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Vertebrate prostaglandin H synthases (PGHSs) are membrane-bound disulphide-containing hemogly-
coproteins. Therefore, eukaryotic expression systems are required for the production of recombinant
PGHSs. Recently we announced the expression of human PGHS-2 (hPGHS-2) in the yeast Pichia pastoris.
Here we report improved production of hPGHS-2 in P. pastoris and a convenient method for the purifica-
tion and de-tagging of the protein. An affinity tag comprised of a proline, a glycine and eight histidines
was introduced into the C-terminal end of hPGHS-2. The tagged hPGHS-2 was expressed intracellularly in
P. pastoris under the control of a constitutive or methanol-inducible promoter. Compared to constitutive
expression, methanol-induced expression yielded approximately four times more protein. The analy-
sis of high and low gene copy number recombinants revealed a positive correlation between the gene
copy number and the expression level of hPGHS-2. The recombinant hPGHS-2 was purified using immo-
bilised metal ion affinity chromatography. A novel elution method, treatment of the affinity resin with
bovine carboxypeptidase A, was employed. The yield of pure de-tagged hPGHS-2 from 11 of yeast culture
was approximately 3 mg. The protein purification process with simultaneous removal of the C-terminal

Keywords:

Prostaglandin H synthase
Recombinant expression
Protein purification
Pichia pastoris
Carboxypeptidase

Tag removal

polyhistidine tag could be easily applied for the affinity purification of other proteins.

© 2016 Elsevier B.V. All rights reserved.

1. Introduction

Production of recombinant membrane proteins has been a tricky
task. Compared to the heterologous expression of soluble proteins,
the yields of membrane proteins are usually noticeably lower. The
yeast Pichia pastoris has been successfully used for the production
of soluble and membrane proteins. The availability of secretion sig-
nals, simple growth medium and high yields have made P. pastoris
a favoured host (Ahmad et al., 2014; Byrne, 2015; Gongalves et al.,
2013; Macauley-Patrick et al., 2005). The methanol inducible pro-
moter from the alcohol oxidase 1 gene (AOX1) and the constitutive
promoter from the glyceraldehyde 3-phosphate dehydrogenase
gene (GAP) are commonly used to drive the expression of a foreign
gene. The stages of biomass accumulation and protein production
are separated when AOX1 is employed. Therefore, even proteins

Abbreviations: AA, arachidonic acid; AOX1, alcohol oxidase 1; boCPA, bovine
carboxypeptidase A; Cr, threshold cycle; GAP, glyceraldehyde 3-phosphate dehydro-
genase; h, human; HIS4, histidinol dehydrogenase; qPCR, quantitative PCR; PGHS,
prostaglandin H synthase; WCW, wet cell weight.

* Corresponding author.
E-mail address: nigulas.samel@ttu.ee (N. Samel).

http://dx.doi.org/10.1016/j.jbiotec.2016.06.015
0168-1656/© 2016 Elsevier B.V. All rights reserved.

that are toxic to the host cell can be produced. However, the toxi-
city and fire hazard of methanol and the requirement of switching
from one carbon source to another are the main disadvantages of
the AOX1 promoter system. As an alternative, the GAP promoter can
be used to drive constitutive expression of heterologous proteins.
The expression can be carried out with a single carbon source such
as glucose or glycerol (Ahmad et al., 2014; Daly and Hearn, 2005;
Macauley-Patrick et al., 2005; Vogl and Glieder, 2013; Zhang et al.,
2009). In addition to the promoter of the expression, several other
factors affect the yield of the recombinant protein. For example,
the production of heterologous membrane proteins in yeast was
improved by selecting multi-copy recombinants, supplementing
the culture medium with amino acids or modifying the induction
conditions (Celik and Calik, 2012; Ramén and Marin, 2011; Scharff-
Poulsen and Pedersen, 2013).

Prostaglandin H synthases (PGHSs) convert arachidonic acid
(AA) through the cyclooxygenase reaction and subsequent
reduction into prostaglandin H,. The PGHS structure, reaction
mechanism and roles of the isoforms, PGHS-1 and -2, in patholo-
gies and homeostasis have been extensively studied. Vertebrate
PGHSs represent disulphide-containing N-glycosylated membrane
proteins (Kulmacz et al., 2003; Rouzer and Marnett, 2009; Smith
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et al.,, 2011; Tsai and Kulmacz, 2010; Zou et al., 2012). Therefore,
yeast, insect or mammalian cell cultures would be suitable for the
production of recombinant PGHSs. So far, mammalian PGHSs are
mostly expressed in the insect cell system (Orlando et al.,, 2015;
Smith et al., 2000; Vecchio et al., 2010). However, the production
of catalytically active recombinant PGHS-1 has proved difficult. It
has been speculated that the deficient N-glycosylation of PGHS-
1 in the insect cell system is responsible for the inactivity of the
protein (Shimokawa and Smith, 1992; Smith et al., 2000). Our
recent study revealed that in yeast, recombinant PGHS-1 is also
expressed mainly in an inactive form. Mass-spectrometric data, on
the other hand, demonstrated that PGHS-1 and -2 produced in yeast
exhibited similar N-glycosylation site occupancy and therefore, the
reason why PGHS-1 was inactive lay somewhere else (Kukk et al.,
2014).

To facilitate purification of recombinant proteins, affinity tags
are used. However, it is preferred that after purification the tag is
removed because of its potential impact on the protein structure
and catalytic properties. Endoproteases are often used to remove N-
terminal affinity tags. Several specific endoproteases are available
that leave up to two (if at all) non-native amino acids in the N-
terminus of the protein. These proteases, however, are not suitable
for the removal of C-terminal affinity tags as a significant number of
non-native residues from the endoprotease recognition sequence
would remain in the C-terminus of the recombinant protein (Arnau
et al., 2006; Waugh, 2011, 2005). N-terminal affinity tags are com-
monly employed for purification of PGHSs (Vecchio et al,, 2010; Zou
etal., 2012). Our study, however, demonstrated that purification of
the C-terminally tagged human PGHS-2 (hPGHS-2) yielded twice
as much active protein as in the case of the N-terminally tagged
protein (Kukk et al., 2012). Carboxypeptidases are exopeptidases
that digest C-terminal amino acid residues and could therefore be
exploited for the removal of the C-terminal affinity tag. Bovine car-
boxypeptidase A (boCPA) has a broad substrate specificity, but it
cannot remove proline. Thus, in order to ensure a homogeneous
C-terminus of the recombinant protein after protease treatment,
a proline residue is inserted between the tag and the C-terminus
of the protein (Austin et al., 2011; Waugh, 2011). Unfortunately,
recombinant affinity tagged boCPA is not commercially available.
The existing boCPA on the market is derived from bovine pancreas.
Therefore, an extra effort has to be made to separate the protease
from the pure recombinant protein. Small amounts of polyhistidine
tagged Metarhizium anisopliae carboxypeptidase A, however, have
been produced in Escherichia coli cells (Austin and Waugh, 2012).

In this study, we evaluated the suitability of two different
expression promoters for the production of hPGHS-2 in the yeast
P. pastoris. Zeocin resistance was employed to select potential
high gene copy recombinants. A proline was introduced between
a polyhistidine tag and the C-terminus of hPGHS-2 that enabled
removal of the affinity tag by boCPA treatment without the risk of
digesting native residues. Expression in yeast and simple two step
purification yielded promising quantities of functional non-tagged
hPGHS-2.

2. Material and methods
2.1. Plasmid construction

In our previous study, we inserted the sequence of
hPGHS-2 (OriGene) into the pHIL-D2 yeast expression vec-

tor (Thermo Fisher Scientific) (Kukk et al., 2012). Here, this
recombinant plasmid was used as a PCR template. The primers 5’'-

from the 5’A0X1 promoter region and to add a sequence encoding
a proline, a glycine and eight histidines into the C-terminal end
of the hPGHS-2 sequence. The PCR product was double digested
with Bgl Il and Xho I (all restriction enzymes were from Thermo
Fisher Scientific). An expression vector encoding both zeocin resis-
tance and methanol inducible AOX1 promoter was constructed as
follows: pGAPZ A (Thermo Fisher Scientific) was double digested
with Bgl Il and Xho I and the 2.4 kb fragment was ligated with the
AOX1 hPGHS-2-PG8xH sequence. The resulting pAOXZ hPGHS-2-
PG8xH plasmid (the sequence of the plasmid is presented in the
Supplementary file) was amplified using E. coli DH5a and TOP10F
and media containing 25 wg/ml zeocin (Thermo Fisher Scientific).
Alternatively, pPICZ (Thermo Fisher Scientific) could be used. The
recombinant vector was linearised with Pme I and transformed
into the yeast strain GS115H (HIS4) as described below in Section
2.2. GS115H was obtained by transforming GS115 (his4, Thermo
Fisher Scientific) with pPIC3.5 (Thermo Fisher Scientific) linearised
with Stu I The resulting strain was GS115H hPGHS-2-PG8xH
(AOX1).

Yeast strains constitutively expressing hPGHS-2-PG8xH were
created as follows. The previously constructed pAOXZ hPGHS-2-
PG8xH plasmid was double digested with EcoR I and Xho I and the
hPGHS-2-PG8xH sequence was inserted into pGAPZ A. The pGAPZ
A hPGHS-2-PG8xH plasmid (see Supplementary file) was ampli-
fied using E. coli DH5a and TOP10F’ and media containing 25 pg/ml
zeocin. Prior transformation, the plasmid was digested with Avr II
and then transformed by electroporation into GS115H (HIS4). The
strain was depicted as GS115H hPGHS-2-PG8xH (GAP).

In parallel, the hPGHS-2-PG8xH sequence was introduced into
the yeast by using the pHIL-D2 vector. In order to insert the hPGHS-
2-PG8xH sequence into the vector, the sequence obtained from the
PAOXZ hPGHS-2-PG8xH plasmid was treated with Klenow frag-
ment (Thermo Fisher Scientific). Then, the sequence was ligated
into the pHIL-D2 expression vector digested with EcoRIand blunted
with Klenow fragment. The pHIL-D2 hPGHS-2-PG8xH plasmid (see
Supplementary file) was linearised with Pme I and transformed
by spheroplasting (Cregg et al., 1985) into GS115 (his4), yielding
GS115 hPGHS-2-PG8xH (AOX1). In that case, selection was based
on the loss of histidine auxotrophy instead of the gain of resistance
to zeocin.

2.2. Yeast transformation by electroporation

In order to transform the P. pastoris GS115H strain, the elec-
troporation protocol provided by Invitrogen (pGAPZ, 2010) was
slightly modified. The cells from 100 ml of fresh yeast culture at
ODggo 1.3-1.5 were resuspended in 20 ml of YPD (1% yeast extract,
2% peptone, 2% glucose) buffered with Tris-HCl (YPD: 1M Tris-
HCl, pH 8.0, 5:1). 0.5ml of 1M dithiothreitol was added and the
suspension was incubated at 29°C for 15 min. The volume was
brought to 100 ml with sterile ice-cold water. The cells were pel-
leted by centrifugation at 1500g and 4 °C for 5 min. Then the cells
were resuspended in 50 ml of sterile ice-cold water and pelleted
again. The cells were resuspended in 4 ml of sterile ice-cold 1M
sorbitol, pelleted and resuspended in 0.1 ml of sterile ice-cold 1M
sorbitol. 80 ! of the yeast cell-sorbitol suspension was added to
5-10 pg of linear DNA. The suspension was transferred to a 0.2 cm
ice-cold electroporation cuvette. A Gene Pulser Xcell device (Bio-
Rad) and a pre-set protocol for P. pastoris (voltage 2.0kV, time
constant 5ms) were used for electroporation. Immediately after
the pulse, 1 ml of sterile ice-cold 1M sorbitol was added to the
cuvette. The cells were then transferred into a 15 ml tube and incu-
bated without shaking at 29°C for 2h 1 ml of 2x YPDS (2% yeast

GGCCTCGAGCTAGTGATGGTGATGGTGATGGTGATGACCTGGCAGTTCAGTE ract, 4% peptone, 4% glucose, 2 M sorbitol) was added and the

3’ and 5-GCCGAGATCTAACATCCAAAGACGAAAG-3’ (DNA
Technology) were designed to amplify the sequence starting

electroporated cells were further incubated shaking at 220 rpm
for 2 h. The yeast culture was then centrifuged at 750g for 10 min



226 K. Kukk, N. Samel / Journal of Biotechnology 231 (2016) 224-231

and 1 ml of the supernatant was removed. The recombinant pAOXZ
and pGAPZ A plasmids encoded zeocin resistance, which allowed
to select multi-copy recombinants directly on medium containing
high levels of the antibiotic. Therefore, the resuspended cells were
plated onto YPDS agar plates containing 100, 500 or 1000 p.g/ml
zeocin. The plates were incubated at 29 °C for 4 days. For long term
storage of the recombinant strains, glycerol stocks were gener-
ated.

2.3. Gene copy number analysis

The chromosomal DNA of recombinant P. pastoris strains
was isolated by breaking the cells with glass beads and
extracting the DNA with phenol/chloroform/isoamyl alco-
hol (Hoffman, 2001). The gene copy number of hPGHS-2
was determined using real-time quantitative PCR (qPCR).
The GAP gene was used as a reference. A fragment of the
GAP gene was amplified using the following primers: 5’'-
ATGACCGCCACTCAAAAG-3’ and 5-CACCAGTGGAAGATGGAAT-3'
(product size 97 bp). The primers for amplification of the frag-
ment of hPGHS-2 were 5-TGAAATTTGACCCAGAACTAC-3’ and
5'-GAAAGGTGTCAGGCAGAAG-3’ (product size 111 bp). Real-time
qPCR was carried out in a 10 wl mixture that contained 1wl of
chromosomal DNA, 5 .l of 2x Rotor-Gene SYBR Green PCR Master
Mix (Qiagen), 2 wl of RNase free water (Qiagen) and 1wl of both
5 wM reverse and forward primers. All qPCR reactions were carried
out in triplicate on a Rotor-Gene Q real-time PCR cycler (Qiagen).
The input amounts of DNA were 20, 4, 0.8 and 0.16 ng. The fol-
lowing program was used: 95°C for 5min, 40 cycles of 95°C for
105, 55°C for 10s and 72 °C for 10s. The specificity of the primers
was confirmed by agarose gel electrophoresis and melting curve
analysis of the amplicons. The gene copy number of hPGHS-2 was
calculated using the 2-2AC; method (Livak and Schmittgen, 2001)
assuming that the genome of P. pastoris contains one copy of GAP
(De Schutter et al., 2009).

2.4. Expression of hPGHS-2

The methanol inducible hPGHS-2 expression strains were
grown in BMGY/BMMY media (1% yeast extract, 2% peptone,
100mM potassium phosphate (pH 6.0), 1.34% YNB, 4 x 10-5%
biotin, 1% glycerol or 0.5-1.0% methanol) generally as described
before (Kukk et al., 2012). In certain cases the induction medium
contained 0.02% Antifoam C (Sigma). The strains that constitutively
expressed hPGHS-2 were at first incubated in 10 ml of YPD at 28°C
overnight. Then, 50 wl of the overnight culture was used to inocu-
late 25 ml of YPD in a 250 ml baffled flask. The expression duration
was 72 h for both induction methods.

2.5. Lysis of yeast cells

Ultrasonication and shaking with glass beads (Liu et al., 2013;
Dunn and Wobbe, 2001) were evaluated according to the residual
PGHS-2 activity in the supernatant after solubilisation. In all the
experiments, 130 mg (wet cell weight, WCW) of yeast cells was sub-
jected to disruption. After that Emulgen 913 (Kao Chemicals) was
added so that the protein to detergent ratio was approximately 1:2.
The mixture was stirred for 1h and then centrifuged at 100,000g
and 4°C for 1 h. The supernatant was subjected to activity assay as
described below in Section 2.8.

Cell lysis by ultrasonication was carried out as follows. The cells
were resuspended in 0.5ml of the lysis buffer containing 40 mM
Tris-HCI (pH 8.0), 10% glycerol, 5mM EDTA, 1 mM PMSF and 8.7 uM
pepstatin A. Then the cells were sonicated 5-15 times at a power
setting of 5 (Torbeo Ultrasonic Cell Disruptor). Between the bursts
of sonication the lysate was cooled on ice for 1 min. In order to dis-

rupt the yeast cells with glass beads, the cells were resuspended
in 0.2 ml of the lysis buffer. Then 0.2 g of acid washed glass beads
(425-600 pm, Sigma) was added. The mixture was vortexed vig-
orously for 30s and then cooled on ice for 30s. The beating and
cooling were repeated for 12 times. The lysate was carefully pipet-
ted into a clean tube. The glass beads were washed three times with
100 w!l of the lysis buffer. All fractions were combined.

2.6. Purification of hPGHS-2 and removal of the affinity tag by
boCPA treatment

3.5g of yeast cells (WCW) was resuspended in 15ml of the
ice-cold buffer containing 40 mM Tris-HCl (pH 8.0), 10% glycerol,
5mM EDTA, 1 mM PMSF, 8.7 wM pepstatin A and 5 mM adrenaline.
The cells were disrupted by 25 cycles of sonication for 5s at
~50% power (Bandelin Sonopuls) and cooling on ice for 4 min
in-between. 0.25 mM PMSF was added anew every three cycles.
The cell lysate was then subjected to centrifugation at 100,000g
and 4°C for 1h. The supernatant was removed and the micro-
some was resuspended in the buffer containing 40 mM Tris-HCl
(pH 8.0), 10% glycerol, 1 mM PMSF, 1 M pepstatin A and 1 mM
adrenaline, whereas the amount of the buffer was equal to that
of the supernatant. The suspension was diluted twice with the
buffer containing 40 mM Tris-HCl (pH 8.0) and 10% glycerol. 2% of
Emulgen 913 (Kao Chemicals) was added, the mixture was stirred
for 1h and then centrifuged at 100,000g and 4°C for 1h. The
supernatant was diluted twice with ice-cold milli-Q water and sup-
plemented with 3 mM imidazole and 100 mM NaCl. 3 ml of Ni-NTA
Agarose (Thermo Fisher Scientific) or HIS-Select HF Nickel Affin-
ity Gel (Sigma) was added and the protein binding was conducted
at 4°C with slow rotation for 1 h. The affinity resin was collected
into a column and washed with the buffer containing 10 mM imi-
dazole, 20 mM Tris-HCI (pH 8.0), 100 mM NaCl and 0.1% Emulgen
913. Prior to boCPA treatment, the affinity gel was washed with
the buffer containing 20 mM Tris-HCl (pH 7.5), 100 mM NaCl and
0.1% Emulgen 913. The affinity gel was resuspended in an equal
amount of the previously used buffer, removed from the column
and supplemented with 20 units of boCPA (Type II- PMSF treated,
Sigma-Aldrich). The mixture was incubated at 15 °C with slow rota-
tion overnight. The next day, the affinity gel was collected into a
column and the de-tagged hPGHS-2 and protease were eluted with
the washing buffer without imidazole. The protease was inacti-
vated by 5mM EDTA and removed using an Amicon Ultra 15ml
centrifugal filter (NMWL 100K, Millipore) and 5 filter volumes
of the buffer containing 20mM Tris-HCI (pH 8.0) and 100 mM
NaCl.

Alternatively, hPGHS-2 was eluted from the column straight
after the washing step with the buffer containing 200 mM imi-
dazole, 20 mM Tris-HCI (pH 8.0), 100 mM NacCl and 0.1% Emulgen
913. The fractions that contained hPGHS-2 were pooled and con-
centrated. Desalting was performed using an Amicon Ultra 15 ml
centrifugal filter (NMWL 50K, Millipore) and the buffer contain-
ing 20 mM Tris-HCI (pH 7.5) and 100 mM NacCl. 20 units of boCPA
was added to the concentrated protein sample and then overnight
digestion followed. The next day the protein solution was incubated
with the Ni-affinity gel and the non-binding proteins were eluted
with the washing buffer without imidazole. The fractions contain-
ing hPGHS-2 were concentrated and boCPA was removed using an
Amicon Ultra 15 ml centrifugal filter (NMWL 100K, Millipore) as
before. The protein concentration of the samples was determined
using the Lowry protein assay. The purification process is summed
up in Fig. 1.
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Fig. 1. Purification of octahistidine tagged hPGHS-2. Recombinant hPGHS-2 was purified using immobilised metal ion affinity chromatography (IMAC). After protein binding
to Ni-affinity resin and eluting non-specifically bound proteins, hPGHS-2 was released by (A) boCPA treatment or (B) 200 mM imidazole. After protease digestion, separation

of boCPA with centrifugal filter followed.

2.7. SDS-PAGE and Western blot analysis

A 10% SDS-polyacrylamide gel with a 4% stacking gel was used to
separate the proteins. The gel was stained with Coomassie Brilliant
Blue R-250 and destained with 40% methanol and 10% acetic acid.
For Western blot analysis, the proteins from the unstained gel were
transferred from the polyacrylamide gel onto the Protran BA85
nitrocellulose membrane (Whatman) using a Trans-Blot Semi-Dry
apparatus (Bio-Rad) and the Bjerrum and Schafer-Nielsen transfer
buffer (48 mM Tris, 39 mM glycine, 1.3 mM SDS and 20% methanol).
Mouse PGHS-2 specific monoclonal antibody (BD Biosciences) or
mouse anti-polyhistidine monoclonal antibody (Sigma) and alka-
line phosphatase conjugated goat anti-mouse IgG (LabAs, Estonia)
were used as primary and secondary antibodies, respectively. The
bands were visualized with nitro blue tetrazolium and 5-bromo-4-
chloro-3-indolyl phosphate (Sigma-Aldrich).

2.8. Detection of the catalytic activity of hPGHS-2

The activity of hPGHSs was detected as described previously
(Kukk et al., 2012). Briefly, the enzyme preparation was incu-
bated with 50 uM [1-14C] AA (500 cpm/pl) (GE Healthcare) for
10min and the products were extracted with ethyl acetate and
analysed by thin layer chromatography using authentic reference
standards of prostaglandins Dy, E; and F, (Kevelt, Estonia). The
Wallac 1410 Liquid Scintillation Counter was used to determine
the amount of the '4C label in stains. The extent of conversion of
AA into prostaglandins was calculated and expressed as the activ-

ity of hAPGHS-2 in the picomoles of prostaglandins formed in 10 min
per 1 mg (WCW) of yeast cells.

3. Results and discussion

3.1. Construction of octahistidine tagged hPGHS-2 and yeast
transformation

To facilitate protein purification, N-terminal affinity tags are
commonly fused with mammalian PGHS isoforms (Vecchio et al.,
2010; Zou et al., 2012). Our previous study, however, demonstrated
that the yield of pure PGHS-2 was higher when a C-terminal affin-
ity tag was employed (Kukk et al., 2012). Accordingly, the issue
of removing the C-terminal affinity tag was raised. In the present
study, we describe removing the C-terminal affinity tag during the
protein purification process by boCPA treatment. In order to ensure
that boCPA would not remove native amino acid residues of hPGHS-
2 a proline was introduced between the tag and the last residue,
leucine. Flexibility was given to the affinity tag by placing a glycine
between the proline and the eight consecutive histidines.

The P. pastoris GS115 strain and a modified version of it, GS115H,
were used in this study. Although the GS115 strain grows well in
the YPD medium composed of yeast extract, peptone and glucose,
our preliminary experiments with GS115 hPGHS-2-PG8xH (AOX1,
his4) revealed that during methanol induction in BMMY, which
also contains peptone and yeast extract, histidine supplementation
was crucial for the yeast cells to survive. It was particularly notice-
able when potential high gene copy recombinants were subjected
to expression. Therefore, GS115H hPGHS-2-PG8xH strains (HIS4)
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Table 1
hPGHS-2 expression plasmids and the respective yeast strains.

Plasmid Strain®

Potential gene copy number

PAOXZ hPGHS-2-PG8xH

GS115H hPGHS-2-PG8xH (A0X1)" high

PHIL-D2 hPGHS-2-PG8xH GS115 hPGHS-2-PG8xH (AOXT) low
PGAPZ A hPGHS-2-PG8xH GS115H hPGHS-2-PG8xH (GAP) high
2 All hPGHS-2 expression strains exhibited HIS4 phenotype.
b Promoter, which was used to induce the expression of the foreign protein, is indicated in brackets.
Table 2 16 4 r 3000
Cyclooxygenase activity of disrupted yeast cells expressing hPGHS-2.
14
Expression strain Selection method Activity? 2500
o
GS115 hPGHS-2-PG8xH (AOX1) HIS4 313,487 L 121 T K]
GS115H hPGHS-2-PG8xH (AOX1) 100 pg/ml zeocin 1667,177 g 10 4 { {2000 S‘
500 pwg/ml zeocin 1425, 2530, 337 [S 5
1000 pg/ml zeocin 1716, 2278, 2045 ‘2__5 8 | | 1500 ©
GS115H hPGHS-2-PG8xH (GAP) 100 pg/ml zeocin 189 a
. >
500 pg/ml zeocin 407 a g Qo
1000 p.g/ml zeocin 596, 659 8 t 1000 §
2 Picomoles of prostaglandins formed in 10 min per 1 mg (WCW) of yeast cells. 41 o
5] t 500 =,
0 T T T 0

that no longer needed additional histidine were created. The yeast
strains generated during the study are presented in Table 1.

3.2. Estimation of the expression level of hPGHS-2

There are several methods for assessing the expression level
of a recombinant protein (SDS-PAGE, Western blot, activity assay,
etc.). Here the amount of hPGHS-2 was estimated by measuring the
cyclooxygenase activity of the lysate obtained from a fixed quan-
tity of yeast cells (Table 2). AOX1 and GAP promoters were used
to trigger the expression of hPGHS-2. One to three recombinants
were analysed per each zeocin concentration used for selection. In
addition, the HIS4 based selection was used in combination with
the AOX1 promoter. The activity assays revealed that compared
to the constitutively expressing strains, the methanol inducible
strains produced significantly higher levels of hPGHS-2. There was
a strong correlation between the expression level of hPGHS-2 and
the amount of zeocin used for selection of recombinants. Generally,
the expression level of hPGHS-2 varied noticeably, ranging from
approximately 200-2500 activity units (Table 2).

3.3. Determination of the gene copy number of hPGHS-2

Several studies have shown that higher gene copy number cor-
responds to the higher expression level of the recombinant protein
(Li et al., 2015; Zhan et al., 2015). In order to ascertain whether
it is also true for hPGHS-2, the methanol inducible expression
strains exhibiting the highest (2300-2500 activity units) as well
as the lowest (200-300 activity units) expression level were sub-
jected to gene copy number analysis. qPCR and the 2-22C; method
(Livak and Schmittgen, 2001) were employed for determination of
the gene copy number of hPGHS-2. The threshold cycle (Cr) val-
ues of the amplicons at different amounts of chromosomal DNA
were recorded. There was a strong linear correlation between the
logarithms of the DNA amounts and the G values (R2>0.98). As
expected, the strains that exhibited the lowest expression level
(200-300 activity units) contained only one copy of hPGHS-2. The
most productive strains (2300-2500 activity units), however, had
integrated 11-13 copies of hPGHS-2. Therefore, protein productiv-
ity of the yeast strains correlated strongly with the amount of the
sequences of hPGHS-2 in the genome (Fig. 2).

R1 R2 R3 R4
CCopy number 4-Protein production

Fig.2. Correlation between the gene copy number and expression level of hPGHS-2.
R1-R4 designate four recombinant yeast strains exhibiting the lowest (R1-R2) and
the highest (R3-R4) productivity of hPGHS-2. The gene copy number values (bars)
represent the mean=SD (n=4). *Protein productivity of the recombinant yeast
strains (line) is expressed in activity units defined as picomoles of prostaglandins
formed in 10 min per 1 mg (WCW) of yeast cells.

3.4. Optimisation of expression conditions

The cultivation protocol described in the commercial P. pastoris
expression kit (Pichia, 2014) recommends adding 0.5% of methanol
every 24 h to maintain induction. Here, we improved the productiv-
ity of the expression strain by increasing the amount of methanol
to 1.0% and dividing the methanol to be added into two portions.
Using this strategy, instead of 3.5 g, we obtained approximately 6 g
of cells (WCW) from 100 ml of the expression culture. The final opti-
cal density of the expression culture was approximately 15% lower
when the whole quantity of methanol was added at once, indicating
that 1.0% of methanol was slightly toxic to the cells. Irrespective of
the methanol concentration used for induction (0.5% once or twice
a day), the amount of hPGHS-2 expressed per quantity of cells was
virtually the same.

Induction with methanol requires sufficient aeration to be effi-
cient. In this study, small scale experiments with hPGHS-2 were
conducted in 10 ml of the induction medium grown in 50 ml con-
ical tubes placed at an angle. No foaming occurred under such
conditions. When hPGHS-2 was expressed in 100 ml of BMMY in
a 500 ml baffled flask, a thick layer of foam was generated on the
surface of the medium. In addition, the expression level of hPGHS-2
decreased, which might indicate oxygen limitation in the medium
due to the cap consisting of foam. Addition of antifoams to the shake
flask cultures of P. pastoris increased the yield of the recombinant
protein (Routledge et al.,2011). Therefore, we tested whether inclu-
sion of Antifoam C into the induction medium improved the yield
of hPGHS-2. Although, in our experiment, the concentration of the
antifoam was much lower (0.02%) than in the study mentioned pre-
viously, foaming was efficiently eliminated and the expression level
of hPGHS-2 increased by 35-40%. Nevertheless, the cultures with
the antifoam did not achieve the same productivity as the 10 ml
cultures did. It has been shown that the design of the flask, more
precisely the type of the baffle, can affect the expression level of a



K. Kukk, N. Samel / Journal of Biotechnology 231 (2016) 224-231 229

recombinant protein (Villatte et al., 2001). The results of our study
also imply that, in addition to aeration, the shape of the shake flask
may also contribute to the overall yield of the desired product.

Constitutive expression employing the GAP promoter was car-
ried out in the YPD medium, which contains glucose as an
inducer. According to the manual provided by Invitrogen (pGAPZ,
2010), supplementation with glucose to maintain induction is not
required. Nevertheless, we also tested addition of 2% glucose every
24 for the constitutive expression of hPGHS-2. In spite of this,
strains employing the GAP promoter produced modest amounts of
the recombinant hPGHS-2. The cultures supplemented with glu-
cose attained higher cell densities, but the amount of hPGHS-2 per
quantity of yeast cells was remarkably lower than that observed
with the non-supplemented cultures. The cyclooxygenase activities
presented in Table 2 were obtained from expression experiments
with no addition of the supplementary glucose. Therefore, although
the GAP promoter has several advantages over AOX1, the latter is
more suitable for the production of recombinant hPGHS-2.

3.5. Purification of hPGHS-2

The GS115H hPGHS-2-PG8xH (A0OX1) recombinant exhibiting
the highest expression level was selected for purification exper-
iments. As solubilisation of hPGHS-2 from the yeast membranes
proved more challenging than expected (Kukk et al., 2012), the
protein purification started with optimisation of the solubilisa-
tion step. In order to evaluate the success of the solubilisation
process, the activity of hPGHS-2 in the supernatant and micro-
some after detergent treatment was measured. Unexpectedly, the
experiments revealed that the activity assay used in the study
could not distinguish between unbroken and lysed cells. When the
unbroken yeast cells were incubated with AA, prostaglandins were
readily detected. Therefore, a false assumption that the number
of sonication cycles would be sufficient for lysing cells was made
beforehand. Successful solubilisation, however, required that the
yeast cells were completely disrupted. Increasing the number of
sonication cycles clearly improved the final yield of soluble hPGHS-
2. Large-scale solubilisation experiments revealed that as a result
of increasing the number of sonication cycles from 15 to 25 and the
power of sonication from 40 to 50%, compared to our earlier study
(Kukk et al., 2012), solubilisation of hPGHS-2 improved more than
twofold, from around 20-50%.

In addition to ultrasonication, the yeast cells are often disrupted
using glass beads (Pedro et al., 2015; Rosa et al., 2015). There-
fore, we tested if the latter method yielded more soluble hPGHS-2.
According to the activity assay, approximately 20% of hPGHS-2 was
solubilised, which was considerably less than what was observed
when ultrasonication was used. It may be speculated that the cell
breakage would have been more efficient if special equipment such
as a bead beater would have been used. With the apparatus avail-
able, however, ultrasonication proved better.

In order to reduce the load of proteins non-specifically binding
to the Ni-affinity gel, soluble proteins were removed by ultracen-
trifugation. Then, the detergent was added to the resuspended
microsome and the mixture was stirred for 1 h. The second round
of ultracentrifugation followed, through which the insoluble mate-
rial was removed. The soluble proteins were subjected to binding
to the Ni-affinity resin, after which non-specifically bound pro-
teins were eluted with the buffer containing 10 mM imidazole. Two
methods for the elution of hPGHS-2 were evaluated, boCPA versus
200 mM imidazole (Fig. 1A and B). So far, carboxypeptidases are
infrequently exploited for removing affinity tags. The inability of
boCPA to remove proline residues offers an opportunity to pre-
vent the protease from digesting native residues of the recombinant
protein. There is some data on boCPA being used at room tempera-
ture to digest protein substrates (Austin et al., 2011; Persson et al.,

A B PGHS-2 antibody  poly-His antibody
st,kDa 1 2 3 4 5 stkDa 1 2 3 45 345
—_— 116 o
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66 -
66 - -
45 N = 45
35 N
354
2580

Fig. 3. SDS-PAGE (A) and western analysis (B) of fractions collected during purifi-
cation of hPGHS-2. Lane 1: cell lysate; lane 2: solubilised proteins; lane 3: hPGHS-2
eluted with boCPA and subjected to centrifugal filtration through which boCPA was
removed; lane 4: 200 mM imidazole elution following directly after elution with
boCPA; lane 5: octahistidine tagged hPGHS-2 eluted with 200 mM imidazole and
concentrated.

1998). In order to preserve the catalytic activity of hPGHS-2, we
performed protease digestion at 15 °C. Nevertheless, the overnight
digestion at such temperature was sufficient to elute hPGHS-2 from
the Ni-affinity resin. Shorter incubation periods (2 or 6h) were
also tested. However, the protease digestion was not completed
by that time. In the other instance, elution with 200 mM imidazole
was carried out straight after the elution of non-specifically bound
proteins. Protein digestion with boCPA followed, after which the
protein solution was subjected to binding to the Ni-affinity resin
again. The de-tagged hPGHS-2 and boCPA eluted. In both cases,
fractions containing hPGHS-2 were pooled and concentrated. The
molecular weights of boCPA and the dimer of hPGHS-2 are about
35 and 140kDa, respectively. Such molecular weight difference
permitted the protease to be removed using a centrifugal filter,
the nominal molecular weight limit of which was 100 kDa. Both
protein purification processes were characterised by measuring
protein concentration and cyclooxygenase activity of the samples
(Table 3). The fractions were also analysed by SDS-PAGE and West-
ernblot (Fig. 3). Approximately 0.3 mg of pure non-tagged hPGHS-2
was obtained from 3 g of yeast cells. The protein no longer reacted
with the polyhistidine antibody. Although the recombinant hPGHS-
2 purified by both methods had approximately the same level of
purity (>80%), purification employing elution from the Ni-affinity
resin by boCPA treatment was less time consuming. In addition,
there was no need to remove imidazole, which thus eliminated one
ofthe centrifugal filtration steps. Therefore, elution with boCPA was
a convenient way to obtain pure de-tagged hPGHS-2.
Unexpectedly, the capability of boCPA to digest proteins bound
to the Ni-affinity resin depended on the brand of the resin. BoCPA
was nicely able to release the hPGHS-2 bound to the resin that
exhibited weaker protein binding characteristics. However, it was
unable to elute hPGHS-2 from the Ni-affinity resin that bound pro-
teins more tightly. In that case, the protein had to be eluted with
200 mM imidazole and then subjected to treatment with the pro-
tease. Separation of smaller proteins from larger ones by centrifugal
filtration is not a conventional method. Although manufacturers
promise retentate recovery of more than 90%, during repeated cen-
trifugation with the intention of washing out the smaller protein, a
notable amount of the protein of interest is also likely to be lost. As
size-exclusion chromatography columns are expensive, centrifugal
filters serve as an alternative, especially when preliminary experi-
ments are conducted. If the goal is to obtain a large amount of pure
protein, for example for crystallisation studies, applying gel filtra-
tion columns would be justified. In addition, C-terminal sequencing
should also be considered to ensure the homogeneity of the protein
before crystallisation trials. As long as affinity tagged boCPA or an
equivalent, such as Metarhizium anisopliae carboxypeptidase A, is
not commercially available, separating the protease from the target
protein with similar molecular weight is complicated. As an alter-
native to size-exclusion chromatography, ion-exchange or, when
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Table 3
Purification of hPGHS-2.

Purification step Protein concentration, mg/ml

Total protein?, mg Specific activity,nmol of product/(10 min x mg)

Yeast cell homogenate 24.5
100,000 g microsome 19.0
Solubilisation 3.54
IMAC and 100K filtration, imidazole/boCPA® 0.35/0.82

416 12.1
323 14.9
115 17.8
0.14/0.33 2110/1150

4 hPGHS-2 was purified from 3.0 g (WCW) of yeast cells that was obtained from 50 to 100 ml of culture after 72 h of methanol induction.
b Two alternative elution methods were tested—200 mM imidazole versus overnight incubation with boCPA. Fractions containing hPGHS-2 were concentrated approxi-

mately 20 times.

the target is a glycoprotein, lectin affinity chromatography could
be applied.

Few authors provide data that would allow easy comparison
of the protein production yields in different protein expression
systems. The production of hPGHS-2 in the insect cells yielded
approximately 0.3 mg of pure protein per one gram of cells (Smith
et al, 2000). The volume of the expression medium needed to
obtain such quantity of cells, however, was not unambiguously
specified. In this study, we managed to purify 0.33 mg of hPGHS-2
from 3.0g of cells that can be obtained from 50 to 100 ml of the
yeast expression culture, depending on the amount of methanol
used for induction. As the yeast culture likely produces at least a
fourfold bigger quantity of cells per volume of medium than the
insect cell culture and the yeast expression medium is inexpensive,
as well as handling and scaling up are easier, it would be more prac-
tical to produce hPGHS-2 using P. pastoris. The method described in
the present study, applying the C-terminal affinity tag comprised
of a proline, a glycine and histidines, and the removal of the tag
by boCPA treatment could be used for affinity purification of other
recombinant proteins.

Competing interests

The authors declare that they have no competing interests.

Authors’ contributions

KK and NS contributed to the design of the study. KK conducted
the experiments and drafted the manuscript. NS gave critical advice
andrevised the manuscript. Both the authors read and approved the
final manuscript.

Acknowledgements

We thank Sten Erm from the Competence Center of Food and
Fermentation Technologies for providing us with the antifoam. We
would also like to thank Luise Tiks, who conducted the prelimi-
nary experiments leading to this study. This work was supported
by the Estonian Ministry of Education and Research through the
Institutional Research Grant IUT 19-9.

Appendix A. Supplementary data

Supplementary data associated with this article can be found, in
the online version, at http://dx.doi.org/10.1016/j.jbiotec.2016.06.
015.

References

Celik, E., Calik, P., 2012. Production of recombinant proteins by yeast cells.
Biotechnol. Adv. 30, 1108-1118.

Ahmad, M., Hirz, M., Pichler, H., Schwab, H., 2014. Protein expression in Pichia
pastoris: recent achievements and perspectives for heterologous protein
production. Appl. Microbiol. Biotechnol. 98, 5301-5317.

Arnau, J., Lauritzen, C., Petersen, G.E., Pedersen, J., 2006. Current strategies for the
use of affinity tags and tag removal for the purification of recombinant
proteins. Protein Expr. Purif. 48, 1-13.

Austin, B.P., Waugh, D.S., 2012. Isolation of Metarhizium anisopliae
carboxypeptidase A with native disulfide bonds from the cytosol of
Escherichia coli BL21(DE3). Protein Expr. Purif. 82, 116-124.

Austin, B.P., Tozser, J., Bagossi, P., Tropea, J.E., Waugh, D.S., 2011. The substrate
specificity of Metarhizium anisopliae and Bos taurus carboxypeptidase A:
insights into their use as tools for the removal of affinity tags. Protein Expr.
Purif. 77, 53-61.

Byrne, B., 2015. Pichia pastoris as an expression host for membrane protein
structural biology. Curr. Opin. Struct. Biol. 32, 9-17.

Cregg, ].M., Barringer, KJ., Hessler, A.Y., Madden, K.R., 1985. Pichia pastoris as a
host system for transformations. Mol. Cell. Biol. 5, 3376-3385.

Daly, R., Hearn, M.T., 2005. Expression of heterologous proteins in Pichia pastoris: a
useful experimental tool in protein engineering and production. J. Mol.
Recognit. 18, 119-138.

De Schutter, K., Lin, Y.C,, Tiels, P., Van Hecke, A., Glinka, S., Weber-Lehmann, J.,
Rouzé, P., Van de Peer, Y., Callewaert, N., 2009. Genome sequence of the
recombinant protein production host Pichia pastoris. Nat. Biotechnol. 27,
561-566.

Dunn, B., Wobbe, C.R., 2001. Preparation of protein extracts from yeast. Curr.
Protoc. Mol. Biol. (Chapter 13, Unit 13.13.).

Gongalves, A.M.,, Pedro, A.Q., Maia, C,, Sousa, F., Queiroz, ].A., Passarinha, LA., 2013.
Pichia pastoris: a recombinant microfactory for antibodies and human
membrane proteins. J. Microbiol. Biotechnol. 23, 587-601.

Hoffman, C.S., 2001. Preparation of yeast DNA. Curr. Protoc. Mol. Biol. (Chapter 10,
Unit 13.11.).

Kukk, K., Jarving, R., Samel, N., 2012. Purification and characterization of the
recombinant human prostaglandin H synthase-2 expressed in Pichia pastoris.
Protein Expr. Purif. 83, 182-189.

Kukk, K., Kasvandik, S., Samel, N., 2014. N-glycosylation site occupancy in human
prostaglandin H synthases expressed in Pichia pastoris. Springerplus 3, 436.

Kulmacz, RJ., van der Donk, W.A., Tsai, A.L., 2003. Comparison of the properties of
prostaglandin H synthase-1 and -2. Prog. Lipid Res. 42, 377-404.

Li, C, Lin, Y., Zheng, X., Pang, N,, Liao, X,, Liu, X., Huang, Y., Liang, S., 2015.
Combined strategies for improving expression of Citrobacter amalonaticus
phytase in Pichia pastoris. BMC Biotechnol. 15, 88.

Liu, D., Zeng, X.A,, Sun, D.W., Han, Z,, 2013. Disruption and protein release by
ultrasonication of yeast cells. Innov. Food Sci. Emerg. 18, 132-137.

Livak, KJ., Schmittgen, T.D., 2001. Analysis of relative gene expression data using
real-time quantitative PCR and the 2(-Delta Delta C(T)) method. Methods 25,
402-408.

Macauley-Patrick, S., Fazenda, M.L., McNeil, B., Harvey, L.M., 2005. Heterologous
protein production using the Pichia pastoris expression system. Yeast 22,
249-270.

Orlando, B.J., Lucido, M.J., Malkowski, M.G., 2015. The structure of ibuprofen bound
to cyclooxygenase-2. J. Struct. Biol. 189, 62-66.

Pedro, A.Q., Martins, L.M., Dias, ].M., Bonifcio, M.]., Queiroz, J.A,, Passarinha, LA.,
2015. An artificial neural network for membrane-bound
catechol-O-methyltransferase biosynthesis with Pichia pastoris
methanol-induced cultures. Microb. Cell Fact. 14, 113.

Persson, K., Aslund, L., Grahn, B., Hanke, J., Heby, 0., 1998. Trypanosoma cruzi has
not lost its S-adenosylmethionine decarboxylase: characterization of the gene
and the encoded enzyme. Biochem. J. 333, 527-537.

Pichia expression kit: for expression of recombinant proteins in Pichia pastoris,
2014. Life Technologies Corporation, Catalog no. K1710-01, Publication
number MANO00OO12. https://tools.thermofisher.com/content/sfs/manuals/
pich_man.pdf (accessed 21.03.16.).

Ramon, A., Marin, M., 2011. Advances in the production of membrane proteins in
Pichia pastoris. Biotechnol. J. 6, 700-706.

Rosa, M., Bech-Serra, J.J., Canals, F,, Zajac, J.M., Talmont, F., Arsequell, G., Valencia,
G., 2015. Optimized proteomic mass spectrometry characterization of
recombinant human p.-opioid receptor functionally expressed in Pichia
pastoris cell lines. J. Proteome Res. 14, 3162-3173.

Routledge, S.J., Hewitt, CJ., Bora, N., Bill, R.M., 2011. Antifoam addition to shake
flask cultures of recombinant Pichia pastoris increases yield. Microb. Cell Fact.
10,17.

Rouzer, C.A.,, Marnett, L.J., 2009. Cyclooxygenases: structural and functional
insights. J. Lipid Res. 50, S29-S34.



K. Kukk, N. Samel / Journal of Biotechnology 231 (2016) 224-231 231

Scharff-Poulsen, P., Pedersen, P.A., 2013. Saccharomyces cerevisiae based platform
for rapid production and evaluation of eukaryotic nutrient transporters and
transceptors for biochemical studies and crystallography. PLoS One 8, e76851.

Shimokawa, T., Smith, W.L., 1992. Expression of prostaglandin endoperoxide
synthase-1 in a baculovirus system. Biochem. Biophys. Res. Commun. 183,
975-982.

Smith, T., Leipprandt, J., DeWitt, D., 2000. Purification and characterisation of the
human recombinant histidine-tagged prostaglandin endoperoxide H
synthases-1 and -2. Arch. Biochem. Biophys. 375, 195-200.

Smith, W.L, Urade, Y., Jakobsson, P.J., 2011. Enzymes of the cyclooxygenase
pathways of prostanoid biosynthesis. Chem. Rev. 111, 5821-5865.

Tsai, A.L,, Kulmacz, RJ., 2010. Prostaglandin H synthase: resolved and unresolved
mechanistic issues. Arch. Biochem. Biophys. 493, 103-124.

Vecchio, AJ., Simmons, D.M., Malkowski, M.G., 2010. Structural basis of fatty acid
substrate binding to cyclooxygenase-2. J. Biol. Chem. 285, 22152-22163.

Villatte, F.,, Hussein, A.S., Bachmann, T.T., Schmid, R.D., 2001. Expression level of
heterologous proteins in Pichia pastoris is influenced by flask design. Appl.
Microbiol. Biotechnol. 55, 463-465.

Vogl, T., Glieder, A., 2013. Regulation of Pichia pastoris promoters and its
consequences for protein production. New Biotechnol. 30, 385-404.

Waugh, D.S., 2005. Making the most of affinity tags. Trends Biotechnol. 23,
316-320.

Waugh, D.S., 2011. An overview of enzymatic reagents for the removal of affinity
tags. Protein Expr. Purif. 80, 283-293.

Zhan, R, Mu, W., Jiang, B., Li, Y., Zhou, L., Zhang, T., 2015. High-level extracellular
expression of inulin fructotransferase in Pichia pastoris for DFA IIl production. J.
Sci. Food Agric. 95, 1408-1413.

Zhang, A.L, Luo, ].X., Zhang, T.Y., Pan, Y.W., Tan, Y.H,, Fu, C.Y., Ty, F.Z., 2009. Recent
advances on the GAP promoter derived expression system of Pichia pastoris.
Mol. Biol. Rep. 36, 1611-1619.

Zou, H., Yuan, C, Dong, L, Sidhu, R.S., Hong, Y.H., Kuklev, D.V., Smith, W.L, 2012.
Human cyclooxygenase-1 activity and its responses to COX inhibitors are
allosterically regulated by nonsubstrate fatty acids. J. Lipid Res. 53, 1336-1347.

PGAPZ A, B, and C: Pichia expression vectors for constitutive expression and
purification of recombinant proteins, 2010. Life Technologies Corporation,
Catalog nos. V200-20 and V205-20, Publication number MAN0000043. https://
tools.thermofisher.com/content/sfs/manuals/pgapz_man.pdf (accessed
21.03.16.).



CURRICULUM VITAE

Name:

Date and place of birth:
Citizenship:

Contact information:

Education:

2010- ....
2008-2010
2005-2008

1996-2005

Language skills:

Estonian
English
German
French
Russian

Special courses

04.2013
10.2011

02.2011

Professional employment:

01.09.2014-....

Kaia Kukk

February 17, 1987; Estonia

Estonian

Department of Chemistry, Tallinn University of
Technology, Akadeemia tee 15,

12618 Tallinn, Estonia,

tel: +372 620 4380,

e-mail: kaia.kukk@ttu.ce

Tallinn University of Technology, Chemistry
and gene technology, PhD

Tallinn University of Technology, Applied
chemistry and biotechnology, MSc (cum laude)
Tallinn University of Technology, Applied
chemistry and biotechnology, BSc

Haapsalu Gymnasium, secondary education,
gold medal

native speaker
fluent

average

basic user
basic user

Protein crystallography, University of Tartu,
Tartu

Immunohistochemistry and  histochemistry,
Estonian University of Life Sciences, Tartu
Data Analysis for Chemistry, Tallinn University
of Technology, Rakvere

Tallinn University of Technology, Department
of Chemistry, junior researcher (1.00)

93



Field of research:

Biosciences and environment, biochemistry, proteins, enzymology

Thesis supervised:

Mari Vistra, Bachelor’s Degree, 2016, (sup) Kaia Kukk, Optimization of the
expression medium for the production of human prostaglandin H synthase-2 in
the yeast Pichia pastoris, Tallinn University of Technology, Faculty of Science,
Department of Chemistry

Vassili KiritSenko, Bachelor’s Degree, 2016, (sup) Kaia Kukk, Aivar Ldokene,
Purification of the recombinant human pancreatic lipase expressed in the yeast
Pichia pastoris, Tallinn University of Technology, Faculty of Science,
Department of Chemistry

Stina Sistok, Master’s Degree, 2016, (sup) Kaia Kukk, Co-expression of human
prostaglandin H synthases with protein disulfide isomerase in the yeast P.
pastoris, Tallinn University of Technology, Faculty of Science, Department of
Chemistry

Robert Risti, Bachelor’s Degree, 2014, (sup) Kaia Kukk, Aivar Ldokene,
Expression of human endothelial lipase in the yeast Pichia pastoris, Tallinn
University of Technology, Faculty of Science, Department of Chemistry

Luise Tiks, Bachelor’s Degree, 2014, (sup) Kaia Kukk, Yeast expression and
purification of prostaglandin H synthase-2 with a cleavable C-terminal Hise-tag,
Tallinn University of Technology, Faculty of Science, Department of Chemistry

Stina Sistok, Bachelor’s Degree, 2013, (sup) Kaia Kukk, Solubilization of
prostaglandiin H synthase-2, Tallinn University of Technology, Faculty of
Science, Department of Chemistry

Publications

Kukk K, Samel N: Enhanced expression of human prostaglandin H synthase-2
in the yeast Pichia pastoris and removal of the C-terminal tag with bovine
carboxypeptidase A. J Biotechnol 2016, 231: 224-231.

Kukk K, Kasvandik S, Samel N: N-glycosylation site occupancy in human
prostaglandin H synthases expressed in Pichia pastoris. Springerplus 2014, 3:
436.

Kukk K, Jarving R, Samel N: Purification and characterization of the

recombinant human prostaglandin H synthase-2 expressed in Pichia pastoris.
Protein Expr Purif 2012, 83: 182-189.

94



Conference presentation

Kukk K, Kasvandik S, Samel N: N-glycosylation site occupancy in human
prostaglandin H synthases expressed in Pichia pastoris.
Poster presentation at Sixth Annual PEGS Europe - Protein & Antibody
Engineering Summit, November 2014, Lisbon, Portugal

Kukk K, Jarving R, Samel N: Purification and characterization of the
recombinant human prostaglandin H synthase-2 expressed in Pichia pastoris.
FEBS Journal: 22nd IUBMB & 37th FEBS Congress, Seville, Spain, 2012, 279
(Supplement s1), 555.

Honours

2014 - DoRa T8, SA Archimedes: poster presentation at Sixth Annual PEGS
Europe - Protein & Antibody Engineering Summit, November 2014, Lisbon,
Portugal.

2012 — Graduate School of Functional Materials and Technologies: poster
presentation at 22nd IUBMB & 37th FEBS Congress, September 2012, Seville,
Spain.

95



ELULOOKIRJELDUS

Nimi:

Stinniaeg ja koht:

Kodakondsus:

Kontaktandmed.:

Hariduskdik:
2010- ....

2008-2010
2005-2008

1996-2005

Keelteoskus:

eesti keel
inglise keel
saksa keel
prantsuse keel
vene keel

Tdiendusope

04.2013
10.2011

02.2011

Teenistuskdik:

01.09.2014-....

Kaia Kukk

17. veebruar 1987, Eesti

Eesti

Keemiainstituut, Tallinna Tehnikaiilikool,
Akadeemia tee 15, 12618 Tallinn, Eesti,
tel: +372 620 4386, e-posti aadress:
kaia.kukk@ttu.ce

Tallinna Tehnikatilikool, keemia ja
geenitehnoloogia, doktorantuur

Tallinna Tehnikaiilikool, rakenduskeemia ja
biotehnoloogia, magistrikraad, cum laude
Tallinna Tehnikatilikool, rakenduskeemia ja
biotehnoloogia, bakalaureusekraad

Haapsalu Gimnaasium, uldkeskharidus,
kuldmedal

emakeel
korgtase
kesktase
algtase
algtase

Valkude kristallograafia, Tartu iilikool, Tartu
Immuunohistokeemia ja histokeemia, Eesti
Maaiilikool, Tartu

Katseandmete analiiis keemias, Tallinna
Tehnikaiilikool, Rakvere

Tallinna  Tehnikaiilikool, = Keemiainstituut,
nooremteadur (1.00)

96



Teadustéo pohisuunad:

Bio- ja keskkonnateadused, biokeemia, proteiinid, enstimoloogia.

Juhendatud vditekirjad:

Mari Vistra, bakalaureusekraad, 2016, (juh) Kaia Kukk, Ekspressioonisodtme
optimeerimine inimese prostaglandiin H siintaas-2 tootmiseks parmis Pichia
pastoris, Tallinna Tehnikaiilikool, Matemaatika-loodusteaduskond,
keemiainstituut

Vassili KiritSenko, bakalaureusekraad, 2016, (juh) Kaia Kukk, Aivar Ldokene,
Inimese pankrease lipaasi ekspresseerimine péarmis Pichia pastoris ja selle
puhastamine, Tallinna Tehnikaiilikool, = Matemaatika-loodusteaduskond,
keemiainstituut

Stina Sistok, magistrikraad, 2016, (juh) Kaia Kukk, Inimese prostaglandiin H
siintaaside ja valgu disulfiidi isomeraasi ko-ekspressioon parmis P. pastoris,
Tallinna Tehnikaiilikool, Matemaatika-loodusteaduskond, keemiainstituut

Robert Risti, bakalaureusekraad, 2014, (juh) Kaia Kukk, Aivar Ldokene,
Inimese endoteeli lipaasi ekspressioon padrmis Pichia pastoris, Tallinna
Tehnikaiilikool, Matemaatika-loodusteaduskond, keemiainstituut

Luise Tiks, bakalaureusekraad, 2014, (juh) Kaia Kukk, Eemaldatava C-
terminaalse Hise-epitoobiga prostaglandiin H siintaas-2 ekspressioon péarmis
ning puhastamine, Tallinna Tehnikaiilikool, Matemaatika-loodusteaduskond,
keemiainstituut

Stina Sistok, bakalaureusekraad, 2013, (juh) Kaia Kukk, Prostaglandiin H
siintaas-2  solubiliseerimine,  Tallinna  Tehnikaiilikool, = Matemaatika-
loodusteaduskond, keemiainstituut

Publikatsioonid

Kukk K, Samel N: Enhanced expression of human prostaglandin H synthase-2
in the yeast Pichia pastoris and removal of the C-terminal tag with bovine
carboxypeptidase A. J Biotechnol 2016, 231: 224-231.

Kukk K, Kasvandik S, Samel N: N-glycosylation site occupancy in human
prostaglandin H synthases expressed in Pichia pastoris. Springerplus 2014, 3:
436.

Kukk K, Jarving R, Samel N: Purification and characterization of the
recombinant human prostaglandin H synthase-2 expressed in Pichia pastoris.
Protein Expr Purif 2012, 83: 182-189.

97



Konverentsiteesid

Kukk K, Kasvandik S, Samel N: N-glycosylation site occupancy in human
prostaglandin H synthases expressed in Pichia pastoris. Posterettekanne
konverentsil Sixth Annual PEGS Europe - Protein & Antibody Engineering
Summit, november 2014, Lissabon, Portugal.

Kukk K, Jarving R, Samel N: Purification and characterization of the
recombinant human prostaglandin H synthase-2 expressed in Pichia pastoris.
FEBS Journal: 22nd IUBMB & 37th FEBS Congress, Sevilla, Hispaania, 2012,
279 (Supplement s1), 555.

Saadud uurimistoetused

2014 - DoRa T8, SA Archimedes: posterettekanne konverentsil Sixth Annual
PEGS Europe - Protein & Antibody Engineering Summit, november 2014,
Lissabon, Portugal.

2012 - TU ja TTU doktorikool Funktsionaalsed materjalid ja tehnoloogiad:
posterettekanne konverentsil 22nd [UBMB & 37th FEBS Congress, september
2012, Sevilla, Hispaania.

98



DISSERTATIONS DEFENDED AT
TALLINN UNIVERSITY OF TECHNOLOGY ON
NATURAL AND EXACT SCIENCES

1. Olav Kongas. Nonlinear Dynamics in Modeling Cardiac Arrhytmias. 1998.

2. Kalju Vanatalu. Optimization of Processes of Microbial Biosynthesis of
Isotopically Labeled Biomolecules and Their Complexes. 1999.

3. Ahto Buldas. An Algebraic Approach to the Structure of Graphs. 1999.

4. Monika Drews. A Metabolic Study of Insect Cells in Batch and Continuous
Culture: Application of Chemostat and Turbidostat to the Production of
Recombinant Proteins. 1999.

5. Eola Valdre. Endothelial-Specific Regulation of Vessel Formation: Role of
Receptor Tyrosine Kinases. 2000.

6. Kalju Lott. Doping and Defect Thermodynamic Equilibrium in ZnS. 2000.

7. Reet Koljak. Novel Fatty Acid Dioxygenases from the Corals Plexaura
homomalla and Gersemia fruticosa. 2001.

8. Anne Paju. Asymmetric oxidation of Prochiral and Racemic Ketones by Using
Sharpless Catalyst. 2001.

9. Marko Vendelin. Cardiac Mechanoenergetics in silico. 2001.

10. Pearu Peterson. Multi-Soliton Interactions and the Inverse Problem of Wave
Crest. 2001.

11. Anne Menert. Microcalorimetry of Anaerobic Digestion. 2001.

12. Toomas Tiivel. The Role of the Mitochondrial Outer Membrane in in vivo
Regulation of Respiration in Normal Heart and Skeletal Muscle Cell. 2002.

13. Olle Hints. Ordovician Scolecodonts of Estonia and Neighbouring Areas:
Taxonomy, Distribution, Palacoecology, and Application. 2002.

14. Jaak Nolvak. Chitinozoan Biostratigrapy in the Ordovician of Baltoscandia.
2002.

15. Liivi Kluge. On Algebraic Structure of Pre-Operad. 2002.

16. Jaanus Lass. Biosignal Interpretation: Study of Cardiac Arrhytmias and
Electromagnetic Field Effects on Human Nervous System. 2002.

17. Janek Peterson. Synthesis, Structural Characterization and Modification of
PAMAM Dendrimers. 2002.

18. Merike Vaher. Room Temperature Ionic Liquids as Background Electrolyte
Additives in Capillary Electrophoresis. 2002.

19. Valdek Mikli. Electron Microscopy and Image Analysis Study of Powdered
Hardmetal Materials and Optoelectronic Thin Films. 2003.

20. Mart Viljus. The Microstructure and Properties of Fine-Grained Cermets.
2003.

21. Signe Kask. Identification and Characterization of Dairy-Related Lactobacillus.
2003.

22. Tiiu-Mai Laht. Influence of Microstructure of the Curd on Enzymatic and
Microbiological Processes in Swiss-Type Cheese. 2003.

23. Anne Kuusksalu. 2-5A Synthetase in the Marine Sponge Geodia cydonium.
2003.

24. Sergei Berezmev. Solar Cells Based on Polycristalline Copper-Indium
Chalcogenides and Conductive Polymers. 2003.

99



25. Kadri Kriis. Asymmetric Synthesis of Co-Symmetric Bimorpholines and Their
Application as Chiral Ligands in the Transfer Hydrogenation of Aromatic Ketones.
2004.

26. Jekaterina Reut. Polypyrrole Coatings on Conducting and Insulating
Substracts. 2004.

27. Sven Nomm. Realization and Identification of Discrete-Time Nonlinear
Systems. 2004.

28. Olga Kijatkina. Deposition of Copper Indium Disulphide Films by Chemical
Spray Pyrolysis. 2004.

29. Gert Tamberg. On Sampling Operators Defined by Rogosinski, Hann and
Blackman Windows. 2004.

30. Monika Ubner. Interaction of Humic Substances with Metal Cations. 2004.

31. Kaarel Adamberg. Growth Characteristics of Non-Starter Lactic Acid Bacteria
from Cheese. 2004.

32. Imre Vallikivi. Lipase-Catalysed Reactions of Prostaglandins. 2004.

33. Merike Peld. Substituted Apatites as Sorbents for Heavy Metals. 2005.

34. Vitali Syritski. Study of Synthesis and Redox Switching of Polypyrrole and
Poly(3,4-ethylenedioxythiophene) by Using in-situ Techniques. 2004.

35. Lee Pollumaa. Evaluation of Ecotoxicological Effects Related to Oil Shale
Industry. 2004.

36. Riina Aav. Synthesis of 9,11-Secosterols Intermediates. 2005.

37. Andres Braunbriick. Wave Interaction in Weakly Inhomogeneous Materials.
2005.

38. Robert Kitt. Generalised Scale-Invariance in Financial Time Series. 2005.

39. Juss Pavelson. Mesoscale Physical Processes and the Related Impact on the
Summer Nutrient Fields and Phytoplankton Blooms in the Western Gulf of Finland.
2005.

40. Olari Ilison. Solitons and Solitary Waves in Media with Higher Order
Dispersive and Nonlinear Effects. 2005.

41. Maksim Sikki. Intermittency and Long-Range Structurization of Heart Rate.
2005.

42. Enli Kiipli. Modelling Seawater Chemistry of the East Baltic Basin in the Late
Ordovician—Early Silurian. 2005.

43. Igor Golovtsov. Modification of Conductive Properties and Processability of
Polyparaphenylene, Polypyrrole and polyaniline. 2005.

44. Katrin Laos. Interaction Between Furcellaran and the Globular Proteins
(Bovine Serum Albumin B-Lactoglobulin). 2005.

45. Arvo Mere. Structural and Electrical Properties of Spray Deposited Copper
Indium Disulphide Films for Solar Cells. 2006.

46. Sille Ehala. Development and Application of Various On- and Off-Line
Analytical Methods for the Analysis of Bioactive Compounds. 2006.

47. Maria Kulp. Capillary Electrophoretic Monitoring of Biochemical Reaction
Kinetics. 2006.

48. Anu Aaspéllu. Proteinases from Vipera lebetina Snake Venom Affecting
Hemostasis. 2006.

49. Lyudmila Chekulayeva. Photosensitized Inactivation of Tumor Cells by
Porphyrins and Chlorins. 2006.

100



50. Merle Uudsemaa. Quantum-Chemical Modeling of Solvated First Row
Transition Metal lons. 2006.

51. Tagli Pitsi. Nutrition Situation of Pre-School Children in Estonia from 1995 to
2004. 2006.

52. Angela Ivask. Luminescent Recombinant Sensor Bacteria for the Analysis of
Bioavailable Heavy Metals. 2006.

53. Tiina Lougas. Study on Physico-Chemical Properties and Some Bioactive
Compounds of Sea Buckthorn (Hippophae rhamnoides L.). 2006.

54. Kaja Kasemets. Effect of Changing Environmental Conditions on the
Fermentative Growth of Saccharomyces cerevisae S288C: Auxo-accelerostat
Study. 2006.

55. Tldar Nisamedtinov. Application of '*C and Fluorescence Labeling in
Metabolic Studies of Saccharomyces spp. 2006.

56. Alar Leibak. On Additive Generalisation of Voronoi’s Theory of Perfect Forms
over Algebraic Number Fields. 2006.

57. Andri Jagomaégi. Photoluminescence of Chalcopyrite Tellurides. 2006.

58. Tonu Martma. Application of Carbon Isotopes to the Study of the Ordovician
and Silurian of the Baltic. 2006.

59. Marit Kauk. Chemical Composition of CulnSe; Monograin Powders for Solar
Cell Application. 2006.

60. Julia Kois. Electrochemical Deposition of CulnSe; Thin Films for Photovoltaic
Applications. 2006.

61. Ilona Oja Acik. Sol-Gel Deposition of Titanium Dioxide Films. 2007.

62. Tiia Anmann. Integrated and Organized Cellular Bioenergetic Systems in
Heart and Brain. 2007.

63. Katrin Trummal. Purification, Characterization and Specificity Studies of
Metalloproteinases from Vipera lebetina Snake Venom. 2007.

64. Gennadi Lessin. Biochemical Definition of Coastal Zone Using Numerical
Modeling and Measurement Data. 2007.

65. Enno Pais. Inverse problems to determine non-homogeneous degenerate
memory kernels in heat flow. 2007.

66. Maria Borissova. Capillary Electrophoresis on Alkylimidazolium Salts. 2007.
67. Karin Valmsen. Prostaglandin Synthesis in the Coral Plexaura homomalla:
Control of Prostaglandin Stereochemistry at Carbon 15 by Cyclooxygenases. 2007.
68. Kristjan Piirimie. Long-Term Changes of Nutrient Fluxes in the Drainage
Basin of the Gulf of Finland — Application of the PolFlow Model. 2007.

69. Tatjana Dedova. Chemical Spray Pyrolysis Deposition of Zinc Sulfide Thin
Films and Zinc Oxide Nanostructured Layers. 2007.

70. Katrin Tomson. Production of Labelled Recombinant Proteins in Fed-Batch
Systems in Escherichia coli. 2007.

71. Cecilia Sarmiento. Suppressors of RNA Silencing in Plants. 2008.

72. Vilja Mardla. Inhibition of Platelet Aggregation with Combination of
Antiplatelet Agents. 2008.

73. Maie Bachmann. Effect of Modulated Microwave Radiation on Human
Resting Electroencephalographic Signal. 2008.

74. Dan Hiivonen. Terahertz Spectroscopy of Low-Dimensional Spin Systems.
2008.

101



75. Ly Ville. Stereoselective Chemoenzymatic Synthesis of Deoxy Sugar Esters
Involving Candida antarctica Lipase B. 2008.

76. Johan Anton. Technology of Integrated Photoelasticity for Residual Stress
Measurement in Glass Articles of Axisymmetric Shape. 2008.

77. Olga Volobujeva. SEM Study of Selenization of Different Thin Metallic Films.
2008.

78. Artur Jogi. Synthesis of 4’-Substituted 2,3’-dideoxynucleoside Analogues.
2008.

79. Mario Kadastik. Doubly Charged Higgs Boson Decays and Implications on
Neutrino Physics. 2008.

80. Fernando Pérez-Caballero. Carbon Aerogels from 5-Methylresorcinol-
Formaldehyde Gels. 2008.

81. Sirje Vaask. The Comparability, Reproducibility and Validity of Estonian Food
Consumption Surveys. 2008.

82. Anna Menaker. Electrosynthesized Conducting Polymers, Polypyrrole and
Poly(3,4-ethylenedioxythiophene), for Molecular Imprinting. 2009.

83. Lauri Ilison. Solitons and Solitary Waves in Hierarchical Korteweg-de Vries
Type Systems. 2009.

84. Kaia Ernits. Study of In,S; and ZnS Thin Films Deposited by Ultrasonic Spray
Pyrolysis and Chemical Deposition. 2009.

85. Veljo Sinivee. Portable Spectrometer for Ionizing Radiation “Gammamapper”.
2009.

86. Jiiri Virkepu. On Lagrange Formalism for Lie Theory and Operadic Harmonic
Oscillator in Low Dimensions. 2009.

87. Marko Piirsoo. Deciphering Molecular Basis of Schwann Cell Development.
2009.

88. Kati Helmja. Determination of Phenolic Compounds and Their Antioxidative
Capability in Plant Extracts. 2010.

89. Merike Somera. Sobemoviruses: Genomic Organization, Potential for
Recombination and Necessity of P1 in Systemic Infection. 2010.

90. Kristjan Laes. Preparation and Impedance Spectroscopy of Hybrid Structures
Based on Culn3Ses Photoabsorber. 2010.

91. Kristin Lippur. Asymmetric Synthesis of 2,2°-Bimorpholine and its 5,5’-
Substituted Derivatives. 2010.

92. Merike Luman. Dialysis Dose and Nutrition Assessment by an Optical
Method. 2010.

93. Mihhail Berezovski. Numerical Simulation of Wave Propagation in
Heterogeneous and Microstructured Materials. 2010.

94. Tamara Aid-Pavlidis. Structure and Regulation of BDNF Gene. 2010.

95. Olga Bragina. The Role of Sonic Hedgehog Pathway in Neuro- and
Tumorigenesis. 2010.

96. Merle Randriiiit. Wave Propagation in Microstructured Solids: Solitary and
Periodic Waves. 2010.

97. Marju Laars. Asymmetric Organocatalytic Michael and Aldol Reactions
Mediated by Cyclic Amines. 2010.

98. Maarja Grossberg. Optical Properties of Multinary Semiconductor
Compounds for Photovoltaic Applications. 2010.

102



99. Alla Maloverjan. Vertebrate Homologues of Drosophila Fused Kinase and
Their Role in Sonic Hedgehog Signalling Pathway. 2010.

100. Priit Pruunsild. Neuronal Activity-Dependent Transcription Factors and
Regulation of Human BDNF Gene. 2010.

101. Tatjana Knjazeva. New Approaches in Capillary Electrophoresis for
Separation and Study of Proteins. 2011.

102. Atanas Katerski. Chemical Composition of Sprayed Copper Indium Disulfide
Films for Nanostructured Solar Cells. 2011.

103. Kristi Timmo. Formation of Properties of CulnSe, and Cu,ZnSn(S,Se)s
Monograin Powders Synthesized in Molten KI. 2011.

104. Kert Tamm. Wave Propagation and Interaction in Mindlin-Type
Microstructured Solids: Numerical Simulation. 2011.

105. Adrian Popp. Ordovician Proetid Trilobites in Baltoscandia and Germany.
2011.

106. Ove Pirn. Sea Ice Deformation Events in the Gulf of Finland and This Impact
on Shipping. 2011.

107. Germo Vili. Numerical Experiments on Matter Transport in the Baltic Sea.
2011.

108. Andrus Seiman. Point-of-Care Analyser Based on Capillary Electrophoresis.
2011.

109. Olga Katargina. Tick-Borne Pathogens Circulating in Estonia (Tick-Borne
Encephalitis Virus, Anaplasma phagocytophilum, Babesia Species): Their
Prevalence and Genetic Characterization. 2011.

110. Ingrid Sumeri. The Study of Probiotic Bacteria in Human Gastrointestinal
Tract Simulator. 2011.

111. Kairit Zovo. Functional Characterization of Cellular Copper Proteome. 2011.
112. Natalja Makarytsheva. Analysis of Organic Species in Sediments and Soil by
High Performance Separation Methods. 2011.

113. Monika Mortimer. Evaluation of the Biological Effects of Engineered
Nanoparticles on Unicellular Pro- and Eukaryotic Organisms. 2011.

114. Kersti Tepp. Molecular System Bioenergetics of Cardiac Cells: Quantitative
Analysis of Structure-Function Relationship. 2011.

115. Anna-Liisa Peikolainen. Organic Aerogels Based on 5-Methylresorcinol.
2011.

116. Leeli Amon. Palacoecological Reconstruction of Late-Glacial Vegetation
Dynamics in Eastern Baltic Area: A View Based on Plant Macrofossil Analysis.
2011.

117. Tanel Peets. Dispersion Analysis of Wave Motion in Microstructured Solids.
2011.

118. Liina Kaupmees. Selenization of Molybdenum as Contact Material in Solar
Cells. 2011.

119. Allan Olspert. Properties of VPg and Coat Protein of Sobemoviruses. 2011.
120. Kadri Koppel. Food Category Appraisal Using Sensory Methods. 2011.

121. Jelena GorbatSova. Development of Methods for CE Analysis of Plant
Phenolics and Vitamins. 2011.

122. Karin Viipsi. Impact of EDTA and Humic Substances on the Removal of Cd
and Zn from Aqueous Solutions by Apatite. 2012.

103



123. David Schryer. Metabolic Flux Analysis of Compartmentalized Systems
Using Dynamic Isotopologue Modeling. 2012.

124. Ardo Illaste. Analysis of Molecular Movements in Cardiac Myocytes. 2012.
125. Indrek Reile. 3-Alkylcyclopentane-1,2-Diones in Asymmetric Oxidation and
Alkylation Reactions. 2012.

126. Tatjana Tamberg. Some Classes of Finite 2-Groups and Their
Endomorphism Semigroups. 2012.

127. Taavi Liblik. Variability of Thermohaline Structure in the Gulf of Finland in
Summer. 2012.

128. Priidik Lagemaa. Operational Forecasting in Estonian Marine Waters. 2012.
129. Andrei Errapart. Photoelastic Tomography in Linear and Non-linear
Approximation. 2012.

130. Kiilliki Krabbi. Biochemical Diagnosis of Classical Galactosemia and
Mucopolysaccharidoses in Estonia. 2012.

131. Kristel Kaseleht. Identification of Aroma Compounds in Food using SPME-
GC/MS and GC-Olfactometry. 2012.

132. Kristel Kodar. Immunoglobulin G Glycosylation Profiling in Patients with
Gastric Cancer. 2012.

133. Kai Rosin. Solar Radiation and Wind as Agents of the Formation of the
Radiation Regime in Water Bodies. 2012.

134. Ann Tiiman. Interactions of Alzheimer’s Amyloid-Beta Peptides with Zn(II)
and Cu(Il) Tons. 2012.

135. Olga Gavrilova. Application and Elaboration of Accounting Approaches for
Sustainable Development. 2012.

136. Olesja Bondarenko. Development of Bacterial Biosensors and Human Stem
Cell-Based In Vitro Assays for the Toxicological Profiling of Synthetic
Nanoparticles. 2012.

137. Katri Muska. Study of Composition and Thermal Treatments of Quaternary
Compounds for Monograin Layer Solar Cells. 2012.

138. Ranno Nahku. Validation of Critical Factors for the Quantitative
Characterization of Bacterial Physiology in Accelerostat Cultures. 2012.

139. Petri-Jaan Lahtvee. Quantitative Omics-level Analysis of Growth Rate
Dependent Energy Metabolism in Lactococcus lactis. 2012.

140. Kerti Orumets. Molecular Mechanisms Controlling Intracellular Glutathione
Levels in Baker’s Yeast Saccharomyces cerevisiae and its Random Mutagenized
Glutathione Over-Accumulating Isolate. 2012.

141. Loreida Timberg. Spice-Cured Sprats Ripening, Sensory Parameters
Development, and Quality Indicators. 2012.

142. Anna Mihhalevski. Rye Sourdough Fermentation and Bread Stability. 2012.
143. Liisa Arike. Quantitative Proteomics of Escherichia coli: From Relative to
Absolute Scale. 2012.

144. Kairi Otto. Deposition of In,S; Thin Films by Chemical Spray Pyrolysis.
2012.

145. Mari Sepp. Functions of the Basic Helix-Loop-Helix Transcription Factor
TCF4 in Health and Disease. 2012.

146. Anna Suhhova. Detection of the Effect of Weak Stressors on Human Resting
Electroencephalographic Signal. 2012.

104



147. Aram Kazarjan. Development and Production of Extruded Food and Feed
Products Containing Probiotic Microorganisms. 2012.

148. Rivo Uiboupin. Application of Remote Sensing Methods for the Investigation
of Spatio-Temporal Variability of Sea Surface Temperature and Chlorophyll Fields
in the Gulf of Finland. 2013.

149. Tiina Kris¢iunaite. A Study of Milk Coagulability. 2013.

150. Tuuli Levandi. Comparative Study of Cereal Varieties by Analytical
Separation Methods and Chemometrics. 2013.

151. Natalja Kabanova. Development of a Microcalorimetric Method for the
Study of Fermentation Processes. 2013.

152. Himani Khanduri. Magnetic Properties of Functional Oxides. 2013.

153. Julia Smirnova. Investigation of Properties and Reaction Mechanisms of
Redox-Active Proteins by ESI MS. 2013.

154. Mervi Sepp. Estimation of Diffusion Restrictions in Cardiomyocytes Using
Kinetic Measurements. 2013.

155. Kersti Jaidger. Differentiation and Heterogeneity of Mesenchymal Stem Cells.
2013.

156. Victor Alari. Multi-Scale Wind Wave Modeling in the Baltic Sea. 2013.

157. Taavi Pill. Studies of CD44 Hyaluronan Binding Domain as Novel
Angiogenesis Inhibitor. 2013.

158. Allan Niidu. Synthesis of Cyclopentane and Tetrahydrofuran Derivatives.
2013.

159. Julia Geller. Detection and Genetic Characterization of Borrelia Species
Circulating in Tick Population in Estonia. 2013.

160. Irina Stulova. The Effects of Milk Composition and Treatment on the Growth
of Lactic Acid Bacteria. 2013.

161. Jana Holmar. Optical Method for Uric Acid Removal Assessment During
Dialysis. 2013.

162. Kerti Ausmees. Synthesis of Heterobicyclo[3.2.0]heptane Derivatives via
Multicomponent Cascade Reaction. 2013.

163. Minna Varikmaa. Structural and Functional Studies of Mitochondrial
Respiration Regulation in Muscle Cells. 2013.

164. Indrek Koppel. Transcriptional Mechanisms of BDNF Gene Regulation.
2014.

165. Kristjan Pilt. Optical Pulse Wave Signal Analysis for Determination of Early
Arterial Ageing in Diabetic Patients. 2014.

166. Andres Anier. Estimation of the Complexity of the Electroencephalogram for
Brain Monitoring in Intensive Care. 2014.

167. Toivo Kallaste. Pyroclastic Sanidine in the Lower Palacozoic Bentonites — A
Tool for Regional Geological Correlations. 2014.

168. Erki Kirber. Properties of ZnO-nanorod/In,S3/CulnS, Solar Cell and the
Constituent Layers Deposited by Chemical Spray Method. 2014.

169. Julia Lehner. Formation of Cu2ZnSnS4 and CuZnSnSe4 by Chalcogenisation
of Electrochemically Deposited Precursor Layers. 2014.

170. Peep Pitk. Protein- and Lipid-rich Solid Slaughterhouse Waste Anaerobic Co-
digestion: Resource Analysis and Process Optimization. 2014.

171. Kaspar Valgepea. Absolute Quantitative Multi-omics Characterization of
Specific Growth Rate-dependent Metabolism of Escherichia coli. 2014.

105



172. Artur Noole. Asymmetric Organocatalytic Synthesis of 3,3’-Disubstituted
Oxindoles. 2014.

173. Robert Tsanev. Identification and Structure-Functional Characterisation of
the Gene Transcriptional Repressor Domain of Human Gli Proteins. 2014.

174. Dmitri Kartofelev. Nonlinear Sound Generation Mechanisms in Musical
Acoustic. 2014.

175. Sigrid Hade. GIS Applications in the Studies of the Palacozoic Graptolite
Argillite and Landscape Change. 2014.

176. Agne Velthut-Meikas. Ovarian Follicle as the Environment of Oocyte
Maturation: The Role of Granulosa Cells and Follicular Fluid at Pre-Ovulatory
Development. 2014.

177. Kristel Halvin. Determination of B-group Vitamins in Food Using an LC-MS
Stable Isotope Dilution Assay. 2014.

178. Mailis Piri. Characterization of the Oligoadenylate Synthetase Subgroup from
Phylum Porifera. 2014.

179. Jekaterina Kazantseva. Alternative Splicing of T7AF4: A Dynamic Switch
between Distinct Cell Functions. 2014.

180. Jaanus Suurvili. Regulator of G Protein Signalling 16 (RGS16): Functions in
Immunity and Genomic Location in an Ancient MHC-Related Evolutionarily
Conserved Synteny Group. 2014.

181. Ene Viiard. Diversity and Stability of Lactic Acid Bacteria During Rye
Sourdough Propagation. 2014.

182. Kristella Hansen. Prostaglandin Synthesis in Marine Arthropods and Red
Algae. 2014.

183. Helike Lohelaid. Allene Oxide Synthase-lipoxygenase Pathway in Coral
Stress Response. 2015.

184. Normunds Stivrin§. Postglacial Environmental Conditions, Vegetation
Succession and Human Impact in Latvia. 2015.

185. Mary-Liis Kiitt. Identification and Characterization of Bioactive Peptides
with Antimicrobial and Immunoregulating Properties Derived from Bovine
Colostrum and Milk. 2015.

186. Kazbulat Sogenov. Petrophysical Models of the CO, Plume at Prospective
Storage Sites in the Baltic Basin. 2015.

187. Taavi Raadik. Application of Modulation Spectroscopy Methods in
Photovoltaic Materials Research. 2015.

188. Reio Pader. Study of Oxygen Vacancy Dynamics in Sc-doped Ceria with
NMR Techniques. 2015.

189. Sven Siir. Internal Geochemical Stratification of Bentonites (Altered Volcanic
Ash Beds) and its Interpretation. 2015.

190. Kaur Jaanson. Novel Transgenic Models Based on Bacterial Artificial
Chromosomes for Studying BDNF Gene Regulation. 2015.

191. Niina Karro. Analysis of ADP Compartmentation in Cardiomyocytes and Its
Role in Protection Against Mitochondrial Permeability Transition Pore Opening.
2015.

192. Piret Laht. B-plexins Regulate the Maturation of Neurons Through
Microtubule Dynamics. 2015.

193. Sergei Zari. Organocatalytic Asymmetric Addition to Unsaturated 1,4-
Dicarbonyl Compounds. 2015.

106



194. Natalja Buhhalko. Processes Influencing the Spatio-temporal Dynamics of
Nutrients and Phytoplankton in Summer in the Gulf of Finland, Baltic Sea. 2015.
195. Natalia Maticiuc. Mechanism of Changes in the Properties of Chemically
Deposited CdS Thin Films Induced by Thermal Annealing. 2015.

196. Mario Oeren. Computational Study of Cyclohexylhemicucurbiturils. 2015.
197. Mari Kalda. Mechanoenergetics of a Single Cardiomyocyte. 2015.

198. Ieva Grudzinska. Diatom Stratigraphy and Relative Sea Level Changes of the
Eastern Baltic Sea over the Holocene. 2015.

199. Anna Kazantseva. Alternative Splicing in Health and Disease. 2015.

200. Jana Kazarjan. Investigation of Endogenous Antioxidants and Their
Synthetic Analogues by Capillary Electrophoresis. 2016.

201. Maria Safonova. SnS Thin Films Deposition by Chemical Solution Method
and Characterization. 2016.

202. Jekaterina Mazina. Detection of Psycho- and Bioactive Drugs in Different
Sample Matrices by Fluorescence Spectroscopy and Capillary Electrophoresis.
2016.

203. Karin Rosenstein. Genes Regulated by Estrogen and Progesterone in Human
Endometrium. 2016.

204. Aleksei Tretjakov. A Macromolecular Imprinting Approach to Design
Synthetic Receptors for Label-Free Biosensing Applications. 2016.

205. Mati Danilson. Temperature Dependent Electrical Properties of Kesterite
Monograin Layer Solar Cells. 2016.

206. Kaspar Kevvai. Applications of ’N-labeled Yeast Hydrolysates in Metabolic
Studies of Lactococcus lactis and Saccharomyces Cerevisiae. 2016.

207. Kadri Aller. Development and Applications of Chemically Defined Media for
Lactic Acid Bacteria. 2016.

208. Gert Preegel. Cyclopentane-1,2-dione and Cyclopent-2-en-1-one in
Asymmetric Organocatalytic Reactions. 2016.

209. Jekaterina SluZenikina. Applications of Marine Scatterometer Winds and
Quality Aspects of their Assimilation into Numerical Weather Prediction Model
HIRLAM. 2016.

210. Erkki Kask. Study of Kesterite Solar Cell Absorbers by Capacitance
Spectroscopy Methods. 2016.

211. Jiirgen Arund. Major Chromophores and Fluorophores in the Spent Dialysate
as Cornerstones for Optical Monitoring of Kidney Replacement Therapy. 2016.

212. Andrei Samarin. Hybrid PET/MR Imaging of Bone Metabolism and
Morphology. 2016.

213. Kairi Kasemets. Inverse Problems for Parabolic Integro-Differential
Equations with Instant and Integral Conditions. 2016.

214. Edith Soosaar. An Evolution of Freshwater Bulge in Laboratory Scale
Experiments and Natural Conditions. 2016.

215. Peeter Laas. Spatiotemporal Niche-Partitioning of Bacterioplankton
Community across Environmental Gradients in the Baltic Sea. 2016.

216. Margus Voolma. Geochemistry of Organic-Rich Metalliferous Oil
Shale/Black Shale of Jordan and Estonia. 2016.

217. Karin Ojamie. The Ecology and Photobiology of Mixotrophic Alveolates in
the Baltic Sea. 2016.

107



218. Anne Pink. The Role of CD44 in the Control of Endothelial Cell Proliferation
and Angiogenesis. 2016.

219. Kristiina Kreek. Metal-Doped Aerogels Based on Resorcinol Derivatives.
2016.

108





