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The yeast Saccharomyces cerevisiae is widely used to produce biopharmaceutical proteins. However, the limited capacity of the secretory pathway may reduce its productivity. Here, we increased the secretion of a heterologous ␣-amylase,
a model protein used for studying the protein secretory pathway in yeast, by moderately overexpressing SEC16, which is involved in protein translocation from the endoplasmic reticulum to the Golgi apparatus. The moderate overexpression of SEC16
increased ␣-amylase secretion by generating more endoplasmic reticulum exit sites.
The production of reactive oxygen species resulting from the heterologous ␣-amylase
production was reduced. A genome-wide expression analysis indicated decreased
endoplasmic reticulum stress in the strain that moderately overexpressed SEC16,
which was consistent with a decreased volume of the endoplasmic reticulum. Additionally, fewer mitochondria were observed. Finally, the moderate overexpression of
SEC16 was shown to improve the secretion of two other recombinant proteins,
Trichoderma reesei endoglucanase I and Rhizopus oryzae glucan-1,4-␣-glucosidase, indicating that this mechanism is of general relevance.
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IMPORTANCE There is an increasing demand for recombinant proteins to be used

as enzymes and pharmaceuticals. The yeast Saccharomyces cerevisiae is a cell factory
that is widely used to produce recombinant proteins. Our study revealed that moderate overexpression of SEC16 increased recombinant protein secretion in S. cerevisiae. This new strategy can be combined with other targets to engineer cell factories
to efﬁciently produce protein in the future.
KEYWORDS protein secretion, mitochondria, ERES, ROS, SEC16

T

he yeast Saccharomyces cerevisiae is a widely used cell factory for the production of
recombinant proteins (1). The advantages of S. cerevisiae are fast growth, easy
cultivation, and ability to perform posttranslational modiﬁcations and secrete proteins
to the extracellular medium, which facilitates the puriﬁcation of the protein (2, 3).
However, S. cerevisiae naturally secretes only a few proteins, such as aspartyl protease,
invertase, and ␣-factor pheromone (4, 5); therefore, it has evolved a secretory pathway
with a relatively low capacity. Many different strategies have been used to engineer this
pathway with the objective of improving heterologous protein production (6–8). When
expressing a protein that has a secretory signal peptide, the protein is cotranslationally
translocated into the endoplasmic reticulum (ER) lumen, where disulﬁde bond formation occurs with the initial glycosylation (9). The secretion of recombinant proteins is
affected by their signal peptide sequences (10). A synthetic leader sequence increases
human insulin precursor production, whereas the use of the ␣-factor leader sequence
increased ␣-amylase production (7). Excessive mannose glycosylation of recombinant
proteins can reduce the efﬁciency of protein secretion, and it was recently found that
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the deletion of mannosyltransferases improves recombinant protein secretion in S.
cerevisiae (11, 12). Another approach that has been used to engineer the secretory
pathway has been to activate the unfolded protein response (UPR). The UPR is activated
when misfolded proteins accumulate in the ER and results in the alternative splicing of
the HAC1 gene product, and then the splicing of the HAC1 gene product activates
UPR-regulated genes. The secretion of ␣-amylase was enhanced by 70% through the
overexpression of HAC1 (13). The importance of protein folding in the ER lumen was
further supported by the overexpression of Pdi1p, a disulﬁde isomerase that is involved
in protein folding; its overexpression has increased the secretion of a wide range of
recombinant proteins (14). However, overexpressing KAR2, an ER chaperone that
responds to protein misfolding, has varied effects on the secretion of proteins (15).
Correctly folded proteins are transported through the secretory pathway: ﬁrst, they
travel from the ER to the cis side of the Golgi apparatus, then through the Golgi
network, and ﬁnally from the trans-Golgi network to the plasma membrane (PM). This
process starts with the formation of coat protein complex II (COPII) vesicles at the ER
exit sites (ERESs) (16). The formation of the COPII vesicles is triggered by Sar1p-GDP
binding to the ER membrane. Sec12p, a guanine exchange factor, activates Sar1p by
exchanging GDP with GTP. This activation results in the recruitment of the Sec23pSec24p COPII inner coat protein complex onto the activated Sar1p-GTP and the binding
of the Sec24p subunit to the cargo protein that is to be translocated through the
secretory pathway (17). The complex of Sar1p-GTP, Sec23p-Sec24p, and the cargo is
called a prebudding complex. The prebudding complex accumulates at the ERESs, and
then the outer coat protein complex Sec13p-Sec31p binds to the prebudding complex.
The assembly of the intact COPII proteins ﬁnally results in the ﬁssion of a vesicle from
the ER membrane (18). The maturation of the COPII vesicle is accomplished by the
disassembly of the coated protein from the liposome, which is driven by the hydrolysis
of Sar1p-GTP. The coat proteins used in this process can be reused in a new round of
COPII assembly. Sec16p plays an important role in COPII-coated vesicle formation.
Sec16p accumulates at ERESs, serves as a scaffold for COPII vesicle assembly, interacts
with multiple COPII proteins, and negatively regulates the Sar1p-GTPase (19). However,
in S. cerevisiae, the level of Sec16p expression is lower than the level of expression of
the other COPII coat proteins and may therefore limit COPII vesicle formation (20).
The trafﬁcking process from the Golgi apparatus to the PM was previously elucidated (21). Sec2p, Sec4p, Sec15p, and Ypt32p are involved in this process. Sec2p is a
guanine exchange factor and locates at the Golgi membrane by binding to Ypt32p-GTP
and phosphatidyl inositol 4-phosphate [PI(4)P]. The Golgi-derived vesicle then detaches
from the Golgi membrane after Sec2p activation of the Rab GTPase Sec4p. The effector
Sec15p next is recruited to the complex. During the delivery, the conformation of Sec2p
changes with a decrease in the PI(4)P level, which enables the effector Sec15p to
substitute for Ypt32p-GTP on Sec2p. Sec2p then is phosphorylated, which drives the
reaction forward by strengthening the interaction between Sec2p and Sec15p and
preventing the binding of Sec2p to Ypt32p-GTP and PI(4)P (21).
Here, these genes (SAR1, SEC16, SEC2, SEC4, SEC15, and YPT32), which are involved
in vesicle formation and vesicle trafﬁcking, were overexpressed to increase protein
secretion. Among these genes, only the moderate overexpression of SEC16 was found
to signiﬁcantly increase ␣-amylase secretion. Transcriptome proﬁling and the physiological changes in the SEC16 overexpression strain were studied, and lower ER stress
and a greater number of ERESs were found in this strain. Furthermore, the moderate
overexpression of SEC16 increased the production of two other recombinant proteins,
the endoglucanase I from Trichoderma reesei and the glucan-1,4-␣-glucosidase from
Rhizopus oryzae. These results suggest that the moderate overexpression of SEC16 is a
general strategy for improving recombinant protein production in S. cerevisiae.
RESULTS
Moderate expression of SEC16 enhances protein secretion. In this study, we
deﬁne high expression as using a high-copy-number plasmid with strong promoters,
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FIG 1 Secreted ␣-amylase yield of strains that overexpress genes that are involved in ER-to-Golgi or
Golgi-to-membrane transport. The overexpressed genes are marked in red. **, P ⬍ 0.01. Measurements
are reported as the average values ⫾ standard deviations from independent triplicates.

moderate expression as using a low-copy-number plasmid or a single-copy integration
vector with strong promoters, and low expression as using a low-copy-number plasmid
or a single-copy integration vector with weak promoters. Both PTEF and PGPD are
reported to be strong promoters (22). With the objective being to enhance the capacity
of recombinant protein trafﬁcking, several genes that code for proteins that are
involved in transport from the ER to the Golgi apparatus or from the Golgi apparatus
to the PM were overexpressed using the centromeric plasmid p416TEF. SEC16 overexpression resulted in a 2-fold increase in the yield of secreted ␣-amylase (deﬁned as the
amount of secreted ␣-amylase per unit of dry cell weight [DCW]) over that of the
control strain; however, overexpression of the other trafﬁcking-related genes did not
result in a signiﬁcant increase in the ␣-amylase yield (Fig. 1; see also Table S1 in the
supplemental material). The SEC16 expression level was further increased to enhance
COPII formation by using the 2 high-copy-number plasmid p426TEF. However, the
␣-amylase yield of the strain with 2-SEC16 was reduced to the same level as that of
the reference strain (Fig. S1 and Table S1). To obtain a stable strain for further analysis,
the native SEC16 promoter in the chromosome was replaced with a strong constitutive
promoter, PGPD, resulting in the strain YIGS16, which moderately overexpresses SEC16.
Strain YIGS16 produced 2-fold greater secreted ␣-amylase yield than the wild-type
strain AACK did (Fig. S2). Another strong promoter, PTEF1, was used to drive the
overexpression of SEC16, but the ␣-amylase yield was approximately 30% lower than
when the PGPD promoter was used. The strain YIGS16 therefore was used for further
analysis.
Physiological characterization of YIGS16 in batch fermentation. The strains
YIGS16 and AACK were characterized in batch fermentations. Both strains produced
more ␣-amylase in bioreactors than in tubes due to the better control of the environmental conditions (pH, oxygen, temperature, etc.). The ﬁnal biomass yield of YIGS16
was approximately 10% lower than that of AACK, and the ␣-amylase titer of YIGS16 was
higher than that of AACK during the entire culture (Fig. 2a and b). The glucose
consumption rate of both strains was almost identical. At the end of the glucose phase
(when glucose is depleted), the ethanol titer for AACK was 2.1 g/liter, while it was 1.6
g/liter for YIGS16. In contrast, glycerol production was higher in strain YIGS16 (Fig. 2c).
Table 1 summarizes the physiological parameters of both strains. The maximum speciﬁc
growth rate of YIGS16 was slightly lower than that of AACK. The moderate overexpresJuly 2017 Volume 83 Issue 14 e03400-16
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FIG 2 Batch fermentation of strain YIGS16 and the control strain AACK. (a) The ﬁnal biomass, secreted amylase titer, and secreted amylase yield in batch
fermentation. (b) The time course of the biomass and secreted amylase titer. (c) The time course of glucose consumption and ethanol and glycerol production.
(d) The intracellular ␣-amylase amount and the intracellular percentages (calculated by dividing the intracellular ␣-amylase amount by the total amount of
␣-amylase) at six different time points. *, P ⬍ 0.05; **, P ⬍ 0.01. Measurements are reported as the average values ⫾ standard deviations from independent
quadruplicates.

sion of SEC16 resulted in a 54% increase in the speciﬁc ␣-amylase production rate and
a 65% increase in the yield of secreted ␣-amylase from glucose.
Lower percentage of intracellular ␣-amylase in YIGS16. To evaluate whether the
moderate overexpression of SEC16 affects the intracellular accumulation of ␣-amylase,
cell samples were analyzed at six different time points, including the early exponential
phase (optical density at 600 nm [OD600] of ⬇1), the end of the glucose phase, the
ethanol growth phase (when glucose is exhausted and ethanol is used as a carbon
source), the end of the ethanol phase (when ethanol is exhausted), the stationary
phase, and the end of the fermentation. The intracellular ␣-amylase level in AACK
increased from 60 U/g-DCW in the exponential phase to 140 U/g-DCW at the end of the

TABLE 1 Physiological parameters of AACK and YIGS16
Result fora:
Strain
AACK
YIGS16

max
rS
rP
Ys␣
rE
rG
0.249 ⫾ 0.004 1.35 ⫾ 0.04 103.6 ⫾ 14.5 80.6 ⫾ 9.4
0.163 ⫾ 0.004 0.205 ⫾ 0.008
0.233 ⫾ 0.008 1.26 ⫾ 0.04 159.9 ⫾ 12.0 132.2 ⫾ 6.4 0.122 ⫾ 0.011 0.200 ⫾ 0.006

a

⫺1) on glucose; r , speciﬁc glucose uptake rate [g/(g-DCW/h)];
max, maximum speciﬁc growth rate (h
S
rP, speciﬁc secreted ␣-amylase production rate [U/(g-DCW)/h] on glucose; Ys␣, yield of secreted ␣-amylase
from glucose (U/g); rE, speciﬁc ethanol production rate [g/(g-DCW)/h]; rG, speciﬁc glycerol production rate
[g/(g-DCW)/h]. Measurements are reported as the average value ⫾ standard deviation from independent
quadruplicates.
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FIG 3 Oxidative stress study. (a) Intracellular ROS level of strains Y1EK (wt), AACK (production of
␣-amylase in wt strain), Y6EK (SEC16 overexpression), and YIGS16 (production of ␣-amylase in SEC16
overexpression) in shake ﬂask cultivation. (b) The ﬁnal yield of ␣-amylase with different concentrations
of vitamin C (VC) supplied to the medium, with tube fermentation. *, P ⬍ 0.05; **, P ⬍ 0.01. Measurements are reported as the average values ⫾ standard deviations from independent triplicates (for ROS)
and duplicates (for VC test).

fermentation. The fraction of ␣-amylase that remained in AACK cells increased sharply
during the glucose phase and was then maintained at a stable level throughout the rest
of the fermentation (Fig. 2d). In contrast, the intracellular ␣-amylase content of YIGS16
remained at a relatively stable level during the whole process (from 110 U/g-DCW in the
glucose phase to 140 U/g-DCW at the end of the fermentation). Thus, the intracellular
␣-amylase levels in YIGS16 increased only slightly during growth on glucose, and
throughout fermentation, the fraction of the ␣-amylase that remained associated with
the cells was smaller (Fig. 2d).
Intracellular ␣-amylase degradation is the same in YIGS16 and AACK. The
secretion and degradation of the retained intracellular ␣-amylase in AACK and YIGS16
were determined to further quantify the protein secretory capacity of both strains. The
cells were incubated in SD-2xSCAA medium until the OD600 reached 1, at which point
they were transferred to a fresh carbon-source-free medium, S-2xSCAA, for 48 h. During
this time, the synthesis of ␣-amylase was limited due to the lack of a carbon source;
however, the residual intracellular ␣-amylase would continue to be secreted out of the
cells. The secretion of the residual intracellular ␣-amylase from YIGS16 was more than
2-fold higher than that from AACK. Furthermore, there was no signiﬁcant difference in
the degradation of the residual intracellular ␣-amylase between the AACK and YIGS16
strains (Table S2).
Moderate expression of SEC16 reduces ROS accumulation from heterologous
protein production. Heterologous protein production often results in the accumulation of reactive oxygen species (ROS) due to an increased demand for protein folding
in the ER (23). The ROS accumulation in Y1EK was set as 1 relative ﬂuorescence unit
(RFU) (Fig. 3a). When producing ␣-amylase in the wild-type background 530-1CK, the
ROS accumulation increased by 0.41 RFU (AACK versus Y1EK). However, the ROS
accumulation resulting from the production of ␣-amylase did not increase signiﬁcantly
in a strain that moderately overexpressed SEC16 (YIGS16 versus Y6EK), even though the
␣-amylase yield was 2-fold higher in YIGS16 than in AACK. Interestingly, the moderate
overexpression of SEC16 itself increased the intracellular ROS accumulation. The mechanisms behind this behavior are unknown, but this behavior may partly explain why the
overexpression of SEC16 with a high-copy-number plasmid did not increase ␣-amylase
production; a higher accumulation of ROS from the high-level expression of SEC16
could be harmful for the cell and for recombinant protein production.
Vitamin C is an antioxidant that can protect cells against the harmful effects of ROS
(24). To evaluate whether the reduction of the ROS level could beneﬁt ␣-amylase
July 2017 Volume 83 Issue 14 e03400-16
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FIG 4 Strain YIGS16 has more ERESs and a reduced amount of ER membrane compared to strain AACK. (a) Airyscan images showing
ERESs by the colocalization of Sec16-GFP and Sec13-RFP. SEC16 was fused with GFP, and SEC13 was fused with RFP in strains AACK
and YIGS16. (b) ER staining was performed, and the ER membrane changes were quantiﬁed by their ﬂuorescence intensity. *, P ⬍ 0.05;
**, P ⬍ 0.01. The data are reported as the mean values ⫾ standard deviations from independent triplicates.

production, different concentrations of vitamin C were added to the medium. The pH
of the medium was only slightly affected by the vitamin C since the medium was
buffered. The ␣-amylase yield of both strains increased when low concentrations of
vitamin C were added to medium (Fig. 3b). However, when the concentration of
vitamin C reached 5 mM, the ␣-amylase yield of AACK was less than that of the medium
supplied with 2 mM vitamin C (Fig. 3b). When the vitamin C concentration increased to
10 mM, the growth of both strains was strongly inhibited, and consequently the
␣-amylase titer was very low (data not shown). Thus, a moderate amount of antioxidant
helped cells resist the damage caused by ROS accumulation and was beneﬁcial for
protein production. The ␣-amylase yield in the AACK strain decreased 27% when the
vitamin C was increased from 2 to 5 mM.
More ERESs in YIGS16. To monitor the ERESs, green ﬂuorescent protein (GFP) and
red ﬂuorescent protein (RFP) were fused with the C termini of Sec16p and Sec13p,
respectively. Sec13p is an outer coat protein of the COPII vesicles and colocalizes with
Sec16p at the ERESs (25). The ﬂuorescence signal intensity of SEC16-GFP in YIGS1616G13R was approximately 5-fold higher than that in AACK-16G13R (Fig. 4a and Fig.
S3), which conﬁrms that the level of Sec16p is increased in YIGS16. The RFP signal
intensity in YIGS16-16G13R was also stronger than that in AACK-16G13R, although the
mRNA level of SEC13 was about the same in AACK and in YIGS16 (Table S3). This result
might have occurred because more Sec13p in YIGS16 participated in COPII vesicle
formation and therefore less Sec13p was directed to degradation.
The YIGS16 strain has a reduced amount of ER membrane. As Sec16p is a
peripheral ER protein that is involved in transport from the ER to the Golgi apparatus,
we wondered if the moderate overexpression of SEC16 affected the amount of ER
membrane. The ER membranes of Y1EK, AACK, Y6EK, and YIGS16 were detected using
an ER membrane dye, the ER-tracker blue-white DPX (26). When the yeast cells
produced ␣-amylase (AACK), the ER membrane expanded by approximately 25% (Fig.
4b). However, when the cells overexpressed only SEC16, the amount of ER membrane
that was produced was similar to that of the control strain. Interestingly, when
producing ␣-amylase in the SEC16 moderate expression strain (YIGS16), the amount of
ER membrane that was produced was smaller than that of the AACK strain. Additionally,
we detected a smaller amount of Kar2p in the extracellular medium of YIGS16 than in
that of AACK (Fig. S4). Kar2p is an ER resident protein. The abundance of Kar2p
increases when UPR is activated to assist protein folding (27), and the secretion of Kar2p
is a result of an impaired secretory pathway (28).
Transcriptome analysis. To understand the global gene expression in the engineered strain, a transcriptome analysis was performed on samples from the glucose
July 2017 Volume 83 Issue 14 e03400-16
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FIG 5 Principal component analysis (PCA) of AG (transcriptome of AACK in the glucose phase), SG
(transcriptome of YIGS16 in the glucose phase), AE (transcriptome of AACK in the ethanol phase), and SE
(transcriptome of YIGS16 in the ethanol phase).

growth phase and the ethanol growth phase. A principal component analysis showed
that the genes of YIGS16 had signiﬁcantly different expression levels than those of the
AACK strain in both growth phases (Fig. 5 and Fig. S5). Even though SEC16 was
intentionally moderately overexpressed, the expression levels of 612 (Table S3) and 579
(Table S4) genes changed signiﬁcantly more than 2-fold in the glucose phase and the
ethanol phase, respectively. In total, 203 gene transcript levels changed signiﬁcantly
more than 2-fold [log2(fold change) of ⱕ⫺1 or log2(fold change) of ⱖ1 and an adjusted
P value of ⬍0.05] in both phases (Table S5). Many of these 203 genes were involved in
three processes: cell wall organization, trafﬁcking, and the cell cycle.
To better understand the process underlying these results, reporter gene ontology
(GO) term and reporter transcription factor (TF) analyses were performed using the
transcriptome data for the glucose phase. The reporter transcription factor analysis was
used to show transcript level changes of genes known to be regulated by certain
transcription factors. TFs were scored by the modulation in the expression levels of the
genes that were controlled by the same TF. These GO terms (Fig. 6) and reporter TFs
(Fig. S6) reﬂect the cellular processes that changed signiﬁcantly when SEC16 is moderately overexpressed. From the reporter TF analysis, genes such as ENO1/2, PGK1,
TDH3, and CDC19, which are regulated by the glycolytic transcriptional activators Tye7p
and Gcr1p, were found to be downregulated, indicating changes in the carbohydrate

FIG 6 Reporter GO term analysis of transcriptome proﬁling in the glucose phase. The nodes represent GO terms, and the thickness of the edges correlate to
the number of shared genes. The size of the nodes represents the number of genes within the GO terms.
July 2017 Volume 83 Issue 14 e03400-16
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metabolism of strain YIGS16 (Fig. S6). This downregulation can be explained by the
expression levels of TYE7 and GCR1 themselves, as they were downregulated approximately 2.6-fold and 2-fold, respectively (Table S3).
The heat shock response (HSR), which is regulated by the transcription factor HSF1,
has been reported to relieve ER stress (29), and the constitutive activation of HSR
through the HSF1 mutation HSF1-R206S can improve protein secretion (30). Interestingly, less HSR may be present in YIGS16, because the reporter TF analysis found that
genes such as YOP1, DDR2, and HSP104, which are regulated by Hsf1p, were downregulated (Fig. S6).
The UPR is activated by an increase in ER stress when unfolded proteins accumulate
there. The transcription factors Hac1p and Gcn4p co-upregulate the expression of
hundreds of genes in response to the UPR (31). From our transcriptome analysis, we
found that approximately 50% of the genes that are coregulated by Hac1p and Gcn4p
were downregulated in YIGS16 during its growth on glucose (Table S6). Moreover,
some genes that are required for protein folding were also downregulated, such as
CNE1, STI1, SSE2, SSA4, and SIS1 (30). This relationship indicates that the moderate
overexpression of SEC16 resulted in less ER stress and provided better conditions for
protein folding.
We performed a similar analysis on the transcriptome data from the ethanol growth
phase and found similar results, thus showing that the moderate overexpression of
SEC16 has the same effect during both fermentative and respiratory metabolism (Fig. S7
and S8).
Moderate expression of SEC16 results in fewer mitochondria. Based on the
transcriptome analysis, we found that several key genes, such as ACC1, FAA1, FAA2,
FAA4, and MSS4 (32), which are involved in lipid metabolism, were signiﬁcantly up- or
downregulated due to the moderate overexpression of SEC16 (Table S3). Mitochondrial
biogenesis is tightly related to lipid metabolism (33); hence, mitochondrial biogenesis
may be affected in the SEC16 moderate expression strain. Furthermore, the higher
accumulation of ROS in the SEC16 moderate expression strain may stimulate lipid
peroxidation, which can also affect mitochondrial organization and function (34). We
therefore examined the mitochondria in the strains and found that there were fewer
mitochondria in YIGS16 than in AACK (Fig. S9a and S9b). From the reporter GO term
analysis, the transcript levels of the genes involved in mitochondrial translation and
mitochondrial organization were signiﬁcantly downregulated (Fig. 6). This observation
conﬁrmed our speculation that the mitochondrial function is reduced in YIGS16, which
may be due to a combined effect of high ROS accumulation and dysregulated lipid
metabolism. The presence of fewer mitochondria is in agreement with the reduced
respiration of YIGS16.
General effect on secretion of other recombinant proteins. To investigate
whether the moderate overexpression of SEC16 can increase the production of other
recombinant proteins, two heterologous fungal proteins, endoglucanase I from T. reesei
and glucan-1,4-␣-glucosidase from R. oryzae, were also evaluated. There were higher
yields of both proteins in the SEC16 moderate overexpression strain than in the
corresponding reference strain (Fig. 7). This result conﬁrmed the importance of ER-toGolgi transport in protein secretion and showed that the moderate overexpression of
SEC16 may be a general strategy for increasing the secretion of recombinant proteins.
DISCUSSION
The effects of overexpressing several different secretion-related proteins on the
production of ␣-amylase were determined. We found that only moderate overexpression of SEC16 signiﬁcantly increased the ␣-amylase production. It has been reported
that overexpression of SAR1, which is also involved in COPII formation in transport from
the ER to the Golgi apparatus, can partially complement the loss of function of an SEC16
mutation (sec16-2) (35). However, the overexpression of SAR1 did not increase
␣-amylase secretion in our study, suggesting a limitation of Sec16p in the recruitment
step. Moreover, ␣-amylase secretion is not signiﬁcantly increased when target genes
July 2017 Volume 83 Issue 14 e03400-16
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FIG 7 Secretion of two recombinant proteins, endoglucanase and glucan 1,4-␣-glucosidase, in the
wild-type and SEC16 overexpression strains. ***, P ⬍ 0.001. The data are reported as the mean values ⫾
standard deviations from independent quadruplicates.

that are involved in Golgi-to-plasma membrane transport are overexpressed (Fig. 1),
indicating that the transport from the Golgi apparatus to the PM is not the primary
limiting step in the reference strain. When SEC16 was overexpressed by a high-copynumber plasmid with a strong promoter, there was no signiﬁcant increase in heterologous protein secretion. This result is consistent with previous ﬁndings that showed
that the deletion of SEC16 or the overexpression of SEC16 by a high-copy-number
plasmid would block transport from the ER to the Golgi apparatus or even be lethal for
the cell (36). Thus, clearly, the expression level of Sec16p must be tuned to a suitable
level to ensure efﬁcient transport from the ER to the Golgi apparatus. A similar
phenomenon is also observed in mammalian cells, which require an appropriate
amount of Sec16p to maintain ER-to-Golgi transport (37).
In our bioreactor experiment, we found that the moderate overexpression of SEC16
lowered the speciﬁc growth rate and the ﬁnal biomass that was reached during culture.
Meanwhile, the lower ethanol and higher glycerol production in the SEC16 overexpression strain, compared with the reference strain, implied that the redox balance was
maintained differently in YIGS16 than in AACK. Intracellular ␣-amylase samples of both
strains taken at six different time points during the fermentations were analyzed. The
increase in the intracellular ␣-amylase levels (from 110 U/g-DCW to 140 U/g-DCW) in
YIGS16 during the fermentation process was much less than the increase (from 60
U/g-DCW to 140 U/g-DCW) in AACK, which suggests that the moderate overexpression
of SEC16 provides a higher secretion capacity. The amounts of residual intracellular
␣-amylase also conﬁrm the improved secretion capacity in the SEC16 moderate overexpression strain. The relatively stable intracellular ␣-amylase levels during the fermentations, combined with the lack of a signiﬁcant change in the degradation of residual
intracellular ␣-amylase in YIGS16, indicate that the secretory capacity in YIGS16
matches protein synthesis throughout the whole fermentation process. In contrast, the
secretory capacity of AACK may lag behind its protein synthesis, as the concentration
of intracellular ␣-amylase increased during the fermentation.
Since Sec16p mediates COPII-coated vesicle formation, it colocalizes with COPII coat
proteins at the ERESs and is related to ERES organization (19, 25, 38). In Pichia pastoris,
the abundance of Sec16p is lower than that of Sec13p, which is an essential COPII
protein; however, the overexpression of SEC16 does not further increase the number of
ERESs in P. pastoris (38). This lack of change is because the number of ERESs is relatively
constant in P. pastoris, and each ERES is associated with a Golgi stack. The situation is
different in S. cerevisiae, which has small and numerous ERESs (19). Feizi et al. reported
that Sec16p in S. cerevisiae is present at lower levels than other COPII proteins (20).
Airyscan images showed an increased number of ERESs in the SEC16 moderate overexpression strain. The increase in ␣-amylase production from overexpressing SEC16
may be due to the increased number of ERESs in S. cerevisiae. When the abundance of
Sec16p increases, the number of ERESs increases; this change increases COPII formation
and thus facilitates the translocation of ␣-amylase from the ER to the Golgi apparatus.
ER expansion helps to alleviate the ER stress of the cell (39–41). Schuck et al. found
that a hac1⌬ yeast strain was unable to properly expand its ER membrane and increase
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chaperone levels. The yeast strain with the HAC1 deletion was hypersensitive to
tunicamycin, which introduces ER stress to the cells (39). However, the deletion of OPI1,
a transcriptional regulator that negatively mediates phospholipid biosynthesis by
binding to the Ino2p/Ino4p complex, or the overexpression of INO2, a transcriptional
activator of lipid biosynthesis, and its Opi1p-insensitive variant ino2(L119A) enhanced
the ER stress tolerance of the hac1⌬ mutant by expanding the ER (39). In our study,
SEC16 moderate overexpression resulted in a less-expanded ER than was found in
AACK. The moderate overexpression of SEC16 generated more ROS in yeast cells (Y1EK
versus Y6EK), but fewer ROS were produced by recombinant protein production in the
SEC16 moderate overexpression strain (AACK-Y1EK versus YIGS16-Y6EK), although the
secretion of the ␣-amylase was higher in YIGS16 than in AACK. The transcriptome
analysis showed that half of the genes that are coregulated by Hac1p and Gcn4p were
signiﬁcantly downregulated, and some ER chaperones, such as Kar2p, Pdi1p, and Lhs1p,
had similar expression levels in YIGS16 and AACK (Table S7). These results suggest that
fewer ROS were generated from recombinant protein production in YIGS16 than in
AACK. Another explanation for the less-expanded ER in YIGS16 is that the increased
COPII vesicle transport delivered more lipids from the ER to the Golgi apparatus in this
strain compared with the reference strain.
Conclusions. In summary, we report that the moderate overexpression of SEC16
increases recombinant protein secretion in S. cerevisiae. An increased number of ERESs
and a reduced level of ER stress are the mechanisms that enable this phenomenon. The
ﬁndings demonstrate a new strategy to increase protein secretion that can be combined with other targets to engineer cell factories for the efﬁcient production of protein
in the future.
MATERIALS AND METHODS
Strain and plasmid construction. The strains and plasmids used in this study are listed in Table 2.
The primers used in this study are listed in Table 3. The plasmid p416TEFSAR1 was constructed as follows.
(i) The SAR1 gene was ampliﬁed from the CEN.PK530-1C genome by using the primers sar1F and sar1R;
(ii) the plasmid backbone was ampliﬁed using p416TEF-PTEF-F and p416TEF-TCYC1-R; and (iii) the SAR1
gene fragment was ligated with the plasmid backbone by Gibson Assembly (42). The other plasmids,
p416TEFSEC16, p416TEFSEC2, p416TEFSEC4, p416TEFSEC15, p416TEFYPT32, and p426TEFSEC16, were
constructed in the same manner. The plasmid pAlphaTrEG was constructed as follows. (i) The endoglucanase gene from T. reesei with the yeast alpha factor leader sequence was synthesized by GenScript and
ampliﬁed using primers KpnI-alpha-leader-F and XhoI-cellulase-R, resulting in fragment alphaTrEG; (ii) the
alphaTrEG fragment was digested with KpnI and XhoI and inserted into the corresponding sites of the
vector CPOTud. The yeast strains YPAE, YPASAR1, YPASEC2, YPASEC4, YPASEC15, YPASEC16, YPAYPT32,
YPA2uE, and YPA2uSEC16 were constructed by cotransforming pAlphaAmyCPOT with the plasmids
p416TEF, p416TEFSAR1, p416TEFSEC2, p416TEFSEC2, p416TEFSEC15, p416TEFSEC16, p416TEFYPT32,
p426TEF, and p426TEFSEC16, respectively, into CEN.PK 530-1D.
The promoter replacement cassette SL-amdSYM-GPD-SR was constructed as follows. The left arm, SL,
which is homologous to the 5= upstream region of the SEC16 native promoter, was ampliﬁed by the
primer pair SEC16pro-L-F and SEC16pro-L-R based on the yeast genome; the right arm, SR, which is
homologous to the 3= downstream region of the SEC16 native promoter, was ampliﬁed by the primer pair
SEC16pro-R-F and SEC16pro-R-R based on the yeast genome; the selection marker amdSYM was
ampliﬁed from plasmid pamdSYM by the primers amdSYM-F and amdSYM-R; the GPD promoter was
ampliﬁed from the yeast genome by GPDpro-F and GPDpro-R; all four of these parts were fused together
by fusion PCR, resulting in the fragment SL-amdSYM-GPD-SR. The replacement of the SEC16 native
promoter by the GPD promoter was completed by transforming the replacement cassette SL-amdSYMGPD-SR into the cell. The amdSYM marker was removed from the genome by transformation of a
marker-free fragment (SL-GPD), and transformants were selected by counterselecting on a ﬂuoroacetamide plate.
The yeast CEN.PK 530-6CK was generated by eliminating the plasmid pAlphaAmyCPOT from YIGS16
in yeast extract-peptone-ethanol (YPE). The yeast AACK-16G13R was constructed by fusing enhanced
green ﬂuorescent protein (EGFP) to the C= terminus of Sec16p and RFP to the C= terminus of Sec13p. The
yeast YIGS16-16G13R was constructed in the same way as AACK-16G13R.
Media. The yeast extract-peptone-dextrose (YPD) medium contained 10 g/liter yeast extract, 20
g/liter peptone, and 20 g/liter glucose. The YPE medium contained 10 g/liter yeast extract, 20 g/liter
peptone, 10 g/liter ethanol, and 0.5 g/liter glucose. The SD-URA medium contained 6.9 g/liter yeast
nitrogen base without amino acids (YNB w/o AA), 0.77 g/liter CSM-URA, and 20 g/liter glucose. The
␣-amylase production experiment was performed with SD-2xSCAA medium (35), which contained 20
g/liter glucose, 6.9 g/liter YNB w/o AA, 190 mg/liter Arg, 400 mg/liter Asp, 1,260 mg/liter Glu, 130 mg/liter
Gly, 140 mg/liter His, 290 mg/liter Ile, 400 mg/liter Leu, 440 mg/liter Lys, 108 mg/liter Met, 200 mg/liter
Phe, 220 mg/liter Thr, 40 mg/liter Trp, 52 mg/liter Tyr, 380 mg/liter Val, 1 g/liter bovine serum albumin
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TABLE 2 Plasmids and strains used in this study
Name
Plasmids
CPOTud
pAlphaAmyCPOT
p416TEF
p426TEF
p416TEF-SAR1
p416TEF-SEC16
p416TEF-SEC2
p416TEF-SEC4
p416TEF-SEC15
p416TEF-YPT32
p426TEF-SEC16
pAlphaTrEGCPOT
pCP-aGLA

Strains
CEN.PK530-1C
CEN.PK530-1CK
CEN.PK530-1D
CEN.PK530-6CK
YPAE
YPASAR1
YPASEC16
YPASEC2
YPASEC4
YPAYPT32
YPA2uE
YPA2uSEC16
AACK
YIGS16
AACK-16G13R
YIGS16-16G13R
Y1EK
Y6EK

Description
TPI promoter and terminator from S. cerevisiae, POT
marker from Schizosaccharomyces pombe (2)
␣-Factor leader with ␣-amylase gene inserted into
CPOTud
TEF1 promoter (centromeric)
TEF1 promoter (2)
PTEF1-SAR1
PTEF1-SEC16
PTEF1-SEC2
PTEF1-SEC4
PTEF1-SEC15
PTEF1-YPT32
PTEF1-SEC16 (2)
␣-Factor leader with endoglucanase I gene inserted into
CPOTud
␣-Factor leader with glucan 1,4-␣-glucosidase gene
inserted into CPOTud

MATa URA3 HIS3 LEU2 TRP1 SUC2 MAL2-8c
tpi1(41-707)::loxP-KanMX4-loxP
MATa URA3 HIS3 LEU2 TRP1 SUC2 MAL2-8c
tpi1(41-707)::loxP
MATa ura3-52 HIS3 LEU2 TRP1 SUC2 MAL2-8c
tpi1(41-707)::loxP-KanMX4-loxP
MATa URA3 HIS3 LEU2 TRP1 SUC2 MAL2-8c tpi1(41-707)::
loxP PGPD-SEC16
CEN.PK530-1D with pAlphaAmyCPOT and p416TEF
CEN.PK530-1D with pAlphaAmyCPOT and p416TEF-SAR1
CEN.PK530-1D with pAlphaAmyCPOT and p416TEF-SEC16
CEN.PK530-1D with pAlphaAmyCPOT and p416TEF-SEC2
CEN.PK530-1D with pAlphaAmyCPOT and p416TEF-SEC4
CEN.PK530-1D with pAlphaAmyCPOT and p416TEF-YPT32
CEN.PK530-1D with pAlphaAmyCPOT and p426TEF
CEN.PK530-1D with pAlphaAmyCPOT and p426TEF-SEC16
CEN.PK530-1CK with pAlphaAmyCPOT
CEN.PK530-6CK with pAlphaAmyCPOT
AACK SEC16-GFP; SEC13-RFP
YIGS16 SEC16-GFP; SEC13-RFP
CEN.PK530-1CK with CPOTud
CEN.PK530-6CK with CPOTud

Origin or
reference
7
7
22
22
This
This
This
This
This
This
This
This

study
study
study
study
study
study
study
study

3

7
This study
6
This study
This
This
This
This
This
This
This
This
This
This
This
This
This
This

study
study
study
study
study
study
study
study
study
study
study
study
study
study

(BSA), 5.4 g/liter Na2HPO4, and 8.56 g/liter NaH2PO4 · H2O (pH 6.0 by NaOH). In the bioreactor batch
fermentations, SD-2xSCAA medium was used. Strains were inoculated into 600 ml of SD-2xSCAA medium
in a 1-liter bioreactor (DasGip, Jülich, Germany) with an initial OD of 0.02 to 0.032. The bioreactor system
was run at 30°C, 600 rpm, and 36 liters/h airﬂow, and the pH value was maintained at 6 by the addition
of NaOH. In the intracellular ␣-amylase degradation test, the components of S-2xSCAA medium are the
same as those of SD-2xSCAA, except for the lack of glucose. In the vitamin C test, a vitamin C stock (500
mM) was sterilized by ﬁltration and added to the SD-2xSCAA medium to reach the desired experimental
concentrations.
Physiological characterization. The dry cell weight and the concentrations of glucose, ethanol, and
glycerol were measured as described previously (6). A summit high-pressure liquid chromatograph
(Dionex, Sunnyvale, CA, USA) was used with an Aminex HPX-87H column (Bio-Rad, Hercules, CA, USA) at
65°C, using 5 mM H2SO4 as the mobile phase at a ﬂow rate of 0.6 ml/min.
Enzyme quantiﬁcation. The enzyme activity of ␣-amylase in the medium was measured using an
␣-amylase assay kit (K-CERA; Megazyme, Wicklow, Ireland), and ␣-amylase from Aspergillus oryzae (Sigma,
St. Louis, MO, USA) was used as a standard. The enzyme activity of the endoglucanase was measured
using a cellulase assay kit (K-CELLG3; Megazyme, Wicklow, Ireland) at 50°C for 10 min. The enzyme
activity of the glucan 1,4-␣-glucosidase was measured using an amyloglucosidase assay kit (R-AMGR3;
Megazyme, Wicklow, Ireland).
Degradation and secretion of intracellular ␣-amylase. The seed cultures of the AACK and YIGS16
strains were individually transferred to 100 ml of SD-2xSCAA medium, and the secondary cultures were
incubated at 30°C. When the OD600 of the secondary cultures reached 1, yeast cells were collected from
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TABLE 3 Primers used in this study
Name
sar1F
sar1R
p416TEF-PTEF-F
p416TEF-TCYC1-R
sec2F
sec2R
sec4F
sec4R
sec15F
sec15R
sec16F
sec16R
ypt32F
ypt32R
Psec16-GPD-R
Psec16-GPD-F
SEC16pro-L-F
SEC16pro-L-R
amdSYM-F
amdSYM-R
SEC16pro-rec-F
SEC16pro-rec-R
GPDpro-F
GPDpro-R
SEC16pro-R-F
SEC16pro-R-R
sec16-end-w/o TAA-F
sec16-end-w/o TAA-R
sec16-G4S-GFP-F
GFP-R
GFP-tSEC16-F
tSEC16-R
tSEC16-amds-f
amds-R
amds-tSEC16-overlap-f
tSEC16-overlap-R
sec13-end-w/o TAA-F
sec13-end-w/o TAA-R
sec13-G4S-RFP-F
RFP-R
RFP-tSEC13-F
tSEC13-R
tSEC13-amds-f
amds-R
amds-tSEC13-overlap-f
tSEC13-overlap-R
KpnI-alpha-leader-F
XhoI-cellulase-R
qpcr-ACT1-F
qpcr-ACT1-R
qpcr-sar1-f
qpcr-sar1-r
qpcr-sec2-f
qpcr-sec2-r
qpcr-sec4-f
qpcr-sec4-r
qpcr-sec15-f
qpcr-sec15-r
qpcr-ypt32-f
qpcr-ypt32-r
qpcr-sec16-f
qpcr-sec16-r

Sequence (5= to 3=)
GCAATCTAATCTAAGTTTTCTAGAACTAGTGGATCCCCCGGGAACAAAATGGCTGGTTGGGATATTTTTGGTTGGTTCAGAGA
TGTGTTGGCTTCCCTTGGTCTGTGGA
CATAACTAATTACATGACTCGAGGTCGACGGTATCGATAAGCTTGTTAAATATATTGAGATAACCATTGGAACGCCT
CCGGGGGATCCACTAGTTC
CAAGCTTATCGATACCGTCG
GCATAGCAATCTAATCTAAGTTTTCTAGAACTAGTGGATCCAACAAAATGGATGCTTCTGAGGAAGCAAA
CATAACTAATTACATGACTCGAGGTCGACGGTATCGATAAGCTTGTTATTGCTGTTCCTGGGCATC
GCATAGCAATCTAATCTAAGTTTTCTAGAACTAGTGGATCCAACAAAATGTCAGGCTTGAGAACTGTTTC
CGTGACATAACTAATTACATGACTCGAGGTCGACGGTATCGATTCAACAGCAATTTGATTTAGAAC
GCATAGCAATCTAATCTAAGTTTTCTAGAACTAGTGGATCCAACAAAATGGACCAAGAAGGCCAGCCAGTT
GCGTGACATAACTAATTACATGACTCGAGGTCGACGGTATCGATTTAACGTCTATTAAAAAATTTGGC
GCATAGCAATCTAATCTAAGTTTTCTAGAACTAGTGGATCCAACAAAATGACACCTGAAGCCAAGAA
CGTGACATAACTAATTACATGACTCGAGGTCGACGGTATCGATTTATTGTATGTTATCCATTAC
GCATAGCAATCTAATCTAAGTTTTCTAGAACTAGTGGATCCAACAAAATGAGCAACGAAGATTACGG
GCGTGACATAACTAATTACATGACTCGAGGTCGACGGTATCGATTTAACAACAGTTGCTGGAT
ATTATTTACGTATTCTTTGAAATGGCGAGTATTGATAATGATAAACTGAGAGAAGGAGAAAGCACTTAAAAG
CTTCTTTTAAGTGCTTTCTCCTTCTCTCAGTTTATCATTATCAATACTCGCCATTTC
GTCAGGGTGTTCTTCGATTTTCC
GTCAAGGAGGGTATTCTGGGCCTCCATGTCATGGCTCGTCATGGAAAAGGCC
GACATGGAGGCCCAGAATAC
CAGTATAGCG ACCAGCATTC
GTATGTGAATGCTGGTCGCTATACTGTCGGTTAACCTTGGTTGTTGC
ATGGCTCGTCATGGAAAAGGCC
GTTAGTTTTTGGGCCTTTTCCATGACGAGCCATAGTTTATCATTATCAATACTCGCCATTTCAAAGAATACG
GGTTTTTCCTTTTCTTGGCTTCAGGTGTCATTTTGTTATCCGTCGAAACTAAGTTCTGGTGTTTTAAAACTAAAAAAAAGAC
ATGACACCTGAAGCCAAGAAAAGGAAAAACCAAAAGAAG
CTCTTCGTATTCTTGAGACATGGC
GGTTGGTTGAAGAAAGATACTGGC
TTGTATGTTATCCATTACATTAACATAGCC
GAAGAAAACAGCGAGAGGCTATGTTAATGTAATGGATAACATACAAGGTGGAGGTGGATCTATGCGAATCCCCGGGTTAATTAAC
CTATTTGTATAGTTCATCCATGCCATGTG
GCTGCTGGGATTACACATGGCATGGATGAACTATACAAATAGTTATAGTAATACGTTTTTCTTTCATGGTACCC
GGTATGATAGAATAATATTAGTATAAGCAAAGTTTCAG
GATGAATGCGATCTGAAACTTTGCTTATACTAATATTATTCTATCATACCGACATGGAGGCCCAGAATACCCTCC
CAGTATAGCGACCAGCATTCACATACG
GAAAGTAATATCATGCGTCAATCGTATGTGAATGCTGGTCGCTATACTGTTATAGTAATACGTTTTTCTTTCATGGTACCC
AGTACAAGACTTTTCAAATGCTAACG
CCATTGGCGTTAACTCTGCTTC
CTGATGAACTTCACCAGCGGGTTC
GGAAAATCTTGAGGGTAAATGGGAACCCGCTGGTGAAGTTCATCAGGGAGGAGGTGGTTCTATGGCCTCCTCCGAGGACGTCATC
TTAGGCGCCGGTGGAGTGGCGGCCC
GTGGAACAGTACGAGCGCGCCGAGGGCCGCCACTCCACCGGCGCCTAAAGAGTATCAAGAATTTAAAATGAAACATCTCA
AAAGAAAAAAG
GTTCGCTTGTTTTTGTATAAGAAATATCTATGAC
CTTCTTATATTAATATTGTCATAGATATTTCTTATACAAAAACAAGCGAACGACATGGAGGCCCAGAATACCCTCC
CAGTATAGCGACCAGCATTCACATACG
GAAAGTAATATCATGCGTCAATCGTATGTGAATGCTGGTCGCTATACTGAGAGTATCAAGAATTTAAAATGAAACATCTCA
AAAGAAAAAAG
GGATGTTGGGAGGAGATGCTGTCG
AAGGTACCAACAAAATGAGATTTCCATCTATTTTTACTGC
GAAAAGAAGATAATATTTTTATATAATTATATTAATCTTAGTTTCTAG
GCCTTCTACGTTTCCATCCA
GGCCAAATCGATTCTCAAAA
AGCTCGTCGTTTATGGAAGGA
GCGTTTGGAGCATCGATCTT
GTGTTTGCTAAAGTTGCGGC
ACCCTGCTGTCTCTTTTGGT
TGGTGATTCTGGTGTTGGGA
CCAGCGGTATCCCAAAGTTG
TGCATGACACACCAAGTACA
ACACCGTTGGCATTTGGAAA
CAGTACCAACCGATGAAGCG
CCGACCCGCTTAAGTCTACT
ACGTTCAGGCCCCATCAATA
GGGAGAGGATGGTGATGGAG
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20 ml of culture by centrifugation. Cell pellets were washed twice with S-2xSCAA medium and then
resuspended in 20 ml of S-2xSCAA medium. The cells were incubated at 30°C for another 48 h at a speed
of 200 rpm. The amount of degraded ␣-amylase was the difference between the amount of intracellular
␣-amylase at the beginning and the sum of the amounts of intracellular and extracellular ␣-amylase after
48 h. The amount of secreted ␣-amylase was equal to the amount of extracellular ␣-amylase after 48 h.
The amount of residual ␣-amylase was equal to the amount of intracellular ␣-amylase after 48 h.
Intracellular ␣-amylase extraction. Yeast cells from 1 ml of culture were harvested, washed with
1⫻ phosphate-buffered solution (pH 7.4) (PBS) twice, and then resuspended in 1 ml of PBS with 10 l
of Halt protease inhibitor cocktail (Thermo Fisher, Waltham, MA, USA). A 500-l cell resuspension aliquot
was transferred to 1.0-mm silica spheres in a lysing matrix tube (MP Biomedicals, Santa Ana, CA, USA).
The cells were lysed using a FastPrep-24 tissue and cell homogenizer (MP Biomedicals, Santa Ana, CA,
USA) for 2 min at 6.5 m/s. The cells were put on ice during the 5-min interval between the two runs. The
supernatant was collected for ␣-amylase quantiﬁcation by centrifugation at 16,000 ⫻ g for 5 min. The
supernatant includes cell wall-associated and intracellular ␣-amylase.
Transcriptome analysis. AACK and YIGS16 cells were collected at an OD600 of ⬇1 (22.2 h for AACK
and 21 h for YIGS16) in the glucose phase during batch fermentation for RNA extraction and the
subsequent transcriptome proﬁling. For the transcriptome proﬁling of cells harvested in the ethanol
phase, the cells were collected at 44.5 h (for AACK) and 47 h (for YIGS16). The total RNA was extracted
by using an RNeasy kit (Qiagen, Valencia, CA, USA). The RNA samples were prepared using the TruSeq
mRNA sample preparation kit (Illumina, San Diego, CA, USA) and sequenced with a mid-output ﬂow cell
using the NextSeq run 2 ⫻ 75 method (Illumina, San Diego, CA, USA). The raw RNA sequencing (RNA-seq)
data were processed by Bowtie2 (43), SAMTools (44, 45), and BEDTools (46) for aligning raw counts. The
differentially expressed transcripts were analyzed using the DESeq R package (47). The reporter GO terms
and reporter transcription factor analyses were performed using the PIANO R package (48).
ROS detection. The cells for the ROS detection experiments were cultivated in shake ﬂasks and
harvested at an OD600 of ⬇1. The cells then were washed twice with PBS and once with 50 mM SCB
(sodium citrate buffer, pH 5). The cell pellets were resuspended in 1 ml of SCB containing 1 l of 50 mM
dihydrorhodamine 123 (Thermo Fisher, Waltham, MA, USA) and were then incubated in the dark for 30
min at room temperature. After incubation, the cells were washed twice with SCB and resuspended in
1 ml of SCB. Two-hundred-microliter aliquots of the cell suspensions were loaded into wells of a 96-well
black plate for ﬂuorescence measurements with a ﬂuorescence microplate reader (FLUOstar Omega; BMG
Labtech, Germany) equipped with a 485-nm excitation ﬁlter and a 520-nm emission ﬁlter.
ER staining. The cells for the ER staining experiments were cultivated in shake ﬂasks and harvested
at an OD600 of ⬇1. The cells then were washed twice with PBS and once with Hanks’ balanced salt
solution without phenol red (HBSS). The cell pellets were resuspended in 1 ml of HBSS that contained 5
l of ER-tracker blue-white and incubated for 30 min at 30°C. After their incubation, the cells were
washed twice with HBSS and resuspended in 1 ml of HBSS. Two-hundred-microliter aliquots of each
sample were loaded into the wells of a 96-well black plate for ﬂuorescence measurements with a
ﬂuorescence microplate reader equipped with a 355-nm excitation ﬁlter and a 590-nm emission ﬁlter.
Kar2p detection. The AACK and YIGS16 cells were cultivated in SD-2xSCAA medium for 96 h using
tube fermentation. The supernatant then was harvested by centrifugation at 16,000 ⫻ g for 5 min, and
the extracellular Kar2p in the supernatant was detected by Western blotting. The rabbit polyclonal
antibody Kar2 (y-115) (Santa-Cruz, CA, USA) was used as the primary antibody, and goat anti-rabbit
IgG-horseradish peroxidase (Santa-Cruz, CA, USA) was used as the secondary antibody for the Western
blot.
Mitochondrial staining. The mitochondrial staining method was described in a previous publication
(49). Brieﬂy, the cells were cultivated in SD-2xSCAA medium using tube fermentation and harvested
when the OD600 was ⬇1. The cells then were resuspended in 10 mM HEPES buffer (pH 7.4, 5% glucose
with 100 nM MitoTracker Green FM; Thermo Fisher, Waltham, MA, USA) and incubated in the dark for 30
min at room temperature. After their incubation, the cells were resuspended in 10 mM HEPES without
MitoTracker Green FM and were observed with a Leica DMI4000 B ﬂuorescence microscope (Leica,
Wetzlar, Germany) with differential interference contrast and GFP ﬁlters. Aliquots of the cell suspensions
(200 l) were loaded into the wells of a 96-well black plate for ﬂuorescence measurement by a
ﬂuorescence microplate reader with a 485-nm excitation ﬁlter and a 520-nm emission ﬁlter.
Airyscan imaging. The AACK and YIGS16 cells were incubated in SD-2xSCAA medium and harvested
when the OD600 reached 1. The cells then were washed twice with PBS. The ERES colocalization was
observed with an LSM 880 with an Airyscan (Carl Zeiss, Jena, Germany) system at room temperature with
a Plan-Apochromat 63⫻/1.45 oil DIC M27 objective. Light with wavelengths of 561 nm and 488 nm were
used to excite the RFP and GFP, respectively. The emission wavelengths used for RFP and GFP detection
were 579 nm and 523 nm, respectively.
Fluorescence signal detection of ERESs. The samples were incubated in tubes in the SD-2xSCAA
medium. The samples were collected when the OD600 reached 1. The samples then were washed twice
with PBS, and the OD of samples was adjusted to exactly 1. An aliquot of each sample (200 l) was loaded
into each well. The experiment was performed with a 96-well black ﬂat-bottom plate. The samples were
excited at 485 and 544 nm (for the GFP and RFP, respectively), and their emissions were collected at 520
and 590 nm.
qPCR. The cells for the quantitative PCR (qPCR) experiment were incubated in SD-2xSCAA medium
using shake ﬂask fermentation. The cells were collected when the OD was ⬇1. The total RNA was
extracted by using the RNeasy kit. The quality of total RNA was controlled by a NanoDrop 2000 (Thermo
Fisher, Waltham, MA, USA). The cDNA was reverse transcribed from the total mRNA using the QuantiTect
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reverse transcription kit (Qiagen, Valencia, CA, USA). The qPCR analysis was performed using the
DyNAmo ﬂash SYBR green qPCR kit (Thermo Fisher, Waltham, MA, USA). ACT1 was used as the
normalization standard. All data were presented as the averages of results from three trials.
Accession number(s). The RNA-seq data were submitted to the ENA database and have been
assigned accession no. PRJEB15327.
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