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mutants increased under H2O2 stress conditions. Fermenta-
tion experiments revealed that the mutant strain taf25-3 has 
a shorter lag phase compared to the control one, indicat-
ing that taf25-3 had improved adaptation ability to H2O2-
induced oxidative stress and higher fermentation efficiency. 
Our study demonstrated that several amino acid substitu-
tions in general transcription factors (Spt15 and Taf25) 
could modify the cellular oxidation defense systems and 
improve the anti-oxidation ability of S. cerevisiae. It could 
make the industrial ethanol fermentation more efficient and 
cost-effective by using the strain of higher stress tolerance.

Keywords  Oxidative stress · Saccharomyces cerevisiae · 
Transcription factors · Biofuel · Inhibitors

Introduction

Saccharomyces cerevisiae has been used as a primary 
ethanol-producing microorganism in the food and phar-
maceutical industries due to its genetic tractability, utili-
zation of a broad variety of feedstock, and production of 
numerous valuable products [7]. Meanwhile, ethanol pro-
duced from renewable resources such as lignocelluloses is 
considered to be a cost-effective and reproducible alterna-
tive to fossil fuels [22]. In this sense, S. cerevisiae, the 
preferred microorganism for ethanol production from lig-
nocellulosic biomass, has become increasingly important. 
However, fermentation imposes a number of stresses on 
yeast cells, including substrate and/or product inhibition, 
heat shock, oxidative stress, osmotic stress, and expo-
sure to toxic molecules and byproducts [8, 23]. Among 
these stress factors, oxidative stress was suggested to 
be the most severe one that affects fermentation perfor-
mance. Oxidative stress arises from an imbalance between 
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generation and elimination of reactive oxygen spe-
cies (ROS), such as hydroxyl radical (·OH), super-oxide 
anions (O2

·−), and non-radical reactive species, which 
includes hydrogen peroxide (H2O2) and singlet oxygen 
[26]. ROS pose significant damage to cellular constituents 
including DNA, lipids, and proteins, and to cellular redox 
balance [20]. It has been testified that active dried yeast 
(ADY) may encounter oxidative stress due to the intracel-
lular accumulation of ROS during the ADY-making pro-
cedure and that the sensitivity of yeast to air-drying stress 
is correlated with its oxidative stress tolerance [25]. It has 
also been reported that during must fermentation wine 
yeast are subject to oxidative stress as a result of the syn-
ergistic activities of nutritional and environmental stress 
factors [6]. To solve these problems, a strain that displays 
a phenotype of higher tolerance to ROS would be highly 
desirable for the economic feasibility of industrial-scale 
ethanol production.

Cellular responses to oxidative stress are controlled by 
multiple genes that are widely distributed throughout the 
genome. However, deletion or over-expression of a single 
gene can hardly reach a global phenotype optimum due 
to the complexity of metabolic landscapes [3]. Alper and 
coworkers [4] firstly reported an approach termed “global 
transcription machinery engineering (gTME)”, which 
allows for global perturbations of the transcriptome to 
quickly and more effectively optimize phenotypes, and 
have shown the application of gTME to S. cerevisiae for 
improved glucose/ethanol tolerance by mutating the com-
ponents of the RNA polymerase II (RNA Pol II) tran-
scription factor D (TFIID), namely TATA-binding protein 
(SPT15) and one of the TATA-binding protein-associated 
factors (TAF25). The underlying principle of gTME 
involves establishing mutant libraries of transcription fac-
tors, screening for phenotypes with desired properties, 
and iterating the process in a directed evolution manner 
[15].

gTME has successfully been applied to elicit new cel-
lular phenotypes, resulting in improved stress tolerances, 
metabolite production, and substrate utilization. For exam-
ple, Liu et  al. [17] recently increased the xylose metabo-
lism, tolerance, and adaptation of S. cerevisiae to corn cob 
acid hydrolysate, and Yang et  al. [28] mutated the factor 
SPT15 and obtained five strains with enhanced ethanol tol-
erance (ETS1–5) of S. cerevisiae on rich media. To the best 
of our knowledge, however, the application of gTME in 
developing oxidation-tolerant strains has not been reported. 
In this work, transcription factors SPT15 and TAF25, which 
encode TBP and Taf(II)25, respectively, were subject to 
random mutagenesis by using error-prone PCR and trans-
formed into S. cerevisiae BY4741 to obtain strains tolerant 
to ROS.

Materials and methods

Strains and culture methods

S. cerevisiae strain BY4741 (MATa; his3Δ1; leu2Δ0; 
met15Δ0; ura3Δ0) used as the host strain and template 
for PCR amplification was obtained from Invitrogen 
Co., Carlsbad, CA, USA. E. coli DH5α competent cells 
(Takara Bio. Inc., Japan) were used as a host for prepa-
ration of the recombinant plasmid. YPD medium (10 g/l 
yeast extract, 20  g/l Bacto Peptone, and 20  g/l glucose) 
was used for the cultivation of the BY4741 wild-type 
strain and SC-URA medium (6.7 g/l yeast nitrogen base, 
20  g/l glucose, and a mixture of appropriate nucleotides 
and amino acids without URA) was used for selection 
and growth of transformants. LB medium containing 100  
μg/ml of ampicillin and SOC medium (2  % Bacto-tryp-
tone, 0.5  % yeast extract, 0.05  % NaCl, 0.0186  % KCl, 
0.0952 % MgCl2, 0.3603 % glucose) was prepared for the 
routine cultivation and transformation of E. coli. Other 
chemical reagents used in this experiment are domestic 
productions.

The BIO-RAD Gene Pulser Xcell Total System #165-
2660 (Bio-Rad Laboratories, Inc., Hercules, CA, USA) was 
used for electroporation of E. coli DH5α and S. cerevisiae 
BY4741 in accordance with the operation manual.

Library construction

The wild type of SPT15 and TAF25 fragments were PCR-
amplified from genomic DNA properly and cloned into 
pZHW4, which was obtained from our previous studies. It 
contains a strong constitutive promoter ADH1 and CYC1 
terminator and the selection marker genes of URA3 and 
ampicillin resistance gene.

Error-prone PCR was performed for the fragment 
mutagenesis via an optimized reaction and mutated frag-
ments were purified and were digested for 2  h at 37  °C 
using EcoR I and Xho I for SPT15 mutants and Hind III 
and EcoR I for TAF25 mutants (NEB, New England Bio-
labs Beijing LTD, Beijing, China) and ligated for 30 min 
at 23  °C to pZHW4 plasmid digested properly. The two 
mutant libraries were transformed into E. coli DH5α and 
plated onto LB-agar plates containing 100 μg/ml of ampi-
cillin, cultivated for 12–16 h at 37 °C. The whole forming 
colonies were scraped off to create a liquid library and the 
total size for each of the two libraries was approximately 
105 cfu/ml.

Plasmids were isolated using a E.Z.N.A. Plasmid 
Mini Kit (Omega Bio-Tek, Norcross, GA, USA) and 
transformed into S. cerevisiae strain BY4741 using elec-
trotransformation method. Yeast transformation mixtures 
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were plated on a total of 10–ϕ150  mm dishes contain-
ing SC-URA agar medium for each of the two librar-
ies (one for SPT15 and one for TAF25). These trans-
formants were scraped off the plates and placed into a 
liquid SC-URA suspension for phenotype selection. In 
order to eliminate the effects of the blank plasmid (those 
not expressing either the SPT15 or the TAF25) and 
overexpression of the wild-type protein (either SPT15 
or TAF25), the control strains that harbored the unmu-
tated version of either the Spt15 or Taf25 protein and 
the blank plasmid were constructed and named as C1, 
C2, C3, respectively. The plasmids of the mutant strains 
were sequenced and aligned using NCBI online BLAST 
service.

Phenotype selection

The screening procedure of mutant strains was performed 
as previously described [4]. Samples from the liquid librar-
ies were placed into SC-URA medium containing elevated 
H2O2 concentration from 2.0 to 2.5 mM for the accumula-
tion of the tolerant strains. Following this selection phase, 
these mixtures were plated onto SC-URA plate to ensure 
single-colony isolation with proper diluting. Six mutants 
of each of the two libraries were selected and re-numbered 
and growth rate were measured.

Growth yield assays

Mutant and control strains were grown overnight in 
10 ml of culture volume in an 18 × 180-mm culture tube 
with cap. Medium containing six of the following condi-
tions: 1.0, 1.5, 2.0, 2.5, 3.0, 3.5, 4.0, 4.5 mM H2O2 were 
dispensed in 10-ml aliquots into 18  ×  180-mm culture 
tubes with caps. The initial inoculation was OD600 = 0.05. 
Strains were cultivated by placing the tubes vertically at 
28 °C with 200 RPM orbital shaking for 18 h, and then the 
tubes were vortexed and cell densities were measured by 
taking optical density at 600 nm.

Spot assay

To test the tolerance of mutants and wild-type strain toward 
extremely high H2O2 stress, shock experiments were per-
formed with much higher concentrations of H2O2. Over-
night cultures were prepared and adjusted to an OD600 
value of 1.0. The H2O2 was added to the cultures to a final 
concentration of 2.0 and 6.0 mM, which represented mod-
erate and extreme stress. The cultures were treated in PBS 
buffer (pH = 7.4) with the above H2O2 stress at 28 °C for 
2 h and then serially diluted and 5 μl of each dilution was 
dropped on SC-URA plates. After 2 days of incubation at 
28 °C, plates were photographed.

Evaluation of intracellular ROS level using confocal 
microscopy

Intracellular ROS level was determined as described by 
Allen et  al. [2] with slight modification. Cells were cul-
tured overnight and adjusted to the same cell concentration 
of ~106 cells/ml (OD600 ~ 0.08–0.20). The cells were chal-
lenged by 10.0 mM H2O2 stress in PBS buffers (pH = 7.4) 
for 2  h and then stained using ROS monitor probe kit 
(DCFH-DA, Beyotime Institute of Biotechnology, Shang-
hai, China) as per the operation instruction. DCFH-DA is 
a nonpolar dye, converted into the polar derivative DCFH 
by cellular esterase that are no-fluorescent but switched 
to highly fluorescent DCF when oxidized by intracellular 
ROS and other peroxides. The positive control was treated 
with ROSup reagent (affiliated to the ROS monitor probe 
kit) for 30 min at 28 °C, then washed twice with PBS buffer 
and stained as the above operations. The negative control 
was stained directly without any stress factors. All of the 
operations were done fast and the treated cells were kept in 
the dark before immediate detection in order to prevent the 
fluorescence quenching.

While the cells were prepared, the laser scanning con-
focal microscope (Leica TCS SP5, Mannheim, Germany) 
was used to measure intracellular ROS level of yeast cells 
(excitation, 488 nm; emission, 525 nm). After sufficient ver-
tex, 10 μl of each dilution were added to the glass slide and 
covered by the coverslip immediately before performing the 
confocal microscope analysis. For the quantification of the 
fluorescence, the confocal images were analyzed using Leica 
Application Suite Software V 1.3.1. Briefly, the relative fluo-
rescence intensity from every treated group was semi-quan-
tified by calculating average pixel intensity in green channel. 
The final value of each measurement presented its average 
(± standard deviation, SD) from three separate replications.

Measurement of enzyme activities

Catalase (CAT) and superoxide dismutase (SOD) activi-
ties were determined by using the catalase assay kit and the 
total superoxide dismutase assay kit with NBT, respectively 
(Beyotime Institute of Biotechnology, Shanghai, China). 
Yeast cells were harvested at the log phase and treated in 
PBS buffer (pH =  7.4) with 0 and 2.0 mM H2O2 for 5 h 
at 28 °C. After centrifugation at 4 °C, the cell pellets were 
washed twice with PBS buffer and then re-suspended in 
PBS buffer. The MiniBeadbeater-16 (BioSpec Products 
Inc., Bartlesville, OK, USA) was used for the cell disrup-
tion. To avoid possible thermal effects on the enzymes, the 
cell suspensions were placed in 2-ml screw-cap microvials 
containing 1 ml of small cold glass beads (0.5 mm in diam-
eter, Sigma) and violently agitated for 45 s and then cooled 
down for 1 min in an ice bath (in total five cycles).



872	 J Ind Microbiol Biotechnol (2014) 41:869–878

1 3

Fermentation

To test the fermentation characteristics of the mutant strain 
taf25-3 and control strain C3, a 500-ml scale shake flask 
test was performed to simulate the fermentation environ-
ment. The inoculum was pre-cultured twice before the fer-
mentation. The initial inoculation was OD600 = 0.1 in the 
250-ml medium containing 4.0  mM H2O2. Fermentations 
were run in biological replicates for 96 h and samples were 
taken every 12 h for measuring OD600, ethanol, and resid-
ual glucose concentrations. The ethanol and residual glu-
cose contents were measured using a Waters 2996 HPLC 
system (Waters Corp., Milford, MA, USA) consisting of an 
Aminex HPX-87H (Bio-Rad, Hercules, CA, USA) resin-
based column (300 ×  7.8  mm), a guard column contain-
ing the same material, and a 2414 RI detector. The HPLC 
was run under isocratic conditions with a flow rate of 0.6  
ml/min and a mobile phase of 0.005 M H2SO4 at 65 °C.

Statistical analysis

The experiments were conducted in three biological repli-
cates and one-way ANOVA followed by Tukey’s HSD test 
was used to perform statistical analysis. Data were pre-
sented as the mean ± SD. A p value <0.05 was considered 
significant.

Results

Library construction and selection

To select oxidation-tolerant mutants, strains were inocu-
lated with elevated levels of H2O2 from 2.0 to 2.5  mM. 

After this challenging cultivation, six mutants were selected 
for each library. Figure 1 presents the cell concentrations of 
the control and mutant strains when incubated with 2.5 mM 
H2O2, where C1, C2, and C3 represent the strain harbor-
ing un-mutated chromosomal copy of Spt15, un-mutated 
chromosomal copy of Taf25, and blank pZHW4 plasmid, 
respectively. As shown in Fig. 1, the growth of both spt15 
and taf25 mutants were improved significantly compared 
to the control strains under oxidative stress, where spt15-5 
and taf25-3 showed ten times-higher growth than C1 and 
C2. These results also verified that the above improvement 
was attributed to the mutated transcription factors. It was 
also found that the growth rates of C1 and C2 strains were 
lower than that of C3. This was again observed in Fig. 2, 

Fig. 1   Isolation of oxidation-
tolerant mutants. C1: strain 
harboring un-mutated chromo-
somal copy of Spt15; C2: strain 
harboring un-mutated chromo-
somal copy of Taf25; C3: strain 
harboring the blank pZHW4 
plasmid. Other strains are the 
mutants. All of the control 
and mutants were cultured in 
2.5 mM H2O2 containing SC-
URA medium at 28 °C for 17 h. 
Mean ± SD values calculated 
from three independent experi-
ments are presented

Fig. 2   Growth curves of control groups and oxidation-toler-
ant mutants. All the strains were cultivated in SC-URA medium 
with 1.5  mM H2O2 stress at 28  °C for 12  h. The OD600 values 
(mean ± SD, n = 3) were measured every 2 h
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which describes the time courses of growth of the control 
and mutated strains in SC-URA medium with 1.5  mM 
H2O2 for 12 h. During the cultivation, the cell concentra-
tions of the two mutants increased significantly, while the 
growth of C1 and C2 strains were shown to be repressed. 
This could be attributed to the oxidation and overexpres-
sion of the endogenous, unmutated chromosomal copy of 
Spt15 and Taf25, which might increase the burden for yeast 
cells. Therefore, in the following section, the C3 strain har-
boring the blank plasmid was chosen as the control group.

The sequence characteristics of these altered genes con-
ferring the improved phenotype are shown in Fig.  3 and 
online resources. For spt15-5, there occurred 24 site muta-
tions and three gaps throughout the whole sequence (shown 
in online resource 1). Interestingly, these mutated sits and 
gaps caused the formation of a truncated factor (lost N-ter-
minal domain), which could increase the overall oxida-
tion tolerance significantly (Fig.  3a). The truncated factor 
remained the DNA interaction surface on C-terminal con-
served domain of TBP_eukaryotes. Five mutation sites, in 
which serine was substituted for arginine (S136R), and sim-
ilarly, K138I, R141G, G147R, K167N, respectively, were 
labeled in the schematic in Fig. 3a. For taf25-3, seven site 
mutations without gaps resulted in six amino acid replace-
ments, including D106Y, R108Q, Q158R, P160T, K180I, 
and L188P (shown in Fig. 3b and online resource 2).

Figure  4 illustrates the performance of spt15-5 and 
taf25-3 over a wide range of H2O2 concentrations. The 
results suggest that both spt15-5 and taf25-3 mutants out-
performed the control at all H2O2 concentration tested. 
At low (<2.0  mM) and high (>3.5  mM) H2O2 concentra-
tions, the growth of the mutants was comparable to that of 
the control. In contrast, the mutants showed considerably 
enhanced growth over the control strain when the H2O2 
concentration was between 2.0 and 3.5  mM, where the 

maximum fold improvement OD600 values were 11.2 for 
spt15-5 at 2.5 mM and 13.76 for taf25-3 at 3.0 mM.

Spot assay

To determine the cell vitality at very high H2O2 concentra-
tions, H2O2 shock experiments were performed with 2.0 
and 6.0  mM H2O2, which respectively represented mod-
erate and extreme stress to cells in this study. The results 
are illustrated in Fig. 5. After shocking with 2.0 mM H2O2 
for 2  h, around 100-fold mutant cells survived compared 
with the control; under the extreme stress treatment, about 

Fig. 3   The location of muta-
tions in TBP and Taf25 proteins 
in spt15-5 strain (a) and taf25-3 
strain (b). The mutated TBP 
in spt15-5 strain showed a 
truncated factor containing five 
mutations in the C-terminal 
conserved region

Fig. 4   Fold improvement in OD600 values for spt15-5 (black bar) and 
taf25-3 (white bar) compared with control at different H2O2 concen-
trations. Mutants and control strains were grown overnight in 10 ml 
of SC-URA medium in an 18  ×  180-mm culture tube with a cap 
and then subcultured in elevated levels of H2O2 concentrations (1.0, 
1.5, 2.0, 2.5, 3.0, 3.5, 4.0, and 4.5  mM) with an initial inoculation 
of OD600 = 0.05 for 18 h at 28 °C. All data represent the mean val-
ues ± SD from three independent experiments
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tenfold mutant cells survived comparatively. These results 
indicated that the oxidation-tolerant mutants were far more 
robust than the control strain in both moderate and extreme 
oxidative stress caused by H2O2.

Intracellular ROS assay of mutants

In various microorganisms, the intracellular ROS level 
increases significantly when the cells are challenged by 
oxidative stress or toxic substances [11], indicating that the 
intracellular ROS level can be used as an indicator of cel-
lular-tolerant capacity toward oxidation particles. To test if 
the mutants that performed higher oxidation tolerances could 
decrease intracellular ROS level under oxidation conditions, 
intracellular ROS level assay was performed. Figure  6a 
shows the images of dyeing cells of the mutants, wild-type, 
positive, and negative controls. The positive control was used 
to optimize the parameters of the confocal microscope. After 
obtaining a clear fluorescent image of the dyeing cells, the 
whole parameters were fixed and the ROS level for each 
sample was then measured. The negative control emitting 
weak fluorescence indicated a very low ROS level in yeast 

cells without H2O2 stress treatment. To semi-quantify the 
intracellular ROS level, the fluorescent cells were circled on 
the images by using the Leica Application Suite Software 
V 1.3.1. For each sample, more than 100 cells were exam-
ined. Figure 6b shows the relative fluorescence intensity of 
these samples. The cells harboring blank plasmid accumu-
lated 52.86 and 89.36 % more intracellular ROS compared 
to spt15-5 and taf25-3, where the relative fluorescence inten-
sity was 8.56. The decreased relative fluorescence inten-
sity in spt15-5 and taf25-3 mutants indicated that ROS was 
removed significantly in spt15-5 and taf25-3 cells (p < 0.05).

ROS buffering abilities of mutant strains

To determine whether the differences seen in the intracellular 
contents of ROS were due to differences between the ROS 
buffering abilities of mutants and control strains, the activi-
ties of the scavenging enzymes including catalase (CAT) 
and superoxide dismutase (SOD), which are regarded as the 
first-line defense in response to oxidative stress, were moni-
tored. Table 1 shows the CAT and SOD activities of all the 
samples treated with or without H2O2 stress. No significant 

Fig. 5   H2O2 sensitivity assay. 
The viabilities of the strains 
were tested after shocking with 
0, 2.0, and 6.0 mM H2O2 for 
2 h at 28 °C. The triangle below 
the panel indicates a tenfold 
serial dilution of plated cells 
(1:1–1:105, from left to right)

spt15-5 

taf25-3 

C3 

0mM H2O2

2mM H2O2

spt15-5 

taf25-3 

C3 

6mM H2O2

01:11:1 5

spt15-5 

taf25-3 

C3 
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differences were found in CAT and SOD activities between 
the mutant strains and control strain treated without H2O2 
stress. However, a significant increase of CAT and SOD 
activities was observed in spt15-5 and taf25-3 strains com-
pared with the control strain (p < 0.05). Besides, the SOD 
activity of taf25-3 strain was higher than that of the spt15-5 
strain, suggesting that the taf25-3 strain possessed more 
robust ROS buffering capacity than the spt15-5 strain.

Comparison of the fermentation capacity between taf25‑3 
and C3

Since the strain taf25-3 showed the highest resistance to 
high-level H2O2-induced oxidative stress, laboratory-scale 

fermentation experiments using taf25-3 and C3 strains 
were carried out under micro-aerobic conditions. Although 
the final yields of ethanol were approximately equal, as 
shown in Fig.  7b, different fermentation behaviors were 
observed for taf25-3 and C3 over time. At the beginning, 
both strains grew very slowly due to the H2O2-induced oxi-
dative stress. However, a rapid increase in cell mass was 
found at 24 h for taf25-3, which was 12 h earlier than that 
of the control strain. After that, the two strains achieved the 
maximum biomass at 84 h without significant differences 
(p > 0.05) (Fig. 7a).

For ethanol production and glucose consumption pro-
files, the taf25-3 strain also showed great improvement 
compared to the control. To evaluate the effect of the H2O2 

Fig. 6   Intracellular ROS 
assay of mutants and control. 
Cells were cultured overnight 
and adjusted to the same cell 
concentration of ~106 cells/
ml (OD600 ~ 0.08–0.20). CK+ 
represents the positive control 
that was treated with ROSup 
reagent and then stained. CK− 
represents the negative control 
that was stained directly without 
any stress factors. a The fluo-
rescence images were obtained 
by using Leica TCS SP5 
(excitation, 488 nm; emission, 
525 nm). b Suite Software V 
1.3.1 was applied to semi-quan-
tify the intracellular ROS level, 
and values are presented as the 
mean ± SD of three independ-
ent experiments
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on ethanol production, ethanol metabolic yields and etha-
nol volumetric production rates were calculated (Table 2). 
No significant differences were found in the yields of etha-
nol between the two strains under H2O2-induced oxidative 
stress; they all achieved approximately 96  % of the theo-
retical yield. However, from 24 h, the taf25-3 took a 12-h 
lead in ethanol production compared with the control strain 
until 72  h fermentation, when the ethanol concentration 
reached 44.45 g/l for taf25-3 and 36.65 g/l for the control, 
corresponding to a 25.5 % increase in ethanol volumetric 
productivity. This trend was also confirmed by glucose con-
sumption, which was shown to be significantly faster for 
taf25-3 (1.76 ±  0.03  g glucose l−1  h−1) compared to the 
control strain (1.35 ± 0.04 g glucose l−1 h−1), as calculated 
in Table 2.

Discussion

In recent years, gTME has mainly been applied in the 
research of improving ethanol tolerance of both E. coli and 
S. cerevisiae [5, 28]. However, oxidation stress is also con-
sidered a serious problem associated with ethanol fermen-
tation in that the presence of ethanol and other inhibitors 
could trigger oxidation stress, especially in hypoxic fer-
mentation of a high-sugar-containing medium [14]. There-
fore, in this study we employed gTME method to improve 
the oxidation tolerance of S. cerevisiae BY4741 strain. We 
used a different plasmid, pZHW4, which was constructed 
based on the main frame of pYES2 plasmid in which the 
GAL1 promoter was replaced by ADH1 promoter to carry 
on the mutated transcription factors. Two mutants, spt15-5 
and taf25-3, were isolated and examined for oxidation 
tolerance (Fig.  2). As expected, both mutants exhibited 
improved performance under oxidative conditions. This 

Table 1   CAT and SOD activities of mutants and control

Yeast cells were harvested at the log phase and treated in PBS buffer 
(pH = 7.4) with 0 and 2.0 mM H2O2 for 5 h at 28 °C; and then cells 
were disrupted using MiniBeadbeater-16 (Biospec, USA) under low-
temperature conditions. Results are the mean  ± S D of three inde-
pendent experiments

Superscript lowercase letters represent the significant difference at 
p < 0.05 level

Strains CAT activity  
(U/mg prot.)

SOD activity 
(U/mg prot.)

0 mM H2O2 treatment

 spt15-5 17.52a ± 2.84 140.53a ± 7.90

 taf25-3 15.80a ± 1.54 142.80a ± 3.95

 C3 15.55a ± 2.52 140.43a ± 3.72

2.0 mM H2O2 treatment

 spt15-5 7.67a ± 1.25 128.24a ± 4.40

 taf25-3 6.84a ± 0.05 155.36b ± 4.55

 C3 4.97b ± 0.43 92.65c ± 3.31

Fig. 7   Time course profiles for the ethanol fermentation by taf25-3 
and C3 in the presence of 4.0  mM H2O2 under micro-aerobic con-
ditions: a growth curve (pentagram); b glucose consumption curve 
(circle) and ethanol production curve (triangle). Mutant strain taf25-3 
(black symbols), control strain C3 (white symbols). Results are the 
mean ± SD of three independent experiments

Table 2   Comparison of fermentation abilities in experimental strains

Glucose consumption rate was calculated by determining the slope of 
the steepest portion of the glucose concentration curve; ethanol meta-
bolic yields was calculated by dividing the observed ethanol concen-
trations by the theoretical ethanol concentrations (0.51 times the total 
concentration of consumed glucose); ethanol volumetric production 
rates were calculated by dividing the maximum ethanol concentration 
by the fermentation time required to reach that concentration. Values 
listed are the mean ± SD of three independent experiments

Superscript lowercase letters represent the significant difference at 
p < 0.05 level

taf25-3 C3

Glucose consumption rate (g glucose 
l−1 h−1)

1.76a ± 0.03 1.35b ± 0.04

Ethanol metabolic yields 0.96a ± 0.01 0.97a ± 0.02

Ethanol volumetric production rate (g 
ethanol l−1 h−1)

0.64a ± 0.03 0.51b ± 0.02
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indicated the flexibility and applicability of gTME in alter-
ing complicated genotype–phenotype interactions. In other 
words, the mutation libraries constructed in this study could 
be further used for screening strains with enhanced toler-
ance to other stresses such as biomass hydrolyses inhibi-
tors, heat shock, osmotic pressure, and so on.

The sequence characteristics of the altered SPT15 and 
TAF25 genes conferring improved properties were shown 
in online resource 1 and 2. Several mutations occurred 
in both mutated genes, with those of spt15-5 localized to 
the C-terminal core of TBP (~180 residues), in which the 
region is highly conserved and contains two 77-amino-acid 
repeats that produce a saddle-shaped structure that strad-
dles the DNA; this region is responsible for the initiation 
by binding to the TATA box and interacting with transcrip-
tion factors and regulatory proteins [13, 24]. Due to the 
random mutations in SPT15 gene, the TBP protein was 
truncated. The N-terminal region was lost but 11 residues 
that compose the C-terminal core region remained. From 
the improved phenotype of spt15-5 mutant, it is not dif-
ficult to deduce that the truncated TBP protein not only 
maintained the capacity binding to the RNA polymerase I, 
II, and III core enzyme and TATA box, but increased the 
binding affinity and efficiency during the initiation period 
of transcription by RNA polymerases I, II, and III. Taf25, 
also known as Taf10 or Taf23, is the TATA binding protein 
(TBP) associated factor. It is one of several Tafs that bind 
TBP and is involved in forming the transcription factor 
IID (TFIID) complex, which plays an important role in the 
recognition of promoter DNA and the assembly of the pre-
initiation complex [27]. Mutations located in Taf25 pro-
tein can also perform a novel interaction that prevails over 
the wild-type, endogenous ones. Although it was difficult 
to analyze the mechanism by which spt15-5 and taf25-3 
altered the transcription profiles from the sequence data, 
the sequence-specific observations did not affect the main 
results presented here: the successful genetic engineering 
method for improving the oxidation tolerance in yeast from 
the transcription factors mutant libraries.

ROS buffering ability plays an important role in 
yeast cells’ oxidation-stress tolerance. CAT and SOD 
are involved in the first defense systems that scavenge 
excessive ROS [9]. The ROS scavenging ability could be 
reflected by the intracellular ROS content. Laser confocal 
microscopy was used for intracellular ROS content detec-
tion at the single-cell level (Fig. 6). The green fluorescence 
intensity varies according to the mutants and control. In 
both the spt15-5 and taf25-3 strains, the intracellular ROS 
level is significantly lower than the C3 strain. This indi-
cates that the ROS buffering system was more efficient in 
spt15-5 and taf25-3 than that in C3. CAT and SOD are the 
two important enzymes that protect cells from oxidation 
stress. It has been reported that overexpression of the genes 

SOD1 or SOD2 could improve the activity of superoxide 
dismutase, catalase, glutathione reductase, and glutathione 
peroxidase and then result in an increase of cell viability 
in yeast [12]. In our research, the mutants displayed higher 
CAT and SOD activities, which could partially explain the 
reduced ROS level and improved viability of these strains.

Our results also suggest a stimulation mechanism 
associated with the oxidation defense system. At a very 
low H2O2 concentration, the growth rates of spt15-5 and 
taf25-3 were almost equal to that of the control strain. Sim-
ilarly, as reported by Alper et al. [4], the basal growth rate 
of spt15-300 and taf25-300 in the absence of ethanol and 
glucose stress was not different from that of the control. It 
was also noticed that the activities of CAT and SOD were 
not increased when no stress was applied (Table 1). There-
fore, we can conclude that the stress defense system needs 
the stimulation of some stress factors to work as a stress 
scavenger.

The fermentation abilities of the taf25-3 strain and C3 
strain were also evaluated in laboratory-scale fermentation. 
During fermentation, the mutant strain taf25-3 showed a 
more powerful adaptive ability to the oxidation stress con-
ditions (Fig. 7a), which could be confirmed from the sig-
nificant increases in ethanol productivity and glucose con-
sumption rate (Table 2) compared to the control strain C3. 
Yeast adaptation to inhibitor-induced stresses is manifested 
at the genome level and likely during the lag phase. The 
duration of the lag phase may be interpreted as a measure-
ment of varied levels of tolerance to inhibitors during etha-
nol fermentation [18, 19]. This process could include the 
repair of macromolecule damage that accumulated during 
stationary phase and the synthesis of cellular components 
necessary for growth and great changes could be observed 
in the gene transcription expresses in the cell [10]. Ma 
and Liu [21] reported that more than 300 genes, including 
YAP1, YAP5, YAP6, and HSF1, showing statistically sig-
nificant differential expression responses that affect yeast 
adaptation ability to the inhibitor stresses potentially dur-
ing the lag phase. The Yap proteins family has been proven 
to play a major role in the regulation of the transcriptional 
responses to oxidative stress in yeast [16]. Yap 1p and 
Yap 2p could active the target genes CTT1, SOD1, SOD2, 
encoding catalases and superoxide dismutase regarded as 
the important enzyme defense systems when the cells were 
exposed to oxidative stress [1]. The mutant strain taf25-
3, in our study, was testified to maintain higher CAT and 
SOD activities than the control one (Table 1); therefore, it 
could withstand the H2O2-induced oxidative stress more 
effectively and enter the log phase earlier (Fig. 7). That is, 
the higher oxidative stress-tolerant strain could shorten the 
fermentation time and therefore make the ethanol produc-
tion more cost-effective. Our research demonstrated the 
applicability of gTME to improve the oxidation tolerance 
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capacity in yeast cells. An attempt of further modification 
of other transcription factors through gTME could have the 
potential to obtain other phenotype improvement.

Acknowledgments T he authors thank Dr. Michael R. Ladisch, the 
Distinguished Professor and Director of the Laboratory of Renewable 
Resources Engineering (LORRE) at Purdue University for his inter-
nal review of this manuscript. The authors also acknowledge support 
from the National Natural Science Foundation of China (31101237), 
The Earmarked Fund for Modern Agro-Industry Technology Research 
System, China (nycytx-30-ch-03), and Innovation Fund for Graduate 
Student of China Agricultural University (2012YJ079).

References

	 1.	A bdulrehman D, Monteiro PT, Teixeira MC, Mira NP, Lourenco 
AB, dos Santos SC, Cabrito TR, Francisco AP, Madeira SC, Aires 
RS, Oliveira AL, Correia IS, Freitas AT (2011) YEASTRACT: 
providing a programmatic access to curated transcriptional regu-
latory associations in Saccharomyces cerevisiae through a web 
services interface. Nucleic Acids Res 39:136–140

	 2.	A llen S, Clark W, McCaffery JM, Cai Z, Lanctot A, Slininger P, 
Liu ZL, Gorsich S (2010) Furfural induces reactive oxygen spe-
cies accumulation and cellular damage in Saccharomyces cerevi-
siae. Biotechnol Biofuels 3:2

	 3.	A lper H, Jin YS, Moxley JF, Stephanopoulos G (2005) Identify-
ing gene targets for the metabolic engineering of lycopene bio-
synthesis in Escherichia coli. Metab Eng 7:155–164

	 4.	A lper H, Moxley J, Nevoigt E, Fink GR, Stephanopoulos G 
(2006) Engineering yeast transcription machinery for improved 
ethanol tolerance and production. Science 314:1565–1568

	 5.	A lper H, Stephanopoulos G (2007) Global transcription machin-
ery engineering: a new approach for improving cellular pheno-
type. Metab Eng 9:258–267

	 6.	A ttfield PV (1997) Stress tolerance: the key to effective strains of 
industrial baker’s yeast. Nat Biotechnol 15:1351–1357

	 7.	 Boundy-Mills K (2012) Yeast culture collections of the world: 
meeting the needs of industrial researchers. J Ind Microbiol Bio-
technol 39:673–680

	 8.	C asey E, Sedlak M, Ho NWY, Mosier NS (2010) Effect of acetic 
acid and pH on the cofermentation of glucose and xylose to etha-
nol by a genetically engineered strain of Saccharomyces cerevi-
siae. FEMS Yeast Res 10:385–393

	 9.	C osta V, Quintanilha A, Moradas-Ferreira P (2007) Protein oxi-
dation, repair mechanisms and proteolysis in Saccharomyces cer-
evisiae. IUBMB Life 59:293–298

	10.	 Dukan S, Nyström T (1998) Bacterial senescence: stasis results 
in increased and differential oxidation of cytoplasmic proteins 
leading to developmental induction of the heat shock regulon. 
Genes Dev 12:3431–3441

	11.	F arr SB, Kogoma T (1991) Oxidative stress responses in 
Escherichia coli and Salmonella typhimurium. Microbiol Rev 
55:561–585

	12.	F ierro-Risco J, Rincón A, Benítez T, Codón A (2013) Overex-
pression of stress-related genes enhances cell viability and velum 
formation in Sherry wine yeasts. Appl Microbiol Biotechnol 
97:6867–6881

	13.	 Kim YC, Geiger JH, Hahn S, Sigler PB (1993) Crystal-structure 
of a yeast TBP-box complex. Nature 365:512–520

	14.	L andolfo S, Politi H, Angelozzi D, Mannazzu I (2008) ROS accu-
mulation and oxidative damage to cell structures in Saccharomy-
ces cerevisiae wine strains during fermentation of high-sugar-
containing medium. Biochimica et Biophysica Acta (BBA)-Gen 
Subj 1780:892–898

	15.	L anza AM, Alper HS (2011) Global strain engineering by mutant 
transcription factors. Methods Mol Biol 765:253–274

	16.	L elandais G, Tanty V, Geneix C, Etchebest C, Jacq C, Devaux F 
(2008) Genome adaptation to chemical stress: clues from com-
parative transcriptomics in Saccharomyces cerevisiae and Can-
dida glabrata. Genome Biol 9:164

	17.	L iu H, Liu K, Yan M, Xu L, Ouyang P (2011) gTME for 
improved adaptation of Saccharomyces cerevisiae to corn cob 
acid hydrolysate. Appl Biochem Biotechnol 164:1150–1159

	18.	L iu ZL (2006) Genomic adaptation of ethanologenic yeast to bio-
mass conversion inhibitors. Appl Microbiol Biotechnol 73:27–36

	19.	L iu ZL, Slininger PJ, Dien BS, Berhow MA, Kurzman CP, 
Gorsich SW (2004) Adaptive response of yeasts to furfural and 
5-hydroxymethylfurfural and new chemical evidence for HMF 
conversion to 2,5-bis-hydroxymethylfuran. J Ind Microbiol Bio-
technol 31:345–352

	20.	L ushchak VI, Bagnyukova TV, Husak VV, Luzhna LI, Lushchak 
OV, Storey KB (2005) Hyperoxia results in transient oxidative 
stress and an adaptive response by antioxidant enzymes in gold-
fish tissues. Int J Biochem Cell Biol 37:1670–1680

	21.	 Ma M, Liu ZL (2010) Comparative transcriptome profiling analy-
ses during the lag phase uncover YAP1, PDR1, PDR3, RPN4, and 
HSF1 as key regulatory genes in genomic adaptation to the lig-
nocellulose derived inhibitor HMF for Saccharomyces cerevisiae. 
BMC Genom 11:660

	22.	 Mosier N, Wyman C, Dale B, Elander R, Lee Y-Y, Holtzap-
ple M, Ladisch M (2005) Features of promising technologies 
for pretreatment of lignocellulosic biomass. Bioresour Technol 
96:673–686

	23.	 Olofsson K, Bertilsson M, Liden G (2008) A short review on 
SSF-an interesting process option for ethanol production from 
lignocellulosic feedstocks. Biotechnol Biofuels 1:7

	24.	 Patikoglou GA, Kim JL, Sun L, Yang SH, Kodadek T, Burley 
SK (2005) TATA element recognition by the TATA box-binding 
protein has been conserved throughout evolution. Genes Dev 
13:3217–3230

	25.	R odríguez-Porrata B, Carmona-Gutierrez D, Reisenbichler A, 
Bauer M, Lopez G, Escoté X, Mas A, Madeo F, Cordero-Otero R 
(2012) Sip18 hydrophilin prevents yeast cell death during desic-
cation stress. J Appl Microbiol 112:512–525

	26.	S torz G, Christman MF, Sies H, Ames BN (1987) Spontaneous 
mutagenesis and oxidative damage to DNA in Salmonella typh-
imurium. Proc Natl Acad Sci USA 84:8917–8921

	27.	T homas MC, Chiang CM (2006) The general transcription 
machinery and general cofactors. Crit Rev Biochem Mol Biol 
41:105–178

	28.	Y ang J, Bae JY, Lee YM, Kwon H, Moon HY, Kang HA, Yee 
SB, Kim W, Choi W (2011) Construction of Saccharomyces cer-
evisiae strains with enhanced ethanol tolerance by mutagenesis 
of the TATA-binding protein gene and identification of novel 
genes associated with ethanol tolerance. Biotechnol Bioeng 
108:1776–1787


	Improvement of oxidative stress tolerance in Saccharomyces cerevisiae through global transcription machinery engineering
	Abstract 
	Introduction
	Materials and methods
	Strains and culture methods
	Library construction
	Phenotype selection
	Growth yield assays
	Spot assay
	Evaluation of intracellular ROS level using confocal microscopy
	Measurement of enzyme activities
	Fermentation
	Statistical analysis

	Results
	Library construction and selection
	Spot assay
	Intracellular ROS assay of mutants
	ROS buffering abilities of mutant strains
	Comparison of the fermentation capacity between taf25-3 and C3

	Discussion
	Acknowledgments 
	References


