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Abstract

Background The $-galactosidase from Paenibacillus wynnii (3-gal-Pw) is a promising candidate for lactose hydrolysis
in milk and dairy products, as it has a higher affinity for the substrate lactose (low K), value) compared to industrially
used B-galactosidases and is not inhibited by the hydrolysis-generated product D-galactose. However, 3-gal-Pw must
firstly be produced cost-effectively for any potential industrial application. Accordingly, the yeast Komagataella phaffii
was chosen to investigate its feasibility to recombinantly produce 8-gal-Pw since it is approved for the regulated
production of food enzymes. The aim of this study was to find the most suitable way to produce the 3-gal-Pw in K.
phaffi either extracellularly or intracellularly.

Results Firstly, 11 different signal peptides were tested for extracellular production of -gal-Pw by K. phaffii under the
control of the constitutive GAP promoter. None of the signal peptides resulted in a secretion of 8-gal-Pw, indicating
problems within the secretory pathway of this enzyme. Therefore, intracellular f-gal-Pw production was investigated
using the GAP or methanol-inducible AOX1 promoter. A four-fold higher volumetric 3-galactosidase activity of

7537 £66 pkat ypea’/Leuiure Was achieved by the K. phaffii clone 27 using the AOX1 promoter in fed-batch bioreactor
cultivations, compared to the clone 5 using the GAP promoter. However, a two-fold higher specific productivity of
3.14£0.05 pkatypea/9pcw/h was achieved when using the GAP promoter for 3-gal-Pw production compared to

the AOX1 promoter. After partial purification, a f-gal-Pw enzyme preparation with a total 8-galactosidase activity of
3082+ 98 pkat,ypey Was obtained from 1 L of recombinant K. phaffii culture (using AOX1 promoter).

Conclusion This study showed that the 3-gal-Pw was produced intracellularly by K. phaffii, but the secretion was
not achieved with the signal peptides chosen. Nevertheless, a straightforward approach to improve the intracellular
B-gal-Pw production with K. phaffii by using either the GAP or AOX1 promoter in bioreactor cultivations was
demonstrated, offering insights into alternative production methods for this enzyme.
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Background

B-Galactosidases (EC 3.2.1.23) catalyze the hydroly-
sis of terminal non-reducing S-D-galactose residues in
B-D-galactosides by breaking a glycosidic bond. Accord-
ingly, B-galactosidases are able to cleave lactose into the
monosaccharides D-glucose and D-galactose, and are,
therefore, mainly used for lactose hydrolysis in milk or
dairy products [1-4]. Lactose intolerance is a widespread
problem among humans, therefore, there is a great
demand for lactose-free products [5, 6]. In addition, lac-
tose hydrolysis can prevent lactose crystallization, which
otherwise could lead to a mealy, sandy or gritty texture
of the product. The sweetness of the product can also be
increased due to the formation of D-glucose and D-galac-
tose [7]. Besides the hydrolysis reaction, 5-galactosidases
can catalyze the transgalactosylation reaction by transfer-
ring galactose, which is bound in the active center as an
intermediate during lactose cleavage, onto a nucleophilic
hydroxyl group of another lactose, resulting in galactooli-
gosaccharides (GOS). The GOS are prebiotics stimulating
the growth of beneficial bacteria, such as bifidobacteria
in the human intestine [8]. Therefore, GOS production
is important for the food industry and they are applied
as functional food mainly in infant formula and toddler
nutrition [9, 10].

The kinetic properties of [-galactosidases used in
the food industry are still not optimal for the lactose
hydrolyzing process. This is due to the inhibition by the
hydrolysis-generated product D-galactose and a low
affinity to the substrate lactose [1, 4, 6, 11], which is cur-
rently compensated by using high amounts of cheap
B-galactosidases. By contrast, the S-galactosidase from
Paenibacillus wynnii (5-gal-Pw; EC 3.2.1.23) possesses
a lower K, value of 0.63 mM for lactose than known
commercial S-galactosidases from Aspergillus oryzae
(KM, tactose: ~ 52 mM), Bacillus circulans (Ky; jocrose: ~ 16
mM) or Kluyveromyces lactis (Ky; 1act05e: ~ 31 mM) [12,
13]. If the structural properties are compared, the com-
mercially used [-galactosidases mentioned are active
as monomers, with the exception of the 5-galactosidase
from K. lactis, which is active as a tetramer [14—16]. For
B-gal-Pw also a monomeric structure was observed by
size exclusion chromatography in a previous study [17].
A common feature of all these S-galactosidases is their
high molecular weight for the monomeric form rang-
ing from 110 kDa (A. oryzae [5-gal) to 190 kDa (B. cir-
culans [3-gal). Another advantage is, that S-gal-Pw is
not inhibited by D-galactose like the commercially used
B-galactosidases, thus, leading to a more effective hydro-
lysis of lactose [12, 13]. Due to the mentioned charac-
teristics, f5-gal-Pw is of potential interest to the dairy
industry. B-gal-Pw was first produced recombinantly in
E. coli BL21(DE3) [13], however, an alternative producer
species is required for application in the food industry.
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Senger et al,, therefore, investigated the extracellular pro-
duction of the S-gal-Pw with Bacillus subtilis SCK6, but a
17-fold lower B-galactosidase activity per liter of culture
was achieved compared to the intracellular production in
E. coli BL21(DE3) [13, 17].

The methylotrophic yeast Komagataella phaffii (for-
merly known as Pichia pastoris) was already being used
for the high-level recombinant production of several
industrial enzymes [18, 19]. Additionally, K. phaffii pos-
sesses the European Food Safety Authority’s ‘qualified
presumption of safety’ (QPS) status and the Food and
Drug Administration’s ‘generally recognized as safe’
(GRAS) status and is, thus, allowed for the production
of enzymes used in the food industry [20-22]. Another
advantage of this yeast is that high cell densities of more
than 100 g dry cell weight/L can be achieved on inexpen-
sive culture media [23, 24]. Different culture conditions
and feed strategies were used for the cultivation of K.
phaffii, depending on the promoter used for recombi-
nant protein expression [25, 26]. Two of the promoters
mainly used are the inducible alcohol oxidase 1 (P,qy;)
and the constitutive GAP promoter (Pg,p) [27-29].
P,ox: is repressed in the presence of glucose and glyc-
erol and strongly induced by methanol [27, 30]. However,
the strength of the constitutive Pg,p promotor depends
on the carbon source and is highest when cells are grown
on glucose, followed by glycerol and methanol [28]. The
specific productivity g, of K. phaffii clones using P ,ox;
is often higher when the specific growth rate y is below
the maximum specific growth rate p,,,, while the g, of
clones using Pg,p is often higher when the p is near to
Hmax [26]. Therefore, promoter-specific cultivation con-
ditions should be chosen to achieve the highest possible
yield with the respective promoter.

[-Galactosidases from various organisms have already
been successfully produced in K. phaffii [31-34]. Up to
now, the highest yield of a recombinant $-galactosidase
(Paecilomyces aerugineus) secreted with K. phaffii was
9500 kaNPGal/ Lculture (158 mkatoNPGal/ Lculture) and pub'
lished uniquely in 2011 [32]. The secretion of the desired
enzyme in K. phaffii has the advantage of simple down-
stream processing because K. phaffii secretes only a low
number of endogenous proteins [35].

In this study, we investigated the high-level produc-
tion of B-gal-Pw in K. phaffii, by testing different signal
peptides for extracellular production and two different
promoters.

Methods

Chemicals, enzymes and kits

The chemicals used in this study were of analytical
grade and, if not specifically mentioned, were purchased
from Carl Roth (Karlsruhe, Germany), Sigma Aldrich
(St. Louis, USA) and Fisher Scientific (Hampton, USA).
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Peptone (from casein, enzymatic digest) was bought from
Sigma-Aldrich. The antibiotics zeocin and G418 were
purchased from InvivoGen (San Diego, USA). Kanamy-
cin sulfate, chloramphenicol and bovine serum albumin
(modified Cohn Fraction V, pH 5.2) were acquired from
Serva electrophoresis GmbH (Heidelberg, Germany).
The MoClo Pichia Toolkit (provided by Volker Sieber;
Addgene kit #1000000108) and MoClo Yeast Toolkit
(provided by John Dueber; Addgene kit #1000000061)
were obtained from Addgene (Watertown, USA) [36,
37]. Restriction enzymes and the Q5° High-Fidelity
DNA Polymerase was procured from New England Bio-
labs GmbH (Frankfurt am Main, Germany). TaKaRa Ex
Taq® DNA Polymerase was purchased from TaKaRa Bio
Inc. (Kusatsu, Japan). The GeneRuler 1 kb Plus DNA
Ladder was purchased from Thermo Fisher Scientific
(Waltham, Massachusetts, USA). Roti®-Phenol/Chloro-
form/isoamyl alcohol and X-Gal (5-bromo-4-chloro-3-
indolyl--D-galactopyranoside) was bought from Carl
Roth (Karlsruhe, Germany). Antifoam 204 (A6426) was
acquired from Sigma-Aldrich (St. Louis, USA). Glucose
rapidtest quantofix was purchased from Macherey-Nagel
(Diiren, Germany) and the glycerol assay kit from Mega-
zyme (Bray, County Wicklow, Ireland). The Precision
Plus Protein™ unstained protein standard (10-250 kDa)
was obtained from Bio-Rad Laboratories GmbH (Feld-
kirchen, Germany). Trypsin (proteomics grade) was
procured from Roche (Basel, Switzerland). The com-
mercial 3-galactosidase preparations Saphera 2600L and
Lactozym Pure 6500L (Novozymes, Bagsveerd, Den-
mark), Maxilact Super (DSM, Heerlen, Netherlands),
GODO-YNL2 (GODO SHUSEI Co., Ltd., Chiba, Japan)
and Dairyzym Y 50 L (SternEnzym GmbH & Co. KG,
Ahrensburg, Germany) were used for comparison with
the B-gal-Pw preparation.

Wildtype strains and media

Escherichia coli XL1-blue was used for the plasmid prop-
agation and cloning procedures and grown in lysogeny
broth (LB) medium [38] at 37 °C containing the appro-
priate antibiotic (50 pg/mL kanamycin or 40 pg/mL
chloramphenicol).

Komagataella phaffii ATCC 76273 (CBS7435 or NRRL
Y-11430) was obtained from the American Type Cul-
ture Collection and grown at 30 °C in different media
depending on the experiment. K. phaffii transformants
were selected on YPDS agar plates prepared with 15 g/L
agar-agar [38] containing the appropriate antibiotic
(100 pg/mL zeocin or 500 pug/mL G418). K. phaffii trans-
formants investigated for S-gal-Pw secretion were addi-
tionally restreaked on BMDy_c, agar plates containing
the components of BMD medium (with 20 g/L glucose)
[39], 15 g/L agar-agar and 80 pug/mL X-Gal. Microscale
screening experiments and shake flask cultivations of
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recombinant K. phaffii strains were done in YPD [38]
or BMGY and BMMY medium [39]. Precultures for K.
phalffii bioreactor cultivations were done in BMD (with
100 mM potassium phosphate buffer pH 5 or 6) or
BMG (with 100 mM potassium phosphate buffer pH 5)
medium [39]. Bioreactor cultivations were carried out
in BSM medium, starting the batch phase with 40 g/L of
either glycerol or glucose, containing 4.35 mL/L PTM;
trace salts solution [40].

Plasmid construction

Plasmids and primers used in this study are listed in
the Additional file 1: Tables S1-S3. Plasmids were con-
structed using the MoClo Pichia (PTK) and MoClo Yeast
Toolkit (YTK) [36, 37]. New sequences were included
in the MoClo PTK by cloning the sequences into the
pYTKOO01 plasmid (entry vector) to construct so-called
part plasmids, as described by Lee et al. [37]. Newly con-
structed part plasmids were verified by sequencing. The
signal peptide sequence of the endo-1,3(4)-5-glucanase
(UniProt ID: C4QW71) was firstly amplified from the K.
phaffii genome by Q5° High-Fidelity DNA Polymerase
using the C4QW71-fw and C4QW71-rev primers and
then cloned into pYTKO001 generating the part plasmid
pPTK022. The B-gal-Pw gene (GenBank: MP751470.1)
was codon optimized for K. phaffii and synthesized by
Invitrogen (Thermo Fisher Scientific) (Additional file
1: Fig. S1). The B-gal-Pw gene was amplified using the
primers S-gal-Pw-3b-fw and S-gal-Pw-rev and cloned
into pYTKO0O1 generating the part plasmid pPTK023 for
extracellular production. The 5-gal-Pw gene was ampli-
fied using the primers -gal-Pw-3-fw and j-gal-Pw-rev
and cloned into pYTKO001 generating the part plasmid
pPTKO024 for intracellular production.

Cassette plasmids containing the -gal-Pw expression
cassettes were constructed as described previously [37]
and correct assembly was verified by restriction diges-
tion. The vector backbone of all cassette plasmids was
the same, therefore, a GFP dropout plasmid consisting
of a GFP expression cassette dropout, ZeoR, attB, KanR-
ColEl and two assembly connectors was constructed.
The GFP expression cassette was replaced with the
respective 3-gal-Pw expression cassette to construct cas-
sette plasmids for extracellular or intracellular S-gal-Pw
production.

Construction of recombinant K. phdffii strains

Cassette plasmids containing the S-gal-Pw expression
cassettes were integrated into either the TRP2, GAP or
AOX1 locus in the K. phaffii genome. Integration into the
TRP2 locus was done by a recombinase-based method,
according to Perez-Pinera et al. [41]. The BxbI recombi-
nase expression vector PP43 (Addgene plasmid #78953)
and the PP74 vector (Addgene plasmid #78944), which
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contains the attP site for Bxbl recombinase, were pur-
chased by Addgene (provided by Timothy Lu) [41]. The
PP74 vector was linearized by Kpnl and integrated into
the TRP2 locus by homologous recombination. Integra-
tion was verified using the primers TRP2-fw and TRP2-
rev (Additional file 1: Table S3). Subsequently, cassette
plasmids were simultaneously transformed with the BxbI
recombinase expression vector, as described by Perez-
Pinera et al. [41]. The Bxbl recombinase catalyzes site-
specific recombination between the attP (encoded on
PP74 integrated in TRP2 locus) and attB sites (encoded
on each cassette plasmid), resulting in the integration
of the respective cassette plasmid into the TRP2 locus.
Integration of cassette plasmids into the GAP or AOX1
locus was realized by homologous recombination. The
cassette plasmids were linearized using AvrIl (when inte-
grated into the GAP locus) or Pmel (when integrated into
the AOX1 locus) before the transformation of K. phaffii.
Transformation was generally carried out according to
Perez-Pinera et al. [41]. Electroporation was done with
the MicroPulser™ (Bio-Rad, Hercules, USA) using the
Sc2 program. Transformants were selected on YPDS agar
plates containing the appropriate antibiotic (zeocin or
G418).

Cassette plasmids for extracellular 5-gal-Pw produc-
tion were integrated into the K. phaffii genome using the
Bxbl recombinase-based method. Genomic integration
of these cassette plasmids was verified by restreaking the
colonies on BMDy_, agar plates.

Cassette plasmids for intracellular S-gal-Pw production
were integrated either into the TRP2 locus by the BxbI
recombinase-based method or into the GAP or AOX1
locus by homologous recombination. Integration of the
cassette plasmids into the respective locus was veri-
fied by genomic DNA PCR using TaKaRa Ex Taq” DNA
Polymerase. The genomic DNA of the K. phaffii transfor-
mants was isolated based on Harju et al. [42]. However,
instead of freezing and thawing, 0.3 g glass beads (@ 0.5—
0.7 mm) were added for cell disruption and Roti®-Phenol/
Chloroform/isoamyl alcohol was added instead of chlo-
roform before vortexing for 3 min. An amount of 200-
250 ng DNA was used as a template for the PCR reaction.
Primer pairs with one primer binding to the K. phaffii
genome upstream of the integrated cassette plasmid and
one binding within the integrated cassette plasmid were
used. The primer pairs TRP2-fw and ConLS-rev (TRP2
locus), GAP-fw and tAOX1-rev (GAP locus), and AOX1-
fw and 5’-f-gal-Pw-rev (AOX1 locus) were used for the
verification of the cassette plasmid integration into the
respective locus (Additional file 1: Table S3).

Microscale screening
Recombinant K. phaffii strains with integrated cas-
sette plasmids for f-gal-Pw secretion (Pg,p used for
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expression) were cultivated in honeycomb 2 plates
(Fisher Scientific, Waltham, USA) in biological dupli-
cates. Cultivation was rendered in 250 pL YPD medium
per well. Each well was inoculated with a single colony
using a sterile toothpick. Cultivation was done at 30 °C
and 600 rpm on a Titramax 101 shaker (Heidolph Instru-
ments GmbH & Co. KG, Schwabach, Germany). After
24 h, the honeycomb plates were centrifuged (2000 x
g, 15 min, 4 °C) and culture supernatants were inves-
tigated for S-galactosidase activity. Up to 10 K. phaffii
clones of each construct (differing in signal peptide) were
investigated.

Recombinant K. phaffii strains with integrated cassette
plasmids for intracellular §-gal-Pw production were cul-
tivated in deep well plates 96/2000 pL (Eppendorf AG,
Hamburg, Germany) in biological triplicates. Cultivation
was done in YPD medium if Pg,, was used for S-gal-Pw
production and BMGY/BMMY medium if P,qx,; was
used. Precultures were done in sterile tubes using 3 mL
YPD or BMGY medium. The precultures were incubated
at 30 °C and 180 rpm overnight. Precultures were diluted
to an ODg,, of 0.5 using the respective medium. The
main cultivation was realized in deep well plates using a
500 pL working volume. An amount of 450 uL fresh YPD
or BMGY medium was filled into each well and inocu-
lated with 50 uL of diluted preculture (initial ODg,,, of
0.05). The plate was covered by a Breathe-Easier sealing
membrane (Sigma-Aldrich, St. Louis, USA) and incu-
bated at 30 °C and 900 rpm on a Titramax 101 shaker.
The cultivation in YPD medium was done for 48 h. The
cultivation in BMGY medium was done for 24 h. After-
wards, the deep well plate was centrifuged (2000 x g,
15 min, 4 °C), the supernatants were discarded, the cell
pellets were resuspended in 500 uL BMMY medium and
the cultivation was continued for another 48 h. After 24 h
cultivation in BMMY medium 0.5% (v/v), methanol was
added to maintain induction conditions. Cells were har-
vested by centrifugation (2000 x g, 15 min, 4 °C) and dis-
rupted in a microtiter plate to determine the intracellular
[-galactosidase activity (see below).

Shake flask cultivations

Shake flask cultivations of K. phaffii clones with the
[3-gal-Pw gene fused to various signal peptides under the
control of P,p were done at 30 °C for 76 h using YPD
medium. Recombinant K. phaffii clones were cultivated
in a working volume of 100 mL in 500 mL baffled shake
flasks (110 rpm, 76 h), each inoculated with 10% (v/v)
preculture (done in sterile tube at 180 rpm, 20 h). Two
samples were taken per day to determine the optical den-
sity (ODgoonm) and extracellular S-galactosidase activ-
ity. Intracellular S-galactosidase activity was determined
48 h after inoculation. Regarding j3-galactosidase activity
determination, 2 mL of the cell culture was centrifuged
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(13,000 x g, 5 min, 4 °C), the cell-free supernatant was
used to determine the extracellular 5-galactosidase activ-
ity and the cell pellet was disrupted to determine the
intracellular 5-galactosidase activity (see below).

Fed-batch bioreactor cultivations

Fed-batch bioreactor cultivations were fulfilled based on
the “Pichia Fermentation Process Guidelines” from Invi-
trogen [40]. The K. phaffii clone using the Killer-aMFA
signal peptide for f3-gal-Pw secretion was cultivated in
the Labfors 5 bioreactor (Infors HT, Bottmingen, Swit-
zerland) with a total vessel volume of 7.5 L. Recombinant
K. phatffii clones producing -gal-Pw intracellularly under
the control of P,p or Py, were cultivated in Multifors
2 bioreactors (Infors HT, Bottmingen, Switzerland) with
a total vessel volume of 1.4 L. Cultivations were done at
30 °C and pH 5 (intracellular production) or pH 6 (extra-
cellular production).

Precultures were done in BMD (Pg,p) or BMG (Pyox1)
medium. Firstly, the preculture was inoculated with a
single colony, and the following precultures were inocu-
lated with 10% (v/v) of the respective working volume.
Each preculture was incubated for 24 h. The main cul-
ture in the bioreactor was inoculated with 10% (v/v)
initial fermentation volume. The initial fermentation
volume for the Multifors 2 bioreactors was 500 mL and
3 L for the Labfors 5 bioreactor. The batch phase in the
bioreactor was realized in BSM medium containing a
PTM, trace salts solution using either glucose (Pg,p) or
glycerol (P,nyx;) as the carbon source. Antifoam 204 was
added once before inoculation (50 pL/L), and then only
as needed (the amount was kept to a minimum). The pH
was kept constant with 25% ammonium hydroxide and
2 M H;3PO,. The bioreactors were aerated with 1-2 vvim
and supplemental oxygen was added as needed during
the fed-batch phase to maintain the pO, above 20%. The
fed-batch phase was started when glucose or glycerol was
completely consumed, indicated by a peak in the pO, and
verified by glucose test strips (glucose rapidtest quan-
tofix) and a glycerol assay kit, respectively. If Pg,p was
used for S-gal-Pw production, an exponential glucose
feed using a 400 g/L glucose solution containing 12 mL/L
PTM, trace salts solution was applied. Firstly, the p ..
of the strain used was determined based on the dry cell
weight values obtained during a previous batch bioreac-
tor cultivation under conditions described above. A p <
Hmax Was chosen for the fed-batch phase. The exponential
feed rate (E(t)) and initial feed rate (F,) were calculated,
as described previously by Looser et al. [26]. If P,y was
used for the S-gal-Pw production, a stepwise increas-
ing methanol feed was applied. Thereby, 100% methanol
containing 12 mL/L PTM, trace salts solution was used
as the feed solution. The feed rate 1 was 1.8 mL/h, feed
rate 2 was 3.64 mL/h and feed rate 3 was 5.45 mL/h. The
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concentration of methanol in the bioreactor was deter-
mined by gas chromatography to prevent methanol
accumulation.

Samples were taken during cultivation to determine
the ODgjo the wet and dry cell weight, as well as the
B-galactosidase activity. Cells obtained after bioreactor
cultivations were harvested by centrifugation (6,000 x g,
15 min, 4 °C). The cells were washed with saline (0.9%
(w/v) NaCl) and finally centrifuged at 8,000 x g and 4 °C
for 15 min, before it was stored at -20 °C until further
processed.

Determination of methanol concentration by gas
chromatography

The methanol concentration in cell-free culture super-
natants was determined by gas chromatography using
the GC-2010 Plus System (Shimadzu; Kyoto, Japan)
equipped with an AOC-20i autoinjector and a flame ion-
izing detector. The chromatographic separation was done
on a Zebron ZB-1701 column (L=30 m; ID=0.25 mm;
FT=0.25 pm) from Phenomenex (Torrance, Califor-
nia, USA). A sample volume of 1 pL was injected in split
mode (split ratio: 125). The detector and injector tem-
peratures were set to 330 °C and 200 °C, respectively. The
column oven temperature was initially set to 30 °C (held
for 4 min) and then elevated to 250 °C at a rate of 25 °C/
min and maintained for 10 min. Helium was used as the
carrier gas at a flow rate of 0.74 mL/min. The data from
gas chromatography runs were analyzed using the Lab-
Solutions™ software from Shimadzu (Kyoto, Japan). A
calibration curve using 0.05-5% (v/v) methanol in H,O 44
was done to evaluate the data.

Cell disruption

After cultivation of recombinant K. phaffii strains in deep
well plates, shake flasks and bioreactors, cell disruption
was done in different vessels. In general, cooled (~4 °C)
100 mM potassium phosphate buffer containing 5 mM
MgCl, and 1 mM PMSF (pH 6.75) was used for the cell
disruption.

Each cell pellet obtained after deep well plate cultiva-
tion was resuspended in 200 pL buffer and subsequently
transferred to a microtiter plate well (microtitration
plates ROTILABO® F-profile; Carl Roth, Karlsruhe, Ger-
many) containing 0.2 g glass beads (@ 0.5-0.7 mm). The
microtiter plate was sealed using a sealing mat (pierca-
ble TPE capmat; Micronic, Lelystad, Netherlands). Cell
disruption was done using the TissueLyser II (Qiagen,
Hilden, Germany) at a frequency of 30/s for 15 min.
Afterwards, the microtiter plate was centrifuged (2,000 x
g, 15 min, 4 °C) and the cell-free supernatant was used for
the S-galactosidase activity determination (see below).

Cell pellets obtained from the shake flask cultivations
were resuspended in 1.5 mL buffer, while 20% (w/v) cell
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suspensions in buffer were prepared with cell pellets
obtained from the bioreactor cultivations. An amount
of 1.5 mL of the cell suspension was added to 1.5 g glass
beads (@ 0.75 mm) in a 2 mL Eppendorf tube. The cells
were disrupted using the TissueLyser II (Qiagen, Hilden,
Germany) at a frequency of 30/s for 15 min. After-
wards, the samples were centrifuged (13,000 x g, 10 min,
4 °C) and the cell-free supernatant was used for the
B-galactosidase activity and protein determination (see
below).

Regarding the large-scale production of a [-gal-Pw
preparation, 450 g of K. phaffii bio wet mass (obtained
from ~1 L cell culture of bioreactor cultivation using
P,ox; for B-gal-Pw production) was disrupted in a 600
mL (total volume) vessel using the DYNO°-MILL KDL A
(Willy A. Bachofen GmbH, Niedderau, Germany). A 40%
(w/v) cell suspension was prepared in buffer. The vessel
was filled with 80% (v/v) glass beads (@ 0.75 mm) and
the cell disruption was carried out in continuous mode
at 2,000 rpm by pumping the cell suspension through the
vessel with a residence time of about 8 min. The sample
was cooled at 5 °C during the disruption. After disrup-
tion, the cell debris was removed by centrifugation
(24,000 x g, 1 h, 4 °C) and the supernatant used for the
B-gal-Pw purification.

Purification of B-gal-Pw and formulation of an enzyme
preparation

After the disruption of recombinant K. phaffii cells
using the DYNO*-MILL, the cell-free extract obtained
was used for the purification of the g-gal-Pw. A 4 M
(NH,),SO, solution was added dropwise to the cell-
free extract and stirred on ice until a (NH,),SO, satura-
tion of 20% (250 mL of 4 M (NH,),SO, per liter cell free
extract) was reached, according to Scopes [43]. Equilibra-
tion was done overnight on ice with stirring. Thereafter,
the solution was centrifuged (24,000 x g, 1 h, 4 °C) and
the pH of the supernatant obtained was adjusted to pH
6.75 using 5 M NaOH. This sample was then used for
the subsequent hydrophobic interaction chromatogra-
phy (HIC) using an AKTA FPLC system (GE Healthcare,
Chicago, Illinois, USA). Accordingly, an empty col-
umn (ID=60 mm, L=33 cm, p,,,, = 20 bar) from Latek
Labortechnik GmbH (Eppelheim, Germany) was packed
with Toyopearl Phenyl-650 M resin (Tosoh Bioscience,
Tokyo, Japan). The sample was applied to the column
(column volume (CV)=400 mL) at a flow rate of 25 mL/
min. Unbound proteins were washed out with bind-
ing buffer (100 mM potassium phosphate buffer con-
taining 0.86 M (NH,),SO,; pH 6.75) at a flow rate of 50
mL/min for 4 CV. The flow rate of 50 mL/min was also
used for the remaining purification. Bound proteins
were eluted from the column using step elution. The
first elution step was done for 5 CV using 20% elution
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buffer (100 mM potassium phosphate buffer containing
5 mM MgCl,; pH 6.75). Afterwards, 5-gal-Pw was eluted
using 100% elution buffer for 5 CV. Fractionation dur-
ing purification was done manually in up to 2 L bottles.
Regarding the determination of the protein concentra-
tion and f3-galactosidase activity, 2.5 mL of each sample
was desalted against 100 mM potassium phosphate buf-
fer containing 5 mM MgCl, (pH 6.75) using PD-10 col-
umns (GE Healthcare, Chicago, USA). Active [-gal
fractions were pooled and formulated into an enzyme
preparation. The pooled active fractions were firstly
concentrated approximately four-fold using a Vivaflow
200 crossflow cassette (MWCO 10 kDa; Sartorius, Got-
tingen, Germany) at 4 °C. Subsequently, the concentrate
was desalted (five-fold) via diafiltration, using the Viva-
flow 200 cassette, to 100 mM potassium phosphate buf-
fer containing 5 mM MgCl, and 150 mM NaCl (pH 6.75).
Afterwards, 50% (/v) glycerol was added to obtain the
final enzyme preparation.

Protein analysis

Before analysis, samples were initially desalted against
100 mM potassium phosphate buffer containing 5 mM
MgCl, (pH 6.75) using PD-10 columns (GE Healthcare,
Chicago, USA). The protein concentration of enzyme
samples was determined according to the method of
Bradford, using bovine serum albumin as a standard
[44]. Samples were also analyzed by sodium dodecyl sul-
fate (SDS)-polyacrylamide gel electrophoresis (PAGE)
on a 8% sparating gel [45]. An amount of 5 pg protein
was loaded onto each lane of the gel. The Precision Plus
Protein™ unstained protein standard (10-250 kDa) was
used for molecular mass determination. Protein bands
were stained with Coomassie Brilliant Blue G-250 [46].
The cell-free culture supernatant was concentrated 160-
fold by trichloroacetic acid precipitation before loaded
onto the gel for the analysis of extracellular S-gal-Pw.
Proteins were precipitated with 20% (w/v) trichloro-
acetic acid, incubated at 4 °C overnight, washed with
ice-cold acetone, air-dried and resuspended in 1 x SDS
sample buffer (0.02% (w/v) Tri-HCl, 6% (w/v) glyerol,
0.1% (w/v) brophenol blue, 4% (w/v) SDS and 2% (w/v)
f-mercaptoethanol) before loading into the gel pocket.

Determination of the f-galactosidase activity

The p-galactosidase activity was determined accord-
ing to Erich et al. [4], using ortho-nitrophenol-5-D-
galactopyranoside (o0NPGal) as substrate. After separate
preincubation (37 °C, 800 rpm, 10 min), 80 pL of the
activity buffer (100 mM potassium phosphate, 5 mM
MgCl,, pH 6.75) was mixed with 100 pL substate solu-
tion (50 mM oNPGal dissolved in activity buffer) and 20
puL enzyme solution (desalted against activity buffer, if
necessary) was added to start the reaction. The reaction
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was terminated by adding 200 uL 1 M Na,COs. A cali-
bration curve was prepared with o-nitrophenol concen-
trations ranging from 0.00625 to 1 mM. One katal (kat)
of 5-galactosidase activity was defined as the release of
1 mol o-nitrophenol per second.

Mass spectrometry analysis

Mass spectrometry analysis was performed by the Mass
Spectrometry Unit of the Core Facility Hohenheim at the
University of Hohenheim (Stuttgart, Germany). Firstly,
proteins were in-gel digested using trypsin, based on the
protocol described by Shevchenko et al. [47]. After diges-
tion, samples were dried in a vacuum centrifuge and dis-
solved in 0.1% TFA for nano-LC-MS/MS analysis.

Nano-LC-ESI-MS/MS experiments were done on an
EASY-nLC1200 system (Thermo Fisher Scientific, Ger-
many) coupled to a Q-Extractive HF mass spectrometer
(Thermo Fisher Scientific, Germany) using a Nanospray
Flex source (Thermo Fisher Scientific, Germany). Pep-
tide separation was performed on a C18 analytical col-
umn (NanoEase M/Z HSS C18 T3, 1.8 um 100 A 75 pm x
250 mm column; Waters GmbH, Eschborn, Germany) at
40 °C. Gradient elution was done at a flow rate of 250 nL/
min employing a solvent gradient comprising a 2-55%
solution of solvent B over a 30 min period. The solvents
used were 0.1% formic acid (solvent A) and 0.1% for-
mic acid in 80% acetonitrile (solvent B). Survey spectra
(m/z=200-2000) were detected in the Orbitrap at a reso-
lution of 60,000 at m/z=200. Data-dependent MS/MS
mass spectra were generated for the 20 most abundant
peptide precursors in the Orbitrap using higher-energy
collision dissociation fragmentation at a resolution of
15,000 with a normalized collision energy of 27.

Mascot 2.6 (Matrix Science, UK) was used as a search
engine for protein identification. The spectra were
searched against the -gal-Pw protein sequence and the
Komagataella phaffii protein database from NCBI [48].
Search parameters specified no enzyme, a 5 ppm mass
tolerance for peptide precursors and 0.02 Da tolerance
for fragment ions. Methionine oxidation was designated
as a variable modification, while carbamidomethylation
of cysteine residues was set as a fixed modification. The
resulting data were then transferred to Scaffold™Soft-
ware 4.10.0 (Proteome Software, USA) for validation.

Investigation of product inhibition by D-galactose

Product inhibition by D-galactose was investigated in the
B-gal-Pw preparation and the commercial 3-galactosidase
preparations Saphera 2600L and Lactozym Pure 6500L
(Novozymes, Bagsverd, Denmark), Maxilact Super
(DSM, Heerlen, Netherlands), GODO-YNL2 (GODO
SHUSEI Co., Ltd., Chiba, Japan) and Dairyzym Y 50 L
(SternEnzym GmbH & Co. KG, Ahrensburg, Ger-
many). For this purpose, the effect of D-galactose on
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[-galactosidase activity was investigated at 8 °C in activ-
ity buffer (100 mM potassium phosphate, 5 mM MgCl,,
pH 6.75). The determination of 5-galactosidase activity
described above was realized at 8 °C with 100 pL sub-
state solution (50 mM oNPGal) mixed with 80 pL of the
activity buffer containing 350 mM D-galactose (final
concentration in the assay: 140 mM). An amount of 15
pkat npea/L (determined at 8 °C without D-galactose)
was used for each S-galactosidase preparation.

Statistical analysis

All experiments were done at least in biological dupli-
cates with three independent measurements and evalu-
ated by determining the standard deviation with Excel
(Microsoft, Redmond, USA). Data are presented as mean
values with standard deviation.

Results
Investigation of various signal peptides for 8-galactosidase
(B-gal-Pw) secretion
An attempt was firstly made to produce P wynnii
B-galactosidase (B-gal-Pw) in K. phaffii by secretion.
Accordingly, 11 different signal peptides were tested
(Additional file 1: Table S4). Among them were ten based
on the aMF signal peptide from Saccharomyces cerevi-
siae [36] and one signal peptide derived from K. phaffii.
The latter was the signal peptide of an endo-1,3(4)-5-
glucanase (UniProt ID: C4QW71), natively secreted by
K. phaffii [49, 50]. Correctly assembled Pg,p-signal-
peptide-f-gal-Pw cassette plasmids (Additional file 1,
Fig. S2) were transformed into K. phaffii (integration
method: Additional file 1, Fig. S3). Up to 10 clones per
construct were restreaked on BMDy_c, agar plates
(Additional file 1, Fig. S4). All of these clones turned blue
on the BMDy_, agar plates while the K. phaffii control
strain without a cassette plasmid integrated appeared
white and did not turn blue. The recombinant K. phaffii
clones obtained were cultivated in honeycomb plates
and investigated for 5-gal-Pw secretion. No extracellu-
lar B-galactosidase activity was detected for any of the
clones, indicating that none of the signal peptides tested
resulted in the secretion of S-gal-Pw. Additionally, the
clones using the aMFA_no_Kex, Glucoamylase-aMFA,
Invertase-aMFA and Killer-aMFA signal peptides were
cultivated in shake flasks (growth curves: Additional file
1, Fig. S5). Again, none of the clones showed any extracel-
lular activity. Therefore, the clones were additionally ana-
lyzed for intracellular activity (only in the 48 h samples),
which were determined to be 6.7£0.8 (¢MFA_no_Kex),
37.1+1.1 (Glucoamylase-aMFA), 61.4+1.1 (Invertase-
aMFA) and 22.3%0.3 pkat, npea/ Legture (Killer-aMEA).
Furthermore, the K. phaffii clone using the Killer-
aMFA signal peptide was cultivated in a bioreactor under
controlled conditions. After a 16.5 h batch phase, the
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glucose was completely consumed, as indicated by an
increase in pO, and verified by glucose test strips (Fig. 1).
At this time, a dry cell weight (DCW) of 25.7+0.5 g/L and
an extracellular S-galactosidase activity of 0.04610.001
pkatynpea/ Lewrare Was measured. An exponential glucose
feed was executed resulting in a p of 0.122 (Additional file
1, Fig. S6). After 8 h of feeding (24.5 h cultivation time),
an extracellular S-galactosidase activity of 0.26+0.01
ukat npear/Leture Was determined, suggesting that appar-
ently a low amount of §-gal-Pw was secreted, but that
could also be derived from cell lysis. At the same time,
a much higher intracellular S-galactosidase activity of
12.9+0.5 pkat npga/Letare Was determined (Additional
file 1: Fig. S7).

Additionally, the secretome and proteome of this
recombinant K. phaffii with the Killer-aMFA signal pep-
tide was analyzed by SDS-PAGE and specific protein
bands were analyzed for 5-gal-Pw by mass spectrometry
(Additional file 1: Fig. S8). The N-terminal part of the
Killer-aMFA signal peptide for both intra- and extracel-
lular B-gal-Pw was found by mass spectrometry, demon-
strating that the complete signal peptide sequence was
still present at the N-terminus of the [5-gal-Pw. Based
on these findings, problems in the secretory pathway of
this enzyme in K. phaffii were suspected, and therefore
the focus was shifted to the investigation of intracellular
B-gal-Pw production in the yeast.
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Investigation of the intracellular 8-galactosidase (3-gal-Pw)
production

Two different promoters, the methanol inducible P,qy;
and the constitutive Pg,p, were investigated for intra-
cellular B-gal-Pw production. Correctly assembled cas-
sette plasmids (Additional file 1, Fig. S9) were integrated
into either one of the promoter regions P,gy; or Pgap
by homologous recombination or the TRP2 locus by a
recombinase-based method (Additional file 1: Fig. S10
and Fig. S11). A total of four different K. phaffii con-
structs were generated. Regarding any possible clonal
variations [51], a microscale screening of ten clones
of each construct was done to identify those K. phaffii
clones showing the highest intracellular S-galactosidase
activity (Fig. 2).

There was no significant difference in S-galactosidase
activities for the Pg,p clones (Fig. 2A) using the GAP
(mean value 235%29 pkat,npga/Legiture) ©F TRP2 locus
(mean value 219%16 pkat,npca/Legitue): BY contrast,
when the P, x;-5-gal-Pw cassette plasmid was integrated
into the AOX1 locus, higher S-galactosidase activities
were obtained (Fig. 2B) (mean value 200%34 pkat ype,/
Leywre) than by using the TRP2 locus (mean value
145+18 pkat,npea/Leuture)- When using P, p, the high-
est [5-galactosidase activity of 285+7 pkat,ypear/Leutture
was obtained with clone 5 and the GAP locus (Fig. 2A).
When using P,ox;, the highest 5-galactosidase activity
of 277+31 pkat npeu/Legure Was obtained with clone
27 and the AOX1 locus (Fig. 2B). Therefore, these two
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strains were used in the following fed-batch bioreactor
cultivations. The K. phaffii wildtype strain was checked
separately and showed no endogenous f3-galactosidase
activity under the same conditions.

Production of B-galactosidase (8-gal-Pw) in fed-batch
bioreactor cultivations

Promoter-specific fed-batch bioreactor cultivations
were done to determine which of the two promoter sys-
tems would achieve the highest 3-galactosidase activities
under promoter-adapted cultivation conditions. Thus,
different carbon sources and feeding procedures were
used depending on the promoter used for the S5-gal-Pw
expression.

Production of B-galactosidase (8-gal-Pw) under the control
of Peap

During cultivation of the K. phaffii strain (clone 5) with a
Pap-B-gal-Pw cassette plasmid integrated into the GAP
locus, the carbon source glucose was completely depleted
after about 25 h, as indicated by an increase in pO, and
verified by glucose test strips (Fig. 3A). At this time, a dry
cell weight of 1941 g/L and a f5-galactosidase activity of
285+13 pkat npea/Leutture Was measured.

A glucose feed was then started (fed-batch phase).
Since higher product yields are generally obtained if the
specific growth rate p is close to the maximum specific
growth rate p.. using Pg,p [26], an exponential glucose
feed was applied. A p,,,, of 0.181/h was determined in a
previous batch bioreactor cultivation of the same strain
(Additional file 1: Fig. S12). In order to avoid glucose
accumulation during the fed-batch phase, u was kept at
values<p... A g of 0.171£0.003/h was reached (Addi-
tional file 1: Fig. S13) during the fed-batch phase, result-
ing in a final dry cell weight of 105+2 g/L (OD¢yonm
440%10) after 14.5 h of glucose feed (Fig. 3A). The cul-
tivation was stopped at this time point as the maximum
working volume of the bioreactor was reached. Dur-
ing the fed-batch phase, the glucose concentrations in

the medium were always<0.5 g/L according to the glu-
cose test strips used. The intracellular S-galactosidase
activity increased similar to the biomass during the
fed-batch phase. At the end of the cultivation, the high-
est [5-galactosidase activity was reached with 1884+t6
ukat npear/Leitare (Fig. 3A). Finally, a specific cell activ-
ity of 18.0+0.1 pkat,ypc, per gram dry cell weight was
produced. Considering the cultivation time, a specific
productivity g, of 3.14+0.05 pkat,ypg./8pcw/h was
achieved.

SDS PAGE analysis showed a distinguished protein
band at approximately 120 kDa that fits to the molecular
weight of S-gal-Pw (Fig. 3B). The intensity of this protein
band did not vary over the cultivation time, which was
consistent with the specific 5-galactosidase activity, that
remained almost constant at 10619 pkat,ypgu/8protein
throughout the cultivation.

Production of B-galactosidase (8-gal-Pw) under the control
of Paox1

Glycerol was used as a first carbon source in the batch
phase for cultivation of the K. phaffii strain with a P,qy;-
f-gal-Pw cassette plasmid integrated into the AOX1
locus (Fig. 4A).

After approximately 20 h, the glycerol was completely
depleted, as indicated by a pO, spike. Subsequently,
[-gal-Pw expression was induced by starting the metha-
nol feed (feed rate 1.8 mL/h; fed-batch phase). Straight
from the beginning of the fed-batch phase (26 h of cul-
tivation), methanol accumulated up to 3.77%0.05%
(v/v). Therefore, the feed was paused until the metha-
nol was completely consumed. After 42 h of cultivation,
the methanol feed was started again at a feed rate of 1.8
mL/h (phase 1). At this time, a S-galactosidase activ-
ity of 143+17 pkat,npga/Legiure @and a dry cell weight
of 26x1 g/L was determined. After 67 h of cultivation,
the feed rate was increased to 3.65 mL/h for about 4 h
(phase 2), followed by a further increase to the final con-
stant methanol feed rate of 545 mL/h (phase 3). The
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Fig. 3 Production of 3-gal-Pw under the control of P, in a fed-batch bioreactor cultivation. (A) Cultivation of K. phaffii with Pg,p-B-gal-Pw integrated
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medium at pH 5 and 30 °C with an initial fermentation volume of 500 mL. (B) SDS PAGE analysis of

cell-free extracts obtained from fed-batch cultivation at certain times. An amount of 5 ug protein was loaded per lane. The arrow indicates the theoretical

molecular weight of 3-gal-Pw

methanol concentration in the medium until the end of
cultivation was always below 0.1% (v/v). The biomass
and f-galactosidase activity increased constantly till the
end of the cultivation. After a total cultivation time of
120 h, the highest S-galactosidase activity of 7537166
pkat, npea/Legrre @nd a dry cell weight of 132+4 g/L
(ODggonm 525+8) was obtained (Fig. 4A), correspond-
ing to a specific cell production of 57.1+£0.5 pkat,ypcy
per gram dry cell weight. A specific growth rate p of
0.023£0.001 per hour was obtained during cultivation,
resulting in a specific cell productivity g, of 1.53+0.03
Hkat,npGar/gpew/h.

SDS PAGE analysis showed a protein band appearing at
approximately 120 kDa after 42 h of cultivation (Fig. 4B).

The intensity of this protein band increased with increas-
ing cultivation time, suggesting that it corresponded to
[-gal-Pw. Additionally, the specific -galactosidase activ-
ity increased over the cultivation time, reaching its maxi-
mum at 20117 pkat,ypga/Sprotein 2fter 120 h. In addition,
after 42 h of cultivation, a protein band appeared at
approximately 75 kDa with increasing intensity over the
cultivation time, as was also seen for the 120 kDa protein
band, suggesting that it was a degradation product of the
B-gal-Pw. Another protein band was visible just below
the 75 kDa protein band (Fig. 4B). This was probably the
native alcohol oxidase 1 (AOX1; Uniprot ID: F2QY27)
from K. phaffii with a molecular weight of ~74 kDa. The
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AOX1 can account for up to 30% of all proteins when K.
phaffii was grown on methanol [52].

Partial purification of the recombinant -galactosidase
(B-gal-Pw)

The K. phaffii biomass (obtained with P,5y;) was har-
vested and treated further to obtain a 5-gal-Pw prepa-
ration that is comparable with common commercial
enzyme preparations of the food industry, which are
concentrated and partially purified aids for various
applications. After cell disruption of 450 g of K. phaffii
wet biomass (obtained from about 1 L cell culture)

a volumetric [-galactosidase activity of 107991455
ukat npear/Leell free extract Was determined in the cell free
extract obtained. Afterwards, p-gal-Pw was partially
purified by hydrophobic interaction chromatography
(HIC) using a two-step elution strategy (Chromatogram:
Additional file 1: Fig. S14). The protein pattern of both
steps is shown in Fig. 5. The summary of the partial puri-
fication is shown in Table 1.

The first elution step E 1 (20% elution buffer) com-
prised native K. phaffii proteins (Fig. 5). The elution step
E 2 (100% elution buffer) contained the recombinant
B-gal-Pw. A prominent protein band at ~120 kDa was



Bechtel et al. Microbial Cell Factories (2024) 23:263

kDa M load FT E1 E2
250

150

100

U
— ’ -
37 - -
—— TN AR, e
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bic interaction chromatography using step gradient elution. M= protein
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FT=flow-through, E 1 =elution fraction 1 (20% elution buffer), E 2 =elution
fraction 2 (100% elution buffer), 3-gal active fraction. An amount of 5 ug
protein was loaded per lane. The arrow indicates the theoretical molecular
weight of -gal-Pw

visible in this E 2 sample on the SDS PAGE, which is con-
sistent with the molecular weight of §-gal-Pw. Another
prominent protein band in the E 2 sample occurred at
75 kDa, which is probably the native alcohol oxidase 1
from K. phaffii since the expression was regulated by the
AOX1 promotor.

Finally, the B-gal-Pw was partially purified 4.31-fold
(specific B-galactosidase activity of 57525 pkat,ype./
8protein) With a yield of 55£29% (Table 1).

After HIC, the [-gal-Pw sample was concentrated,
and 50% (v/v) glycerol was added to extend the shelf

Table 1 Partial purification of 3-galPw
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Fig. 6 SDS PAGE analysis of various commercial S-galactosidase prepa-
rations and the -gal-Pw preparation. M= protein standard; 5 ug protein
was loaded per lane. Expected molecular weights of -galactosidases are
outlined with a white dashed line

life, as is often done with commercial enzyme prepa-
rations. Finally, 240 mL of S-gal-Pw enzyme prepa-
ration with a volumetric f-galactosidase activity of
12842+407 pkat npg./L (specific f-galactosidase activ-
ity of 509%16 pkat,npga/Sprotein) Was obtained. Thus, a
final -gal-Pw preparation with a total S-galactosidase
activity of 3082+98 pkat ypg, Was obtained from 1 L
recombinant K. phaffii culture. This -gal-Pw prepara-
tion was compared with various commercially available
and well-known [-galactosidase preparations by SDS
PAGE (Fig. 6). A distinguished protein band around 100—
120 kDa was seen in all preparations.

When the specific 5-galactosidase activities were mea-
sured and compared among the 5-galactosidase prepara-
tions, a 5-16-fold higher value was determined for the
commercial preparations (Table 2). It must be mentioned

Volume [mL] EAtotaI I:l"katchPGal] PrOteintotal EAspe(. [ukatoNPGaI/gprotein] Yield PF

[g] [%] []
Cell free extract 665 7182+303 539+05 133+6 100+4 1.00+0.04
(NH,),50,4 675 5681+50 425+0.2 134+1 79+1 1.00£0.01
HIC 450 3943+£170 6.9+0.3 575+25 55+2 431£0.19

EAyora = total B-gal activity; Protein,q, = total protein content, EA ..

= specific $-gal activity, PF=purification factor
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Table 2 Comparison of specific activities (EA,..) Of different
B-galactosidase preparations. The 3-gal activity was determined
in 100 MM potassium phosphate buffer containing 5 mM MgCl,
(pH 6.75) at 37 °C

B-galactosidase Manufacturer EApec [katonpcal/
preparation Yprotein]
Saphera 2600L' Novozymes 2524+65
Maxilact Super? DSM 6050472
GODO YNL2? GODO SHUSEI Co,, Ltd.  6325+76
Lactozym Pure 65001 Novozymes 6946+210
Dairyzym Y 50 L2 SternEnzym GmbH & 8031480

Co.KG
B-gal-Pw? This study 509+ 16
'Bifidobacterium bifidum

2Kluyveromyces lactis

3paenibacillus wynnii

that these activities were gathered with the synthetic sub-
strate oNPGal and not with the natural substrate lactose.

Regarding later use in lactose hydrolysis in food matri-
ces, however, it must be noted that the commercial
f-galactosidases are inhibited by the generated prod-
uct D-galactose, while the -gal-Pw is even activated by
D-galactose (Additional file 1: Fig. S15), which was also
shown by Lutz-Wahl et al. [13].

Discussion

First, extracellular production of B-gal-Pw was inves-
tigated. All recombinant clones showed a blue color on
BMDy_g, agar plates, indicating integration of the cas-
sette plasmids with a functional -gal-Pw expression
cassette. [5-galactosidases are able to hydrolyze X-Gal
resulting in the formation of a blue dye [53]. However,
in small scale screening experiments as well as in shake
flask cultivations no extracellular 5-galactosidase activi-
ties could be detected, indicating problems in the secre-
tory pathway of this enzyme. Intracellular S-galactosidase
activity was determined for some of the K. phaffii clones,
indicating that the B-gal-Pw could already fold in the
cytosol and probably did not enter the secretory pathway.
Furthermore, mass spectrometry analysis showed that
the Killer-aMFA signal peptide was still present at the
N-terminus of the active intracellular -gal-Pw, indicat-
ing problems with the translocation into the ER, where
processing of the signal peptide actually occurs [54]. It
was shown in other studies that if the aMF signal pep-
tide was fused to proteins which could already fold in the
yeast cytosol, translocation across the ER membrane was
not possible [55, 56]. To overcome this problem, a hybrid
signal peptide consisting of the Saccharomyces cerevisiae
Ostl pre signal peptide fused to a variant of the «MF pro
signal peptide was used [55, 56]. In comparison to the
aMF pre signal peptide, which directs posttranslational
translocation across the ER membrane [57], the Ostl
pre signal peptide directs co-translational translocation,
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thus, giving the protein no chance to fold in the cytosol
[58, 59]. The signal peptides used in this study, such as
the aMF signal peptide, are described to guide proteins
into the posttranslational secretory pathway, which might
be unfavorable for the secretion of large and natively
intracellular proteins such as 5-gal-Pw. Therefore, signal
peptides mediating the co-translational translocation
of 5-gal-Pw across the ER membrane could possibly be
more successful guiding this enzyme through the secre-
tory pathway of K. phaffii.

In the bioreactor cultivation of recombinant K. phaffii
with the Killer-aMFA signal peptide, extracellular
[-galactosidase activity was measurable for the first time.
However, mass spectrometry analysis showed that the
complete signal peptide was still present at the N-ter-
minus of the extracellularly present -gal-Pw, indicating
that §-gal-Pw was only apparently secreted, but was in
fact most probably released by natural cell lysis.

With the prokaryotic organism B. subtilis, on the other
hand, S-gal-Pw could be secreted using various signal
peptides [17]. The highest extracellular S-galactosidase
activity of 77.5+10 pkat,npea/Leiture Was achieved using
the PhoD signal peptide mediating secretion via the
twin-arginine translocation pathway. However, intracel-
lular B-galactosidase activity of up to 19 pkat ypear/Leutture
was still detected, suggesting that there may also be some
limitations in the secretory pathway of -gal-Pw in B.
subtilis [17].

Secretion of f-gal-Pw did not work in K. phaffii,
therefore, intracellular production of this enzyme was
investigated using Pg,p and P,ox;. For both promoter
systems, the 5-gal-Pw could be produced intracellularly
in high amounts of about 1900 (Pg,p) and 7500 (P ,qx;)
pkat npear/Legiture indicating that no problem occurred
during transcription or translation but at the level of
secretion.

Looser et al. reported when using P,ox; that higher
product yields are often obtained when the recombinant
K. phaffii strain is grown considerably below its maxi-
mum specific growth rate p,,.. However, when using
Pgap, the optimum specific growth rate p,,, at which
production performance is best, is often near to p,,
[26]. Although the K. phaffii strain, with the S-gal-Pw
gene under the control of Pg,p, was cultivated nearly at
its . @ four-fold higher volumetric S-galactosidase
activity was obtained when P,oy; was used. Also, a
three-fold higher S-galactosidase activity per gram dry
cell weight was obtained when P,oy; was used. A dif-
ference in the j-galactosidase activity per gram dry cell
weight may also be due to a different copy number of the
expression cassette in the K. phaffii genome [60], which
was not investigated in this study. Additionally, the pro-
moter-specific cultivation conditions were empirically
based on literature, therefore, it cannot be ruled out
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that the differences in activity per gram dry cell weight
may have resulted from different physiological condi-
tions influenced by the chosen cultivation conditions
[61]. Further studies would need to be done to investi-
gate this. However, higher expression levels were also
observed in other studies when P,oyx; was used instead
of Pgap [62-65]. Considering the whole cultivation time,
the K. phaffii clone using Pg,p for the expression of
B-gal-Pw showed a two-fold higher specific productiv-
ity (3.14%0.05 pkat,npc./8pcw/h) than the clone using
Pyoxy (1.53+0.03 pkat npeai/8pcw/h). Accordingly, mul-
tiple cultivations could also be done with the P, clone
to achieve similar 5-galactosidase activity to the P,y
clone in a comparable amount of time.

K. phaffii was also investigated for the production of
B-galactosidases from other host organisms (Table 3).

Sun et al. investigated the secretion of the
B-galactosidase from Kluyveromyces lactis (8-gal-Kl) and
Aspergillus oryzae (5-gal-Ao) in K. phaffii [31]. p-gal-Kl
could not be secreted by K. phaffii using the aMF sig-
nal peptide and P,ox;. By contrast, 5-gal-Ao could be
secreted using the same conditions as for 5-gal-Kl [31].
Native 3-gal-Kl does not have a signal peptide at its N-ter-
minus and is, therefore, not secreted in K. lactis. How-
ever, 3-gal-Ao is also secreted in A. oryzae itself [3]. This
suggests that the likelihood of a protein being secreted
may be increased if it is also secreted in the native host.
B-gal-Pw, which could not be secreted in this study, does
not have a native signal peptide and is also, therefore,
unlikely to be secreted in its native host. Sun et al. addi-
tionally tested different promoters for §-gal-Ao expres-
sion. When, for example, P;,p was used, no enzyme
activity was detected. This again shows that P,qy; is
often more suitable for high-level production compared
to Pgap. The highest volumetric -galactosidase activity
of the -gal-Ao-secreting K. phaffii clone was obtained
with 1435 kU, npga/Leinre (@pproximately 2.5 g, jiein/L)
by co-overexpressing the chaperone BiP [31].

Table 3 Comparison of 3-galactosidase production in K. phaffii

Page 14 of 17

The highest S-galactosidase activity obtained to date
in K. phaffii culture supernatant was 9500 kU pc./
Leuure (approximately 22 g,...in/L) with Paecilomyces
aerugineus [3-galactosidase [32]. The highest intracellu-
lar 5-galactosidase activity obtained for 5-gal-Pw in this
study, with ~452 KU n\peai/Leuiture (7537266 pkat ypeq/
Lyiture)» Was comparable to that obtained for the Asper-
gillus niger [3-galactosidase that could be secreted.
All B-galactosidases shown in Table 3 that could be
secreted by K. phaffii, except the Lactobacillus crispa-
tus [3-galactosidase (3-gal-Lc), are also secreted in their
native hosts. Furthermore, most of the S5-galactosidases
in Table 3 are active as monomers, except of 5-gal-Kl
which is active as tetramer and S-gal-Lc as dimer [15,
34]. Since B-gal-KI could not be secreted and, as a tet-
ramer, has a more complex structure than the other
[-galactosidases, it can be assumed that the structural
properties of the enzymes may also have an influence on
the secretion process. The unique feature of §-gal-Lc is
that it is a heterodimeric protein which could be secreted
by a separate expression of the two subunits, each under
the control of P, oy, and fused to the aMF signal peptide
[34]. In a previous study a monomeric form of 3-gal-Pw
was determined by size exclusion chromatography [17],
but no further structural properties of this enzyme have
been investigated to date. However, when comparing the
amino acid sequence of 5-gal-Pw with those of the other
[-galactosidases, a percentage identity of 42% to 5-gal-Lc
(query cover: 85%), 33% to f3-gal-Kl(query cover: 90%)
and 24% to Bacillus circlans [5-galactosidase (query cover:
39%), as well as no similarity to the other 5-galactosidases
mentioned in Table 3, was determined by NCBI BLAST
[48]. The sequence homology to 5-gal-Kl might suggest
that structural similarities could be present in S-gal-Pw,
which could have also led to the lack of secretion of
B-gal-Pw, as observed for §-gal-KIL

In another study, 5-gal-Pw was produced intracellularly
in E. coli BL21(DE3) [13]. A maximum f-galactosidase

Source Promoter Expression Initial working volume [L] EA Reference
[kaNPGaI/
L(ulture]
A.oryzae Paox extracellular 0.8 1435 [31]
Peap extracellular 0.025 nd. [31]
K. lactis Paoxi extracellular 0.025 nd. 311
P. aerugineus Paox extracellular 1.5 9500 [32]
A. niger Pear extracellular 15 300 [33]
A. nidulans Paap extracellular 15 42 [33]
L. crispatus Paox extracellular 2% 31 [34]
B. circulans Proxi extracellular 2% 14 [16]
P wynnii Paap intracellular 0.5 113 This study
Paoxi intracellular 0.5 452 This study

EA=[-gal activity; n.d. = not detected
*total volume of bioreactor
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activity of 1350%12 pkat npeu/Leuture (~81 KU npear!
Lcutre) Was obtained in a 3.5 L bioreactor cultivation
after 8 h total cultivation time. When f5-gal-Pw was pro-
duced intracellularly in K. phaffii, a 5.6-fold higher maxi-
mum volumetric S-galactosidase activity was obtained

using P,y

Conclusion

K. phaffii was unable to secrete the 5-galactosidase from
Paenibacillus wynnii (-gal-Pw). Accumulated active
B-gal-Pw within the cell as well as an unprocessed sig-
nal peptide indicated problems in the secretory path-
way. A high-level production of S-gal-Pw was achieved
in promoter-specific fed-batch bioreactor cultivations
by switching to intracellular production and using differ-
ent promoters. Depending on the promoter used, either
higher expression levels (P,oy;) or higher specific pro-
ductivities (Pg,p) could be achieved for p-gal-Pw. The
volumetric 3-galactosidase activity obtained in this work
is the highest yet achieved for §-gal-Pw in a fermentation.

Supplementary Information
The online version contains supplementary material available at https://doi.
0rg/10.1186/512934-024-02544-5.

[ Supplementary Material 1: ]

Acknowledgements

We thank Dr. Sabine Lutz-Wahl (University of Hohenheim) for proofreading
this manuscript. Furthermore, we thank the Mass Spectrometry Unit of the
Core Facility Hohenheim at the University of Hohenheim (Stuttgart, Germany)
and especially Berit Wirtz and Dr. Jens Pfannstiel for their support in mass
spectrometry analysis. The Q-Exactive HF mass spectrometer was funded in
part by the German Research Foundation (DFG-INST 36/168-1 FUGG).

Author contributions

AB planned and executed the experiments, analyzed, and interpreted the
observed data, and drafted the manuscript. IS supported during protein
purification and contributed to the planning of the experiments, scientific
discussion, interpretation of the results and drafting the manuscript. EP
contributed to the planning of the molecular biology work, interpretation

of the results, scientific discussion and drafting the manuscript. FH and MK
supported during the bioreactor cultivations and cell disruption. LF conceived
and supervised the study and contributed to the interpretation of the results,
resources and drafting the manuscript. All authors read and approved the final
manuscript.

Funding

This research did not receive any specific grant from funding agencies in the
public, commercial or nonprofit sector.

Open Access funding enabled and organized by Projekt DEAL.

Data availability
No datasets were generated or analysed during the current study.

Declarations

Ethics approval and consent to participate
Not applicable.

Consent for publication
Not applicable.

Page 15 of 17

Competing interests
The authors declare no competing interests.

Received: 19 July 2024 / Accepted: 28 September 2024
Published online: 05 October 2024

References

1. Panesar PS, Panesar R, Singh RS, Kennedy JF, Kumar H. Microbial production,
immobilization and applications of B-D-galactosidase. J Chem Technol Biot.
2006;81:530-43. https//doi.org/10.1002/jctb.1453.

2. Husain Q. B-galactosidases and their potential applications: a review. Crit Rev
Biotechnol. 2010;30:41-62. https://doi.org/10.3109/07388550903330497.

3. Oliveira C, Guimardes PMR, Domingues L. Recombinant microbial
systems for improved B-galactosidase production and biotechnological
applications. Biotechnol Adv. 2011,29:600-9. https://doi.org/10.1016/j.
biotechadv.2011.03.008.

4. Erich S, Kuschel B, Schwarz T, Ewert J, BShmer N, Niehaus F, et al. Novel
high-performance metagenome (-galactosidases for lactose hydrolysis in
the dairy industry. J Biotechnol. 2015;210:27-37. https://doi.org/10.1016/j.
jbiotec.2015.06.411.

5. Shukla TP, Wierzbicki LE. 8-galactosidase technology: a solution to the
lactose problem. C R C Crit Rev Food Technol. 1975;5:325-56. https://doi.
0rg/10.1080/10408397509527178

6. Harju M, Kallioinen H, Tossavainen O. Lactose hydrolysis and other conver-
sions in dairy products: technological aspects. Int Dairy J. 2012;22:104-9.
https://doi.org/10.1016/jidairyj.2011.09.011.

7. Mlichova Z, Rosenberg M. Current trends of S-galactosidase application in
food technology. J Food Nutr Res. 2006;45:47-54.

8. Park A-R, Oh D-K. Galacto-oligosaccharide production using microbial
B-galactosidase: current state and perspectives. Appl Microbiol Biotechnol.
2010;85:1279-86. https://doi.org/10.1007/500253-009-2356-2.

9. AmbrogiV, Bottacini F, Cao L, Kuipers B, Schoterman M, van Sinderen D.
Galacto-oligosaccharides as infant prebiotics: production, application, bioac-
tive activities and future perspectives. Crit Rev Food Sci Nutr. 2021;63:753-66.
https://doi.org/10.1080/10408398.2021.1953437.

10. Torres DPM, Gongalves M, do PF, Teixeira JA, Rodrigues LR, Galacto-
Oligosaccharides. Production, properties, applications, and significance
as prebiotics. Compr Rev Food Sci Food Saf. 2010;,9:438-54. https://doi.
org/10.1111/j.1541-4337.2010.00119.x.

11.  Ansari SA, Satar R. Recombinant 8-galactosidases — past, present and future:
a mini review. J Mol Catal B Enzym. 2012;81:1-6. https://doi.org/10.1016/j.
molcath.2012.04.012.

12. Fischer L, Lutz-Wahl S. Paenibacillus wynnii B-galactosidase for the production
of lactose-depleted dairy products. Patent: EP3682748A1. 2020.

13. Lutz-Wahl S, Mozer H, Kussler A, Schulz A, Seitl |, Fischer L. A new
B-galactosidase from Paenibacillus wynnii with potential for industrial applica-
tions. J Dairy Sci. 2024;107:3429-42. https://doi.org/10.3168/jds.2023-24122.

14, Maksimainen MM, Lampio A, Mertanen M, Turunen O, Rouvinen J. The crystal
structure of acidic B-galactosidase from Aspergillus oryzae. Int J Biol Macro-
mol. 2013,60:109-15. https://doi.org/10.1016/j.ijbiomac.2013.05.003.

15.  Pereira-Rodriguez A, Fernandez-Leiro R, Gonzélez-Siso MI, Cerddn ME, Becerra
M, Sanz-Aparicio J. Structural basis of specificity in tetrameric Kluyvero-
myces lactis B-galactosidase. J Struct Biol. 2012;177:392-401. https://doi.
0rg/10.1016/}sb.2011.11.031.

16. YanY,Guan W, Li X, Gao K, Xu X, Liu B et al. -galactosidase GALA from
Bacillus circulans with high transgalactosylation activity. Bioengineered.
2021;12:8908-19. https://doi.org/10.1080/21655979.2021.1988370

17. Senger J, Seitl |, Pross E, Fischer L. Secretion of the cytoplasmic and high
molecular weight B-galactosidase of Paenibacillus wynnii with Bacillus subtilis.
Microb Cell Fact. 2024;23. https://doi.org/10.1186/512934-024-02445-7.

18.  Cregg JM, Cereghino JL, Shi J, Higgins DR. Recombinant protein expression
in Pichia pastoris. Mol Biotechnol. 2000;16:23-52. https://doi.org/10.1385/
MB:16:1:23.

19.  Duman-Ozdamar ZE, Binay B. Production of industrial enzymes via Pichia pas-
toris as a cell factory in bioreactor: current status and future aspects. Protein J.
2021;40:367-76. https://doi.org/10.1007/510930-021-09968-7.

20. EFSA Panel on Biological Hazards (BIOHAZ), Ricci A, Allende A, Bolton D,
Chemaly M, Davies R, et al. Update of the list of QPS-recommended biologi-
cal agents intentionally added to food or feed as notified to EFSA 7: suitability


https://doi.org/10.1186/s12934-024-02544-5
https://doi.org/10.1186/s12934-024-02544-5
https://doi.org/10.1002/jctb.1453
https://doi.org/10.3109/07388550903330497
https://doi.org/10.1016/j.biotechadv.2011.03.008
https://doi.org/10.1016/j.biotechadv.2011.03.008
https://doi.org/10.1016/j.jbiotec.2015.06.411
https://doi.org/10.1016/j.jbiotec.2015.06.411
https://doi.org/10.1080/10408397509527178
https://doi.org/10.1080/10408397509527178
https://doi.org/10.1016/j.idairyj.2011.09.011
https://doi.org/10.1007/s00253-009-2356-2
https://doi.org/10.1080/10408398.2021.1953437
https://doi.org/10.1111/j.1541-4337.2010.00119.x
https://doi.org/10.1111/j.1541-4337.2010.00119.x
https://doi.org/10.1016/j.molcatb.2012.04.012
https://doi.org/10.1016/j.molcatb.2012.04.012
https://doi.org/10.3168/jds.2023-24122
https://doi.org/10.1016/j.ijbiomac.2013.05.003
https://doi.org/10.1016/j.jsb.2011.11.031
https://doi.org/10.1016/j.jsb.2011.11.031
https://doi.org/10.1080/21655979.2021.1988370
https://doi.org/10.1186/s12934-024-02445-7
https://doi.org/10.1385/MB:16:1:23
https://doi.org/10.1385/MB:16:1:23
https://doi.org/10.1007/s10930-021-09968-7

Bechtel et al. Microbial Cell Factories

22.

23.

24,

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

(2024) 23:263

of taxonomic units notified to EFSA until September 2017. EFSA J. 2018;16.
https://doi.org/10.2903/j.efsa.2018.5131.

Spohner SC, Muller H, Quitmann H, Czermak P. Expression of enzymes

for the usage in food and feed industry with Pichia pastoris. J Biotechnol.
2015;202:118-34. https://doi.org/10.1016/jjbiotec.2015.01.027.

CiofaloV, Barton N, Kreps J, Coats |, Shanahan D. Safety evaluation of a lipase
enzyme preparation, expressed in Pichia pastoris, intended for use in the
degumming of edible vegetable oil. Regul Toxicol Pharmacol. 2006;45:1-8.
https://doi.org/10.1016/j.yrtph.2006.02.001.

Wegner GH. Emerging applications of the methylotrophic yeasts. FEMS
Microbiol Lett. 1990;7:279-83. https://doi.org/10.1111/j.1574-6968.1990.
tb04925x.

Cereghino JL, Cregg JM. Heterologous protein expression in the methylo-
trophic yeast Pichia pastoris. FEMS Microbiol Rev. 2000;45-66. https://doi.
0rg/10.1111/}.1574-6976.2000.tb00532 x.

Calik P, Ata O, Glines H, Massahi A, Boy E, Keskin A, et al. Recombinant protein
production in Pichia pastoris under glyceraldehyde-3-phosphate dehydro-
genase promoter: from carbon source metabolism to bioreactor opera-
tion parameters. Biochem Eng J. 2015;95:20-36. https://doi.org/10.1016/j.
bej.2014.12.003.

Looser V, Bruhlmann B, Bumbak F, Stenger C, Costa M, Camattari A, et al. Culti-
vation strategies to enhance productivity of Pichia pastoris: a review. Biotech-
nol Adv. 2015;33:1177-93. https://doi.org/10.1016/j.biotechadv.2015.05.008.
Tschopp JF, Brust PF, Cregg JM, Stillman CA, Gingeras TR. Expression of the
lacZ gene from two methanol-regulated promoters in Pichia pastoris. Nucleic
Acids Res. 1987;15:3859-76. https://doi.org/10.1093/nar/15.9.3859.
Waterham HR, Digan ME, Koutz PJ, Lair SV, Cregg JM. Isolation of the Pichia
pastoris glyceraldehyde-3-phosphate dehydrogenase gene and regulation
and use of its promoter. Gene. 1997;186:37-44. https://doi.org/10.1016/
S0378-1119(96)00675-0.

Ahmad M, Hirz M, Pichler H, Schwab H. Protein expression in Pichia pastoris:
recent achievements and perspectives for heterologous protein produc-
tion. Appl Microbiol Biotechnol. 2014,98:5301-17. https://doi.org/10.1007/
500253-014-5732-5.

Inan M, Meagher MM. Non-repressing carbon sources for alcohol oxidase
(AOX1) promoter of Pichia pastoris. J Biosci Bioeng. 2001;,92:585-9. https://doi.
0rg/10.1016/51389-1723(01)80321-2.

Sun H, Bankefa O, ljeoma IO, Miao L, Zhu T, Li Y. Systematic assessment of
Pichia pastoris system for optimized (-galactosidase production. Synth Syst
Biotechnol. 2017;2:113-20. https://doi.org/10.1016/j.synbio.2017.04.001.
Katrolia P, Yan Q, Jia H, LiY, Jiang Z, Song C. Molecular cloning and high-level
expression of a 8-galactosidase gene from Paecilomyces aerugineus in Pichia
pastoris. ) Mol Catal B Enzym. 2011;69:112-9. https://doi.org/10.1016/j.
molcatb.2011.01.004.

Dragosits M, Pfliigl S, Kurz S, Razzazi-Fazeli E, Wilson IBH, Rendic D. Recombi-
nant Aspergillus B-galactosidases as a robust glycomic and biotechnological
tool. Appl Microbiol Biotechnol. 2014;98:3553-67. https://doi.org/10.1007/
500253-013-5192-3.

Nie C, Liu B, Zhang Y, Zhao G, Fan X, Ning X, et al. Production and secretion
of Lactobacillus crispatus B-galactosidase in Pichia pastoris. Protein Expr Purif.
2013,92:88-93. https://doi.org/10.1016/jpep.2013.08.019.

Burgard J, Griinwald-Gruber C, Altmann F, Zanghellini J, Valli M, Matta-
novich D, et al. The secretome of Pichia pastoris in fed-batch cultivations

is largely independent of the carbon source but changes quantitatively
over cultivation time. Microb Biotechnol. 2020;13:479-94. https://doi.
org/10.1111/1751-7915.13499.

Obst U, LuTK, Sieber V. A modular toolkit for generating Pichia pastoris
secretion libraries. ACS Synth Biol. 2017;6:1016-25. https://doi.org/10.1021/
acssynbio.6b00337.

Lee ME, DeLoache WC, Cervantes B, Dueber JE. A highly characterized yeast
toolkit for modular, multipart assembly. ACS Synth Biol. 2015;4:975-86.
https://doi.org/10.1021/sb500366v.

Invitrogen. pPICZa_A, B, and C Pichia expression vectors for selection on
Zeocin™ and purification of secreted, recombinant proteins. User Manual.
MANO000035. Carlsbad, California; 2010. https://tools.thermofisher.com/
content/sfs/manuals/ppiczalpha_man.pdf

Invitrogen. Pichia Expression Kit User Guide. MANO000012. 2024. https://tools.
thermofisher.com/content/sfs/manuals/pich_man.pdf

Invitrogen. Pichia Fermentation Process Guidelines. Version B 053002. 2023.
http://tools.thermofisher.com/content/sfs/manuals/pichiaferm_prot.pdf
Perez-Pinera P, Han N, Cleto S, Cao J, Purcell O, Shah KA, et al. Synthetic
biology and microbioreactor platforms for programmable production of

42.

43.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

Page 16 of 17

biologics at the point-of-care. Nat Commun. 2016;7. https://doi.org/10.1038/
ncomms12211.

Harju S, Fedosyuk H, Peterson KR. Rapid isolation of yeast genomic DNA: bust
n'grab. BMC Biotechnol. 2004;4:8. https://doi.org/10.1186/1472-6750-4-8.
Scopes RK. Protein purification: principles and practice. 3rd ed. Springer;
1994.

Bradford MM. A rapid and sensitive method for the quantitation of micro-
gram quantities of protein utilizing the principle of protein-dye binding. Anal
Biochem. 1976;72:248-54. https://doi.org/10.1016/0003-2697(76)90527-3.
Laemmli UK. Cleavage of structural proteins during the assembly of

the head of bacteriophage T4. Nature. 1970;227.680-5. https://doi.
0rg/10.1038/227680a0.

Fairbanks G, Steck TL, Wallach DFH. Electrophoretic analysis of the major poly-
peptides of the human erythrocyte membrane. Biochemistry. 1971;10:2606—
17. https://doi.org/10.1021/bi00789a030.

Shevchenko A, Wilm M, Vorm O, Mann M. Mass spectrometric sequencing of
proteins from silver-stained polyacrylamide gels. Anal Chem. 1996,68:850-8.
https://doi.org/10.1021/ac950914h.

National Center for Biotechnology Information (NCBI). 2020. https://www.
ncbi.nlm.nih.gov/

Huang CJ, Damasceno LM, Anderson KA, Zhang S, Old LJ, Batt CA. A
proteomic analysis of the Pichia pastoris secretome in methanol-induced
cultures. Appl Microbiol Biotechnol. 2011;90:235-47. https://doi.org/10.1007/
500253-011-3118-5.

Mattanovich D, Graf A, Stadlmann J, Dragosits M, Redl A, Maurer M, et al.
Genome, secretome and glucose transport highlight unique features of the
protein production host Pichia pastoris. Microb Cell Fact. 2009;8. https://doi.
0rg/10.1186/1475-2859-8-29.

Aw R, Barton GR, Leak DJ. Insights into the prevalence and underlying
causes of clonal variation through transcriptomic analysis in Pichia pastoris.
Appl Microbiol Biotechnol. 2017;101:5045-58. https://doi.org/10.1007/
500253-017-8317-2.

Couderc R, Baratti J. Oxidation of methanol by the yeast, Pichia pastoris. Purifi-
cation and properties of the alcohol oxidase. Agric Biol Chem. 1980;44:2279-
89. https://doi.org/10.1080/00021369.1980.10864320.

Trifonov S, Yamashita Y, Kase M, Maruyama M, Sugimoto T. Overview and
assessment of the histochemical methods and reagents for the detection of
[B-galactosidase activity in transgenic animals. Anat Sci Int. 2016,91:56-67.
https://doi.org/10.1007/512565-015-0300-3.

Lin-Cereghino GP, Stark CM, Kim D, Chang J, Shaheen N, Poerwanto H, et al.
The effect of a-mating factor secretion signal mutations on recombinant
protein expression in Pichia pastoris. Gene. 2013;519:311-7. https://doi.
0rg/10.1016/j.gene.2013.01.062.

Fitzgerald |, Glick BS. Secretion of a foreign protein from budding yeasts

is enhanced by cotranslational translocation and by suppression of vacu-
olar targeting. Microb Cell Fact. 2014;13:125. https://doi.org/10.1186/
$12934-014-0125-0.

Barrero JJ, Casler JC, Valero F, Ferrer P, Glick BS. An improved secretion signal
enhances the secretion of model proteins from Pichia pastoris. Microb Cell
Fact. 2018;17. https://doi.org/10.1186/512934-018-1009-5.

Ng DTW, Brown JD, Walter P. Signal sequences specify the targeting route to
the endoplasmic reticulum membrane. J Cell Biol. 1996;134:269-78. https.//
doi.org/10.1083/jcb.134.2.269.

Willer M, Forte GMA, Stirling CJ. Sec61p is required for ERAD-L: genetic
dissection of the translocation and ERAD-L functions of Sec61P using novel
derivatives of CPY. J Biol Chem. 2008;283:33883-8. https://doi.org/10.1074/
jbc.M803054200.

Forte GMA, Pool MR, Stirling CJ. N-terminal acetylation inhibits protein target-
ing to the endoplasmic reticulum. PLoS Biol. 2011;9. https://doi.org/10.1371/
journal.pbio.1001073.

Aw R, Polizzi KM. Can too many copies spoil the broth? Microb Cell Fact.
2013;12:128. https://doi.org/10.1186/1475-2859-12-128.

Rebnegger C, Graf AB, Valli M, Steiger MG, Gasser B, Maurer M, et al. Pichia
pastoris, growth rate regulates protein synthesis and secretion, mating

and stress response. Biotechnol J. 2014;9:511-25. https://doi.org/10.1002/
biot.201300334.

Erden-Karaoglan F, Karaoglan M. Applicability of the heterologous yeast pro-
moters for recombinant protein production in Pichia pastoris. Appl Microbiol
Biotechnol. 2022;106:7073-83. https://doi.org/10.1007/500253-022-12183-8.
Karaoglan M, Karaoglan FE, Inan M. Comparison of ADH3 promoter with
commonly used promoters for recombinant protein production in Pichia


https://doi.org/10.2903/j.efsa.2018.5131
https://doi.org/10.1016/j.jbiotec.2015.01.027
https://doi.org/10.1016/j.yrtph.2006.02.001
https://doi.org/10.1111/j.1574-6968.1990.tb04925.x
https://doi.org/10.1111/j.1574-6968.1990.tb04925.x
https://doi.org/10.1111/j.1574-6976.2000.tb00532.x
https://doi.org/10.1111/j.1574-6976.2000.tb00532.x
https://doi.org/10.1016/j.bej.2014.12.003
https://doi.org/10.1016/j.bej.2014.12.003
https://doi.org/10.1016/j.biotechadv.2015.05.008
https://doi.org/10.1093/nar/15.9.3859
https://doi.org/10.1016/S0378-1119(96)00675-0
https://doi.org/10.1016/S0378-1119(96)00675-0
https://doi.org/10.1007/s00253-014-5732-5
https://doi.org/10.1007/s00253-014-5732-5
https://doi.org/10.1016/S1389-1723(01)80321-2
https://doi.org/10.1016/S1389-1723(01)80321-2
https://doi.org/10.1016/j.synbio.2017.04.001
https://doi.org/10.1016/j.molcatb.2011.01.004
https://doi.org/10.1016/j.molcatb.2011.01.004
https://doi.org/10.1007/s00253-013-5192-3
https://doi.org/10.1007/s00253-013-5192-3
https://doi.org/10.1016/j.pep.2013.08.019
https://doi.org/10.1111/1751-7915.13499
https://doi.org/10.1111/1751-7915.13499
https://doi.org/10.1021/acssynbio.6b00337
https://doi.org/10.1021/acssynbio.6b00337
https://doi.org/10.1021/sb500366v
https://tools.thermofisher.com/content/sfs/manuals/ppiczalpha_man.pdf
https://tools.thermofisher.com/content/sfs/manuals/ppiczalpha_man.pdf
https://tools.thermofisher.com/content/sfs/manuals/pich_man.pdf
https://tools.thermofisher.com/content/sfs/manuals/pich_man.pdf
http://tools.thermofisher.com/content/sfs/manuals/pichiaferm_prot.pdf
https://doi.org/10.1038/ncomms12211
https://doi.org/10.1038/ncomms12211
https://doi.org/10.1186/1472-6750-4-8
https://doi.org/10.1016/0003-2697(76)90527-3
https://doi.org/10.1038/227680a0
https://doi.org/10.1038/227680a0
https://doi.org/10.1021/bi00789a030
https://doi.org/10.1021/ac950914h
https://www.ncbi.nlm.nih.gov/
https://www.ncbi.nlm.nih.gov/
https://doi.org/10.1007/s00253-011-3118-5
https://doi.org/10.1007/s00253-011-3118-5
https://doi.org/10.1186/1475-2859-8-29
https://doi.org/10.1186/1475-2859-8-29
https://doi.org/10.1007/s00253-017-8317-2
https://doi.org/10.1007/s00253-017-8317-2
https://doi.org/10.1080/00021369.1980.10864320
https://doi.org/10.1007/s12565-015-0300-3
https://doi.org/10.1016/j.gene.2013.01.062
https://doi.org/10.1016/j.gene.2013.01.062
https://doi.org/10.1186/s12934-014-0125-0
https://doi.org/10.1186/s12934-014-0125-0
https://doi.org/10.1186/s12934-018-1009-5
https://doi.org/10.1083/jcb.134.2.269
https://doi.org/10.1083/jcb.134.2.269
https://doi.org/10.1074/jbc.M803054200
https://doi.org/10.1074/jbc.M803054200
https://doi.org/10.1371/journal.pbio.1001073
https://doi.org/10.1371/journal.pbio.1001073
https://doi.org/10.1186/1475-2859-12-128
https://doi.org/10.1002/biot.201300334
https://doi.org/10.1002/biot.201300334
https://doi.org/10.1007/s00253-022-12183-8

Bechtel et al. Microbial Cell Factories (2024) 23:263

64.

65.

pastoris. Protein Expr Purif. 2016;121:112-7. https://doi.org/10.1016/j.
pep.2016.01.017.

Anane E, van Rensburg E, Gérgens JF. Comparison of constitutive and
inducible B-fructofuranosidase production by recombinant Pichia pastoris in
fed-batch culture using defined and semi-defined media. S Afr J Chem Eng.
2016;22:17-22. https://doi.org/10.1016/j.sajce.2016.10.001.

Boer H, Teeri TT, Koivula A. Characterization of Trichederma reesei
cellobiohydrolase Cel7a secreted from Pichia pastoris using two

Page 17 of 17

different promoters. Biotechnol Bioeng. 2000,69:486-94. https://doi.
0rg/10.1002/1097-0290(20000905)69:5486::AID-BIT33.0.CO;2-N.

Publisher’s note
Springer Nature remains neutral with regard to jurisdictional claims in
published maps and institutional affiliations.


https://doi.org/10.1016/j.pep.2016.01.017
https://doi.org/10.1016/j.pep.2016.01.017
https://doi.org/10.1016/j.sajce.2016.10.001
https://doi.org/10.1002/1097-0290(20000905)69:5%3C486::AID-BIT3%3E3.0.CO;2-N
https://doi.org/10.1002/1097-0290(20000905)69:5%3C486::AID-BIT3%3E3.0.CO;2-N

	﻿Recombinant production of ﻿Paenibacillus wynnii﻿﻿ β﻿-galactosidase with ﻿Komagataella phaffii﻿
	﻿Abstract
	﻿Background
	﻿Methods
	﻿Chemicals, enzymes and kits
	﻿Wildtype strains and media
	﻿Plasmid construction
	﻿Construction of recombinant ﻿K. phaffii﻿ strains
	﻿Microscale screening
	﻿Shake flask cultivations
	﻿Fed-batch bioreactor cultivations
	﻿Determination of methanol concentration by gas chromatography
	﻿Cell disruption
	﻿Purification of ﻿β﻿-gal-Pw and formulation of an enzyme preparation
	﻿Protein analysis
	﻿Determination of the ﻿β﻿-galactosidase activity
	﻿Mass spectrometry analysis
	﻿Investigation of product inhibition by D-galactose
	﻿Statistical analysis

	﻿Results
	﻿Investigation of various signal peptides for ﻿β﻿-galactosidase (﻿β-﻿gal-Pw) secretion
	﻿Investigation of the intracellular ﻿β﻿-galactosidase (﻿β-﻿gal-Pw) production
	﻿Production of ﻿β﻿-galactosidase (﻿β-﻿gal-Pw) in fed-batch bioreactor cultivations
	﻿Production of ﻿β﻿-galactosidase (﻿β-﻿gal-Pw) under the control of P﻿GAP﻿
	﻿Production of ﻿β﻿-galactosidase (﻿β-﻿gal-Pw) under the control of P﻿AOX1﻿
	﻿Partial purification of the recombinant ﻿β﻿-galactosidase (﻿β-﻿gal-Pw)

	﻿Discussion
	﻿Conclusion
	﻿References


