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BASED ON DESIGNED ACTIVE YEAST OVERPRODUCERS

4

S

N

&‘

The Hansenula polymorpha recombinant strain overexpressing both GSH2 gene encoding y-glutamyl-cysteine-synthetase
and MET4 gene encoding the transcription activator of genes involved in cysteine (precursor of glutathione) biosynthesis has
been obtained using metabolic engineering approaches. The recombinant strain is characterized by significantly increased
glutathione output as compared with in vitro wild-type strain. Conditions for efficient glutathione production by recombinant H.
polymorpha strain have been optimized. A semi-industrial model for glutathione production using the designed H. polymorpha

overproducer has been developed.
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Glutathione (y-L-glutamyl-L-cysteinyl-glycine,
GSH) is biologically active compound of peptide
nature, which plays an important role in a wide
range of cellular reactions. Due to the presence of
thiol groups, in the cell, glutathione acts as electron
donor, provides the course of reduction reaction,
and transforms into oxidized form (GSSG). In ad-
dition to the support of thiol redox status, glutath-
ione is involved in detoxification of endogenous
and exogenous metals and xenobiotics, depositing
and transport of cysteine, biosynthesis of protein
and DNA, transport of amino acids that are impor-
tant metabolites for eukaryote cell growth, regula-
tion of cell cycle, etc. Glutathione is a cofactor of
several enzymes and major source of nitrogen and
sulfur in the conditions of their exhaustion in the
environment [1]. Also it plays an important role in
protecting the body from bacteria, parasites, and
viruses. Glutathione deficiency in the human body
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is associated with medical disorders caused by oxi-
dative stress, poisoning or compromised immunity.
These disorders include neurodegenerative diseas-
es, cancer, cataracts, cirrhosis, pulmonary disease,
inflammation of the gastrointestinal tract and pan-
creas, and hemolytic anemia.

Glutathione is widely used in medical, beauty,
and food industries. Recently, the use of glutath-
ione in manufacturing various cosmetic products
has been growing rapidly. Glutathione is used as a
component of emulsifiers, oily substances, and
humidifiers, primarily, to enhance skin whitening
effect, of sunscreens and anti-age creams insofar
as GSH/GSSG ratio has been established to de-
crease in the human body with age [2].

Glutathione is used as an ingredient in various
food products, including bakery products, alco-
holic and soft drinks, breakfast cereals, cheeses,
flavorings, dairy products, fats, oils, sauces, and
meat. Today, the industrial demand for glutath-
ione increases. World production of crystalline
glutathione and yeast extract enriched in glu-
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tathione (15%) exceeds 2500 and 500 tons annu-
ally, respectively. Accordingly, the glutathione
market reaches USD 1 billion per year.

Biotechnology for glutathione production is
based on using enzymatic methods or fermenta-
tion of natural or genetically modified microor-
ganisms, such as Saccharomyces cerevisiae, Can-
dida utilis, Escherichia coli, and Lactoccocus lactis.
Among numerous microorganisms capable of ac-
cumulating significant quantities of glutathione,
the most widely used are S. cerevisiae and C. utilis
yeasts. Advantages of these yeasts are as follows:
natural ability to accumulate high intracellular
concentration of glutathione; rapid growth and
high density of cell biomass. The yeasts are cul-
tured on cheap environment, with this process
being scalable [3]. One of the major drawbacks of
using the yeasts for industrial production of glu-
tathione is complex regulatory mechanisms that
limit its super-synthesis.

H. polymorpha thermotolerant methylotrophic
yeast with high content of glutathione and high
resistance to various types of stress is considered
a promising object for designing a competitive
producer of tripeptide [4]. In the H. polymorpha
methylotrophic yeast, glutathione is involved in
detoxification of toxic products of methanol ca-
tabolism. For these yeast, metabolic engineering
approaches have been elaborated. Recently, the
sequencing of H. polymorpha genome has been
completed and a database has been formed to cre-
ate conditions for the identification and function-
al studies of genes involved in the regulation of
the biosynthesis of glutathione, its transport into
the cell, and degradation. In this regard, the meth-
ylotrophic yeast organisms are promising for de-
signing industrial producers of this tripeptide.

Raising efficiency due to reducing the cost of
production is an important factor to decrease the
price of glutathione. One of the main preconditions
for effective production of microbial glutathione is
its high content in yeast cells and ability to accu-
mulate microbial biomass in high concentrations.

The application of metabolic engineering me-
thods enabled obtaining recombinant strains of
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H. polymorpha with high-performance glutath-
ione synthesis. In particular, it has been found
that the enhanced expression of both GSH2 gene
encoding y-glutamyl-cysteinyl-glycine and MET4
gene encoding transcriptional activator of cys-
teine biosynthesis genes (precursor of glutath-
ione synthesis) stimulates glutathione synthesis
in H. polymorpha methylotrophic yeast [5]. This
paper deals with studying simultaneous amplifi-
cation of GSH2 and MET4 gene expression in H.
polymorpha, as well as with optimizing glutath-
ione synthesis conditions in terms of maximizing
the glutathione production.

MATERIALS AND METHODS
Strains of microorganisms and nutrient media

The researchers used the following strains of H.
polymorphayeast: DL-1(leu2), DL-1 (Aura3,Atrp1::
URA3, leu2:mcGSH2 _,:LEU2, Atrp1:TRP1,.,)
[5]. The yeast cells were grown at ¢ = 37 °C in the
rich YPD medium (1% peptone, 1% yeast extract,
2% glucose), the minimal YNB medium (0.17%
Yeast Nitrogen Base, 0.5% (NH,),SO,, 2 % glu-
cose) or in the mineral medium of the following
composition (g/1): (NH,),SO, — 5; KH,PO, — 3;
MgSO, x 7H,0 — 0,5; glucose — 2, trace elements
(mg/1): EDTA — 15; ZnSO, x TH,0 — 4,5; CoCl, x
x 6H,0 — 0,3; 1 mg/l MnCl, x 4H,0, CuSO, x
x H,0 — 0,3; CaCl, x 2H,0 — 4,5; FeSO, x 7TH,0 —
3;NaMoO, x 2H,0 — 0,4; H,BO,— 1; KI — 0,1. For
mineral medium, 1,000-time vitamin solution (bi-
otin — 0.5; pantothenic acid — 10; nicotinic acid —
10 mg; inositol — 250; thiamin — 10; pyridoxine —
10; para-aminobenzoic acid — 2 per 10 ml (mg))
was separately prepared, sterilized by cold sterili-
zation, and added to the medium after autoclav-
ing. After sterilization, if necessary, tetracycline
was added (20 mg/1) to the medium in a way pre-
venting any contamination. The agar media con-
tained bacteriological agar (2%). The bacterial
strain of Escherichia coli DH5a (®80 dlacZAM15,
recAl, endA1, gyrA96, thi-1, hsdR17 (rK-, mK"),
supE44, relA1, deoR, A(lacZYA-argF) U169) was
grown at ¢t = 37 °C, in a rich LB medium (1.5%
peptone, 0.5% yeast extract, 1% NaCl; pH = 7,0).
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RESEARCH METHODS

The authors used standard molecular genetic
techniques [6]. H. polymorpha genomic DNA was
separated using Wizard® Genomic DNA Purifi-
cation Kit (Promega, Madison, W1, USA). Restric-
tion endonucleases and ligases were used according
to the manufacturer's instructions (Fermentas, Vil-
nius, Lithuania). Plasmid DNA was extracted from
E. coli using Wizard® Plus SV Minipreps DNA Pu-
rification System (Promega, Madison, W1, USA).
Polymerase chain reaction (PCR) was carried out
on Gene Amp® PCR System 9700 (Applied Bio-
systems, Foster City, CA, USA) using Platinum®
Tag DNA Polymerase (Fermentas) according to the
manufacturer's instructions. The transformation of
H. polymorpha was carried out by the electro-trans-
formation technique [7]. The yeast biomass was
measured by the spectrophotometric method on a
Heliosy spectrophotometer (2 =590 nm, cuvette 1
cm) with the dry weight calculated according to
the calibration curve. The optical density of yeast
cell suspension was measured at a wavelength of
663 nm, for the transformation; at 420 nm, for glu-
tathione identification; and at 750 nm, for the pro-
tein identification.

To study the synthesis of glutathione, the yeast
strains were grown under aerobic conditions in
100 ml flasks containing 30 ml YNB medium at
37 °C. The aeration conditions were reached due
to stirring at a speed of 220 rpm. The initial opti-
cal density of cells inoculated into the medium
was A, = 0,1. Cultivation was carried out for 5
days with everyday sampling for glutathione iden-
tification. The total content of glutathione (GSH +
+ GSSG) was determined as described in [5].

To optimize the selection and conditions glu-
tathione supersynthesis, the yeast strains were al-
so grown in 100 ml flasks containing 30 ml of YPD
or YNB medium with 0.5% yeast extract added,
at 37 °C, under aerobic conditions (220 rpm).
The initial optical density of cells inoculated into
the medium was A, = 0,1. To study the influence
of aeration on glutathione production, the strains
were grown with stirring at 200 rpm and 300 rpm
during cultivation in flasks containing medium
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in proportion 1/3 or 1/6 of their volume. The ini-
tial optical density of cells inoculated into the
medium, was A, =1 or A, = 4.

The capacity for growth and synthesis of glu-
tathione was studied while growing in the biore-
actor having a volume of 100 liters. The initial
volume of medium was 70 liters. The medium was
prepared on untreated water. The medium pH
was additionally titrated up to 5.5. After sterili-
zation, tetracycline (20 mg/l) was added to the
medium with its sterility preserved. The starter
culture of H. polymorpha mcGSH2/MET4 strain
was grown in YNB medium with yeast extract
(YNB — 1.7 g/I, (NH4),SO, — 5 g/1, glucose —
20 g/, yeast extract — 0.5%) added in 2 liter
Erlenmeyer flasks in an air shaker-incubator at
220 rpm and 37 °C for 24 hours to obtain optical
density A, , = 10—12. The initial optical density
of cells inoculated into the medium in the biore-
actor was Ay, = 1. The cultivation was carried
out on mineral environment, with aeration (ratio
of air volume to medium volume 1:1) and stirring
at 200 rpm, at pH = 5.0—5.5.

RESULTS AND DISCUSSION
Obtaining Glutathione Strain Overproducers
in H. polymorpha Yeast Using Metabolic Engineer-
ing Approaches

The synthesis of glutathione in the yeast oc-
curs in two consecutive reactions involving y-glu-
tamyl-cysteine-synthetase and glutathione-syn-
thetase. The first enzyme limits the biosynthesis
due to reverse inhibition by the end product, i.e.
glutathione, and prevents excessive accumula-
tion of tripeptide in the cell [8]. The mechanisms
of glutathione biosynthesis regulation in methy-
lotrophic yeasts (particularly H. polymorpha) and
the homeostasis of this tripeptide in the cell have
remained incompletely studied in many aspects.
However, it has been found that the enhanced ex-
pression of both GSH2 gene encoding GSH2 gene
encoding y-glutamyl-cysteinyl-glycine and MET4
gene encoding transcriptional activator of cystei-
ne biosynthesis genes (precursor of glutathione
synthesis) stimulates glutathione synthesis in
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Fig. 1. Linear diagram of pUC19/prGAP_MET4/NTC plas-
mid: prGAP — promoter of glyceraldehyde-3-phosphate dehy-
drogenase gene; GAPterm — terminator of glyceraldehyde-3-
phosphate dehydrogenase gene; natNT2 — gene of resistance
to nourseothricin; MET4 — gene encoding the transcription
factor involved in cysteine biosynthesis. Abbreviations of re-
striction sites: B, BamHI; Xb, Xbal;Xh, XhoI; SI, Sall; Nd,
Ndel; Ad, AdhI

H. polymorpha methylotrophic yeast [5, 9]. The-
refore, simultaneous amplification of GSH2 and
METH4 gene expression in H. polymorpha, as well
as optimization of glutathione synthesis condi-
tions in terms of maximizing the glutathione pro-
duction are promising directions of research. To
this end, the pUC19/prGAP_MET4/NTC plas-
mid was designed for recombinant H. polymorpha
yeast strains with amplified expression of Met4
transcriptional activator (Fig. 1).

In order to search the nucleotide sequence of
H. polymorpha MET4 gene, a computer analysis
was made using a respective yeast database
(http://genome.jgi-psf.org/Hanpo2). Using PCR
the MET4 gene was amplified from H. polymor-
pha genomic DNA. The native promoter was re-

placed by a strong constitutive promoter of H. po-
lymorpha GAP1 gene encoding glyceraldehyde-3-
phosphate dehydrogenase. At the first stage, the
GAP1 gene promoter and terminator were ampli-
fied from H. polymorpha genomic DNA by PCR
using respective primer pairs Ko644,/Ko645 and
Ko646,/Ko647 (Table 1).

The resulting fragments were combined by
PCR using primers Ko644 and Ko647. The am-
plified fragment having a size of 0.8 kb was treat-
ed with restriction endonucleases BamHI and
Sall. As a result, the pUC19/prGAP plasmid was
designed. At the next stage, the natNT2 nourse-
othricin resistance gene was amplified from plas-
mid pRS41N [10] by PCR using primers OK42/
OK43. The resulting 1.3 kb fragment was treated
with restriction endonuclease Ndel and cloned
into Ndel-linearized plasmid pUC19/GAP. As a
result, the designed plasmid was named pUC19/
prGAP/NTC. The MET4 gene was amplified from
H. polymorpha genomic DNA by PCR using prim-
ers Ko655 and Ko677 and cloned into Xbal/
NotI-linearized vector pUC19/prGAP/NTC. As
aresult, the designed plasmid was named pUC19/
prGAP MET4/NTC (Fig. 1).

Thedesigned plasmid pUC19/prGAP_MET4/
NTC was used to enhance MET4 gene expression
in the best available recombinant H. polymorpha,

Table 1
Sequence of Nucleotides Used in Primer Operation
Name Nucleotide sequence 5-3’

Ko644 CGC GGA TCC TAG ACC ACA TCC GTG CAC CAG

Ko645 GTA AAT ATG TAG ATG GAG CCG AGC CTC GAG CCC GGG GCG GCC GCT CTAGATTTG TTT
CTA TAT TAT CTT TGT ACT AAA G

Ko646 CTT TAG TAC AAA GAT AAT ATA GAA ACA AAT CTA GAG CGG CCG CCC CGG GCT CGA GGC
TCG GCT CCATCTACATATTTAC

Ko647 CGC GTC GAC CTG CCA CGA GGT ACC ACA AAG

OK42 CGC CAT ATG ATA ACT TCG TAT AGC ATA CAT TAT ACG AAG TTA T CT TAA CTA TGC GGC
ATC AGA G

OK43 CGC CAT ATG ATA ACT TCG TAT AAT GTA TGC TAT ACG AAG TTA TCC GAG ATT CAT CAA
CTC ATT GC

Ko655 TAG TCT AGA ATG TGT GGC GCA GTATGG C

Ko656 AAA GCG GCCGCCTAGTTT GGC TTC GGG AAAC
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strains capable of ensuring glutathione supersyn-
thesis. As initial strain the researchers used the
recombinant strain with amplified GSH2 H. poly-
morpha GSH2 gene expression controlled by na-
tive promoter characterized by enhanced gluta-
thione synthesis on glucose-containing medium
as compared with the wild-type strain [5].

The pUC19/prGAP_MET4/NTC vector was
introduced in selected H. polymorpha strain by elec-
troporation [7]. The transformants were selected on
YPD nutrient-rich medium with nourseothricin
(100 mg/1) added. For obtaining stable recombinant
strains, the transformants were cultured under non-
selective conditions with further selection of clones
preserving their ability to grow on antibiotic-con-
taining medium. In the stable transformants ob-
tained, the plasmid integration into genome was
confirmed by PCR using appropriate primer pairs
Ko644/Ko677. The effectiveness of glutathione
synthesis was determined for the selected stable
transformants. Conditions of culturing and method
for glutathione identification are described in the
previous section (see Materials and Methods).

The H. polymorpha recombinant strain with am-
plified expression of GSH2 and MET4 (mcGSH2/
MET4) genes was characterized by an increase
in productive capacity of the synthesis of extra-
cellular and intracellular glutathione during 96
hours of culturing (7.6 and 3.7 times, respectively,
as compared with the H. polymorpha wild-type
strain DL-1 (WT) and 2.4 and 1.3 times, respec-
tively, as compared with the strain with GSH2
(mcGSH2) gene overexpression (Table 2).

Selection and optimization of conditions
for glutathione supersynthesis by the strains ob-
tained in the laboratory

For maximizing the production of glutathione
it is necessary to find an optimal combination of
factors influencing its synthesis while growing the
strain-producer. The best of obtained recombinant
strains with amplified expression of H. polymor-
pha GSH2 and MET4 (mcGSH2/MET4) genes
was used to optimize the target product output.
In particular, the influence of factors that are key
determinants of glutathione synthesis: composi-
tion of the medium, biomass, aeration, pH, time of
culturing has been studied. The maximum pro-
duction of glutathione was reported for culturing
in minimal YNB medium, whereas the yeast ex-
tract added had a negative effect, probably, be-
cause of inhibiting the activity of enzymes invol-
ved in the biosynthesis of glutathione (Table 3).

However, the cost of minimal YNB medium is
quite high, which greatly increases the cost of glu-
tathione as final product. Therefore, it was decided
to study the synthesis of glutathione while grow-
ing the strain-producer on cheaper mineral medi-
um. The level of glutathione synthesis when cul-
tured in the mineral medium was by 10—15% lower
as compared with the YNB medium (Table 3).
Important factors that influence the production of
glutathione are initial biomass of strain producer,
concentration of sugar in the medium, and aera-
tion. It was established that the level of gluta-
thione synthesis was 2 times higher during the
growth of culture with a lower initial biomass

Table 2

Production Capacity of Synthesis of Intracellular and Extracellular Glutathione by H. polymorpha
Strains on Minimum YNB Medium with Glucose (2% ) During 24 and 96 Hours of Culturing in Aerobic Conditions

Glutathione
Strain Intracellular, nmole/mg of protein Extracellular, nmole/1
24 hours 96 hours 24 hours 96 hours
WT 160 = 1.7 110+£1.2 4+0.05 60 £0.7
mcGSH2 250 + 2.6 350 £ 3.7 5+0.05 169 £ 1.8
mcGSH2/MET4 210£2.2 836 £ 8.5 5%0.05 221 £2.3
ISSN 2409-9066. Sci. innov. 2015, 11(5) 57
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Fig. 2. Dynamics of intracellular synthesis of glutathione

(a) and biomass (b) by H. polymorpha mcGSH2/MET4

strain during culturing in the bioreactor on mineral medium
with cysteine

Table 3
Production Capacity of Synthesis
of Intercellular Glutathione
by Recombinant Strain H. polymorpha
mcGSH2/MET4 During 24 and 48 Hours
of Culturing in Various Media
Intracellular glutathione,
Medium nmole/mg of protein
24 hours 48 hours
YPD 147 £ 1.5 209+24
YNB+0,5% YE 200 +2.3 226 2.5
YNB 332+35 389 £ 4.1
MC (2 % glucose) 323+3.3 365+3.8
MC (5 % glucose) 431+ 4.5 437+ 4.6

(A, = 1), while the concentration of sugar in the
medium had no significant effect on the produc-
tion of glutathione (Table 3). The effect of aera-
tion on glutathione production was studied under
stirring at 200 rpm and 300 rpm, during the cul-
turing in flasks containing the medium in propor-
tion of 1/3 or 1/6. It has been showed that increas-
ing aeration neither depresses glutathione synthe-
sis nor stimulates any significant improvement.

One of the factors limiting glutathione synthe-
sis is the presence of its predecessors, namely, sul-
fur-containing amino acid cysteine. The induction
of glutathione synthesis after adding 1 mmol of
cysteine to mineral medium containing 2% glucose
has been studied. The initial optical density of cells
inoculated into the medium was A, = 1. It has
been found that the addition of cysteine activates
glutathione synthesis after 3 hours resulting in its
increase 1.7 times (Table 4).

The optimum conditions for effective growth
of strain-producer was used to develop interim
guidelines for testing a technology of glutathione
production and scaling of process in industrial
environment.

Scaling of Glutathione Synthesis Process
and Development of Procedure
for Glutathione Production

The laboratory procedure for fermentation deve-
loped for the designed glutathione strain-producer
has been adapted to industrial conditions at Enzyme

Table 4

Production Capacity of Synthesis
of Intercellular Glutathione by Recombinant
Strain H. polymorpha mcGSH2/MET4
in Mineral Medium Without and With Cysteine
During 20 Hours of Culturing

Intercellular glutathione,
nmole/mg of protein

Medium
20 hours 23 hours
MC (2 % glucose) 320+3.3 329+ 34
MC (2 % glucose) +
+ 1 mmole cysteine 326 £3.4 568 £5.9
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JSC (Ladyzhyn, Vinnytsia Oblast). The capacity
for growth and synthesis of glutathione was tested
when growing in the bioreactor having a volume of
100 liters. The initial volume of mineral medium
was 70 liters. The initial optical density of cells in-
oculated into the medium in the bioreactor was
A,,, = 1. The culturing was carried out on mineral
environment under aeration (air to medium ratio is
1:1) and stirring at 200 rpm and pH = 5,0—5,5.
While growing the culture, microscopic and micro-
biological control of purity was exercised; the other
controlled factors were pH, temperature, sugar con-
tent in the medium, biomass, and target product.
After 20 hours of culturing, cysteine at a concentra-
tion of 1 mmol /I medium was added. The fermenta-
tion lasted 58 hours. The culturing in bioreactor
enabled achieving a higher output of producer bio-
mass as compared with that in the flasks. The growth
rate was also higher, with the stationary phase rea-
ched after 20 hours of incubation (Fig. 2, b).

The maximum glutathione production was repor-
ted after 28—34 hours of culturing and after 3—9 ho-
urs since 1mmol /1 of cysteine was added. It reached
150 nmol/mg (or 1,350 mg/1) of protein (Fig. 2, a).

One of the best known producers of glutathione
is G-14 recombinant strain of S. cerevisiae yeast
able to synthesize about 1,620 g/1 of glutathione
after 52 hours of fermentation in the bioreactor
having a volume of 5 liters. The optimization of
biosynthesis by adding cysteine allows this strain
to reach glutathione production at a rate of 2020
mg/l after 38 hours of culturing. [11] However,
the volume was not expanded while culturing the
strain, which complicates the estimation of glu-
tathione production on industrial scale.

Glutathione overproducers have been designed
on the basis of H. polymorpha yeast by co-expres-
sion of GSH2 and MET4 genes, with the first scal-
ing process for the synthesis of glutathione for H.
polymorpha yeast recombinant strains in the bio-
reactor having a volume of 100 liters done. The
results indicate a high capacity of H. polymorpha
yeast as glutathione producer in industrial scale,
which has good prospects for further improve-
ments using metabolic engineering methods.
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CONCLUSIONS

Using metabolic engineering methods, glutath-
ione overproducer strains of H. polymorpha meth-
ylotrophic yeast have been designed by amplifying
expression of GSH2 gene encoding y-glutamyl-
cysteine-synthetase and MET4 gene encoding the
transcriptional activator of biosynthesis genes of
cysteine (precursor of glutathione synthesis).

The H. polymorpha recombinant strains with
overexpression of GSH2 and MET4 genes have
been showed to have a significantly improved
productive capacity for glutathione synthesis as
compared with the wild-type DL-1 H. polymor-
pha strain in vitro. Glutathione synthesis has been
optimized in vitro using designed strains of H. po-
lymorpha. In particular, the influence of key de-
terminants of glutathione production output, i.e.
composition of the medium, aeration, pH, and
cultivation has been studied.

The maximum production of glutathione has
been recorded on minimal medium, under aeration
(200 rpm), after adding 1 mmol/1 of cysteine.

The best glutathione producers have been tested
in semi-industrial conditions, within the fermenter
having a capacity of 100 liters. The maximum syn-
thesis of glutathione has been reported after 28—34
hours of culturing and after 3—9 hours since the
addition of 1 mmol/I of cysteine and amounts to
150 nmol /mg (or 1,350 mg/1) of protein.
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'Tucruryt Giosorii kaitnan HAH Ykpainu, JIbBis
?[IpuBaTHe akifioHepHe TOBAPUCTBO « EH3uM», Jlagmxun

PO3POBKA TEXHOJIOTII OTPUMAHHS
ITPEITAPATIB IVIVTATIOHY
HA OCHOBI CKOHCTPYMOBAHUX
AKTMBHUX CYIIEPIIPOAYLEHTIB IBOTI'O
TPUIIEIITUAY ¥V APIKIIKIB

3a 10110Moroto MeTaboJIiYHOI iHKeHepii CKOHCTPYHOBAHO
MTaM METUIOTPOGHUX ApiKIKIB Hansenula polymorpha 3
TTOCUJIEHOT0 eKcmpecieo TeHiB GSHZ2, mo komye y-riyTa-
MinucTeiHiTcuaTeTasy, Ta MET4, 1o Koy€e TpaHCKpUTIIiii-
HUiT aKTUBATOP TreHiB GioCHHTe3y IUCTeiHy (IIOoNepeaHuK
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cuHTe3y riyTaTiony). OTpuMaHuil peKOMOIHAHTHUIL 1ITaM
XapaKTepU3yeThCs IM/IBUIIEHOIO TPOLYKTUBHICTIO CUHTE3Y
[JIyTaTioHy MOPIBHSIHO i3 IITAMOM JIMKOTO THITY B JlaGopa-
TOPHUX YMOBax. Dyso mposeseno ontmmisariiio cHHTE3Y
[JIyTaTiOHy CKOHCTPYWOBAHOTO PEKOMGIHAHTHOTO IITaMy
H. polymorpha. Po3pobiieHo HaIli BIIPOMECIOBY MOJIEJb TeX-
HOJIOTI] OTPUMAaHHA TJYTaTiOHy 3 BUKOPUCTAHHSM CKOH-
CTPYHOBaHOTO APIK/PKOBOTO HITAMY-IIPOLYIIEHTA.

Knwuosi crnoea: rmyrarion, apiskmki, Hansenula poly-
morpha, MeTaboJiuHa iH/KEHEPis.

M.T. IOpxus’, E. A. Kypunenxo',
P.B. Bacunvwwun', K.B. /Imumpyx’, H.b. Mapmumniox?,
Cropoxod B.B.2, A.A. Cubupnwuii’

"Nucturyr 6uonornu kietku HAH Yrpawunst, JIbBoB
2YacTHOE aKIIMOHEPHOE 0OIIECTBO «DH3UM», JlajbIRIH

PASPABOTKA TEXHOJIOIMU ITIOJIYYEHUA
I[TPEITAPATOB IVIYTATIOHA
HA OCHOBE CKOHCTPYNPOBAHHBIX
AKTHUBHBIX CYIIEPIIPOAYIIEHTOB 9TOTO
TPUMENTUIA Y IPOKKE

C 1IOMOIIIbI0 METAGOIMYECKOI HHKEHEPUU CKOHCTPYHPO-
BaH MITAMM MeTUIOTPOMHBIX Aposkskeil Hansenula polymo-
rpha ¢ yeusnennoi skcnpeccueii renos GSH2, Konupyroiero
y-TIIyTaMUJIIUCTenHCnHTeTasy, 1 MET4, Komupyonero TpaH-
CKPUIILIMOHHBII aKTUBATOP FeHOB OUOCUHTE3a IicTenHa (Tpe-
JIIIECTBEHHNK CUHTE3a Iy TaThoHa ). [TosyueHHbIH pekoMOu-
HAHTHBIH ITAMM XapaKTePU30BAJICS MTOBBIIIEHHON MTPOIYK-
TUBHOCTBIO CUHTE3a IJIyTaTUOHA B CPABHEHUU CO ITaMMOM
JIMKOTO THIIA B JJaGOPATOPHBIX ycIoBUsX. [IpoBeneHa onru-
MU3AIUS CUHTE3a Ty TaTUOHA CKOHCTPYNPOBAHHOTO PEKOM-
6unanTHOTO ITamMMma H. polymorpha. PazpaboTtana noiymnpo-
MbINIJIEHHAA MO/I€JIb TEXHOJIOTHUU ITOJIYyUYE€HUA TIIyTaTUOHA C
HCIOJIB30BAHNEM CKOHCTPYHUPOBAHHOTO IPOKKEBOTO THTAM-
Ma-TIpOIyIeHTA.

Knwuesvie crosa: rnyratnon, nposxksku, Hansenula po-
lymorpha, metabosmueckast HHKEHEPHUSL.
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