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ABSTRACT

BACKGROUND: Molecular chaperones regulate the proper folding of proteins in the cell. Members of the Hsp70 family, includ-
ing the Ssa1 protein, are molecular chaperones that prevent protein aggregation, promote their proper folding and degradation,
and are the most common among the various chaperones, highly conserved, and present in a variety of organisms.

AIM: The aim of the work was to optimize methods for the production, extraction and purification of Ssa1 protein from cells of
Saccharomyces cerevisiae.

MATERIALS AND METHODS: The SSA1-4 gene sequences were cloned into a vector under the control of the TEF7 promoter
and fused with a sequence encoding His,-tag. Yeast strains with different genetic backgrounds were transformed with the ob-
tained constructs, and the production of Ssal-4 proteins was assessed under different cultivation conditions. Affinity and ion-
exchange chromatography were used to purify the Ssa1 protein. Fluorescence microscopy was used to confirm the localization
of recombinant Ssa proteins fused with TagRFP-T in the cytosol.

RESULTS AND CONCLUSIONS: Methods for the production, extraction and purification of Ssal protein from yeast cells have
been optimized. The same approach can be further used to purify other Hsp70 proteins and adapted to obtain various proteins
from eukaryotic cells.
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AHHOTALMUA

06ocHoBaHMe. MoneKynspHble LWanepoHbl PerysupyT NpaBuUiIbHYI0 YKIaaKy 6enKkoB B KieTKe. YneHbl cemeitctBa Hsp70,
BKJItOYas benok Ssal, — 3T0 MoNieKyNsipHble LianepoHbl, KOTOpble NpefoTBpaLLaoT arperauuio 6enKkos, cnocobcTByOT UX
NpaBWIbHOMY CBOPaYMBaHUIO W Lerpafaumi, OHW SBNAOTCA Haubonee pacnpocTpaHeHHbIMU Cpeay PasfiyHbIX LLANepoHoB,
BbICOKOKOHCEPBATUBHBLIMU M MPUCYTCTBYIOT B Pa3fIMUHbIX OPraHU3Max.

Lienb — onTMMu3auus MeToA0B NPOAYKLMM, BbiAENEHNs 1 04nCTKY Benka Ssal u3 kneTok Saccharomyces cerevisiae.
Matepuanel 1 Metogbl. MocnegoBatensHocTu reHoB SSAT-4 6biv KNOHMPOBaHBI B BEKTOP MOJ, KOHTPOJIEM MpoMoTopa
reHa TEFT v cauTbl ¢ nocnefoBaTeNbHOCTHIO, KoaupyloLleid His,-Tar. LLtaMMbl poxoKen ¢ pasnnyHbIM reHeTudeckuM o-
HOM TpaHCcOpPMMPOBaM MOY4EHHBIMU KOHCTPYKUMAMI U OLEHUBANW NPoAyKLMio benKkoB Ssal-4 npu paznuyHbIX YCNoBMsX
KynbTnBupoBaHus. [nsa ounctkm 6enka Ssal ucnonb3oBanm Metofbl ad@UHHOI M MOHOOOMEHHOI XpomaTtorpaduu. [1ns noa-
TBEPKAEHNUA NOKaNM3aUmMmM peKoMbMHaHTHbIX BenkoB Ssa, cinTbix ¢ TagRFP-T, B uMTonnasMe npuMeHsanu GyopecLieHTHY
MWKPOCKOMMIO.

Pesynbtathl M 3aknioueHue. ONTMMWU3MPOBaHbI MeTOLbI MPOAYKLMM, BbLENeHUs U ouncTKM benika Ssal M3 gpoMoKeBbiX
KIEeTOK. 3TOT e MoAXof MOXeT ObiTb B JlanbHelLeM UCMONb30BaH A8 0YUCTKU Apyrux benkos ceMelictBa Hsp70 u agan-
TUPOBaH LIS MONYYEHUS Pa3fMYHbIX BENIKOB U3 3YKapuUOTUYECKUX KIIETOK.

KntoueBble cnoBa: WwanepoHbl; 6eKy TeNoBOro LWoKa; Saccharomyces cerevisiae; Lpoxu; npuoH; [PSI; Hsp70; Ssa.
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BACKGROUND

Molecular chaperones are polypeptides responsible for
the correct folding of proteins in the cell. During their life-
time, cells constantly adapt to changing conditions. Among
different chaperons the members of the Hsp70 (70-kDa
heat-shock protein) family are the most abundant and high-
ly conserved among different organisms (reviewed in [1]).
The Hsp70 family proteins are molecular chaperones that pre-
vent protein aggregation, promote their proper folding and de-
gradation, thereby being key factors in the ability of cells to
maintain proteostasis. Thus, given the involvement of these
proteins in a variety of cellular processes, it is not surprising that
they are considered as targets for the treatment of various hu-
man diseases, such as cancer and neurodegenerative diseases.

Hsp70 proteins act together with co-chaperons, such
as members of the Hsp40 family, which contribute to the
specificity of Hsp70 interactions. They also require the nu-
cleotide exchange factors (NEFs) as their activity is ATP-de-
pendent [2]. Both of these types of auxiliary factors are usu-
ally represented by multiple proteins in different organisms.
The Hsp70 proteins of the yeast Saccharomyces cerevisi-
ae are divided into seven subfamilies: four canonical-type
Hsp70 chaperones (Ssa, Ssh, Kar, and Ssc) and three atypical
Hsp70 proteins (Sse, Ssz, and Lhs) that play a regulatory role
by modulating the activity of canonical Hsp70 partners [3].
All Hsp70 proteins contain two functional domains: NBD (Nu-
cleotide Binding Domain) at the N-terminus and SBD (Sub-
strate Binding Domain) at the C-terminus which are connect-
ed by a short interdomain linker [1]. The Ssa (Stress Seventy
sub-family A) subfamily includes four main members (Ssal,
Ssa2, Ssa3 and Ssak). While none of the four corresponding
SSA genes is essential, at least one of them must be present
for viability [4, 5]. The four members of the SSA subfamily
arose through duplications and are highly conserved. De-
spite sequence similarity the corresponding proteins may be
functionally distinct and act in different ways. While SSAZ is
expressed constitutively at high levels, the SSA3-4 are ex-
pressed only during cellular stress, and SSAT is constitutively
expressed at moderate levels, but is also upregulated during
stress [6, 7]. Ssa proteins also differ in their stability, with
Ssak being the most stable (half-life greater than 100 h) and
Ssa3 having a half-life of 11.0 h [8].

Several functional differences between Ssa proteins
were found when characterizing their effects on yeast
prions. Yeast possesses nearly 20 naturally occurring
prions, the most well studied of which are [PSF*], [PIN'], and
[URE3] (reviewed in [9]). Propagation of yeast prions is de-
pendent on the cellular chaperone machinery, essentially,
the Hsp104/Hsp70/Hsp40 system. Hsp104 is a molecular dis-
aggregase capable of breaking apart prion aggregates thus
promoting their division and inheritance. However, in order
to perform its function, Hsp104 has to be recruited by the
Hsp70-Ssa, which in turn binds prion aggregates in complex
with Hsp40 co-chaperones (reviewed in [10]).
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Despite sequence similarities, Ssa proteins differ in some
of their effects on prion propagation. For example, oppos-
ing effects on the curing of [URE3] have been reported for
nearly identical Ssal and Ssa2, although, these effects were
not reproducible in other strains [11, 12]. Similarly, opposing
effects on [PSF] were occasionally observed for Ssa3 and
Ssak [13, 14]. The SSAT-21 (L483W) mutation was first de-
scribed by its dominant [PSF]-curing phenotype. Even though
it does not affect propagation of [URE3], introduction of the
same mutation into the SSA2 gene severely destabilizes
[URE3] [15]. Finally, Ssa proteins demonstrate various ef-
fects on prion propagation when they are expressed from
the only copy of SSA gene from constitutive promoter of
the SSAZ gene, particularly, Ssal and Ssa2, but not Ssa3,
or Ssak are able to maintain the [URE3]. While all four Ssa
are able to maintain [PSI'], Ssak specifically weakened
its propagation [16].

The role of the Ssa proteins is not limited to chaper-
one activity and prion propagation. Particularly, Ssa pro-
teins participate in the translocation of proteins into the
mitochondria and endoplasmic reticulum [17, 18]. Addi-
tionally, Ssa1/2 proteins function in cell cycle progression
and DNA-damage response as they were shown to act in
G2/M checkpoint regulation after UV irradiation. Ssal/2
were found to take part in a complex with DNA damage
checkpoint protein Rad9 which either includes the effec-
tor kinase Rad53, or does not, which affects the Rad9
phosphorylation. Interestingly, Ssa3 or Ssa4 can also be
recruited to the Rad9 complex, but unable to substitute for
the Ssa1/Ssa2 function [19].

Given the importance of the Hsp70 proteins for the prion
propagation, as well as other cellular processes, we aimed
at studying their properties in vitro. As the Ssa proteins are
stable and abundant in yeast cells, these chaperones can be
extracted directly from yeast, as shown for Ssal in earlier
studies. Various approaches can be used for the purification
of the Ssa proteins from yeast cells. For example, Ssal/2
proteins were extracted from complexes with Rad9 and
Rad53 after co-precipitation with heparin-affinity chroma-
tography of hemagglutinin-tagged Rad9 [19]. Another ap-
proach utilized ATP-dependence of the Hsp70 chaperones
by employing ATP-affinity purification, followed by anion ex-
change chromatography [20]. Immunoprecipitation was also
used for the Ssa1/2 proteins [17]. All the aforementioned ap-
proaches are poorly suited for distinguishing nearly identical
Ssal and Ssa2 proteins, which can be overcome by producing
a tagged protein. In case of polyhistidine-tagged proteins,
affinity purification using chelating sepharose was success-
fully used [21].

We aimed to use a similar approach with Ni-NTA aga-
rose for the extraction of His,-tagged proteins. In this work,
we developed and optimized the techniques allowing for the
extraction and purification of various Hsp70 proteins from
yeast cells which required optimization of conditions for their
production.
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MATERIALS AND METHODS

Strains and media

Escherichia coli strain DH5a [22] was used for the plas-
mid selection, maintenance and amplification. S. cerevisiage
strains used in this work are listed in Table 1. Standard
methods of cultivation and manipulation of yeast and bacteria
were used throughout this work [23, 24]. Yeast strains were
cultivated at 30 °C in standard solid and liquid media: YEPD
(rich media), or either of the two types of selective media
were used. SC (synthetic complete) media has 6.7 g/L yeast
nitrogen base (YNB) with ammonium sulfate (Invitrogen) as its
core component. Alternatively, synthetic minimal media (Min)
was used, which contains of 0.5 g of MgS0,-7H,0, 3.5 g
of (NH,),S0,, 0.1 g of K,HPO,, 0.9 g of KH,PO,, 0.2 mg of
thiamine, 0.002 mg of biotin, and 0.5 mg of p-alanine per
litre [25]. Both SC and minimal media contained all supplements
required to compensate for all the auxotrophies of all strains,
specifically, adenine, L-tryptophane, L-leucine, L-lysine,

Table 1. Yeast strains used in this work
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L-histidine, L-methionine, and L-threonine at concentrations
described in [23]. The uracil was omitted, which was neces-
sary for maintaining URA3 plasmids.

Yeast transformation was performed as described [26].

Fluorescence microscopy

Yeast cells from liquid cultures grown to mid-log phase
(OD4qq = 0.4-0.6) were analyzed using Zeiss Axioscope Al
wide-field fluorescence microscope equipped with a Zeiss
AxioCam 506 Color camera. Images were acquired using
Zeiss Zen software.

Plasmids

Plasmids used in this work are listed in Table 2.

The pTEF-His,-SSA2 plasmid was generated by ampli-
fication of the SSAZ gene fragment from the pDMé4 plas-
mid with the Ssa2-BamH1(-1)-F and Ssa2-Bcul-R primers.
The amplified PCR fragment was digested with the BamHI
and Bcul restriction enzymes and ligated into the backbone

Strain | Genotype | Reference
74-D694 MATa adel-14 his3-A200 ura3-52 leu2-3,112 trp1-289 psi] [PIN'] [27]
0T56 74-D694 [PSITS [PIN'] [28]
prb1A0-P-74-D694 74-D694 prb1A0 [PSI'] [PIN'] [29]
prb1A0-2-74-D694 74-D694 prb1A0 [psi7] [pin] [30]
yA0066 74-D694 prb1A::HIS3MX [psi~] [PIN'] [31]
yA0121 74-D694 pep4A::HISIMX [psi~] [PIN'] [31]
P2.1.1-yAD121 74-D694 pepbA::HISIMX [PSIT [PIN'] [30]
2-yA0121 74-D694 pep4A::HISIMX [psi~] [pin~] [30]
BY4T42 MATa his3A1 leu2A0 lys2A0 ura3A0 [32]
prb1A-BY4741 MATa his3A1 leu2A0 met15A0 ura3A0 prb1::KanMX [29]

Table 2. Plasmids used in this work

Plasmid Description Reference
pRS316 AmpR, CEN, URA3 [33]
pTEF-SSA1 AmpR, CEN, URA3, Prg,-His~Xpress-SSAT [34]
pTEF-SSA1021 AmpR, CEN, URA3, Pygr-His,-Xpress-SSA1-21 [10]
pDMé4 AmpR, CEN, HIS3, Pg,,~SSAZ 1]
pTEF-SSA3 AmpR, CEN, URA3, Pyr-SSA3 [13]
pTEF-SSA4 AmpR, CEN, URA3, P;.,-SSA4 3]
pTEF-His,-SSA2 AmpR, CEN, URA3, Pygr-His,-Xpress-SSA2 This work
pTEF-His,-SSA3 AmpR, CEN, URA3, Py -His ,-Xpress-SSA3 This work
pTEF-His,-SSA4 AmpR, CEN, URA3, Pygr-His,-Xpress-SSA4 This work

pIM35
pTEF-His,-yTagRFP-T-SSA1
PTEF-His,-yTagRFP-T-SSA1-21
pTEF-His,-yTagRFP-T-SSA2
pTEF-His,-yTagRFP-T-SSA3
pTEF-His,-yTagRFP-T-SSA4

AmpR, CEN, URA3, Pycr,;-yTagRFP-T [35]
AmpR, CEN, URA3, Py -His-Xpress-yTagRFP-T-SSAT
AmpR, CEN, URA3, Py.,-His,-Xpress-yTagRFP-T-SSA1-21
AmpR, CEN, URA3, P;c-His-Xpress-yTagRFP-T-SSAZ
AmpR, CEN, URA3, Pygr-His-Xpress-yTagRFP-T-SSA3
AmpR, CEN, URA3, Pycr-His,-Xpress-yTagRFP-T-SSA4

This work
This work
This work
This work

This work
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of the pTEF-SSA1 plasmid digested with the same enzymes.
For the construction of the pTEF-His,-SSA4 plasmid the
same approach was used; for the amplification of SSA4
Ssah-BamHI(-1)-F and Ssa4-Bcul-R primers and pTEF-
SSA4 plasmid were used. pTEF-His,-SSA3 was obtained as
follows: the SSA3 gene fragment was first amplified using
Ssa3-BamHI(-1)-F and T7 20-mer primers from pTEF-SSA3.
The BamHI-EcoRI fragment of the amplified product was in-
serted into pTEF-SSA1 in place of the SSA7-containing frag-
ment resulting in pTEF-His,-SSA3AC. Finally, the Xbal-Xbal
fragment of pTEF-SSA3 was replaced by analogous frag-
ment from pTEF-His,-SSA3AC containing His,-tag sequence,
yielding pTEF-His,-SSA3. The pTEF-His,-yTagRFP-T-SSA1
was constructed as follows: first, a fragment containing the
yTagRFP-T gene was generated by amplification of a frag-
ment from the pIM35 plasmid with the pBlueScr-SK and
yTR-T-ns-R-Nhel primers (Table 3). The amplified PCR frag-
ment was then digested with the Nhel and Bcul restriction
enzymes and ligated into the backbone of the pTEF-SSA1
plasmid digested with Nhel. For the construction of the
pTEF-His,-yTagRFP-T-SSA1-21 pTEF-His,-yTagRFP-T-SSA2,
pTEF-His,-yTagRFP-T-SSA3 and pTEF-His,-yTagRFP-T-SSA4
plasmids the same approach was used.

All plasmid constructions were verified by sequencing
in the Resource Center “Development of Molecular and Cell
Technologies” of Saint Petersburg State University.

Protein analysis

Cells for protein extraction were grown in liquid media at
30°C with shaking at 200 rpm until reaching 0D,, = 0.6-0.8
or stationary phase (0D,y, = 2). The modified alkaline lysis
method [36, 37] was employed for the analysis of protein
amount with SDS-PAGE. Briefly, cells were pelleted and
washed twice in water. Cell pellets were incubated for 5 min

Table 3. Primers used in this work
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with 2 M lithium acetate (LiAc) on ice. LiAc-treated cells
were then centrifuged, the supernatant was discarded, and
the cells were resuspended in 0.4 M NaOH and placed on
ice for 5 min. After centrifugation pellets were resuspended
in Laemmli buffer (60 mM Tris-HCl pH 6.8, 2% SDS, 10%
glycerol, 5% B-mercaptoethanol, 0.01% bromophenol blue),
boiled for 5 min, and cleared by centrifugation before separa-
tion by SDS-PAGE. After electrophoresis proteins were eluted
onto PVDF membrane by semi-dry transfer and visualized
with Western blot hybridization [24]. Antibodies used are
present in Table 4. The antibodies used to detect the Ssa
proteins (anti-Hsp70) were IgM, hence, required compatible
secondary antibodies; anti-mouse lgG H&L were used for this
purpose. Immunoblots were detected using ECL Select West-
ern Blotting Detection Reagent (GE Healthcare) and GeneG-
nome hardware and software (Syngene).

Purification of recombinant proteins

For the purification of the His,-Ssa proteins at least 500 ml
of yeast cells from liquid culture were first harvested by cen-
trifugation. The pelleted cells were then washed and frozen in
-80°C. Total protein lysate was extracted in non-denaturing
conditions using glass beads technique [38, 39]. The lysis
buffer used was 20 mM TrisHCL, 500 mM NaCl, 10% glycerol
and 10% protease inhibitors cocktail (Sigma #P8215-5ML).
The crude lysate was clarified by centrifugation at 4°C at
800 g for 10 minutes. The supernatant was then loaded into
a 5 ml HiTrap HP Ni-NTA agarose column (GE Healthcare).
The NGC chromatography system (BIO-RAD) was used for
the purification procedure. The buffer for the column wash
was the same as the lysis buffer, but without protease in-
hibitors and containing 10 mM imidazole. The elution buffer
contained 250 mM imidazole. The elution was performed by
increasing a proportion of elution buffer to the wash buffer

Primer |

Sequence (5' = 3')

Ssa2-BamH1(-1)-F
Ssa2-Bcul-R
Ssa3-BamHI(-1)-F
T7 20-mer
Ssa4-BamHI(-1)-F
Ssa4-Bcul-R
pBlueScr-SK
yTR-T-ns-R-Nhel

atattggatcctatgtctaaagctgtcggtattgat
gaccactagtcttaatcaacttcttcgacagttggacc
aacaggatcctatgtctagagcagttggtattg
taatacgactcactataggg
aacaggatcctatgtcaaaagctgttggtattg
gtactagtctaatcaacctcttcaaccgttg
tctagaactagtggatc

ccagctagccttatacaattcgtccataccgt

Table 4. Antibodies used in this work

Name Dilution Antigene Reference
Anti-His, 1:4000 His,-tag GE Healthcare, #27471001
Peroxidase-labeled anti-mouse 1:10000 mouse IgG GE Healthcare, #NIF 825
Anti-Hsp70 [2A4] 1:3750 human Hsp70437-479 fragment Abcam, #ab5442
Peroxidase-labeled goat anti-mouse IgG H&L 1:10000 mouse IgG H&L Abcam, #ab205719

https://doiorg/10.17816/ecogen676918
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creating a linear gradient of imidazole concentrations. Frac-
tions were collected using an automated fraction collector
(BIO-RAD) and checked by SDS-PAGE. Fractions with the
highest content of the Ssa protein were then concentrated
using AmiCon Ultra15 centrifugal concentrators with a 3 kDa
molecular weight cutoff (Millipore). The buffer was simulta-
neously changed to the Ssa storage buffer (20 mM TrisHCL,
pH 7.6, 50 mM KCl, 5 mM BME, 10% glycerol). Additional
purification was performed with anion exchange chroma-
tography using HiTrap Q HP 5 ml column (GE Healthcare).
The start buffer used was 20 mM TrisHCL, pH 7.6, 100 mM KCl,
6 mM BME, 5% glycerol; the elution buffer was the same,
except the concentration of KCl was 500 mM.

RESULTS AND CONCLUSION

Selection of a S. cerevisiae strain optimal for
producing the chaperone Ssal

Various strains are known to differ in the abundance of
molecular chaperones [40] making the choice of strain for
the production of the Hsp70 chaperones to be critical. Several
factors may affect the chaperone abundance; among them is
the genetic background which depends on the strain ances-
try. Another factor is the constant presence of the heritable
misfolded proteins, such as prions, as their aggregates are
known to sequester some cytosolic chaperones, including

Yol.23(2)2025
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Hsp70s, thus affecting their overall abundance either directly
or by compensatory feedback mechanisms (reviewed in [10]).
The strain of choice also should demonstrate rapid growth
and high stability of the protein of interest. We selected
strains with either BY4741/BY4742 or 74-D694 genetic back-
ground, which ascend either to the reference S288C strain or
Peterhof genetic lineage, respectively. We tested strains of
both origins with deletions of vacuolar proteases (prb74 and
pep44). We also tested variants containing [PS/] and [PIN‘]
prions in different combinations.

Strains of S. cerevisiae specified in Table 1 were trans-
formed with pTEF-SSA1 or pTEF-SSA1-21 plasmids. Trans-
formants were selected at the solid SC-Ura media, grown
in the same liquid media and tested by SDS-PAGE followed
by immunoblotting. The liquid cultures were typically grown
to mid- or late-log phase, in which the majority of cells are
actively growing and dividing, however, several Ssa proteins
are known to increase their abundance during transition to
the stationary phase [4]. We therefore additionally assessed
the protein levels in three strains grown to the stationary
phase. For the detection of Ssal two types of antibodies
were used: anti-Hsp70 and anti-His, (Fig. 1). The anti-Hsp70
antibodies we used are able to recognize all four Ssa pro-
teins, thus, we were able to detect not only the overproduced
His,-Ssal protein, but also the Ssa proteins produced from
their respective endogenous loci. As a result, we could

n growth phase log stat log stat
background 74-D694 SZ&C_SZS%C 74-D694 S&C_SZ&C

proteases pep4A  prb1A prb1A pep4A  prb1A prb1A

[PSI1] LA A L # 5 *EEtsmEE = E 5
[PIN*] + + + + - + - ++ + + + + + + + + - + - ++ + + + +

Hisg-Ssal——
Hsp70

——

anti-Hsp70

Total
protein

- =3 -

* *

anti-Hisg

growth phase log stat
n background 74-D694 S$288C S288C
proteases pep4A prb1A_ E

[PSF] + - + - - + - - - - - -

[PIN] + + +

+ =

*

HiSg-S 80712 1 s e s s s s e st s s st

Total
protein

anti-Hisg

Fig. 1. Comparison of Ssal production levels in different yeast strains by immunoblotting. pTEF-SSA1 (@) or pTEF-SSA1-21 (b) plasmids were used
for transformation. Total protein was visualized using Coomassie R250 membrane staining. log, yeast culture in logarithmic (0D, = 0.7-1.0), stat,
in stationary (0D,g, = 2) growth phase. Anti-Hisé and anti-Hsp70 antibodies were used. Strains selected for further analysis are marked with aste-
risks. The order of the strains in panel A is as follows (from left to right): 0T56, 74-D694, P2.1.1-yA0121, yAO121, 2-yA0121, prb1A0-P-74-D694,
prb1A0-2-74-D694, yAO066, prb1A-BY4T741, BY4T42, yAOD66 (stat), prb1A-BY4741(stat), BY4742(stat). The order of the strains in panel B is as follows
(from left to right): 0T56, 74-D694, P2.1.1-yA0121, yAO121, 2-yA0121, prb1A0-P-74-D694, prb1A0-2-74-D694, prb1A-BY4741, BYAT42, yAOD66 (stat),

prb1A-BY4741(stat), BYAT42(stat).

https://doiorg/10.17816/ecogen676918
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observe two bands on the western blot, the upper correspond-
ing to the heavier His,-Ssal, and the lower representing the
mix of native Ssal-4 proteins. This allowed us to compare
the abundance of the overproduced protein to the natively
produced Ssa. We also used another approach, in which we
compared the relative amounts of the overproduced protein
using total protein load as a reference. Comparison of differ-
ent strains in different growth phases allowed us to select the
prb1A-BY4741 and yAO121 strains growth to the logarithmic
phase for further analysis.

Selection of optimal conditions
for incubation of yeast culture for
the production of His,-Ssa'

As members of a heat shock protein group, some of
the Ssa proteins, including Ssal, are known to be produced
in increased amounts during heat shock and other stress
conditions [4]. To find out whether growth at elevated tem-
peratures affects the amount of the overproduced Ssal, we
incubated the transformants of the selected strains at dif-
ferent temperatures (30°C, 37°C and 42°C). Western blot
hybridization was then performed with antibodies to Hsp70.
We found that the His,-Ssal and His,-Ssa1-21 proteins were
most actively produced in the prb1A-BY4741 strain at 30°C
(Fig. 2, a). Elevated temperatures indeed increased the pro-
duction of native Hsp70s, however, this did not affect the pro-
duction of His,-tagged proteins regulated by the constitutive

yAO121
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TEFT promoter. Our observations confirm that the temper-
ature-dependent production of the Hsp70 mostly relies on
their transcriptional regulation, while the expression of the
SSAT gene under control of non-native constitutive promoter
remains unaffected by increasing temperature.

The composition of the media for cell culture growth,
specifically, shortage of rich carbon or nitrogen sources may
also promote stress reactions in cells. We thus decided to
compare the efficiency of cultivation and protein production
in YNB-based SC medium and in salt-based minimal (Min)
medium (both without uracil). The level of protein produc-
tion in the minimal salt-based medium was slightly lower,
but in the lysates of yeast grown in SC-Ura and visualized
using antibodies to Hsp70, an additional band was occasion-
ally observed (Fig. 2, b). Presence of a band corresponding
to a protein with lower molecular weight which is bound by
anti-Hsp70 antibodies may point to the proteolysis of Hsp70
occuring during growth in SC medium. Due to this, and also
in order to optimize costs, it was decided to continue further
work with Hsp70 in a salt-based minimal medium without
uracil.

Production of chaperones Ssa2, Ssa3
and Ssa4

Having selected the optimal conditions for the production
of the Ssal and Ssal-21 chaperones, we checked whether
they were also suitable for production of Ssa2, Ssa3, and

prb1A-BY4741

Hisg-Ssa1-21 Hisg-Ssal Hisg-Ssa1-21

T,°C 30 37 42 30 37 42 30 37 42

Total
protein

e.v. Hisg-Ssa

Hisg-Ssa1-21

—— T S Y e

anti-Hsp70

e.v. Hisg-Ssa1 Hisg-Ssa1-21

SC SC Min SC Min SC Min SC Min

Hisg-Ssa—| b e
Hsp70-" : ;

anti-Hsp70

Total
protein

SC SC Min SC Min SC Min SC Min

G - — -

anti-Hisg

Fig. 2. Comparison of Ssal production levels in the selected strains under different conditions: @, yAO121 and prb1A-BY4741 transformants from
fig. 1 were first grown in 30°C to mid-log phase (0D, = 0.4-0.6), and then incubated at the indicated temperatures for 4 hours: b, Strain prb1A-BY4741
was transformed with pTEF-SSA1, pTEF-SSA1-21, or pRS316 (e.v., empty vector) plasmids; the selected transformants were grown at SC-Ura (SC)
or Min-Ura (Min) media at 30°C to the late-log phase. Two independent transformants are shown in each case. Shown are results of western blot analysis.

Total protein was visualized using Coomassie R250 membrane staining.
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Ssa2 Ssa3 Ssa4
Min Min SC Min SC

Ssa2 Ssa3 Ssa4

Min Min SC Min SC
1

1
i 1 1
H|35-Ssa—>-._.. — —— - —— -
Hsp70 1 1
1 1
1 1
1
janti-Hsp70 1 anti-Hisg
Total
protein

Fig. 3. Selection of a medium for the production of Ssa2, Ssa3 and
Ssa 4. Strain prb1A-BY4741 was transformed with pTEF-His,-SSA2,
pTEF-His,-SSA3 and pTEF-His,-SSA4; selected transformants were grown
in SC-Ura (SC) or Min-Ura (Min) media at 30°C until 0D,y = 0.8-1.1,
and then subjected to protein extraction and western blotting.

losi]
TagRFP-T  BF

[PSH]
TagRFP-T  BF

Ssaf
Ssat-21 j)j
Ssa2 “:
Yoo
Ssa3 ¢ ’J) 25
Ssa4 o3

Fig. 4. The analysis of intracellular distribution of Ssa proteins. 0T56
([PSI']) and 74-D694 ([psi]) strains were transformed with a series of
pTEF-His,-yTagRFP-T-SSA plasmids. The resulting transformants were
analyzed using fluorescence microscopy. BF, bright field.

Ssak. We transformed the prb1A-BY4741 strain with the plas-
mids pTEF-His,-SSA2, pTEF-His,-SSA3, and pTEF-His,-SSA4
and compared the protein production levels in SC-Ura and
Min-Ura (Fig. 3). As in the case of Ssal and Ssal-21, it
was decided to cultivate the transformed yeast cells in a
minimal medium without the addition of uracil. Both con-
ditions appeared to be suitable for the chaperone produc-
tion, confirming the choice of a minimal medium as optimal.
It should be noted that the observed levels of Ssa4 were
significantly lower than Ssa3 when detected by the anti-
Hsp70 antibodies. No such difference was observed when
anti-His, antibodies were used. It is likely that the affinity
of the anti-Hsp70 antibodies we used was lower for the
Ssa3 protein, even though the sequences of the fragments
homologous to the implied epitope are nearly identical in all
the Ssa proteins.

Yol.23(2)2025
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Thus, we were able to select the most suitable strain and
conditions for the production of chaperones Ssal, Ssal-21,
Ssa2, Ssa3 and Ssa4. The experiments also confirmed the
suitability of the vector constructs we obtained for protein
production in yeast cells.

Determination of the intracellular
localization of Ssa chaperones using fluorescence
microscopy

Addition of tags on the N-terminus can affect properties
of a protein including its localization which in turn may result
in decreasing yield of a purified protein. We checked whether
tagged variants of the Ssa proteins retained their cytosolic
localization. In order to visualize distribution of the Ssa pro-
teins we constructed variants with red fluorescent protein
gene yTagRFP-T inserted in-between the His,-tag and read-
ing frame of the respective gene. We transformed the 0T56
(IPSF1) and 74-D694 ([psi]) strains with the resulting five
plasmids and analyzed the cells of the transformants using
fluorescence microscopy. In all cases we observed diffuse
distribution in most of the cells (Fig. 4). Cells with hetero-
geneously distributed proteins forming clumps or multiple
foci could also be observed, however, they were rare. Such
cells could be found in both [PSF] and [psi] cells producing
either of the Ssa protein variants studied. These results sug-
gest that N-terminally tagged Ssa proteins are predominantly
localized in cytosol, and thus can be purified from the fraction
of soluble proteins.

Production and purification of the Ssa chaperone

We then attempted to purify the Ssal protein from cells
grown at the selected conditions. Purified preparations of the
His,-Ssal protein was obtained using affinity chromatogra-
phy (Fig. 5, a). Several additional proteins appeared to also
bind the Ni-NTA agarose, with some of them of similar mo-
lecular weight to the His,-Ssal. Thus, some of the obtained
fractions were tested by Western blot for the presence of
the target protein. We confirmed that His,-Ssal was pres-
ent in the elution fractions as it binded both anti-Hsp70 and
anti-His, antibodies (Fig. 5, b). The major co-purified protein,
which was slightly less massive than Hsp70, reacted only to
the anti-His, antibodies (Fig. 5, b).

Due to the insufficient purity of the obtained preparations,
the fractions were concentrated, and the buffer was replaced,
after which the samples were subjected to additional pu-
rification by anion exchange chromatography (Fig. 5, c).
The protein amounts in the resulting fractions were then
assessed using SDS-PAGE. This allowed us to obtain frac-
tions with significantly reduced amounts of non-target pro-
tein. Overall, the combination of affinity and anion exchange
chromatography proved to be effective for purification of the
Ssal protein from yeast cells. The same approach may be
further used for purification of Ssa2, Ssa3, and Ssat proteins,
and, in principle, can be adapted for in vitro studies of other
yeast proteins.
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LW W
Hisg-Ssal—> -

anti-Hsp70  anti-His,

B e = e« co-purified
protein

3 ‘s < co-purified protein

«— Hisg-Ssat
<«— co-purified
protein

Fig. 5. Purification of the Ssal protein from yeast cell lysates: a, SDS-PAGE of affinity chromatography fractions of yeast lysates producing His,-Ssal
under non-denaturing conditions. Shown is Coomassie R250 staining of gels loaded with elution fractions. Fractions that were taken for subsequent
concentration and purification by ion exchange chromatography are marked with a line, fractions marked with one and two arrows were used for the
immunoblotting; b, Western blot of representative fractions (marked with one and two arrows at the panel A) after affinity purification; ¢, SDS-PAGE
analysis of ion exchange chromatography fractions, stained with Coomassie R250.
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[0MNOJIHUTE/IbHAA UHOOPMALIUA

Brknap aBsTopoB. A.l. MaTBeeHKO — naH1poBaHye v NpoBeAEHWE JKCne-
PVMEHTOB, HanuncaHue TekcTa pykonucy; A.A. LiBeTKoB — npoBefieHme KC-
nepyMeHTOB, NOArOTOBKA pUCYHKOB; T.M. Poro3a — npoBesieHue 3Kcnepu-
MeHToB; 10.A. BapbutoB — mnaHmpoBaHWe 1 06CYXKAEHWE SKCMEPVMEHTOB;
["A. ypaBneBa — obcy:/aeHne 3KCNEPUMEHTOB, HanMCaHMe TeKCTa pyKo-
nvcw. Bee aBTopbl 0806pKam pykonucs (Bepcyito Ans nybnuKkaLwmm), a Takke
COrNacUNMCb HeCTV OTBETCTBEHHOCTb 3a BCe acmeKTbl paboThl, rapaHTUpys
Ha[nexalliee pacCMOTPEHME W PeLLIeHUe BONPOCOB, CBA3AHHBIX C TOYHOCTbIO
1 [,0BPOCOBECTHOCTLIO N0OON ee YacTy.

BnaropapHoctu. Bblpaxaem 6narogapHoct AHactacum CepreesHe
Muxainuyenko 1 Huwe MaenosHe TpybuuyHOM 3a NOMOLLb B NPOBEAEHNN
3KcnepumeHToB. PaboTa BbiMOMHEHa C WCMonb3oBaHveM 060pyA0BaHUs
PecypcHoro LeHTpa ‘PasBuTiie MOMEKYNAPHBIX M KNETOYHBIX TEXHOMOrWiA”
CaHKT-leTepbyprckoro rocyapcTBEHHOM0 YHUBEpCHTETA.

WcTounnku dmHaHcupoBaHus. Pabota nopnepiaHa rpaHtoM Poccuiickoro
HayuHoro doHaa N® 23-74-01121, 3a McksToYeHMEM YacTy paboTsl, KacatoLLei-
51 hnyopecLeHTHOro aHanm3a, Kotopas MoffepaHa rpaHtoM Poccuiickoro
HayuHoro oHaa N° 23-14-00063, a Takke yacTv paboThl Mo NOAAEpKaHVI
KOJMEKLMM LUITaMMOB S. cerevisiae, Cromb30BaHHbIX B AaHHOW pabate, Ko-
Topas BbinonHeHa npu noanepxwe OBOY BO «CaHkT-Metepbyprekuit rocy-
[apCTBEHHbIV YHUBEPCUTETY, Widp npoekTa 103972122

PackpbiTe uHTepecoB. ABTOpbI 3asiBASIOT 06 OTCYTCTBUM OTHOLLIEHWI, fie-
ATEbHOCTM W MHTEPECOB 3a MOCNefiHWE TPW rofa, CBA3aHHbIX C TPETbUMM
JmLaMK (KOMMEpPYECKUMI 1 HEKOMMEPYECKVMM), UHTEPECH! KOTOPbIX MOTyT
BbITb 3aTPOHYTHI COAEPIKAHMEM CTaTbU.
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OpMFMHaﬂbHOCTb. ﬂpl/l CO3/aHMN HaCTOALLIEN paﬁOTbI aBTOPbI HE MCMOJIb-
30Bajin paHee 0I'Iy6J'Il/IKOBaHHbIE cBefeHus (TeKcT, MNNCTpaummn, [aHHble).
FEHEPBTMBHbIVI MCKYCCTBEHHbIﬁ WHTEJINeKT. |-|pl/1 C034aH1M HacToALLEN
CTaTbM TEXHOJIOTMM reHepaTnMBHOI0 WUCKYCCTBEHHOI0 MHTENNEKTa HE WUC-
NoJIb30Basn.
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