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Abstract
The synthesis of protein according to genetic code of a gene determines the basis of life and a stable
proteome is necessary for cell homeostatis. However, errors occur naturally during translation of
protein from its mRNA, which varies from 10-3 to 10-4 per codon. These errors are more frequent in
recombinant protein overexpressed in heterologous hosts and affect protein functionality. The
increasing amount of nonfunctional protein is often related to mistranslation of a gene under stress. In
the present study, Saccharomyces cerevisiae as a host organism to overexpress E. coli lacZ gene fusion
with GST to quantify misincorporation of amino acid in GST-β galactosidase recombinant protein. The
yeast was treated with various stressors such as ethanol, chromium (CrO 3 ), and aminoglycoside
antibiotic - geneticin (G418) to induce protein aggregation. The misincorporation of amino acids was
studied in soluble protein fractions by mass-spectrometry to determine how much misincorporation
occur. We found that under experimental stress conditions the misincorporation of amino acids ranges
from 5.6 ×10-3 to 8 × 10-3, which represents 60-80 fold higher than reported level.
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Introduction
Protein synthesis errors can be defined as any
disruption in the conversion of a coding sequence
into a functional protein (Drummond et al. 2009).
They arise at all steps of gene expression, from
transcription to protein folding, and have many
widespread phenotypic consequences. Normally,
translation is a remarkably accurate process and
it is believed the fidelity of translation is more
accurate in mammalian cells (Santos et al. 1993).
Cells have their own mechanism to control over
translation. However, a variety of translational
errors have been observed during expression of
proteins in eukaryotes, including frame shifts,
premature
truncation,
read-through,
tRNA
misacylation and amino acid misincorporation
(Drummond et al. 2009). Among these errors,
amino acid misincorporations during translation
are estimated to occur once in every 1,00010,000 codons translated (Parker 1989) and at a
much higher frequency in recombinant proteins
that are overexpressed (Bogosian et al. 1990). It
was estimated that at this error rate, 18% of all
average length protein (400 amino acids)
molecules
will
contain
at
least
one
misincorporated amino acid (Powers et al. 2008).
For
example,
overexpression
of
bovine
somatotropin in E. coli caused up to 14% of all
the methionine residues to be substituted by
norleucine (Bogosian et al. 1989).
*
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One of the source of amino acid misincorporation
is due to improper codon-anticodon pairing,
depends upon the codons used by the organism.
Evidence suggests that the fidelity of codonanticodon pairing is higher for rare codons (Dix et
al. 1989). It was observed that the expression
systems of yeast and E. coli are more or less
similar in terms of fidelity but codon usage
patterns in the two species vary greatly for
certain amino acids (Sharp et al. 1986; Kane
1995).
In this paper, we reported the misincorporation of
amino acids in 1254 amino acid long GST-β
galactosidase protein when E. coli LacZ gene with
GST tag was expressed in yeast Saccharomyces
cerevisiae. We have chosen yeast as a
homologous model of lower eukaryotic system for
the heterologous protein expression and many
pharmaceutically important proteins have been
produced in yeast since long before. Moreover,
we exposed yeast cells with different types of
stressors in order to increase protein aggregation
because polypeptide errors due to amino acid
misincorporation can induce protein misfolding
and aggregation. Here three stressors, namely
ethanol, chromium and geneticin (antibiotic) were
chosen to examine the effect of stress on the
solubility and misincorporation of amino acids of
β-galactosidase protein.
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Current proteomic technologies are being used to
identify and quantify amino acids misincorporated
into proteins by analyzing theoretical and
experimental mass spectrometry data. Mass
spectrometry
(MS)
is
a
high-throughput
technology
for
protein
identification
and
quantification with high-accuracy (Walther et al.
2010). The misincorporation of specific amino
acids can be identified by peptide mapping and
LC-MS/MS analysis on proteolyzed peptides of the
protein. The peptide is fragmented by collisioninduced dissociation during MS/MS sequencing
analysis, which breaks backbone amide bonds
generating a series of fragment ions, mainly Cterminal y ions and N-terminal b ions in this case
(Dingyi et al. 2009). In the present study we used
a MS technique known as Matrix Assisted Laser
Desorption Ionization (MALDI) –Time of Flight
(TOF) which has become a major ionization
method for analysis of large biological samples
and synthetic polymers (Karin and peter 2007).
Therefore, the main objective of this study was to
quantify amino acid misincorporation in a
recombinant
protein
GST-β
gal
under
environmental stress condition.

Materials and methods
The experiment was conducted at the RNA
biology laboratory under the Department of
Biology, University of Aveiro, Portugal from
October 2011 to July 2012. Mass spectrometry
analysis was done at the Aveiro University Mass
Spectrometry centre under the Department of
Chemistry.
Yeast strain and plasmid
Diploid
Saccharomyces
cerevisiae
CEN.PK2
(MATa/MATα, ura3-52/ura3-52, trp1-289/trp1289,
leu2-3_112/leu2-3_112,
his3Δ1/his3Δ1,
MAL2-8C/MAL2-8C, SUC2/SUC2) was used in this
study. The multicopy plasmid vector pGL-C1
carrying E. coli lacZ gene, producing βgalactosidase protein, was transformed in
CEN.PK2 strain under the control of the GPD
promoter as a fusion with glutathione Stransferase (GST-β gal). Plasmid DNA preparation
and transformation was performed according to
standard protocol (Sambrook et al. 2001 and
Gietz et al. 2002). The strain was preserved at 80° C in minimal medium (MM) with 40%
glycerol.
Growth medium and conditions
S. Cerevisiae strain CEN.PK2 was grown at 30° C
with agitation (180 rpm) in minimal medium
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(0.67% bacto yeast nitrogen without amino acids,
100 μg/ml of each of the required amino acids,
2% glucose and 2% bacto agar for solid medium)
lacking tryptophan. The yeast strain was grown
until late exponential phase (between 0.6 and 0.8
OD 600 ). The growth curves were obtained by
inoculating the same amount of yeast coming
from the same pre-inoculum at exponential phase
(0.5-0.7 OD) into media with stressor and without
stressor (control) to an initial OD 600 of 0.02. Since
the stressors affect the yeast growth rate, OD 600
was measured during three days (around 96
hours) until the cultures reached stationary phase
(OD 600 around 2.5). Finally, the growth rate
corresponding to the growth of yeast cells in
exponential phase was calculated for cells
growing with stressor relative to control cells.
After several preliminary screens (data not
shown) the sub lethal dose of each stressor was
determined. The final concentrations of the three
different stressors were ethanol 5% (v/v),
CrO 3 0.1 mM, and Geneticin® (G418) 0.2 mg/L.
β –galactosidase thermal stability assay
β-galactosidase was used as reporter protein to
quantify mistranslation induced by amino acid
misincorporation in this protein. The assay was
adapted from Rose et al. 1983 with some
modifications.
β-galactosidase
thermal
inactivation was also monitored in S. cerevisiae
cell lysates when the cultures reached an OD 600 of
~ 1.5 as described by Sambrook et al. 2008 with
small
modifications
describe
elsewhere
(unpublished data).
SDS-PAGE Gel electrophoresis and Western
blotting
Sodium Dodecyl Sulphate (SDS) - Polyacrylamide
Gel Electrophoresis (PAGE) was performed
according to standard protocol (Sambrook et al.
2001). Since the GST- β galactosidase protein has
a MW of 142 kDa as determined by using the
BioEdit (version 7.0.9) sequence alignment
software and the β galactosidase alone has a MW
of 116 kDa, a 4% stacking and 10% resolving
gels were used. The protein samples for SDSPAGE were prepared by adding 6X loading buffer
in a ratio of 1:6, followed by denaturing the
samples for seven minute at 95⁰ C. Around 15 µL
of protein preparation were loaded and the gels
were run with 1X SDS running buffer at 80 V for
the first 30 minutes. Then, the voltage was
increased to 130 V and the gels were run for 2
hours. The gel was stained with Coomassie
Brilliant Blue dye for 1-2 hours and destained
overnight with destain solution. The presence of β
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–galactosidase protein was confirmed by western
blotting (Harry et al. 1979) using the primary
antibody (anti β-galactosidase IgG fraction A11132 raised in rabbit, Molecular probes) and a
mouse anti-rabbit antibody reactive against the
primary antibody and coupled to a fluorochrome
that allows subsequent visualization.
Extraction,
purification
galactosidase
preparation
spectrometry analysis

and
for

GST-β
mass

For the extraction of protein (soluble and
insoluble) from yeast, frozen cells were defrosted
on ice and 5 mL of 1X PBS was added and the
pellets were re-suspended by vortexing. Then
1mM PMSF and a Roche Protease Inhibitor
cocktail were added. Around ~ 1/3 volume of
glass beads (0.1mm) were added to the mixture
and cells were lysed by vortexing at high speed, 8
times for 30 seconds, with cooling on ice for 1
minute between each vortexing step. Then the
cells were centrifuged at 3000 rpm for 5 minutes
at 4°C. Supernatants (whole cell lysates) were
transferred to a new falcon tube and further
fractioned by centrifugation at 11000 rpm for 20
min at 4°C. The supernatants were collected and
filtered with a 0.45 µm filter into a new 15 ml
falcon tube (“total soluble” protein) and a small
fraction (100 µl) was saved for SDS-PAGE and
western blot analysis. The pellets (insoluble under
native condition) were re-suspended in 5 ml
denaturing buffer (1X PBS with 8M urea) and
centrifuged at 11000 rpm for 20 min at 4°C. The
supernatants were collected and filtered with a
0.45 µm filter to a new 50 ml falcon tube (“total
insoluble” protein) and a small fraction (100 µl)
was saved for SDS-PAGE and western blot
analysis. Then the GST-β galactosidase protein
was purified from the whole protein yeast lysates
using Glutathione Sepharose 4B (GE Healthcare,
Sweden) medium.
The Glutathione Sepharose medium was prepared
according to manufacturer protocol and was
incubated overnight. The day after a Poly-Prep®
Chromatography Column (Bio-rad) was washed
with one column volume of milli-Q water and then
equilibrated with one column volume of binding
buffer (1X PBS). Then, the proteins were mixed
overnight with Sepharose beads and poured into
the column and the flow through was collected in
a 15 mL falcon tube. The column was then
washed with one column volume of 1X PBS
(washing buffer) and the flow through was
collected in another 15 ml falcon tube. The bound
protein was then eluted with 5 ml of elution
buffer. The eluted protein fraction was collected in

a new falcon tube. The protein was then ready for
SDS-PAGE and western blotting analysis. After
purification the β-galactosidase protein was
concentrated. The eluted GST-β galactosidase
were concentrated using an Amicon Ultra-15 ml
filters (Millipore) of 3,000 molecular weight cutoff (MWCO) ultra filtration membranes and the
concentration of purified protein was measured
using
NanoDropTM
spectrophotometer.
The
purified protein was then analyzed with MALDI
TOF mass spectrometer in the form of in-solution.
For in-solution digestion the protein samples were
mixed with an aqueous buffer (NH 4 HCO 3 )
containing trypsin (5%) and sent to mass
spectrometry centre for further peptide mapping.

Results and Discussion
Transformations of the
Saccharomyces cerevisiae

lacZ

gene

into

The E. coli lacZ gene in the pGL-C1 plasmid was
confirmed by amplification of the gene by
polymerase chain reaction from the yeast strains
CEN.PK2. The primers successfully amplified the
GST-lacZ gene (1254 aa). In this sequence AA
position from 5-218 (214 AA) matched with the
GST sequence (UniProt identifier accession no.
P08515 and entry name GST26_SCHJA) isolated
from Schistosoma japonicum. The lacZ sequence
matched with the sequence of the E. coli lacZ
gene (UniProt identifier accession no. Q8VNN2
and entry name BGAL_ECOLX) from AA position
240 to 1254 (1015AA). Moreover, the beta-gal
assay confirmed the presence of β-galactosidase
protein in the yeast cell lysate that was the
product of lacZ gene.
Effect of different stressors on the growth of
Saccharomyces cerevisiae
The effect of different stressors on the growth of
S. cerevisiae transformed with plasmid pGL-C1
was monitored by measuring the optical density
at different time points at wavelength 600 nm.
The presence of ethanol at 5% (v/v), chromium
0.1 mM and Geneticin 0.2 mg/l strongly reduced
the growth rate of the CEN.PK2 strain relative to
the untreated control cells (Figure 1B). The
Geneticin had the strongest effect on the growth
rate (OD 600 0.018 h-1) compared to other
treatments and appeared to be a limiting factor
for the growth rate. Similarly, the cells treated
with chromium were significantly affected. Even
ethanol appeared to affect the growth rate
significantly (OD 600 0.192 h-1 vs. 0.299 h-1) but
after an initial phase the cells were able to reach
the same OD values of the untreated cells.
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than in control cells. Chromium like other heavy
metals also reduced the growth of yeast strains
studied and the concentration of GST-β
galactosidase protein was also reduced to 50%
(0.30 mg/ml vs. 0.57 mg/ml) and amino acids
misincorporation into the chromium treated cells
increased (7 vs. 9 aa) relative to control cells.
β-galactosidase assay
The β-galactosidase (β-gal) reporter system was
used to test the effects of the different stressors
on the fidelity of protein synthesis. We observed a
decrease in activity of the β-galactosidase over
heat inactivation time, while the strongest
decrease of enzymatic activity was observed after
6 minutes of heat inactivation. However, relative
differences in thermal stability in the β-gal protein
were observed in presence of different stressors.
Geneticin affected the most β-galactosidase
thermal stability. The effect of chromium (0.1mM)
and ethanol (5%) was similar and not
distinguishable from untreated control cells
(Figure 2).

Figure 1. Growth curves (A) and rate (B) of
Saccharomyces cerevisiae strain CEN.PK2
carrying pGL-C1 plasmid. The difference
in growth rate of yeast highly significant
at both 5% and 1% level of significance
(student t-test: t cal > t tab )

Previous studies reported that yeast treated with
ethanol initially struggle to maintain energy
production, and various expression of genes
related to energy-generating activities, namely
glycolysis and mitochondrial function are upregulated (Stanley et al. 2010). At the same time
yeast down regulate expression of many genes
associated with energy demanding processes,
such as growth (Stanley et al. 2010). In the
present study, 5% ethanol decreases the growth
rate of the yeast strains CEN.PK2 by 40%. The
yeast showed slight increase in OD, which could
be explained by ethanol being metabolized after
64
hours.
Regarding
amino
acid
misincorporations, we are able to detect 10 amino
acids misincorporated in GST-β gal protein
produced in presence of 5% ethanol, which was
higher than the levels of misincorporations in
control cells (7 aa). While in case of geneticin
reduced the yield of GST-β galactosidase protein
at least 3 times (0.21 mg/ml vs. 0.57 mg/ml)
relative to that of the control cells. The number of
amino acids misincorporated in GST- β gal was
also higher (10 vs. 7 aa) in geneticin treated cells

14

Figure 2. β-galactosidase activity of yeast strain
CEN.PK2 carrying pGL-C1 plasmid. βgalactosidase thermal inactivation profiles
were determined by measuring βgalactosidase activity directly in S.
cerevisiae
transformed
with
pGL-Cl
plasmid

The enzyme β–gal has an active quaternary
structure and it is an efficient reporter protein for
sense codon misreading due to the negative
effects
of
the
misincorporation
on
the
thermostability of the enzyme (Branscomb et al.
1975). However, in this study misincorporation of
amino acids in GST- β gal purified from control,
ethanol and chromium treated cells did not show
visible effects on the heat stability of expressed
enzyme. Only geneticin treated yeast showed a
relative decrease in β-gal activity (%) during first
twelve minutes of thermal inactivation. Therefore,
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the number of amino acids misincorporations in
GST-β gal was not sufficient to cause a
pronounced heat stability difference between
control, ethanol and chromium treated yeast cell.
Conversely, the geneticin treated sample showed
misincorporation of amino acids at the position
Arg 662 (to His 662 ) and His 771 (to Met 771 ). These
misincorporations were not observed in GST- β
gal protein purified from cells treated with the
other environmental stressors. Therefore, the
histidine and methionine substitutions may
explain the decreased thermostability of the βgalactosidase enzyme relative to the other
samples. However, further tests are necessary to
confirm these results.

Figure 3. SDS-PAGE [A] and Western blotting [B]
analysis showing the presence of GST-β
galactosidase in the whole protein extract
from yeast strain CEN.PK2 carrying
multicopy plasmid pGL-C1: lane Mmarker, lane 1, 2, 3 and 4 indicates
soluble protein extract from untreated
control, Ethanol, CrO 3 and Geneticin
respectively. Lane 5, 6, 7, and 8 indicates
insoluble protein extract from control,
Ethanol, CrO 3 and Geneticin, respectively.
The rectangle in Figure [A] indicates the
position of GST-β galactosidase protein
confirmed by western blotting. The
rectangle in the figure [B] shows the GSTβ-galactosidase bands in soluble and
insoluble extract.

Purification of β-galactosidase protein from
Saccharomyces cerevisiae
The presence of GST- β galactosidase protein was
confirmed by SDS-PAGE and western blotting
(Figure 3) and intense bands in soluble protein
were observed in three different treatments as
well as in untreated cells. The protein was
detected both in soluble and insoluble fractions
(Figure 3A), but the intensity of bands in
insoluble fraction was very weak. After western
blotting the bands were only observed in soluble
fraction and were not detected in the insoluble
whole extract. The predicted MW of mistranslated
GST- β galactosidase protein was also calculated
using the BioEdit (version 7.0.9) sequence
alignment software, which showed that expected
mistranslated protein varies from 119 Daltons
(Da) to maximum 475 Da due to the amino acid
misincorporations. This difference is not sufficient
to produce distinct bands in SDS-PAGE,
confirming our observation of a single band in the
western blot (Figure 3B).
The β-galactosidase protein produced from lacZ
gene has a molecular weight of ~116 kDa and the
fusion with GST can increase the molecular
weight up to ~ 142 kDa. Most of the GST-β
galactosidase protein was soluble (Figure 3B), the
amount of protein extracted from the inclusion
bodies was very little and could not be analyzed
by Mass spectrometry. Different protocols have
been applied for the solubilization of the inclusion
bodies using high concentration of denaturant,
such as urea or reducing agents such as
Dithiothreitol (DTT) or detergent as Triton-X.
Unfortunately none of these protocols produced
the expected results. The concentration of
purified GST-β galactosidase protein was recorded
0.57, 0.38, 0.30 and 0.21 mg/ml in control,
ethanol, chromium and geneticin treated yeast
respectively and confirmed by SDS-PAGE (data
not shown).
Mass spectrometry analysis
Mass spectrometry data confirmed the amino
acids misincorporations in GST-β galactosidase
protein from yeast strain CEN.PK2 shown in Table
1. Only eight out of the twenty amino acids
namely Ala, His, Pro, Ser, Asp, Arg, Met and Val
were misincorporated in different positions of
GST-β galactosidase protein treated with different
stressors. However, this misincorporation of
amino acid is not random, but depends on
position and amino acids specificity.
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Table 1. Amino acids misincorporation (bold and underlined) in GST –β galactosidase analyzed with
MALDI-TOF mass spectrometry.
Treatments

Peptide fragments

AA →
Misincorporated
AA

After misincorporation
of AA

Position in
GST-β gal
sequence

Control
(Without
Stressor)

NKKFELGLEFPNLPYYI
DGDVK
DWENPGVTQLNR
NSEEARTDRPSQQLR
WSDGSYLEDQDMWR
LILCEYAHAMGNSLGG
FAK
HSDNELLHWMVAL
CGTRELNYGPHQWR

Lys → Arg
Trp → Ala
Arg → His
Ser → Ala
Cys → Pro
Ser → Asp
Arg → His

NKRFELGLEFPNLPYYIDGDVK
DAENPGVTQLNR
NSEEAHTDRPSQQLR
WADGSYLEDQDMWR
LILPEYAHAMGNSLGGFAK
HDDNELLHWMVAL
CGTHELNYGPHQWR

47
247
274
423
767
878
1173

Ethanol
5% (v/v)

AKLPILGYWK
NKKFELGLEFPNLPYYI
DGDVK
GSGHHLEWLVPDPVV
LQR
DWENPGVTQLNR
NSEEARTDRPSQQLR
WSDGSYLEDQDMWR
LILCEYAHAMGNSLGG
FAK
HSDNELLHWMVAL
CGTRELNYGPHQWR

Leu → Ser
Lys → Arg
Gln → Pro
Trp → Pro
Arg → His
Trp →Ala;
Ser →Ala
Cys → Asp
Ser → Pro
Arg → His

AKSPILGYWK
NKRFELGLEFPNLPYYIDGDVK
GSGHHLEWLVPDPVVLPR
DPENPGVTQLNR
NSEEAHTDRPSQQLR
AADGSYLEDQDMWR
LILDEYAHAMGNSLGGFAK
HPDNELLHWMVAL
CGTHELNYGPHQWR

4
47
243
247
274
422, 423
767
878
1173

Chromium
0.1 mM

AKLPILGYWK
GSGHHLEWLVPDPVV
LQR
LAAHPPFASWR
NSEEARTDRPSQQLR
WSDGSYLEDQDMWR
CGTRELNYGPHQWR
YSQQQLMETSHR

Leu → Ser
Leu → Ser
Trp → Val
Arg → His
Trp → Ala;
Ser→ Ala
Arg → His
Tyr → Ala;
Ser→ Ala

AKSPILGYWK
GSGHHLEWLVPDPVVSQR
LAAHPPFASVR
NSEEAHTDRPSQQLR
AADGSYLEDQDMWR
CGTHELNYGPHQWR
AAQQQLMETSHR

4
242
267
274
422; 423
1173
1193; 1194

Geneticin
0.2 mg/L

AKLPILGYWK
DWENPGVTQLNR
NSEEARTDRPSQQLR
WSDGSYLEDQDMWR
LTDDPRWLPAMSER
LILCEYAHAMGNSLGG
FAK
CGTRELNYGPHQWR
YSQQQLMETSHR

Leu → Ser
Trp → Ala
Arg → His
Trp → Ala;
Ser→ Ala
Arg → His
His → Met
Arg → His
Tyr → Ala;
Ser→ Ala

AKSPILGYWK
DAENPGVTQLNR
NSEEAHTDRPSQQLR
AADGSYLEDQDMWR
LTDDPHWLPAMSER
LILCEYAMAMGNSLGGFAK
CGTHELNYGPHQWR
AAQQQLMETSHR

4
247
274
422; 423
662
771
1173
1193; 1194

There were two substitutions of amino acids that
were position specific, namely Ser → Ala in
position 423 (Figure 4B) and Arg → His in position
274 (Figure 4A) and 1173 (Figure 4C) in βgalactosidase from the yeast treated with all
stressors. The residues positions are mentioned
here according to GST- β galactosidase protein
(1-1254 aa) sequenced in this study (give
accession no). Alanine may misincorporate at
highest level (Figure 5B]. The order of other
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amino acids misincorporations (%) were Ala > His
> Ser and Pro >Arg and Asp > Met and Val. Some
of the amino acids were substituted with a
specific amino acid, for example Arg → His, Leu →
Ser, Lys → Arg, Ser → Asp, His → Met and Trp →
Val. Alanine was substituted for Trp / Ser / Tyr
and Proline was substituted with Cys / Gln / Ser /
Trp. These substitutions occurred in specific
positions of the GST- β gal protein.

Amino acids misincorporation in recombinant protein

Figure 4. Misincorporation of amino acids in GST-β galactosidase protein (1254 aa) A) Histidine at arginine
position, B) Alanine at tryptophan and serine position and C) Histidine at arginine position

The E. coli lacZ gene aligns with positions 240 to
1254 of the GST- β gal produced in the yeast
CEN.PK2 strain. Therefore, the amino acids
misincorporated in the position 242, 243, 247,
267, 274, 422, 423, 662, 767, 771, 878, 1173,
1193
and
1194
are
considered
true
misincorporations in β galactosidase protein. The
rest of the misincorporations in the position 4 and
47 denote GST protein.
From the mass spectrometry data, we observed
that at least 7 amino acids were misincorporated
in the GST-β galactosidase protein produced in
control cells and 9-10 amino acids were
misincorporated under stress. The frequency of
errors was
5.6 × 10-3 to 8 × 10-3 which
represents the 60-80 fold increase relative to the
typical errors 1×10-4 (Parker 1989), under normal
growth conditions. Two amino acids substitution,
namely Alanine for Serine (AGU) at position 423
and histidine for arginine (CGC) at position 274
and 1173 in our GST- β gal sequence are
common and may not be related with stressor.

The lacZ gene has 9, 5′ -AGU-3′ and 37, 5′-CGC3′ codons, but misincorporation occurred only at
the above mentioned positions. It is believed that
misincorporation can be caused by either an
anticodon-codon mismatch, i.e. misreading or the
use

of

an

erroneously

charged

tRNA,

i.e.

mischarging or misacylation (Parker 1989). The
histidine was misincorporated only at position
[CGC 662 ] in geneticin treated cells. The preferred
codons for histidine residue in yeast cells are ′5 CAC-3′

(frequency

7.8/1000)

or

5′-CAU

-3′

(frequency 13.6/1000). So, in this case the codon
for histidine differing by only one base at the
second position might be misread.
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Figure 5. Bar charts showing A) Total number of
amino acids misincorporation in GST-β
galactosidase protein produced in presence
of different stressors, B) Percentage of
amino acids misincorporation in GST-β
galactosidase protein and C) Number of
different
amino
acids
in
GST-β
galactosidase protein produced in presence
of the stressors indicated

Studies support that most misreadings occur at
the third position of the codon due to a weaker
interaction with its cognate base than do bases at
the first and second positions (Dingyi et al.
2009). Although misreading at the second codon
position is very rare (Parker 1989, Freeland et al.
1998), misincorporations at this position have
been reported in several studies. For example,
G•U mismatches that include serine to asparagine
mistranslation (AGC to AAC) (Freeland et al.
1998) and arginine to asparagines (CGG to CAG)
mistranslations (McNulty et al. 2003) have been
demonstrated. Some of the misincorporation such
as proline for glutamine codon CAA 243 (ethanol),
serine for leucine codon UUA 242 (chromium),
valine for tryptophan codon UGG 267 (chromium)
and methionine for histidine codon CAC 771
(geneticin) occurred once in GST-β-galactosidase
produced in presence of different stressors.
Further studies with other type of protein are
needed to be consistent of these results.

Conclusion
Fidelity in protein synthesis is essential whether
protein is produced in native or heterologous
hosts. Faithful translation from messenger RNA
(mRNA) to protein depends on many factors and
gene translation into corresponding amino acid
sequences is not always accurate. With the aim of
quantifying misincorporation of amino acids in
recombinant proteins, GST-β galactosidase was
expressed in yeast and mass spectrometry was
used for detection of errors with high precisions.
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Our data show that environmental stressors
increase the misincorporation at least 60-80 folds
relative to that observed in control cells. The
unexpectedly high error rate has implications for
the therapeutic use of the heterologous host
derived
recombinant
proteins.
The
misincorporation of amino acids was only studied
in soluble protein extract and we faced technical
hurdles during the purification of primarily
insoluble
proteins
under
non-denaturing
conditions. The yeast can be a model organism to
study amino acids misincorporation when
pharmaceutically
important
animal
protein
expressed in yeast.
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