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Analysis of Methods to Improve the Solubility
of Recombinant Bovine Sex Determining
Region Y Protein
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Abstract

Background: Inclusion body formation in E. coli is a significant problem in recombinant protein production.
The aim of this study was to improve the solubility of recombinant bovine sex determining region Y protein
(SRY) in BL21 (DES3) E. coli cells.

Methods: In this research two recombinant bovine SRY (rbSRY’) sequences were analyzed; these were wild-
type SRY (WtbhSRY) and codon-optimized SRY (cobSRY). Their expression in various culture conditions
was examined; these differences included IPTG concentrations, temperatures, and media stabilizers.
Results: IPTG and temperature significantly affected rbSRY solubility (P < 0.001). The optimum IPTG
concentration and temperatures for wtbSRY and cobSRY induction were 0.3 mM at 27 and 32 °C,
respectively. In addition, arginine and sorbitol concentrations significantly affected roSRY solubility (P <
0.01). Solubility of rbSRY protein was highest from the cobSRY construct in the presence 0.2 M arginine and
0.3 M sorbitol. The highest inclusion body production occurred with high glucose concentrations.
Conclusions: We found that modifications in temperature and IPTG and stabilizer concentrations affected

rbSRY solubility.

Keywords: Cobstry, Inclusion Bodies, Recombinant Bovine SRY Protein, Solubility, \Wtbsry.

Introduction
Production of recombinant proteins in E. coli is a
great revolution in biochemistry, biotechnology,
and therapeutic drug production (1, 2); however,
the use of this organism to express heterologous
proteins has some disadvantages; these include
diminished recombinant protein folding, inclusion
body production, codon usage toxicity of the
inserted protein to the host and non-biological
activity of the recombinant protein (2-5), To
counter these disadvantages, several strategies
have been employed; these include decreasing the
inducer  concentration, reducing  induction
temperature, and developing the methods to tightly
control protein expression using specialized
promoters (2, 3, 6).

Another strategy to increase the solubility,
protein folding, and stability of recombinant
proteins produced in prokaryotes is the use of

stabilizers. These are generally small organic
compounds that influence protein folding
without creating or breaking covalent bonds (7,
8). Finally, codon adaptation factors can
influence recombinant protein solubility in E.
coli (9).

In most mammals, male sex is initiated by
the sex-determining region on the Y
chromosome (SRY). SRY is an intron-less gene
located on the Y chromosome and containing
three domains; the N-terminal, HMG-box, and
C-terminal domains (12). The 687 bp bovine
SRY gene length encodes the 229 amino acid
27 kDa SRY protein (13).

In this study, the codon adaptation index,
temperature, IPTG, and stabilizers were
examined for their effect on rbSRY solubility in
BL21 (DE3) E. coli cells.
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Materials and methods

Materials

Genetically engineered E. coli strains, including
DH5a and BL21 (DE3), were gifts from the Royan
Institute (Novagene, USA, Madison, Wisconsin).
SRY gene-specific primers were purchased from
SinaCloneBioScience Co, Iran. Lysozyme (PI-
90082), DNase A (ENO0525), proteinase K
(E00491), RNase A (EN0531), and isopropyl B-D-
1-thiogalactopyranoside (IPTG) (BP 1755-1) were
purchased from Thermo Scientific, Munich,
Germany. Platinum Pfx DNA polymerase (11708-
013) was obtained from Invitrogen, Carlsbad,
California, USA. The plasmid extraction kit
(GF2001) and 1 kb marker (MDI04) were
purchased from VIOGENE Co, New Taipei City,
Taiwan. The Luria Bertani (LB) Broth (L3022),
agar (05040), arginine (A5006), glycerol (G5516),
sorbitol (S1876), glucose (G8270), and NI-NTA
His Select affinity chromatography gel (P6611)
were from Sigma Aldrich.

Syntheses of Bovine SRY gene, construction of
cloning and expression vectors

The 687 bp open reading frame (ORF) of bovine
SRY was obtained from the NCBI database
(accessibility code NM-001014385.1). Native
SRY (WtbSRY) and the optimized codon SRY
sequence (cobSRY), encoding the same protein,
were  selected. Online  software  from
biotechnologies web
(http://genomes.urv.es/CAlcal) was used to
determine the codon adaptation index (CAI) for
cobSRY. To produce the SRY-pET32a (+)
constructs, wtbSRY and cobSRY were chemically
synthesized (GeneRay Co) and cloned into
pET32a (+). Competent DH50 E. coli were
transformed with the constructs (14) and cultured
on Luria Bertani or LB-agar plates (10 g tryptone;
5 g yeast extract; 10 g NaCl, 15 g agar per liter
containing 30 pg/mL of kanamycin) at 37 °C
overnight.  Colony-PCR and  sequencing
techniques were used to screen for positive clones.
The forward and reverse primer sequences for

colony-PCR were 5’
ATGTTCAGAGTATTGAACGA 3’ and 5°
TCAATATTGAAAATAAGCAC 3,

respectively. Materials used to amplify bovine
SRY gene were as follows; 5 puL of 10X Pfx
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amplification buffer, 1.5 pL of 10 mM dNTPs
mixture, 1 pL of 50 mM MgSOQs, 2 UL of primer
mix (10 uM each), template DNA from touched
positive clones, 0.5 pL of Platinum Pfx DNA
Polymerase, and 39.5 pL of ddH20O. Thermal
cycling conditions were 94 °C for 5 min followed
by 35 cycles of 94 °C for 1 min, 58 °C for 45 sec,
68 °C for 1 min, and then a final extension for 10
min at 68 °C. The plasmid stability was evaluated
as described by Yari et al. (2011) with some
modifications(15). BL21 (DE3) E. coli cells were
transformed (14)with the stable constructs to
produce the wtbSRY-pET32a (+)-BL21 (DE3)
and cobSRY-pET32a (+)-BL21 (DE3) expression
systems. To express rbSRY protein, fresh LB
medium supplemented with 50 pg/mL kanamycin
was inoculated with the stable clone and
incubated at 37 °C overnight with shaking at 130
rpm. When the absorbance of the culture media at
600 nm reached approximately 0.8, the cultures
were added to 1000 mL of LB media (pH 7.4)
plus kanamycin until OD 600 reached 0.6-0.8.
Then the induction program was performed with
0,0.3,0.6,0.9and 1.2 mM IPTG, at 27, 32, or 37
°C and the cultures were shaken at 130 rpm for
five hours. Protein expression was visualized by
SDS-PAGE.

The effects of stabilizers on expression and
solubility of rbSRY

Next, stabilizers were analyzed for their effects
on expression and solubility using the IPTG
concentrations and temperatures that gave the
highest protein expression. Glucose at 5, 10,
15, and 20 mM, sorbitol at 0.1, 0.2, 0.3, and 0.4
M, arginine at 0.1, 0.2, 0.3, and 0.4 M, and
glycerol at 5, 10, 15, and 20 mM were added
to the batch media that containing 0.3 mM
IPTG. Each assay was performed in triplicate.
After completion of the growth phase, the
bacteria were pelleted at 10733 x g at 4 °C for
10 min, and the pellets were stored at -70 °C
until further analysis. To analyze protein
production during cultivation, the total
extracted proteins and soluble or inclusion
bodies from BL21 (DE3) E. coli were analyzed
by SDS-PAGE. Control cultures with no IPTG
or stabilizer were analyzed in parallel.
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Extraction and purification of rbSRY protein

SRY proteins from bacteria and soluble/inclusion
bodies were phase-separated as described (16) with
some modifications. Briefly, cell pellets collected
from cultures were washed with phosphate-buffered
saline (PBS), pH 7.4 and pelleted at 5,000 g for 12
min at 4 °C. The pellets were lysed in in lysis buffer,
pH 7.8 (3 MM EDTA.4 Na, 300 mM NaCl, 10 mM
imidazole, and 1% Triton X100) containing 30
pg/mL DNase, 800 pg/mL lysozyme, 12 pg/mL
RNase and 1 mM protease inhibitor cocktail tablets.
The mixtures were incubated at room temperature
for 2 h and then sonicated 15 times with 25-sec
bursts and 45-sec rest intervals, centrifuged at
37,500 x g for 50 min at 4 °C, and the upper phase,
considered as the soluble fraction, was collected.
The precipitate in the lower phase, considered as the
insoluble phase containing inclusion bodies, was
suspended in a solution containing 8 M urea pH 8,
100 mM sodium phosphate (NaH2PO4.2H-0), 100
mM Tris/HCI and 5 mM DTT for 14 h at room
temperature and sonicated three times with 45 sec
bursts and 90 sec rest intervals. The resultant
mixtures were centrifuged at 49,500 x g for 60 min
at 4 °C and the supernatant was collected. The
soluble and inclusion body phases were applied
separately on NI-NTA His Select Affinity columns
and rbSRY was purified according to the
manufacturer’s recommendation. Each fraction
from the soluble and inclusion body phases was
assayed for protein concentration at 280 nm using a

CECIL spectrophotometer (CE 7250, Cambridge,
UK) and analyzed by SDS-PAGE.

Detection of rboSRY
The rbSRY proteins were analyzed by mass
spectrometry by isolating a single band from the
SDS-PAGE gel. Proteins were sequenced at York
University, England.

Statistical analysis

The effects of different temperatures and IPTG and
stabilizer concentrations on rbSRY solubility from
the WtbSRY and cobSRY sequences were analyzed
using Graph Pad Prism 6 Demo.

Results

Bovine SRY amino acids and gene sequences
The wtbSRY and cobSRY nucleotide and amino
acid sequences are shown in Fig. 1. The codon
adaptation index (CAIl) between wtbSRY and
cobSRY and E. coli were 51 and 85%,
respectively. The wtbSRY sequence contains 15
rare arginine codons including 6 AGGs, 4 AGAs,
and 5 CGAs. The wtbSRY sequence contains
four rare proline CCC codons. The other rare
codons in the wtbSRY sequence including four
leucine CTA codons and three isoleucine ATA
codons. To increase the CDI of bovine SRY with
BL21 (DE3) E. coli, the rare arginine, proline,
leucine, and isoleucine codons were substituted
with the most common E. coli codons.

Fig. 1. The wtbSRY and cobSRY sequences are shown. The wild-type bovine SRY (in black) with a CAl of 51% and
codon optimization sequence of cobSRY (in yellow) with a CAIl of 85% are shown. The wtbSRY and cobSRY amino

acid sequences (blue) are identical.
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The effects of IPTG and temperature on rbSRY
expression and solubility

Different temperatures and IPTG concentrations
significantly affected the expression and
solubility of the two rbSRY sequences (P <
0.001). (Fig. 2 and Table 1). The following
cultivation at 37 °C in 1.2 mM IPTG, a
considerable amount of total protein was
produced; however, most of it was in inclusion
bodies. By shifting the cultivation temperature to
27 °Cin 0.3 mM IPTG, more soluble roSRY was
produced. In contrast, incubating the cobSRY
construct in 0.3 mM IPTG at 32 °C produced
more soluble protein than at 37 or 27 °C. It
appears that codon optimization improved the
amount of soluble recombinant SRY in
comparison with inclusion bodies (Figs. 3). As
shown in figure 3 the amount of soluble
recombinant bovine SRY protein in the presence

of IPTG 0.3 mM for wtbSRY (at 27 °C) and
cobSRY (at 32 °C) was seen at the highest
quantity. In contrast the largest amount of
inclusion bodies in this protein for two sequences
observed in 1.2 mM IPTG at 37 °C of cultivation.
The solubility of the SRY proteins encoded by
WthSRY and cobSRY sequences at the different
temperatures and IPTG concentrations are shown
in Table 1. The solubility of roSRY encoded by
the cobSRY sequence in 0.3 mM IPTG was
greater at 32 °C than at 27 or 37 °C, while the
solubility of rbSRY encoded by wtbSRY in 0.3
mM IPTG was greatest at 27 °C. In general,
rbSRY protein solubility was directly correlated
with the CAIl and inversely correlated with
increased  temperature and low IPTG
concentrations. The apparent molecular weight of
the recombinant protein determined by mass
spectrometry was 27 kDa.

Table 1. The percentage solubility of the recombinant bovine SRY protein encoded by the two different constructs at different
cultivation temperatures and IPTG concentrations.

Seq Percentage of soluble /total rbSRY in LB media at different temperatures and IPTG concentrations
IPTG LB Media cultivation at 27 °C LB Media cultivation at 32 °C LB Media cultivation at 37 °C
03 06 09 12 03 06 09 12 0.3 06 09 12

WIOSRY 14 13 1 7 9 7 6 6 9 6 5 5
CObSRY 21 1 17 14 4 18 17 15 12 1 11 1

The different temperatures and IPTG concentrations had the difference significant on the solubility of roSRY'. For
WtbSRY and cobSRY constructs, the best concentration of IPTG at 27, 32 and, 37 °C was 0.3 mM. the best
temperature for induction of recombinant bovine SRY as the soluble form for wtbSRY and cobSRY constructs

was 27 and 32 °C, respectively.

The effects of stabilizers on the solubility of roSRY
The effects of various concentrations of
stabilizers on the solubility of rbSRY from
WtbSRY and cobSRY constructs grown in 0.3
mM IPTG at 27 and 32 °C, respectively, were
examined. The protein profiles of wtbSRY and
cobSRY soluble/inclusion body phases on SDS-
PAGE in the presence of the different stabilizers
are shown in Fig. 4. Different arginine
concentrations significantly affected cobSRY
solubility, but not wtbSRY, while different
sorbitol concentrations significantly affected SRY
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solubility from both constructs (P < 0.01). Different
glucose and glycerol concentrations had no
significant effects on rbSRY solubility from either
construct (Table 2). The greatest amount of soluble
protein was achieved with 0.2 M arginine on the
cobSRY construct (Fig. 4 and Table 2). At the
highest glucose concentration (20 mM) the
insolubility of roSRY from wtbSRY and cobSRY
sequences was increased (Fig. 5 and Table 2), while
at the lower glycerol and glucose concentration (5
mM), rbSRY solubility was relatively improved.
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Fig. 2. The expression of rbSRY produced at 27 (A), 32 (B), and 37 (C) °C in 0.3 (bands 1), 0.6 (bands 2), 0.9 (bands 3), and 1.2 mM (bands
4) IPTG from wtbSRY (gel 1) and cobSRY (gel 2) sequences. Band (-) shows a control sample without inducer. As shown in figures the
recombinant bovine SRY protein for wtbSRY and cobSRY sequences was expressed in the highest amount incomparable with total protein
for BL21 (DE3) E. coli host strain. The expressed recombinant SRY  protein was shown by Fletcher (approximately 27 kDa). Lane M shows
the low molecular weight marker.
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Fig. 3. The effects of different temperatures and IPTG concentrations on amount soluble roSRY (aand b) or inclusion body production (¢

and d). E. coli BL-21 cells were transformed with wtbSRY and cobSRY sequences and grow at 27, 32, or 37 °Cin 0.3, 0.6, 0.9, or 1.2

mM IPTG. Data from this research indicated that the highest amount of rbSRY as soluble and inclusion bodies form was seen in 0.3 mM

at 27 or 32 °C. Protein products were analyzed by SDS-PAGE and mass spectrometry. The solubilities of roSRY in wtbSRY and cobSRY

sequences were greatest at 27 and 32 °C, respectively.

Rep. Biochem. Mol. Biol, VVol.8, No.3, Oct 2019 231


http://old.rbmb.net/article-1-344-en.html

[ Downloaded from old.rbmb.net on 2026-06-21 ]

Soleymani B and Mostafaie A

Table 2. The percentage soluble recombinant bovine SRY protein for wtbSRY and cobSRY constructs that cultivated in
the presence of different concentrations of stabilizers.

LB  LB-Arginine (M) LB-Sorbitol (M) LB-Glycerol (mM)  LB-Glucose (mM)

Culture media/ Seq
03 01 02 03 04 01 02 03 04 5 10 15 20 5 10 15 20
wthSRY 4 14 14 14 14 12 11 15 11 11 12 13 13 13 12 12 11
CobSRY 2 26 34 R B 2 2 27 23 23 21 22 19 18 16 16 15

The best concentration of stabilizers for achieving the highest percentage of soluble rbSRY protein in two constructs were
0.2 M Arginine, 0.3 M Sorbitol, 5 mM Glycerol and, 5 mM Glucose. For the experiment, the effects of stabilizers the
best concentration of IPTG (0.3 mM) that mentioned in the last previous section was used.

Cilyoerol Glocose

C / Scebitol

( Anpmne Soebital Ciivoerod Glucose

"

“ThSRY

Fig. 4. The expression of recombinant bovine SRY protein as the soluble formin wthSRY (1) and cobSRY (2) constructs that grown in LB media
containing 0.1, 0.2, 0.3, or 0.4 M arginine or sorbitol and, 5, 10, 15, or 20 mM glycerol or glucose. As shown in this figure the solubility of rhSRY
protein in the presence of 0.2 M arginine and 0.3 M sorbitol for two constructs. The best concentration of glycerol and glucose was 5 mM. The
purified recombinant bovine SRY as a marker is shown on the right. a, b, c and, d include the different concentration of stabilizers.
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Fig .5. The effects of best concentrations of stabilizers on the solubility (lane &) of and inclusion bodies (lane b) recombinant bovine SRY in
wthSRY (1, upper at 27 °C) and cobSRY (2, down at 32 °C) constructs on 12.5% SDS-PAGE. Pairs lane 1 IPTG 0.3 mM without stabilizer,

Pairs lane 2 0.2 M of arginine, Pairs lane 3 0.3 M sorbitol, Pairs lane 4 10 mM glycerol and, Pairs lane 55 mM glucose is shown. The purified
recombinant bovine SRY is shown on the right.
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Discussion

In our hands, the solubility of roSRY in wtbSRY
and cobSRY clones was highest in 0.3 mM IPTG.
As the IPTG concentration was increased, roSRY
solubility decreased. This has previously been seen
in other systems (17-19). Rabhi-Essafi et al. (2007)
demonstrated that reducing cultivation temperature
and IPTG concentration increased the production
of soluble recombinant IFNa. 2B protein yield up
to 70% in E. coli BL21 cells (20). In the pET
system with the strong T7 promoter and high
inducer concentrations, product yields can exceed
50% of the total cytoplasmic proteins; however,
this leads to increased misfolding and inclusion
body formation in E. coli (21). IPTG induces T7
RNA polymerase and protein production in E. coli.
Low IPTG concentration (0.3 mM) probably the
strong affinity of T7 promoter and lac repressor
occurred in a suitable form; therefore, rbSRY
production in during cultivation also occurred
slowly, increasing the solubility of rbSRY. One
possible explanation for this increased rbSRY
solubility at low IPTG concentration is that its slow
production, increased solubility. In contrast at
higher IPTG concentrations, the induction
program was not efficient, perhaps due to additive
toxicity of the inducer. We also found that the
expression of rbSRY using wtbSRY-pET32a (+)-
BL21(DE3) at 27 °C and cobSRY-pET32aat 32°C
resulted in the greatest solubilities. One well-known
strategy to limit the aggregation of recombinant
proteins in E. coli is to reduce the cultivation
temperature (17). Generally, at higher temperatures
inclusion body formation in is favored in E. coli
because the higher temperature increases
hydrophobic interactions, leading to aggregation
(22). Reducing the cultivation temperature also
reduces the expression of heat shock proteases (23),
increasing recombinant protein stability and
solubility. Suddenly decreasing the cultivation
temperature inhibits recombinant protein replication
and transcription (24). Besides, at 30 °C, the activity
and expression of the number of chaperones are
increased in E. coli (24, 25). Recombinant protein
stability and the potential for correct folding at low
temperatures are partially explained by these factors
(26). Low cultivation temperature also results
in reduced protein yields (3), but solubility is

increased. Soleymani et al. (2017), using the
PET28a(+)-SRY-BL21 (DE3) expression system,
increased rbSRY solubility using 0.5 mM IPTG
(0.5mM) at 20 °C (5). When we optimized codon
usage in the cobSRY sequence, the optimum
cultivation temperature for protein solubility was 32
°C, while the optimum solubility culture
temperature for the wtbSRY sequence was 27 °C.
We propose that differences in codon frequency
between the target gene and the expression host may
lead to translational stalling, premature translation
termination, and amino acid misincorporation.
These differences may be overcome by using
bacterial strains containing plasmids encoding the
rare tRNAs needed to express genes that utilize
these rare codons. 0.3 M sorbitol increased roSRY
solubility. Sorbitol inhibits cell growth and
recombinant protein aggregation by a mechanism
similar to that of other polyhydric alcohols,
increasing their solubility (27-29). The low
growth rate in sorbitol may provide sufficient
time for protein folding, improving recombinant
protein solubility.

The role of arginine as an element to prevent
recombinant protein aggregation has been
widely studied (30). In our study, arginine
improved rbSRY solubility. Arginine likely
prevents aggregation by binding recombinant
proteins, one or more membrane transporters,
and proteins that affect the growth rate. In our
study, 20 mM arginine increased the cell
biomass but rbSRY stability was decreased. The
cell biomass was lowest in 5 mM glucose, but
rbSRY solubility was greatest at this
concentration. At this low glucose concentration,
the culture the doubling time was increased; thus,
rbSRY folding time and subsequent solubility
were likewise increased. Wang et al. (2014)
reported that high glucose concentrations in E. coli
cultures led to acetate accumulation, inhibiting
bacterial growth and recombinant protein
production (31). As a result, limiting glucose is
regarded as a valid strategy for reducing acetate
accumulation, subsequently improving cell growth
and recombinant protein solubility.

We found that cultures grown in low IPTG
concentration at low and moderate temperatures
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increased the solubility of rbSRY protein solubility
from the wtbSRYand cobSRY constructs. Codon
optimization of the bovine SRY sequence with E.
coli increased the solubility of rbSRY from
cobSRY. In high IPTG concentrations at 37 °C,
inclusion bodies in two constructs were observed
in the largest amount from both constructs. The
rbSRY protein solubility was increased by adding
arginine or sorbitol, but not glycerol or glucose, to

References

1. Rosano GL, Ceccarelli EA. Recombinant protein
expression in Escherichia coli: advances and
challenges. Frontiers in microbiology. 2014;5.

2. Burgess-Brown NA, Sharma S, Sobott F,
Loenarz C, Oppermann U, Gileadi O. Codon
optimization can improve expression of human
genes in Escherichia coli: A multi-gene study.
Protein expression and purification.
2008;59(1):94-102.

3. Prasad S, Khadatare PB, Roy |. Effect of chemical
chaperones in improving the solubility of
recombinant proteins in Escherichia coli. Applied
and environmental microbiology.
2011;77(13):4603-9.

4. Lanza AM, Curran KA, Rey LG, Alper HS. A
condition-specific codon optimization approach for
improved heterologous gene expression in
Saccharomyces cerevisiae. BMC systems biology.
2014;8(1):33.

5. Soleymani B, Hafezian SH, Mianji GR,
Mansouri K, Chaharaein B, Tajehmiri A, et al.
Bovine Sex Determining Region Y: Cloning,
Optimized Expression, and Purification. Animal
biotechnology. 2017;28(1):44-52.

6. Lebendiker M, Danieli T. Production of prone-
to-aggregate proteins. FEBS letters.
2014,588(2):236-46.

7. Yancey PH. Organic osmolytes as compatible,
metabolic and counteracting cytoprotectants in high
osmolarity and other stresses. Journal of
Experimental Biology. 2005;208(15):2819-30.

8. Ishibashi M, Sakashita K, Tokunaga H, Arakawa
T, Tokunaga M. Activation of halophilic nucleoside
diphosphate kinase by a non-ionic osmolyte,
trimethylamine  N-oxide. Journal of protein
chemistry. 2003;22(4):345-51.

234 Rep. Biochem. Mol. Biol, Vol.8, No.3, Oct 2019

induced batch cultures during protein expression.

Acknowledgment

This paper is available through the help and supports the
Presidency of IR Iran, Vice-Presidency for Science and
Technology, Iran National Science Education (Grant
number 93003809). We thank the staff of the Medical
Biology Research Center, Kermanshah University of
Medical Sciences, Kermanshah, IR Iran.

9. Fox JM, Erill 1. Relative codon adaptation: a
generic codon bias index for prediction of gene
expression. DNA research. 2010;17(3):185-96.

10. Sekido R, Lovell-Badge R. Sex determination
and SRY: down to a wink and a nudge? Trends in
Genetics. 2009;25(1):19-29.

11. Kashimada K, Koopman P. Sry: the master
switch in  mammalian sex determination.
Development. 2010;137(23):3921-30.

12. Hawkins JR. The SRY gene. Trends in
Endocrinology & Metabolism. 1993;4(10):328-32.
13. Daneau |, Houde A, Ethier J, Lussier J,
Silversides D. Bovine SRY gene locus: cloning and
testicular expression. Biology of reproduction.
1995;52(3):591-9.

14. Sambrook J, Fritsch EF, Maniatis T. Molecular
cloning: a laboratory manual: Cold spring harbor
laboratory press; 1989.

15. Yari K, Fatemi SS-A, Tavallaei M. High level
expression of recombinant BoNT/A-Hc by high cell
density cultivation of Escherichia coli. Bioprocess
and biosystems engineering. 2012;35(3):407-14.
16. Laemmli UK. Cleavage of structural proteins
during the assembly of the head of bacteriophage
T4. nature. 1970;227(5259):680-5.

17. Schein CH. Production of soluble recombinant
proteins in bacteria. Nature Biotechnology.
1989;7(11):1141-9.

18. Weickert MJ, Doherty DH, Best EA, Olins PO.
Optimization of heterologous protein production in
Escherichia coli. Current opinion in biotechnology.
1996;7(5):494-9.

19. Baneyx F, Mujacic M. Recombinant protein
folding and misfolding in Escherichia coli. Nature
Biotechnology. 2004;22(11):1399.

20. Rabhi-Essafi 1, Sadok A, Khalaf N, Fathallah
DM. A strategy for high-level expression of soluble
and functional human interferon o as a GST-fusion


http://old.rbmb.net/article-1-344-en.html

[ Downloaded from old.rbmb.net on 2026-06-21 ]

The Solubility Increase of Bovine Recombinant SRY

protein in E. coli. Protein Engineering, Design &
Selection. 2007;20(5):201-9.

21. Baneyx F, Mujacic M. Recombinant protein
folding and misfolding in Escherichia coli. Nature
Biotechnology. 2004;22(11):1399-408.

22. Kiefhaber T, Rudolph R, Kohler H-H, Buchner
J. Protein aggregation in vitro and in vivo: a
quantitative model of the Kkinetic competition
between folding and aggregation. Nature
Biotechnology. 1991;9(9):825-9.

23. Chesshyre JA, Hipkiss AR. Low temperatures
stabilize interferon o-2 against proteolysis in
Methylophilus methylotrophus and Escherichia
coli. Applied microbiology and biotechnology.
1989;31(2):158-62.

24. Shaw MK, Ingraham JL. Synthesis of
macromolecules by Escherichia coli near the
minimal temperature for growth. Journal of
bacteriology. 1967;94(1):157-64.

25. Vasina JA, Baneyx F. Recombinant protein
expression at low temperatures under the
transcriptional control of the major Escherichia coli
cold shock promoter cspA. Applied and
environmental microbiology. 1996;62(4):1444-7.
26. Sgrensen HP, Mortensen KK. Soluble
expression of recombinant proteins in the cytoplasm

of Escherichia coli. Microbial cell factories. 2005;4(1):1.
27. Rosenberg H, Ennor A, Morrison J. The
estimation of arginine. Biochemical Journal.
1956;63(1):153.

28. Roux C, Salmon L, Verchére-Beaur C.
Preliminary studies on the inhibition of D-sorbitol-
6-phosphate 2-dehydrogenase from Escherichia
coli with substrate analogues. Journal of enzyme
inhibition and medicinal chemistry.
2006;21(2):187-92.

29. Zhou K, Zou R, Stephanopoulos G, Too H-P.
Enhancing solubility of deoxyxylulose phosphate
pathway enzymes for microbial isoprenoid
production. Microbial cell factories.
2012;11(1):148.

30. Liu Y-d, Li J-j, Wang F-w, Chen J, Li P, Su Z-
g. A newly proposed mechanism for arginine-
assisted protein refolding—mnot inhibiting soluble
oligomers although promoting a correct structure.
Protein expression and purification.
2007;51(2):235-42.

31. Wang H, Wang F, Wang W, Yao X, Wei D,
Cheng H, et al. Improving the expression of
recombinant proteins in E. coli BL21 (DE3) under
acetate stress: an alkaline pH shift approach. PloS
one. 2014;9(11):e112777.

Rep. Biochem. Mol. Biol, Vol.8, No.3, Oct 2019 235


http://old.rbmb.net/article-1-344-en.html
http://www.tcpdf.org

