilm® Pechiney Plastic Packing, Menasha,

WI, USA

plasmid extraction kit

peqGOLD plasmid miniprep
kit

PEQLAB Biotechnologie GMBH,
Erlangen, Germany

protein ladder

PageRuler™ prestained protein

ladder

Thermo Fisher Scientific
Biosciences GmbH, St. Leon-Rot,
Germany

protein ladder

PageRuler™ plus prestained
protein ladder

Thermo Fisher Scientific
Biosciences GmbH, St. Leon-Rot,
Germany

rapid-flow bottle top
filter

0.2 um PES membrane

Thermo Fisher Scientific
Biosciences GmbH, St. Leon-Rot,
Germany

reaction tubes

2mL, 1.5 mL, 200 pL.

Eppendorf, Hamburg, Germany

sensor Chip CM5

GE Healthcare Bio-Science AB,
Uppsala, Sweden

sterile ml tubes

S5ml, 15 ml, 50 ml

Sarstedt, Niimbrecht, Germany

Taq Core Kit

MP Biomedicals Solon, OH, USA
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2.14 Organisms

Escherichia coli strains were used for the preparation and construction of plasmids in order
to perform cloning of the Pazl gene into yeast cells. Genetically modified Pichia pastoris
strains were used for the heterologous protein production of hydrophobins FcHyd5p, Hfb2,
FcHyd3p and barley proteins nsLtp1 and protein Z4. Strains are listed in Table 4.

Table 4: List of microorganisms used in this work.

Organism TMW number Reference/Supplier
Escherichia coli TOP 10 2.580 Invitrogen, Carslbad, USA
Escherichia coli TOP 10 / pPICZoA 74 2.1180 this work
Escherichia coli TOP 10 / pMA-T 74 2.1181 this work

L . EasySelect™  Pichia  Kit,
Pichia pastoris X33 3.177 Invi}tlrogen, Paisley, UK
Pichia pastoris X33 [pPICZaA Z4] 3.383 this work
Pichia pastoris X33 [pPICZaA FcHyd5p] 3.213 Stiibner et al., 2010
Pichia pastoris X33 [pPICZoA Hfb2] 3.219 Lutterschmid et al., 2011
Pichia pastoris X33 [pPICZaA FcHyd3p] 3.218 Lutterschmid et al., 2011
Pichia pastoris X33 [pPICZaA nsLtpl] 3.214 Lutterschmid et al., 2011

2.1.5 Oligonucleotides and plasmids

Oligonucleotides used for amplification of DNA sequences by PCR are given in Table 5.
Primer pair AOX1-r/AOXI1-f resulted in an amplificate covering parts of the promoter
sequence and the complete AOX gene of methylotrophic yeast cells. These oligonucleotides
served for the validation of genes inserted into the cloning vector pPICZaA, or to check for
the cross over event of these plasmids into P. pastoris transformants. Amplification of the
modified Pazl gene from plasmid pMA-T Z4 was achieved by oligonucleotides
for Z4 EcoR1 and rev_Z4 Agel.

Table 5: Sequences of oligonucleotides used in this work. Restriction sites are marked in bold.

Primer Sequence Supplier
, , Eurofins, Ebersberg,
AOX]-r 5-GCA AAT GGC ATT CTG ACA TCC-3
Germany
AOX1-f 5-GAC TGG TTC CAA TTG ACA AGC-3’ Eurofins, Ebersbere,
Germany
for Z4 EcoRl 5-CGA ATT CAT GGC TAC TAC TTT GGC-3*  Lurofins, Ebersber,
- - Germany
rev 74 Agel  5-GAC CGG TTT AAG CGG AGA TCA ATG-3’ ]é‘;:nf;i“; Ebersbere,
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Vector pMA-T Z4, which contained the modified form of the protein Z4 encoding Paz!
gene, was acquired for reproducing and storage of the corresponding gene sequence. Vector
pPICZaA was used for cloning of the Pazl gene, resulting in the plasmid pPICZaA Z4. All

plasmids are given in Table 6.

Table 6: Plasmids and their corresponding selection markers used in this work.

Plasmid Selection marker Reference/Supplier
. : EasySelect™  Pichia Kit, Invit ,
pPICZaA Zeocin™ resistance a.s yselee iea ! Hvitrogen
Paisley, UK
pPMA-T 74 ampicillin resistance Geneart, Regensburg, Germany
pPICZaA 74 Zeocin™ resistance this work

2.1.6 Antibodies
The antibodies that were used in Western blot analysis and for ELISA experiments in this

study are listed in Table 7.

Table 7: Antibodies used in this study. Given protein positions (pos.) refer to protein sequence without
signal peptide.

Plasmid Description Supplier

anti-rabbit IgG (whole molecule) F(ab')2
goat-anti-rabbit-IgG-AP  fragment - alkaline phosphatase antibody
produced in goat

Sigma Aldrich, Saint
Louis, MO, USA

polyclonal rabbit antibody directed against
a peptide of FcHyd5p (pos. 1-22)
polyclonal rabbit antibody directed against
a peptide of FcHyd5p (pos. 62-81)
polyclonal rabbit antibody directed against
a peptide of nsLtp1 (pos. 71-86)

anti-FcHyd5p-P2-1gG
ImmnuoK, Amsbio,
AMS Biotechnology,
Oxfordshire, UK

anti-FcHyd5p-P3-IgG

anti-nsLtp1-P2-IgG
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2.2 Bioinformatical methods

Software programs used during this work are listed in Table 8.

Table 8: Software programs used in this work and their corresponding application.

Program Application Reference Web link
: . : www.dullware.nl/pr
AfterALV a'nalys1s of MultlAngle dynamic oducts/afteralv/after
light scattering results
alv.htm
Bioedit alignment of DNA or proteins Hall, 1999
.ebi.ac.uk/Tool
clustal W alignment of DNA or proteins Goujon et al., 2010 www.cebi.ac.uk/Too
s/msa/clustalw?2/
PM data visualizati
Gwyddion S d.a e V1s1'1a rzation and. Necas & Klapetek, :
)31 analysis of height field and image 2012 http://gwyddion.net
' analysis (AFM)
Rasband, W.S. ( U.
: : . S. National http://imagej.nih.go
Image J 1.46 image processing and analysis Institutes of Health  v/ij/
& Maryland)
computing profiles produced by
amino acid scales, used for Gasteiger et al., http://web.expasy.or
ProtScale ., ..
protein’s hydrophobicity plot 2005 g/protscale/
(Kyte & Doolittle, 1982)
SignalP 4.0 Predlc.tlon o.f signal cleavage sites Petersen et al., 2011 Www.cbs.dtu.dk/ser
in amino acid sequences vices/SignalP-4.0/
SigmaPlot significance testing, creation of SPSS Inc., Chicago,
8.0 diagrams IL, USA
icti f protei .ibi.vu.nl
Yaspin prediction of protein secondary Lin et al., 2005 www.ibi Yu nl/progr
structure ams/yaspinwww/
2.3 Microbiological methods
2.3.1 Media and growth conditions

2.3.1.1 LB medium

Composition of LB medium is shown in Table 9. LB medium was used for the cultivation of

E. coli cells. Low salt medium had to be used when cells were selected by the antibiotic

Zeocin™. Cultivation was performed at 37 °C, for liquid cultures under shaking at 180 rpm.

29




Materials and Methods

Table 9: Composition of media LB and low salt LB used for cultivation of E. coli cells.

Ingredients Amount [g/L]
LB

peptone of casein 10

yeast extract 5

NaCl 10

low salt LB, pH 6.5

peptone of casein 10

yeast extract 5

NaCl 5

In low salt LB medium the pH had to be adjusted to pH 6.5 by addition of NaOH. For
preparation of agar plates, 15 g/L agar was added.

Media were sterilized by autoclaving at 121 °C for 20 min. If the medium was used for
selection of E. coli clones or for cultivation of E. coli strains containing plasmids encoding a
Zeocin™ resistance gene, antibiotic Zeocin™ was added in low salt LB medium to result in a

concentration of 25 ug/mL. Ampicillin was used in a concentration of 100 pg/mL.

2.3.1.2 YPD and YPDS medium

For cultivation of P. pastoris strains prior to cryo-conservation or DNA isolation, YPD
medium (yeast extract peptone dextrose medium) was used. YDPS agar plates containing
100 pg/mL Zeocin™ served for growth and selection of clones after electro-transformation.
Cells were cultivated at 30 °C, with shaking at 180 rpm when cultured in liquid medium.

Composition of media is given in Table 10.

Table 10: Composition of media YPD and YPDS used for cultivation of yeast cells.

Ingredients Amount [g/L]
peptone of casein 20

yeast extract 10

Glucose 20

sorbitol (only in YPDS) 182.2

For medium preparation peptone, yeast extract, and sorbitol (only for YPDS) were dissolved
in 800 mL deionized water. Glucose was weighed separately and dissolved in 200 mL
deionized water. The solutions were separately autoclaved for 20 min at 121 °C. For

preparation of agar plates, 20 g agar/L. medium were added.
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2.3.1.3 BMGY and BMMH medium
BMGY medium (buffered glycerol-complex medium) and BMMH medium (buffered

minimal methanol medium) were used for cultivation of transgenic P. pastoris strains for
heterologous protein production. Pre-culturing of yeast clones was done in BMGY (Table
11). Cells were then transferred into BMMH medium, which contained methanol as an
inducer for heterologous gene expression (Table 12). Cultivation took place under vigorous

shaking at 30 °C.

Table 11: Composition of BMGY medium used for yeast pre-culturing.

Ingredients Amount per L
peptone of casein 20 g

yeast extract 10g

YNB 134¢g

1 M potassium phosphate buffer, pH 6.0 100 mL
biotin (500 x 4 x 10” %) 2mL

glycerol 128 g

For preparation of BMGY, peptone and yeast extract were dissolved in 700 mL deionized
water followed by autoclaving for 20 min at 121 °C. YNB, dissolved in 100 mL deionized
water, was mixed with 100 mL potassium phosphate buffer, biotin and glycerol in 100 mL

deionized water and mixed into the residual medium after sterile filtration.

Table 12: Composition of BMMH medium used for cultivation of P. pastoris cells in order to produce
transgenic protein.

Ingredients Amount per L
YNB 134¢g

1 M potassium phosphate buffer, pH 6.0 100 mL
biotin (500 x 4 x 10™ %) 2mL
methanol 5SmL

In order to prepare BMMH medium, YNB was dissolved in 195 mL deionized water and
mixed with 100 mL potassium phosphate buffer, biotin and methanol. The solution was
added to sterile deionized water (121 °C, 20 min) under sterile filtration. The medium was

freshly prepared for each cultivation.

2.3.1.4 Synthetic wort

Synthetic wort was prepared as described by Zapf (2006). According to Zapf it contains the

wort characteristic concentrations of sugars and organic acids, which were orientated on
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values given by Narzifl and MEBAK 11, respectively (Narzif}, 1995; MEBAK, 1996, S. 87-
88). Only maltotriose was omitted from the preparation. In Table 13 the ingredients of the
two components are listed. Sugar component was set up as a 5 fold concentrated stock
solution. The organic acidic components were prepared as a 10 fold concentrated stock

solution in order to enable proper weighing of the ingredients.

Table 13: Composition of sugar and acid component of synthetic wort

Ingredients Amount [g/100 mL]
sugar component, 5 x

glucose monohydrate 11.5

Fructose 3.0

Saccharose 3.0

maltose monohydrate 50.0

Maltodextrin 10.0

acid component, 10 x

DL-malic acid 0.075
pyruvic acid 0.075
citric acid 0.2
acetic acid 0.1
DL-lactic acid 0.26
formic acid 0.02

Ingredients for both components were dissolved separately in 100 mL deionized water and
sterilized by autoclaving (121 °C, 20 min). Immediately before use the components 5 fold
sugar, 10 fold acid and deionized water were mixed 2:1:7 (sugar component : acid
component : water; v/v) to result in a solution containing 1 fold sugar and 1 fold acid
component. Synthetic wort prepared in this way had a pH value of 3.0. For pH adjustment,
3 M NaOH was added to a part of the synthetic wort, which was then mixed to the original

wort until the desired pH was reached.

2.3.2 Production of chemically competent E. coli and transformation
conditions

Chemically competent E. coli TOP10 cells were prepared using the rubidium chloride

method. The solutions used are given in Table 14. pH values of the media were adjusted with

acetic acid for RF1 and with NaOH for RF2 medium. Both media were sterile filtered over

0.2 um filters before use. The TOP10 E. coli strain was cultivated at 37 °C in 100 mL LB
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medium until a ODgg of 0.3-0.5 was reached. Cells were pelleted by centrifugation at 4 °C
for 15 min at 5,000 x g. Cells were resuspended in 30 mL of ice-cooled RF1 medium and
incubated on ice for 15 min. Following a second centrifugation step the pellet was
resuspended in 4 mL RF2 medium. Competent cells were aliquoted in 200 pL portions in

1.5 mL tubes and frozen at -80 °C until used.

Table 14: Composition of media RF1 and RF2 used for production of chemically competent E. coli cells.

Ingredients Amount per L
RF1-medium, pH 5.8

RbCl 12¢

MnCl, 99¢

CaCl, x 2 H,O 15¢g
potassium acetate 29¢g

glycerol (87 %) 121 mL

RF2-medium, pH 6.8

MOPS 21¢g
RbCl 12¢g
CaCl, x 2 H,O I1g
glycerol (87 %) 121 mL

Prior to performance of transformations the competent cells were thawed at room
temperature. After 5 min of incubation on ice, 0.1 pg of to transformed DNA was added and
the mixture was incubated on ice for 20 min. Heat shock was performed at 42 °C for 90 s.
Following the heat shock, tubes were directly put on ice for 2 min. I mL of LB medium was
added to the cells, which were then allowed to grow under shaking conditions at 37 °C for
1 h. 100 pL of the cell suspension was then plated on LB plates containing antibiotics for

selection.

2.3.3 Production of electrocompetent P. pastoris and transformation
conditions

The preparation of electrocompetent P. pastoris cells followed the protocol provided with the

EasySelect™ Pichia Expression Kit (Invitrogen, Paisley, UK). An overnight culture of wild

type P. pastoris strain X33 was harvested after a DOgg of 1.3-1.5 was reached. The cells

were washed twice in pre-chilled sterile deionized water and once in 2 mL of 1 M cooled

sterile sorbitol. Com