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Abbreviations

ABC ATP binding cassette

ATP Adenosine triphosphate

cAMP Cyclic adenosine monophosphate

Cas CRISPR associated protein

CRISPR Clustered regulatory interspaced short palindromic repeat
DSB Double strand brake

GDP Guanosine diphosphate

GEF Guanine nucleotide exchange factor

gRNA Guide RNA

GTP Guanosine triphosphate

HDR Homology directed repair

HSE Heat shock element

HSP Heat shock protein

NHEJ Non-homologous end joining

ODggo Optical density at 600 nm

PAM Protospacer-adjacent motif

PKA Protein kinase A

SD Synthetic dextrose

TALEN Transcription activator like effector nuclease
YPD Yeast extract- peptone-dextrose

ZFN Zinc finger nuclease



Introduction

Microbial fermentation has attracted attention as an eco-friendly strategy for the production
of useful materials. In bioproduction, multiple reactions can occur at lower pressures and
temperatures that use much less energy than chemosynthetic production. However, the
fermentation condition is limited to environments where cells are able to survive and grow, as
bioproduction is usually associated with cellular growth. For instance, heat produced during
fermentation diminishes or abolishes the cellular growth and fermentation in bioproduction. It is,
however, not cost-efficient to cool down the fermentation apparatus by using a lot of water
resources and cooling energy. Therefore, thermotolerance is essential for cost-efficient
bioproduction, both to save energy consumption and costs associated with the cooling apparatus.
In addition, fermentation at high temperatures potentially diminishes contamination risks and

costs to distill the product, leading to more stable and inexpensive bioproduction.

Stress tolerance of Saccharomyces cerevisiae

In bioindustrial processes, organisms are constantly subjected to stresses, such as high or
low pH, organic solvents, and high temperatures [1]. In the case of bioethanol production,
fermentation heat and organic acids, such as acetic acid produced during pretreatment of the
biomass, can reduce fermentation and survival rates. To save the costs to relieve those stresses,
stress tolerant organisms have been in demand. To this end, stress-tolerant organisms, (e.g.,
thermophilic Kluyveromyces species for ethanol production) have been studied for
bioproduction [2, 3]. Despite these efforts, the budding yeast Saccharomyces cerevisiae
continues to be primarily used in bioproduction because it has several advantages over other
strains [4]. First, S. cerevisiae grows quickly in inexpensive media. Second, it is able to be
grown both in aerobic and anaerobic conditions. Third, since the genetic manipulation for S.
cerevisiae has been well developed, genetic engineering and molecular analysis are much easier
than in other species.

To confer stress tolerance to S. cerevisiae, several approaches have been utilized, such as
the modification of cell walls. Since cell walls are in direct contact with the external
environment, artificial cell wall modification by cell surface engineering [5, 6] has successfully
improved stress tolerances against acidic stress and organic solvents [7-9]. These cell wall

modifications play a buffering role between the external environment and internal cytoplasm.
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However, cell wall modification cannot be used to treat with heat stress because heat directly
affects cellular proteins and membrane fluidity. Although there are various advantages to
thermotolerant yeast, effective strategies to enhance thermotolerance have not been
demonstrated so far. To isolate thermotolerant S. cerevisiae, several breeding systems, such as
adaptation [10], genome shuffling [11], protoplast fusion [12], and mutagenesis techniques [13]
have been utilized. However, the genetic characteristics for thermotolerance have not been
uncovered and the reconstruction of thermotolerance on an ordinary yeast strain has not been
carried out.

Genomic mutations that confer the yeast cells with thermotolerance will be required for
cost-effective bioproduction. In addition, analysis of the signaling pathways of reconstructed

thermotolerant yeasts will expand the knowledge in this area.

Signaling pathway for thermotolerance

Hsflp, a transcription factor related to thermotolerance in S. cerevisiae, regulates the
expression of more than 5% of genes involved in protein folding, energy generation,
carbohydrate metabolism, and cell wall organization [14, 15]. Hsflp binds in both constitutive
and inducible manners to a heat shock element (HSE) in the promoter of target genes [16].
Hsflp only poorly activates transcription of HSP-encoding genes at low temperatures, but
strongly activates transcription in response to a shift to high temperatures [16, 17]. Although
Hsflp regulates the expressions of several stress-responsive genes, the genetically modified
Hsplp, which hyperactivates the downstream genes, failed to induce thermotolerance
sufficiently [18]. This indicates that these Hsflp mutants did not fully activate all genes
essential for thermotolerance and there should be an additional signaling pathway to induce
those genes. A recent study demonstrated that genes involved in metabolism, signal transduction,
and chromatin remodeling, as well as HSP-encoding genes, played a crucial role in
thermotolerance [19].

In addition to Hsflp, thermotolerance in yeast is reported to be controlled by the
transcription activators, Msn2p and Msn4p [20]. They activate more than 200 genes, including
genes encoding heat shock proteins (HSPs) (HSP12, HSP104, and SSA4) and trehalose
synthesis genes (TPS1, TPS2, and TSL1) [20-22]. Msn2p and Msn4p are regulated by a
CAMP-dependent protein kinase (PKA) signaling pathway. The cAMP/PKA signaling pathway



is a well-conserved pathway, operated by intracellular CAMP as a second messenger [23]. This
pathway controls a variety of processes including cell-cycle progression [24] life span [25]
diauxic shift transition [26], and stress response [27]. Intracellular cAMP level is regulated by
adenylate cyclase (Cyrlp), which converts ATP to cAMP [28]. The monomeric G proteins
(Raslp and Ras2) control the activity of Cyrlp depending on the activity of Cdc25p [29].
Cdc25p is a membrane-bound guanine nucleotide exchange factor (GEF) that activates Raslp
and Ras2p by stimulating the release of GDP and the binding of GTP (Fig. 1) [30]. Increasing
the intracellular level of cAMP is known to antagonize the activities of Msn2p and Msn4p
through the inhibition of Bcylp and the activation of cAMP-dependent protein kinase (PKA)
composed of Tpklp, Tpk2p, and Tpk3p [27]. The kinase is responsible for the inactivation of
various transcriptional regulators including Msn2p and Msn4p [31]. The lack of the cAMP/PKA
pathway by disruptions of CDC25 or RAS2 has been reported to enhance thermotolerance.
However, the excessive downregulation of this pathway leads to severe growth defects, because
the cell cycle is under the control of this pathway [32]. The fine tuning of this pathway, which
enhances thermotolerance but does not inhibit growth rates, will be important in constructing

thermotolerant strains for bioproduction.
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Fig. 1 cAMP/PKA signaling pathway Hxk2p, Hexokinase2; Ras2p, Ras family GTPase;
Cdc25p, Ras family guanine nucleotide exchange factor; Cyrlp, Adenylate cyclase; Gprlp,
Plasma membrane G protein coupled receptor; Gpa2p, Guanine nucleotide-binding protein
subunit alpha; Bcylp, CcAMP-dependent protein Kkinase; Tpkl, 2, 3p, Thiamin

pyrophosphokinase 1, 2, 3; Msn2p and Msn4p; Stress-responsive transcriptional activator.



Engineering of master regulator

Transcription factors that function at the top of a regulatory hierarchy are called “master
regulators” [33]. Introductions of mutations into master regulators are able to comprehensively
alter cellular phenotypes and enhance cellular stress tolerance by directly and indirectly
modifying the expression of a wide variety of genes. For example, mutations in Pdrlp and
Pdr3p, master regulators of pleiotropic drug resistance [34], have been reported to induce
organic solvent tolerance through the comprehensive upregulation of downstream genes, such as
those encoding ATP-binding cassette (ABC) transporters [35, 36]. Engineering master
regulators is a very easy and simple technique to confer stress tolerance, such as organic solvent
tolerance, because it only requires the introduction of one or a few mutations in regulatory
elements. Since thermotolerance is regulated by various kinds of proteins, such as those
involved in metabolism, signal transduction, and heat shock response [19], overexpression of
only some genes will not be enough to induce thermotolerance. The regulation of a master
regulator, which can comprehensively regulate genes related to thermotolerance, is considered
to be an ideal approach to enhance it.

There have been, however, no reports of point mutations involved in thermotolerance. In
addition, techniques to introduce mutations into S. cerevisiae genome are inefficient and
time-consuming. Even if mutations related to thermotolerance are discovered, the lack of fast

and efficient techniques will become a barrier to the construction of thermotolerant yeast.

Genome editing

To introduce mutations into the S. cerevisiae genome, a vector that includes a marker
removing system has been used so far. The pAUR135 vector is commercially available (Takara
Bio, Shiga, Japan), and is the most common vector system to edit the yeast genome (Fig. 2).
This vector contains AUR1-C gene that confers aureobasidin tolerance with yeast cells and
GIN11M86 gene under the control of GAL10 promoter [37]. Integration of vector backbone
including mutant sequence is achieved using aureobasidin selection. When transferring those
colonies onto galactose medium, only pAUR135-vector-removed clones as a result of
homologous recombination are able to grow due to the expression of lethal GIN11M86 [38]. The
recombinant strains are free of vector sequences and marker genes. It takes approximately two

weeks to construct mutants with this technique and the efficiencies to obtain the mutants are



theoretically less than 50%. Although the gene manipulation techniques have been well
developed for yeasts, the genome-design tools remained low efficiency and take relatively long
time. For the reconstruction of thermotolerant yeasts by point mutations in a regulatory element,
not only the exploration of mutations involved in thermotolerance but also the development of a

fast, efficient, and versatile tool for genome design is necessary.
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Fig. 2 pAUR135 system for the design of S. cerevisiae genome AURL1-C, Aureobasidin A

resistance gene; GIN11M86, modified version of a gene encoding a galactose-inducible growth
inhibitory protein.

In the past decades, new technologies for genome design have enabled the introduction of
mutations into the genomes of a range of organisms including S. cerevisiae. This technology,
which is referred to as “genome editing,” is based on target-specific nucleases that cause a
double strand DNA break (DSB) in a specific site [39]. DSBs can induce two independent
repairing pathways, non-homologous end jointing (NHEJ) and homology directed repair (HDR)



[40, 41] (Fig 3). NHEJ is an error-prone repairing pathway, which leaves an insertion or deletion
at the cleavage site. HDR is a high-fidelity repairing pathway depending on donor templates.
Thus, genome cleavage can stimulate gene knock-out through NHEJ and flexible gene designs

through HDR at the cleaved site.
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Fig. 3 DSB-repairing pathways NHEJ, non-homologous end jointing; HDR, homology

directed repair.

1. ZFN

A flexible genome editing technology was first established in 2003 by Porteus and
Baltimore [42]. The new technology, called zing finger nuclease (ZFN), couples a zinc finger
DNA-binding domain with a non-specific Fokl nuclease. Each zinc finer module recognizes a
unique three base pair DNA. Thus, the combination of each zinc finger module generates a
target specific DNA binding domain. The recognition of the DNA binding domains enables the
Fokl nucleases to cleave a specific DNA site. Although ZFN can theoretically cleave any
specific DNA sequences by modulating the zinc finger units, ZFN has not been well used thus
far. This is because the specificities of individual zinc fingers depend on the contexts of the
adjacent zinc finger modules and optimization of the zinc figure modules is often required to

target specific sites [43].

2. TALEN

In 2009, transcription activator-like effector nuclease (TALEN) emerged as an alternative
technology to ZFN [44, 45]. TALEN is composed of customizable DNA binding domains
derived from Xanthomonas bacteria fused to a non-specific Fokl nuclease. DNA recognition is

mediated by the conserved 33-35 amino acid sequences of each DNA binding module [44, 45].
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The target base of each unit is determined by the divergent amino acids at the 12th and 13th
amino acids in the modules. Combining each protein unit corresponding to the target sequences
allows delivery of Fokl nucleases to the specific site, resulting in the target cleavage. Unlike
ZFN, the DNA recognition of TALEN is not dependent on the contexts of surrounding DNA
binding motifs; thus, TALEN recognizes target sites more robustly than ZFN. However, both
ZFN and TALEN need a correct alignment of each protein module, which requires

time-consuming DNA manipulations.

3. CRISPR/Cas9 system

A novel genome editing technology emerged three years after the development of TALEN.
The technology uses an adaptive immune system in prokaryotic cells called a clustered regularly
interspaced short palindromic repeats (CRISPR)/CRISPR-associated (Cas) system [46]. The
CRISPR/Cas system cleaves foreign DNA sequences in bacteria, such as genetic elements of
phages and alien plasmids [47, 48]. The most established CRIPSR system derived from
Streptococcus pyogenes consists of the following three components: Cas9 nuclease, CRISPR
RNA (crRNA), and trans-activating crRNA (tracrRNA) [49]. The artificial tethering of the 3’
end of crRNA to the 5° end of tracrRNA can also generate an active RNA form (QRNA) [46].
This system recognizes the target DNA sequence by the function of a gRNA, which binds to the
complementary 20 nucleotide sequence immediately followed by a protospacer adjacent motif
(PAM), typically “NGG.” In contrast to ZFN and TALEN, the target recognition is carried out
by RNA; therefore, laborious efforts to align the recognition modules are unnecessary in this
system, which makes it much more simple and versatile to design the genome. Because of this
advantage, the CRISPR/Cas9 system has been applied to various species including humans [50],
zebrafish [51], Caenorhabditis elegans [52], Escherichia coli [53], and S. cerevisiae [54].

Despite the high efficiency and robustness of the CRISPR/Cas9 system, there is a major
limitation. When mutations are introduced into the outside areas of PAM and gRNA-targeting
sequences by HDR, these sequences remain intact after editing, causing re-cleavage by the
CRISPR/Cas9 system (Fig. 4). The re-cleavage will continuously induce HDR until the PAM or
gRNA-targeting sequence is disrupted by error-prone NHEJ. Therefore, the CRISPR-Cas9
system is unable to precisely edit the outside areas of PAM and gRNA-targeting sequences by

HDR, while it can precisely edit the inside of these sequences with nearly 100% efficiencies in



yeast [54].
Genome-wide base editing system that can be applied to all regions of the genome is

necessary to construct the desired yeast strains by designing master regulators.
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Fig. 4 Limitation of CRISPR/Cas9 system

To identify mutations involved in thermotolerance, we started from a breeding of
thermotolerant S. cerevisiae. A comparative genome analysis between bred thermotolerant
strains and the parental strain allowed us to reveal mutations involved in thermotolerance. These
mutations successfully enhanced thermotolerance without impairing growth. However, the
conventional technique to introduce mutations into the yeast genome is time-consuming
(approximately two weeks) and inefficient. To address these problems, | developed a new
genome editing tool that can genome-widely introduce mutations within only five days and with
approximately 50% efficiency.
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Chapter |

Characterization of thermotolerant yeast isolated via stepwise
adaption to heat stress

In order to identify mutations involved in thermotolerance in S. cerevisiae, | started from
breeding of thermotolerant yeast. Since the genome sequences of yeast strains isolated during
breeding and a parental strain would be very similar, comparative transcriptome and
metabolome analyses between them were supposed to be informative to analyze the
mechanisms associated with the acquisition of thermotolerance.

So far, several breeding approaches such as adaptation [1], genome shuffling [2],
protoplast fusion [3], and mutagenesis techniques [4] have been used to isolate thermotolerant
yeast. While these breeding methods have been applied to enhance the thermotolerance of
yeasts, they are unable to simultaneously improve growth rate. In addition to thermotolerance,
fast growth rate is desirable because elevated growth rates in S. cerevisiae are often associated
with improved fermentation rate [5]. In this breeding, on the other hand, since cells were
subjected to selective pressures of both heat and growth at all times, it simultaneously improved
both thermotolerance and growth rate. To investigate the mechanisms of acquisition of
thermotolerance, the thermotolerant strain was analyzed using DNA microarray and
non-targeting metabolome analysis. These analyses showed that the strain acquired
thermotolerance via the induction of genes encoding HSPs as well as by the accumulation of

trehalose.

Materials and methods

Yeast strains and breeding method

S. cerevisiae MT8-1 (MATa, ade, his3, leu2, trpl, ura3) [6] was used as the parental strain
for breeding. For breeding, MT8-1 was cultivated in YPD medium (1% yeast extract, 2%
peptone, 2% glucose) at 32°C for 72 h, and then the optical density at 600 nm (ODgq) Was
measured. If the ODgy Was lower than that of MT8-1 cultivated at 30°C for 72 h, the yeast cells

were inoculated into fresh YPD medium for cultivation at 32°C for 72 h again. If the ODgy Was
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higher than that of MT8-1 cultivated at 30°C for 72 h, S. cerevisiae cells were regarded as
adapted to 32°C. This step was repeated until the cells adapted to 32°C. Cells adapted to 32°C
were cultivated in fresh YPD medium at 34°C for 72 h until the cells adapted to 34°C as the
same way described above. Cells adapted to 34°C were then cultivated at 36°C and
subsequently at 38°C until the cells adapted to the temperatures. The resultant strain after the
breeding at 38°C was named YK60-1 (Fig. 1).

To determine cell growth, MT8-1 and YK60-1 were pre-cultivated in 5 mL of YPD
medium at 30°C for 12 h and 8 h, respectively. Since MT8-1 cannot grow as fast as YK60-1,
MT8-1 required a longer time (12 h) than YK60-1 (8 h) to reach a similar growth phase. Cells
were harvested and inoculated into 10 mL of YPD to be adjusted to an ODgg 0f 0.1. MT8-1 and
YK60-1 were cultivated at 30°C and 40°C at 170 rpm in a water bath shaker (Taitec, Tokyo,

Japan), and cell growth was monitored by measuring the ODgq, 0f the culture broth.

Spot assay

For spot assay, MT8-1 and YKG60-1 were pre-cultivated in 5 mL of YPD medium at 30°C
for 12 h and 8 h, respectively. Cells were inoculated into 10 mL of YPD to be adjusted to an
ODgo0f 0.1, and incubated at 30°C for 8 h. After cells were treated with or without mild heat
shock (37°C, 45 min) in YPD medium, cells were subjected to sublethal heat shock (50°C, 30
min). Cells were harvested, and the ODgy Was adjusted to 1.0. Cells were diluted 10-, 10%, 10°-,
and 10*-fold with distilled water, and 5 pL of each sample was spotted on to a YPD plate.
Photograph was taken after a 72-h incubation at 30°C.

RNA extraction and DNA microarray analysis

For RNA extraction, MT8-1 and YK60-1 were pre-cultivated at 30°C for 16 h. Cells were
then inoculated into fresh YPD medium to be adjusted to an ODgg 0f 0.1 and cultivated at 30°C
and 40°C for 8 h. Total RNA was extracted with Isogen-LS (Nippon Gene, Tokyo, Japan)
according to the manufacturer’s instructions. Labeling of samples for array analysis was
performed using the GeneChip 3’IVT labeling assay (Affymetrix, Santa Clara, CA, USA) with
0.25 pg input RNA. Samples were hybridized to GeneChip Yeast Genome 2.0 microarrays

according to Affymetrix protocols (n =1).
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Data analysis

To detect differentially regulated genes between MT8-1 and YK60-1, | applied the limit
fold change model [7]. Briefly, genes in the top 5% of the highest fold changes in each
separated 200-gene group were selected to generate a heat map. For the heat map, fold changes
were log,-transformated. The heat map was constructed using Gene Cluster 3.0 [8], which can
perform hierarchical cluster analysis. Euclidean distance was used to measure similarities of
transcriptional patterns among genes for the clustering. To visualize the clustering result from
Gene Cluster 3.0, Java TreeView software [9] was used. To identify common biological
functions among genes in each cluster, DAVID [10] (the Database for Annotation, Visualization
and Integrated Discovery) was used. The P value threshold was set to 0.05. Transcriptional
regulators were analyzed using YEASTRACT (http://www.yeastract.com), which can identify

transcriptional regulators of given genes.

Sample preparation for GC-MS analysis

For metabolome analysis, MT8-1 and YK60-1 were pre-cultivated at 30°C for 16 h. Cells
were inoculated into fresh YPD medium to be adjusted to an ODgy of 0.1, then cultivated at
30°C and 40°C for 8 h. Yeast cells were collected on a 0.45 um membrane filter (Millipore,
Bedford, MA, USA) and washed with ice-cold distilled water. The cells were freeze-dried for
extraction of metabolites. Extraction and derivatization of metabolites were performed

according to previous reports [11, 12].

Analysis of GC-MS data

In Ultra GC-Q/MS, the autosampler; AOC-20is series injector (Shimadzu, Kyoto, Japan),
the gas chromatograph; GC-2010 Plus (Shimadzu), and the mass spectrometer; GCMS-QP2010
Ultra (Shimadzu) were used. The injection temperature was 230°C. The helium gas flow rate
through the column was 1 mL/min. The column temperature was held at 80°C for 2 min
isothermally and was then raised by 15°C/min to 330°C and maintained there for 6 min
isothermally. The transfer line and ion source temperature were 250°C and 200°C, respectively.
lons were generated by a 70 kV electron impact (El), and twenty scans per second were

recorded over the mass range 85-500 m/z.
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Identification and semi-quantification of metabolites

Peak detection and alignment were performed by MetAlign software (Wageningen UR,
The Netherlands) [13]. Peak identification and prediction were performed with Aloutput2
(verl.0.1) [14]. Principal component analysis (PCA) was carried out using the Aloutput2

software.

Results

Growth and thermotolerance of YK60-1

A thermotolerant yeast strain, YK-60-1, was bred from a S. cerevisiae strain, MT8-1, by
stepwise adaptation to heat stress (Fig. 1). Successive cultures were performed at 32°C, 34°C,
36°C, and 38°C. Yeast cells had adapted to the each temperature after 9, 8, 21, 22 rounds of
culture, respectively. YK60-1, which adapted to 38°C and grew faster than any other candidate
strain was isolated. YK60-1 grew even at 40°C, at which temperature the parental strain MT8-1
could not grow at all (Fig. 2a). In addition, YK60-1 grew faster and better than MT8-1 at 30°C
(Fig. 2b). YK60-1 also showed enhanced heat-shock tolerance compared to MT8-1 (Fig. 2c).

OD (Adapled slralns at each lemperature) H <1 0 Not adapted :
MTB 1 at 30 C) H >1 0 Adapted to lhe temperalure

‘::»
H>10 H>10 H>10 H>1O
MT8-1 YK60—1

Glyc:erol stocks

Fig. 1 Schematic of breeding of thermotolerant yeast MT8-1 was successively cultivated at
32°C for 72 h until the cells grew faster at 32°C than at 30°C, at which point they were regarded
as adapted to 32°C. This stepwise adaptation method was performed at 34°C, 36°C, and 38°C in

the same manner until the cells adapted to each temperature.
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Fig. 2 Growth of YKG60-1 Growth curves of MT8-1 and YKG60-1 in the YPD medium at 40°C
(a) and 30°C (b). (c) Growth of MT8-1 and YK60-1 on YPD plate at 30°C after heat shock.
MT8-1 and YK60-1 were treated with or without mild heat shock (45 min incubation at 37°C)
and grown on a YPD plate for 72 h at 30°C after a short sublethal heat shock (30 min incubation
at 50°C). “+” indicates that cells were subjected to a mild heat treatment and “—” indicates that
cells were incubated at 30°C instead of heat treatment. The error bars are shown as + standard

error mean (SEM) based on 3 independent measurements.

DNA microarray analysis

In order to investigate the mechanisms by which MT8-1 acquired thermotolerance, DNA
microarray analyses of MT8-1 and YK60-1 incubated at 30°C and 40°C were performed. An
arbitrary fold change cutoff was not applied to identify differentially regulated genes, since this
method often overestimates fold-changes of genes with low transcript levels and underestimates
regulation changes of genes with high transcript levels [7]. Instead, | applied the limit fold
change model [7]. As displayed in the Venn diagram (Fig. 3a), compared with MT8-1 incubated
at 30°C, the following differentially regulated genes were identified: 126 (98+15+5+8)
upregulated genes and 151 (90+38+2+21) downregulated genes in MT8-1 incubated at 40°C;
162 (84+5+65+8) upregulated genes and 116 (88+2+5+21) downregulated genes in YK60-1
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incubated at 30°C; and 141 (53+15+65+8) upregulated genes and 135 (71+38+5+21)
downregulated genes in YKG60-1 incubated at 40°C. | performed hierarchical clustering to
classify the 643 differentially regulated genes based on similarities in their pattern of regulation
across the different samples (Fig. 3b). Of the 643 genes, genes responding to environmental
stimulus and heat (cluster A) were highly upregulated in YK60-1 incubated at 30°C and
marginally upregulated in YK60-1 incubated at 40°C compared with MT8-1 incubated at 30°C
and 40°C. These highly induced genes included HSP42, HSP78, and SSA4, which were reported

to be highly induced in response to heat stress [15].

a rbgo ‘§O
@Q'\ Fold change (log base 2)
-3.00 T 3.00
Total: 643 genes -
MT8-1 40° YK60-1 40°C GO-enrichments (BP, P<0.05)
98 up L (A Response to stimulus

90 down Response to heat

} (B) Catabolic process
—F (C) No enrichment
Response to stimulus
(D){ 4

84 up
88 down

Response to heat
Response to oxidative stress

YK860-1 30°C

(E) Cellular biosynthetic process
Steroid biosynthetic process

RNA metabolic process
Ribonucleoprotein complex biogenesis

(F)

(G) Cellular amino acid and organic nitrogen
compound biosynthesis process

(H) Nucleoside phosphate metabolic process

Fig. 3 Comparative analysis of mRNA profiles from DNA microarrays of MT8-1 and
YKG60-1 (a) Venn diagram showing the number of genes upregulated or downregulated relative
to MT8-1 incubated at 30°C. (b) Hierarchical clustering of 643 genes. Upregulated and
downregulated genes compared with MT8-1 incubated at 30°C were clustered. Significantly
enriched (P < 0.05) biological processes (BP) based on GO (gene ontology) are indicated for all

the 8 gene clusters obtained.
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Cluster D represents genes downregulated in MT8-1 at 40°C and marginally upregulated in
YKG60-1 at 30°C and 40°C and it contains genes induced by stress, such as PRX [16, 17]. The
transcriptome analyses showed that YK60-1 highly expressed stress-responsive genes even in a

basal state at 30°C, which would be the thermotolerant mechanism of YK60-1.
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Figure 4 Metabolome analyses of MT8-1 and YKG60-1 (a) Principal component analysis
(PCA) score plot of MT8-1 incubated at 30°C and at 40°C; and YK60-1 incubated at 30°C and
at 40°C. (b) Corresponding loading plots of principal component 1 (PC1) and PC2. Metabolites
highly contributing to the group separation are shown. The cumulative contribution rate for PC1
to PC2 is 64%, indicating the loading plot presented by PC1 and PC2 express 64% of the
information from original data. (c) Semi-quantitative analysis of trehalose. Relative trehalose
value of MT8-1 incubated at 30°C and at 40°C, and YKG60-1 incubated at 30°C and at 40°C are
shown relative to the value of MT8-1 30°C as 1. The error bars are shown as + standard error
mean (SEM) based on 3 independent measurements. * P < 0.05, ** P < 0.01 were determined
by one-way analysis of variance (ANOVA) followed by Tukey’s test, which was used for

multiple comparison.
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Metabolome analysis

In order to further investigate the mechanisms of acquisition of thermotolerance in YK60-1,
metabolome analysis was performed via non-targeted approach, in which all peak data from
GC-MS chromatograms were used for multivariate analysis after alignment and normalization.
Principal component analysis (PCA) was carried out to evaluate the reproducibility of the
metabolome analysis. Clear separation among each strain and condition can be observed in the
principal component analysis (PCA) score plot, which validated the quality and reproducibility
of the analysis (Fig. 4A). The corresponding loading plot represented the characteristic
metabolites in YK60-1 (Fig. 4B). The score and direction of a given metabolite in the loading
plot indicate the strength and direction of its contribution to the group separation in the PCA
score plot. Loading plot suggested that trehalose, a metabolite responsive for thermotolerance,
was one of the specific metabolites in YK60-1 incubated at 40°C [18, 19]. Relative values of
trehalose concentration were 4.5-fold, 6.8-fold, and 23-fold in MT8-1 at 40°C, YKG60-1 at 30°C,
and YKG60-1 at 40°C, respectively, compared to the value of MT8-1 at 30°C as 1 (Fig. 4C).
Indeed, the trehalose concentration in YK60-1 incubated at 40°C was 5.1-fold higher than that
in MT8-1 incubated at 40°C (Fig. 4C). Furthermore, the basal concentration of trehalose in

YK60-1 incubated at 30°C was 6.8-fold higher than in MT8-1 incubated at 30°C (Fig. 4C).

Discussion

A thermotolerant S. cerevisiae strain, YK60-1, was successfully bred via stepwise
adaptation of a parental strain MT8-1 (Fig. 1). YK60-1 grew at a higher rate at 30°C and
exhibited greater thermotolerance at 40°C than MT8-1 (Fig. 2a, b). DNA microarray analysis,
showed that YK60-1 induced more stress-responsive genes than MT8-1 even in the absence of
stresses (Fig. 3a, b). Many of them have been report to be regulated by Msn2p and Msn4p
[20-22]. Msn2/4p are stress responsive transcriptional activators regulating expressions of
various genes involved in stress tolerance [23]. The basal expression of these stress responsive
genes in YKG60-1 indicates that the changes in signaling pathways constitutively induce
Msn2/4p, which would result in thermotolerance. Supporting this, many trehalose synthetic
genes, which are under the controls of Msn2/4p, were upregulated according to Microarray
analysis (Fig. 5). Constitutive activation of Msn2/4p would lead to the elevated level of

cytoprotective trehalose in YK60-1 (Fig. 4c).
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Fig. 5 Schematic model for regulation of the trehalose biosynthetic pathway in YK60-1
Genes upregulated or downregulated over 2-fold compared with those of MT8-1 incubated at

30°C were regarded as upregulated or downregulated genes, respectively.

Experimental evolution is one of the effective methods to connect genotypes to
phenotypes [26]. The outcomes obtained from an experimental evolution potentially facilitate
the rational engineering of productive strains for bioindustry. However, identification of
mutations associated with the phenotype sometimes requires laborious works, especially when
evolved strains have acquired variety of mutations. Although the development of deep-sequence
technologies has enabled comprehensive whole-genome analyses of microorganisms [27], it has
remained difficult to select candidate mutations involved in the phenotypes from total mutations.
In contrast, | preserved intermediate populations that had adapted to the each temperature from
32°C to 38°C (Fig. 1). These intermediate strains would allow us to track the dominant strains at
each temperature and to analyze the genomic mutations which the adapted strains have
acquired.

The stepwise adaptation method successfully improved the thermotolerance and growth
rate of parental strain MT8-1 (Fig. 2) and these features of YK60-1 will be favorable for
bioproduction applications. This breeding system can be easily applied to improve a variety of
tolerances such as acid tolerance, osmotic tolerance, and ethanol tolerance. In conclusion,
stepwise adaptation will expand the range of yeast bioproduction applications under stress

conditions.
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Chapter 11

Molecular analysis of adaptational strategies to heat stress

In Chapter I, | performed stepwise breeding under heat stress and obtained a
thermotolerant strain YK60-1 as well as intermediate strains. Here, | performed whole-genome
sequencing of 18 intermediate strains. It is sometimes very difficult to identify key mutations
involved in thermotolerance from all candidate mutations, especially when many mutations are
found between parental and bred strains. On the other hand, the genome analyses of
intermediate strains in each temperature would help us identify crucial mutations for
thermotolerance.

Even though the signaling pathways responsible for stress tolerance have been studied,
fine regulations of the pathways have not been achieved. Therefore, | examined how the
mutations affected the signaling pathways to induce thermotolerance for the better

understanding of mechanisms in thermotolerant yeasts.

Materials and methods

Yeast strains

S. cerevisiae MT8-1 (MATa, ade, his3, leu2, trpl, ura3) [1] was used as the parental strain
for breeding. One-point mutations were introduced into the CDC25 gene of MT8-1 using
pAURI135 vector (Takara Bio, Shiga, Japan) following the manufacturer’s instructions. The
inserts were introduced into the pAUR135 vector by the In-Fusion HD Cloning Kit (Clontech,
CA, USA). Primers used to construct pAUR135 vectors are listed in Table 1.

Whole-genome sequencing and RNA sequencing

Single colonies were isolated from the revived glycerol stocks. Randomly picked single
colonies were separately cultivated in YPD medium for 24 h and genomic DNA was extracted
by the Dr. GenTLE (from yeast) high-recovery kit (Takara Bio) and purified with AMpure XP
beads (Beckman Coulter, CA, USA). Extracted genomic DNA was subjected to library
construction using the Nextera DNA Sample Prep Kit (Illumina Inc., San Diego, CA, USA). For
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Table 1 Primers used in this study

Name Sequence (5' - 3)
F CDC25 latter GGCTAGAGGATCCCCCTGAACTACGCAGCAAGAATGATGAAG
R CDC25 latter ACGACGGCCAGTGAACCTTCAGAGTTTCACTAGAGGCGC

F CDC25 anterior ~GGCTAGAGGATCCCCGGCTCACAAGATGTTCCTTAAAGAGAATC
R CDC25 anterior ~ACGACGGCCAGTGAACATATGTGTATGGGTCAATATCCAAGAGC

FACT1 TCGTTCCAATTTACGCTGGTT
R ACT1 ACCGGCCAAATCGATTCTC
F HSP12 TTTGGCAGACCAAGCTAGAGATT
R HSP12 CGGCATCGTTCAACTTGGA
F HSP104 TTGAGGCCATCAAGCAACAA
R HSP104 AGCGCCACGAGAGTCAATTC
F TPS1 TACAGGTTGCAGTGCCAAGTCG
R TPS1 ATTGTGCGGCACCTGTGAACTC
F TPS2 GCAGTCCTACTGCCAACAGAAA
R TPS2 CTCGTTGACTTGTTGTTCCAATCT

MRNA extraction, MT8-1 and CDC25 mutants were pre-cultivated in YPD medium for 24 h.
Cells were then inoculated into fresh YPD medium to be adjusted to an ODgg of 0.1 and
cultivated at 30°C for 12 h. Total RNA was extracted with Isogen-LS (Nippon Gene, Tokyo,
Japan) according to the manufacturer’s instructions. Library construction was performed using
KAPA Hyper Prep Kit (Kapa Biosystems, Woburn, MA, USA). Library qualities were
confirmed by an Agilent 2100 Bioanalyzer and High Sensitivity DNA Chips (Agilent
Technologies, Palo Alto, CA, USA). The libraries were sequenced on Illumina MiSeq (75 bp

nucleotide paired-end sequence). The average depth of each genome analysis was 30x.

Data analysis

Paired-end reads were quality-checked with FastQC and mapped to the S. cerevisiae
genome (sacCer3) using Burrows-Wheeler Aligner [2] for whole-genome analysis, and TopHat2
[3] for RNA-seq. To identify genomic mutations, Genome Analysis Toolkit [4] was used. The
fastg files were available in the DDBJ data base (Accession number: DRA004175). Some
mutations including the CDC25 mutations were also confirmed by DNA sequencing using ABI

PRISM 310 (Thermo Fisher Scientific, Waltham, MA, USA). The phylogenetic tree was
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constructed based on irreversible Camin-Sokal model [5] for all mutational events (base
substitutions, insertions, and deletions). Gene expressions were estimated as fragments per
kilobase of exon model per million mapped fragments (FPKM) using Cufflinks [6]. The data
was utilized as the average of two independent experiments. Hierarchical clustering was
performed using Cluster 3.0 [7] and visualized using Java TreeView software [8]. To identify
common biological functions among genes in each cluster, DAVID [9] was used. The P value
threshold was set to 0.05. YEASTRACT (http://www.yeastract.com) was used to identify stress
responsible transcription factors and transcriptional activators involved in gene inductions with

more than 1.5-fold changes in transcriptional level compared to parental MT8-1.

CAMP assay

Yeast cells were cultivated in the same way as for the extraction of mRNA. Cells were
collected by centrifugation at 3000xg for 5 min at 4°C and washed with ice-cold water. The cell
pellet was resuspended in 6% ice-cold trichloroacetic acid and 200 mg of 0.5-mm glass beads
(TOMY SEIKO, Tokyo, Japan) were added. After a freeze thaw with liquid nitrogen, cells were
smashed 3 times using BeadSmash 12 (WAKENYAKU, Kyoto, Japan) at 4°C with 4000
agitations per min for 1 min. The solution was centrifuged at 2000xg for 15 min at 4°C and the
supernatant was collected. HCI was added to the supernatant to a final concentration of 10 mM.
The cAMP solution was extracted four times with diethyl ether and dried by lyophilization. The
extracted cAMP was measured by cAMP-Screen System (Thermo Fisher Scientific). To
evaluate glucose-responsiveness, cells were incubated in 0.1 mM EDTA (pH 6.0 buffered with
10 mM MES) for 2 h at 30°C. Following the addition of glucose to a final concentration of 2%,
each sample was collected at 0 min, 0.5 min, 1 min, 2 min, and 3 min, and subjected to CAMP

extraction.

Real-time PCR

Total RNAs were extracted in the same way as described above. Syntheses of cDNAs
were performed using a High Capacity cDNA Transcription kit (Thermo Fisher Scientific) with
1 pg of the total RNA as a template according to the manufacture’s protocol. Primers used in
this study are listed in Table 1. For the quantitative PCR, the ACT1 gene was used as an

endogenous control to normalize the expression data for each gene. Amplification was carried
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out using Power SYBR green PCR Master Mix (Thermo Fisher Scientific) in the 7500
Real-Time PCR System (Thermo Fisher Scientific).

Ethanol fermentation

For ethanol fermentation, each strain was pre-cultivated in YPD medium for 24 h. Cells
were inoculated into fresh YPD and YPG (1% yeast extract, 2% peptone, 2% galactose) medium
to be adjusted to an ODgg 0f 0.5 and cultivated aerobically at 30°C and 39°C. Sampling was
performed at every 12 h interval until 48 h. Measurement of ethanol was performed as

previously reported [10].

Results

Identification of a key gene for thermotolerance of yeast

In order to identify mutations that contribute to thermotolerance in S. cerevisiae, |
sequenced the whole-genome of the parental strain and 18 intermediate strains isolated in the
stepwise breeding (DDBJ accession number DRAO004175). Forty-nine genomic mutations
including SNPs, insertions, and deletions were identified in the intermediate strains by
comparing them with the genomic sequence of MT8-1. Inversions and other rearrangements
were not observed in this analysis of the 49 obtained mutations. The genome analyses revealed
that the yeast cells had acquired four different point mutations in the CDC25 gene. | constructed
a phylogenetic tree according to each of the mutational events in the intermediate strains to
analyze how the CDC25 mutants had developed in the adaptational steps (Fig. 1). The
phylogenetic tree suggests that there were at least five events (T943P, G1459C, N1393T, and
twice in W1416C) in which the bred strains had obtained mutations in the CDC25 gene. The
phylogenetic tree implied that the mutants harboring the CDC25 (W1416C) mutation appeared
independently at 34°C and 36°C. It is highly rare that the several strains have acquired the
mutations in the same gene locus, since genomic mutations basically occur randomly in 1.2x10’
base-pair genome of S. cerevisiae. Therefore, | considered that the frequently appeared CDC25

mutations in the stepwise adaptation would play a crucial role in thermotolerance.
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Fig. 1 Comparative genome analysis of the strains adapted to the heat stress The small
scales indicate each mutational event (base substitutions, insertions, and deletions). The bold
lines indicate the cell lines that had acquired a CDC25 (W1416C) mutation. CDC25 (W1416C)

appeared independently in two populations.

To examine this hypothesis, | introduced each CDC25 mutation into the parental strain
and reconstructed CDC25 mutants based on MT8-1 (hereafter referred to as CDC25 "#
CDC25 ©¥°¢ cpCc25 3T and CcDC25 “W'*¢). | used pAUR135 vector system for the
introduction of mutations. All reconstructed CDC25 mutants grew better at 38°C and 39°C in
contrast to MT8-1 (Fig. 2a). Cdc25p, known as guanine nucleotide exchange factor (GEF),
indirectly regulates intracellular cAMP levels and thus, the cAMP/PKA signaling pathway. The
cAMP/PKA pathway is responsible for inactivation of the Msn2p/Msn4p transcriptional
activators that control general stress responses in S. cerevisiae. Since lower levels of
intracellular cAMP activate Msn2p/Msn4p, | considered that the mutations in Cdc25p decreased
the GEF activity and intracellular cAMP levels. In fact, reconstructed CDC25 mutants showed
lower intracellular cAMP levels than the wild-type parental strain (Fig. 2b). The decreased
activity of CDC25 mutants was also confirmed by measuring the glucose-responsiveness (Fig.
2¢). Addition of glucose to reconstructed CDC25 mutants did not trigger a rapid increase in the
CAMP levels unlike parental MT8-1, indicating that the mutated Cdc25p is involved in lowering
of the intracellular cAMP levels. To further validate the activation of Msn2p and Msn4p in
reconstructed CDC25 mutants, the transcriptional levels of HSP12, HSP104, TPS1, and TPS2
were measured (Fig. 2d). These genes are induced by Msn2p/Msn4dp through the upstream
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stress-responsive elements (STRES) [11]. Hsp12p is a membrane protein involved in membrane
organization under heat stress [12]. Hspl04p acts as molecular chaperone responsible for
refolding of denatured and aggregated proteins [13]. Tpslp and Tps2p are the subunits of
trehalose-6-P  synthase complex [14]. Reconstructed CDC25 mutants showed higher
transcriptional levels of these genes, suggesting that the enhanced Msn2p and Msn4p activities

resulted in thermotolerance of the CDC25 mutants.
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Fig. 2 Characteristics of reconstructed CDC25 mutants based on MT8-1 (a) Spot assay.
Cells (OD600 = 1.0) were diluted 10-, 10%, 10°-, and 10*-fold and spotted onto a YPD plate. (b)
Basal cCAMP levels. (¢) Induced cAMP levels by glucose. Following the addition of glucose, the
CAMP levels were measured at each time point. (d) Relative transcription levels of HSP12,
HSP104, TPS1, and TPS2. The error bars show standard error of the mean (SEM) based on 3

independent measurements.

31



Transcriptome analysis

Transcriptome analyses were performed to further investigate the transcriptional
dynamics in the reconstructed CDC25 mutants. | classified the expression levels of the CDC25
mutants compared to that of MT8-1 by hierarchical clustering based on similarities in their
expression patterns (Fig. 3a). Of the 5920 genes, the genes involved in response to stress and
heat were highly upregulated in all the reconstructed CDC25 mutants compared to the gene
expression in parental MT8-1 (Cluster A). Genes in Cluster A include HSP12, HSP104, TPS1,
and TPS2. Cluster B shows genes involved in membrane compositions. These upregulated genes
in Cluster A and B indicate that the CDC25 mutants have acquired thermotolerance through

upregulating genes involved in stress response and organelle membrane to overcome heat stress.
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Fig. 3 mRNA profiles of reconstructed CDC25 mutants in comparison with that of MT8-1
(a) Hierarchical clustering analysis. The gene expressions of the reconstructed CDC25 mutants
compared to that of MT8-1 were classified by hierarchical clustering. (b) Transcription factor
(TF) and Transcriptional activator (TA) analyses involved in the expressions of more than
1.5-fold induced genes compared to that in MT8-1. The y-axis indicates the percentage of the

genes controlled by each of the transcriptional regulator.
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To identify activated transcriptional regulators in the CDC25 mutants, | analyzed transcription
factors and transcriptional activators regulating the expression of induced genes in the
reconstructed CDC25 mutants (Fig. 3b). Approximately 50-60% of the genes that were induced
by more than 1.5 fold compared to that in parental MT8-1 were regulated by Msn2p and Msn4p.
This result further supports the idea that the depressed activity of Cdc25p reduces intracellular

CAMP levels that activates Msn2p and Msn4p through the cCAMP/PKA pathway.
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transcriptional levels of the reconstructed CDC25 mutants compared to that of MT8-1 at 30°C.
Dashed lines indicate the transcriptional levels of MT8-1. (c) Ethanol titers in 24 h from
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mean (SEM) based on 3 independent measurements.
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Ethanol fermentation from glucose

Next, | examined the ethanol-fermentation abilities of the CDC25 mutants at high
temperature (39°C). Parental MT8-1 and the reconstructed CDC25 mutants showed similar
growth rates and ethanol productivities at 30°C in glucose medium (Fig. 4a). At 39°C, however,
the ethanol productivity of parental MT8-1 was greatly reduced due to heat stress. On the other
hand, the reconstructed CDC25 mutants retained ethanol productivity at the temperature. The
ethanol titer of reconstructed strain CDC25 **°° in 24 h was 2.5 fold higher than that of
parental MT8-1 at 39°C. The reconstructed CDC25 mutants had developed not only

thermotolerance but also efficient ethanol fermentation ability under heat stress.

Ethanol fermentation from galactose

In S. cerevisiae, galactose is metabolized through the Leloir pathway that partially
overlaps with the trehalose synthesis pathway (Fig. 4b). Trehalose is a metabolite that plays an
important role in thermotolerance [15]. During diauxic shift, PGM2 and UGP1 are induced by
Msn2p and Msn4p. PGM?2 is a key enzyme for both the trehalose synthesis pathway and Leloir
pathway. Therefore, | considered that the activation of Msn2p and Msn4p in the reconstructed
CDC25 mutants induced PGM2 that would allow efficient galactose fermentation. According to
transcriptome analysis performed at 30°C, PGM2 and UGP1 levels were upregulated in the
reconstructed CDC25 mutants compared to that in parental MT8-1 (Fig. 4b). In addition, as
expected, ethanol titers in galactose medium were slightly higher in the reconstructed CDC25
mutants at 30°C (Fig. 4c). | measured ethanol titers of the reconstructed CDC25 mutants at
39°C, because thermotolerance of the reconstructed CDC25 mutants was considered to
contribute to the ethanol productions under the heat stress. The reconstructed CDC25 mutants,
especially CDC25 3T and cDC25 “***¢ produced more ethanol from galactose at 39°C
compared to parental MT8-1 (Fig. 4c). The ethanol titers of CDC25 “'* in 24 h was 5.1 fold
higher compared to that of MT8-1 at 39°C. The whole-genome sequencing of intermediate
strains revealed four kinds of one-point mutations in the CDC25 gene which contributed to
thermotolerance (Fig. 2a), faster growth in galactose medium, and efficient ethanol fermentation

from glucose and galactose under heat stress (Fig. 4a, c).
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Discussion

In the stepwise adaptation, | preserved and used the intermediate strains during breeding
steps for the genome analysis (Fig. 1a). According to the phylogenic tree (Fig. 1), the 36°C- and
38°C-adapted populations were not derived from 32°C- and 34°C-adapted strains which |
analyzed (Fig. 1). The 36°C- and 38°C-adapted populations would have developed from a
relatively minor 34°C-adapted strain. The whole-genome analyses of intermediate strains
allowed us to track individual cells and provided information about the advantageous mutations
for the survival in the environment. Because reconstructed CDC25 “*%T and CDC25 W**'*°
grew better than CDC25 **°¢ and CDC25 ™" at 39°C, only the intermediate strains with
CDC25 (N1393T) and CDC25 (W1416C) mutations were isolated after 34°C-adapted
populations. However, it is still unclear why only the bred mutants with the CDC25 (W1416C)
mutation were observed in the 38°C-adapted population (Fig. 1), even though reconstructed
CDC25M3%T grew better than CDC25 W' at 39°C. One possible explanation for this could be
that there are additional and beneficial mutations that only a strain with the CDC25 (W1416C)
mutation had acquired in the stepwise breeding. The identification of such mutations will also
facilitate the construction of thermotolerant strains.

Previous reports suggested that the cAMP-depressing mutations such as cdc25-21 and
cdc25-22 contributed to thermotolerance in S. cerevisiae [16]. These CDC25 mutations reside in
the C-terminal domain that functions as GEF [17]. The N1393T, W1416C, and G1459C
mutations discovered in this study are also located in the same domain. These mutations would
affect the GEF activity and decrease the intracellular cAMP levels. The cdc25-21 and cdc25-22
mutants, however, were not able to grow as fast as the wild-type strain, because the CAMP/PKA
pathway controls cell-cycle progression [18]. On the other hand, the CDC25 mutants
reconstructed in this study grew as fast as parental MT8-1 in glucose medium, and faster than
parental MT8-1 in galactose medium. The fine balance between thermotolerance and growth
rates would be brought from the stepwise adaptation, because the yeast cells isolated during this
adaptation process were subjected to selective pressures of both heat and growth at all times.
Evolutionary engineering is one of the most effective methods of fine-tuning signaling pathways
through unpredicted mutations. CDC25 mutants, which showed thermotolerance and similar
growth rates to the parental strain, would be advantageous for fermentation, since elevated

growth rates are often associated with better fermentation rates [19].
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As galactose is abundant sugars in nonfood crops as well as glucose, efficient utilization
of glucose and galactose is crucial [20]. However, S. cerevisiae grows in galactose media at
approximately half the rate than that in glucose media [21]. In S. cerevisiae, metabolism of
galactose takes place through the Leloir pathway [22]. Metabolome analysis in a previous
report indicated that the accumulation of intermediate products such as galactose-1-phosphate
and glucose-1-phosphate inhibited galactose fermentation [23]. Galactose uptake and
fermentation are improved by the overexpression of PGM2, which encodes
phosphoglucomutase that mediates the conversion between glucose-1-phosphate and
glucose-6-phosphate [24]. In all the reconstructed CDC25 mutants, PGM2 as well as other
trehalose synthetic genes were induced at higher levels than those in parental MT8-1 (Fig. 4b).
These gene expressions are regulated by Msn2p and Msndp [25]. The downregulated
cAMP/PKA pathway in the reconstructed CDC25 mutants led to thermotolerance and efficient
galactose utilization at 30°C, and even at 39°C.

In all the four reconstructed CDC25 mutants, the upregulated genes with more than
1.5-fold change compared to parental MT8-1, were mainly regulated by Msn2p, Msn4p, Cinbp
(also called Yap4p), RImlp and Yaplp (Fig. 3b). This indicates that the depressed activity of
Cdc25p and thus, the lower level of cAMP, activated these transcriptional regulators. Increasing
intracellular level of cCAMP is known to antagonize the activities of Msn2p and Msn4p through
the inhibition of Bcylp and the activation of cCAMP-dependent protein kinase (PKA) composed
of Tpklp, Tpk2p, and Tpk3p (Fig. 5) [26]. The kinase is responsible for the inactivation of
various transcriptional regulators including Msn2p and Msn4p [27].

Cinbp is a transcription factor that regulates pleiotropic drug resistance and salt tolerance
[28, 29]. The phosphorylation and stability of Cin5p is positively regulated by glycogen
synthase kinase 3 (GSK3) such as Rim11p, Mcklp, and Yol128c (Fig. 5) [30]. GSK3 activities
are inhibited by PKA, indicating that lower intracellular cAMP levels led to the activation of
Cinbp.

RIm1p is a transcription factor controlling the cell wall integrity pathway [31]. The GSK3
mutants such as mrk1, mckl, or yol128c showed sensitivity to SDS, zymolyase, and calcofluor
white, which cause cell wall stress [32]. The mutants that lacked cAMP signaling showed thick
cell walls, indicating the activation of cell wall integrity pathway. The activated GSK3 might

directly or indirectly activate RIm1p (Fig. 5).

36



Plasma membrane

Pleiotropic drug  Cell wall General Oxidative
resistance integrity stress resistance stress resistance
v

Global transcriptional regulation leading to
growth and fermentation at high temperature

Fig. 5 Signaling pathway in the reconstructed CDC25 mutants Arrows and bars represent
positive and negative regulations, respectively. GSK indicates Rim11p, Mcklp, and Yol128c.

Dashed arrows and bars represent putative or indirect regulations.

Yaplp is a transcription factor required for oxidative stress tolerance [33]. The
CAMP/PKA pathway inhibits Yaplp [34]. In addition, in the absence of Bcylp, the inhibitory
subunit of PKA negatively affects the function of Yapl, suggesting that the cAMP/PKA
pathway at least indirectly regulates Yaplp activity [35].

The point mutations in CDC25 were likely to enhance multiple genes through these
transcriptional regulators. In fact, CDC25 N1393T, the reconstructed mutant that showed the
fastest growth at 39°C, induced 376 gene expressions with more than 1.5-fold compared to
parental MT8-1. The multiple transcriptional regulators responsible for several stress tolerance
mechanisms would contribute to the growth at the high temperatures, because high temperature
causes not only heat stress, but also various other kinds of stresses including cell wall stress and
oxidative stress (Fig. 5) [32, 36].

In conclusion, | found four CDC25 mutations involved in thermotolerance and efficient
glucose and galactose utilization at high temperature. Introduction of point mutations into
CDC25 conferred thermotolerance. Since Cdc25p acts upstream of the cCAMP/PKA pathway, the

CDC25 mutations could comprehensively alter the transcriptional profiles through various
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transcriptional regulators, which would result in thermotolerance (Fig. 5). By altering the

activities of transcriptional regulators, we will be able to comprehensively alter transcriptional

profiles. This strategy does not need laborious genetic manipulation to organize several gene

expressions; it only requires the introduction of a point mutation into a gene located upstream of

the signaling pathways for global transcriptional changes. The identified CDC25 mutations will

be beneficial for rational design of thermotolerant S. cerevisiae.

10.
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Chapter 111

Development of novel genome editing technology for the reconstruction
of thermotolerant yeast

I have successfully identified thermotolerance-associated CDC25 mutantions in the
previous chapter. The introduction of CDC25 mutants, however, was time-consuming and
inefficient [1, 2]. This genome-integration method relies on a selection step based on marker
gene and a marker-removing step by counter-selection. It is time-consuming in which plasmid
construction, integration, and maker-removing steps take about 2 weeks. For rapid construction
of yeast mutants, some marker genes such as auxotrophic makers have been used for targeted
genomic mutagenesis [3]. However, these techniques can not rule out the possibility of the
influences of the marker genes on the phenotypes.

For efficient, marker-less, targeted genomic-mutagenesis technology, clustered regularly
interspaced short palindromic repeat (CRISPR)/Cas9 system has been developed [4]. In the
current CRISPR/Cas9 system, Cas9 nuclease targets to a specific genomic site by the function
of guide RNA (gRNA) [4]. Cas9/gRNA complex recognizes a targeting site bearing a
complementary 20-nt sequence of gRNA which is immediately followed by a protospacer
adjacent motif (PAM), typically “NGG”. This system leads to double strand breaks (DSBs) at 3
base pairs (bp) upstream of the PAM by the function of RuvC and HNH nuclease domains.
DSBs induce cellular death as well as two independent repairing pathways; homology-directed
repair (HDR) and non-homologous end joining (NHEJ) [5, 6]. NHEJ is an error-prone repairing
pathway, which leaves an insertion or deletion at the cleavage site. HDR is a high-fidelity
repairing pathway depending on donor DNA. Therefore, target-specific cleavage by this system
can stimulate gene knockout through NHEJ and flexible gene designs through HDR.

Despite the high efficiency and robustness of the CRISPR/Cas9 system, there will be two
major problems in this system. Firstly, editable bases through HDR would be limited to only in
the inside of the 20 bp gRNA-targeting site and PAM sequence. When mutations are introduced
into the outside areas of PAM and gRNA-targeting sequences by HDR, these recognition
sequences remain intact even after HDR, which potentially causes re-cleavage by the
CRISPR/Cas9 system again. The re-cleavage will continuously induce HDR until the PAM or
gRNA-targeting sequence is disrupted by error-prone NHEJ. Therefore, the CRISPR/Cas9
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system has been thought to be unable to precisely edit the outside areas of PAM and
gRNA-targeting sequences by HDR, while it can precisely edit the inside of these sequences
with nearly 100% efficiencies in yeast [7]. Secondary, the specificity of this system is imperfect
[4, 8, 9]. Unintended mutations sometimes have been observed in off-target sites that share
sequence homology to the on-target site [10]. For stable and precise genome editing, a new
genome editing technology which is capable of genome-wide and target-specific editing would
have to be developed.

For robust and genome-wide base editing technology, | developed a novel CRISPR
Nickase system to overcome the limitations in the CRISPR/Cas9 system. The constructed
CRISPR Nickase system was able to edit bases regardless of the inside or outside of PAM and
gRNA-targeting sequences, while the CRISPR/Cas9 system could edit only the inside of these
sequences. In addition, this new system was highly specific to the on-target site in contrast to
the CRISPR/Cas9 system. Coupling with yeast gap repair cloning (GRC), it was able to
construct yeast mutants including thermotolerant CDC25 mutants only within 5 days. CRISPR
Nickase system serves a versatile and powerful genomics tool to construct valuable strains for

bioproductions.

Materials and methods

Strains and DNA manipulation

S. cerevisiae MT8-1 (MATa, ade, his3, leu2, trpl, ura3) [11] was used as a host strain
for genome editing. The rad- knockout strains were obtained from the yeast gene knockout
collection [12]. Escherichia coli strain DH5a. [F, endAl, hsdR17(r,/mk’), supE44, thi-1, A,
deoR, recAl, gyrA96, phoA, ¢$80dlacZAM15, A(lacZYA-argF)U169] (Toyobo, Osaka, Japan)
was used as a host for the recombinant DNA manipulation. Donor fragments and 20-nt gRNA
expressing DNA were inserted into backbone vectors by In-Fusion HD Cloning Kit (Clontech,
CA, USA) and Ligation high (Toyobo), respectively. E. coli transformants were grown in
Luria—Bertani medium [1% (w/v) tryptone, 0.5% (w/v) yeast extract, and 1% (w/v) sodium
chloride] containing 50 pg/mL ampicillin. Introductions of one-point mutations by the
conventional two-step integration/excision method were conducted using pAUR135 vector

(Takara Bio, Shiga, Japan) following to manufacturer’s instructions.
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Genome editing by conventional CRISPR Cas9 system

Genome editing was performed as previously reported [7]. Double strand donor DNA was
used by annealing 80 nt-single strand oligonucleotides. Yeast cells were transformed with 250
ng of plasmids and 500 pmol of donor DNA by using the Frozen-EZ yeast transformation Il kit
(Zymo Research, CA, USA). Transformants on selective plate medium were replica-plated onto
SD plate medium supplemented 60 mg/L canavanine and appropriate amino acids without

arginine.

Base editing by CRISPR Nickase system

Transformation was performed as described above. Transformants were selected and
grown on SDC+AW [0.67% (w/v) yeast nitrogen base w/o amino acids, 2% glucose, 2%
casamino acid (BD BioSciences, CA, USA), 2.0x10% adenine, and 2.0x10°% L-tryptophan]
plate medium. The colonies on the selective medium were suspended in distilled water.
Suspension was adjusted to optical density at 600 nm (ODggo) of 10° (:1.1x10° cells) in 5 mL
SDC+AW liquid medium and grown for 48 h at 30°C. Cultivated cells were spread on YPD [1%
(wi/v) yeast extract, 2% (w/v) peptone, 2% (w/v) glucose] plate medium. For CAN1 mutagenesis
analyses, colonies on YPD plate medium were replica plated to SD plate medium supplemented
60 mg/L canavanine and appropriate amino acids without arginine to evaluate genome editing
efficiencies. For the sequence analyses, colonies were randomly picked and DNA fragments
containing a mutation site were directly amplified by PCR, which were analyzed by Sanger

sequencing (Eurofins Genomics, Tokyo, Japan).

Calculation of editable bases

Yeast genome used for the calculation of editable bases was obtained from
Saccharomyces genome database (http://www.yeastgenome.org/). All bases (1.21x10’ bp) were
classified based on whether editable or not. “GG” and “CC” in PAM sequences and following
20 bp- or 12 bp- gRNA-targetable sequences in the genome were defined as editable. Genome
coverage (%) was calculated by dividing the number of editable bases by the total bases in the
genome. In a similar manner, editable bases by CRISPR Nickase system were determined based

on the distances from a nicking site.
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Gap repair cloning

DNA fragments were amplified to add more than 30 bp homology arms on the each edge.
For amplification of a Cas9 D10A and gRNA containing fragment, 2 ng templates were used.
Donor DNA fragments containing mutation was amplified directly from yeast cells. Amplified
DNA fragments were treated with Dpnl (Toyobo) for 2 h at 37°C to degrade template plasmids
completely. Purification was performed with Qiaquick PCR purification kit (QIAGEN, Hilden,
Germany) and 0.2 pmol of DNA fragments were used for transformation. Transformants were
cultivated as described above. Sequencing of CDC25 mutants was performed by randomly

picking colonies on YPD plate medium.

Fluorescent analysis

At least more than 20 colonies on selective plate medium were suspended in distilled
water at the same time. Suspension was adjusted to an ODgy 0f 10°in 5 mL SDC+AW liquid
medium and grown for 48 h at 30°C. Cells were then inoculated into fresh YPD medium to be
adjusted to an ODg of 0.1 and cultivated at 30°C for 12 h. The Flow cytometry analysis was
performed using a JSAN desktop cell sorter (Bay bioscience, Kobe, Japan). The fluorescence of
cells was analyzed using AppSan software (Bay bioscience), and were measured with
excitation at 488 nm and emission from 512 to 558 nm. A total of 5.0x10" cells was recorded
per sample. In order to quantify the proportion of cells producing non-functional EGFP, | asked
whether the fluorescence intensities were below the threshold. The threshold was determined
based on each negative control distribution, and was defined as within the mediumn +2 standard
deviations of fluorescence intensity. Cells that did not exceed to the threshold were regarded as

non-fluorescent.

Results

Limitation of CRISPR/Cas9 system

In order to investigate whether CRISPR/Cas9 system can precisely edit the outside areas
of recognition sequences, | used a previously reported CRISPR/Cas9 system in S. cerevisiae [7].
In this system, a centromeric single-copy plasmid constitutively expresses Cas9 under the strong
TEF1 promoter and a multi-copy 2 p plasmid constitutively expresses gRNA under the snR52

promoter. gRNA was constructed to target a CAN1 gene, which encodes a arginine transporter

45



[13]. Non-sense mutation in the CAN1 gene confers canavanine resistance with yeast cells,
while the functional CAN1 gene causes canavanine sensitivity. Using canavanine sensitivity and
resistance, | evaluated the genome editing efficiencies of CRISPR/Cas9 system by introducing
stop codons in the PAM sequence, gRNA-targeting sequence, and an outside area of the PAM
and gRNA-targeting sequences. Double strand donor DNA was used to mediate the editing of
the CAN1 gene. When CRISPR/Cas9 system introduced stop codons at PAM and
gRNA-targeting sequences, almost all yeast cells acquired canavanine resistance (Fig. 1c),
which were similar efficiencies to the previous report [7]. A catalytically inactive Cas9 (Dead
Cas9) did not induce genome editing. All sequenced colonies obtained intended stop codons in
the CAN1 gene (Fig. 1d). On the other hand, when a stop codon was introduced at the outside
area (9 bp downstream from the cleavage site) by using Cas9, only a few cells acquired
canavanine resistance (Fig. 1c). In addition, many cells obtained unnecessary mutations in the
gRNA-targeting sequences as well as the intended premature stop codon (Fig. 1d). Only one
colony underwent the intended genome editing.

Colony forming units (CFUs) varied greatly depending on the mutation sites in the donor
DNA (Fig. 1e). Production of Cas9 in the absence of donor DNA severely decreased CFU,
because DSB induced cellular death as well as NHEJ. On the other hand, donor DNA containing
the mutation in the PAM sequence protected cells producing Cas9 from cellular death caused by
DSB. However, donor DNA containing the mutation at the outside area led to cellular death,

suggesting that continuous cleavages by Cas9 occurred as expected.

Development of CRISPR Nickase system

Since CRISPR/Cas9 system had the limitation of the editable bases, | attempted to
develop a new genome editing technology that is free from the limitation. To achieve this, I used
Cas9 nickases, Cas9 D10A and Cas9 H840A [14], instead of Cas9 nuclease (Fig. 1b). Cas9
D10A cleaves the gRNA-targeting strand, while Cas9 H840A cleaves the non-targeted strand
[15]. Nickase introduces single strand breaks (nicks) that can be precisely repaired in the cells
[16]. Nick can induce homologous recombination, but not NHEJ [14]. Therefore, continuous
re-recognition and re-cleavage by Cas9 nickase/gRNA after HDR would not stimulate NHEJ,
resulting in the precise genome editing. However, simple replacement of Cas9 nuclease with

Cas9 nickases (Cas9 D10A and Cas9 H840A) did not induce genome editing at all (Fig. 1c).
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Fig. 1 Limitation of CRISPR/Cas9 system (a) Scheme of genome editing at the outside areas
of PAM and gRNA-targeting sequences by CRIPSR/Cas9 system and (b) CRISPR Nickase
system. (c) Genome editing efficiencies at the CAN1 gene by conventional method [7]. The
targeted position is described above the graph. (d) Sequencing of edited CAN1 gene. Cas9
precisely edited PAM and gRNA-targeting sequences, but not a downstream (DS) site from the
cleavage site. Introduced stop codons (squared) and unintended mutations (inverted) are
represented. The numbers of observed sequences against the numbers of total sequenced strains
(e.g. 4/4) are shown. (e) Transformation efficiencies. The numbers of transformants on selective
medium divided by the number of competent cells counted on non-selective medium are
represented to evaluate the toxicity of CRISPR systems. The error bars are shown as * standard

error mean (SEM) based on 3 independent measurements.

| thought that transient donor introduction was not enough for the nick-mediating HDR. Nick is

precisely filled in cells and does not induce HDR as efficiently as DSB [17]. Therefore, |
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integrated donor DNA fragment into the plasmid expressing Cas9 nickase and gRNA to prevent
losses of donor by degradation and cell divisions (Fig. 2a). About 1000 bp of donor DNA was
used in this study, because more than 700 bp donor length has been reported to serve enough
HDR efficiencies in S. cerevisiae [18]. In addition, transformants that harbored the plasmids
were further cultivated in liquid medium for 48 h. Since HDR is induced in late S and G2
phases when sister chromatids are available as HDR template [19], promoting cell cycles by cell
divisions was expected to confer more chances with cells to repair nicks by HDR.

At first, | tested this system by producing Cas9 nuclease as a positive control (Fig. 2b). In
this vector design, Cas9-production induced efficient and precise genome editing at the PAM
sequence, suggesting that this system worked as expected (Fig. 2b, 3). When the outside areas
were edited, Cas9 introduced intended stop codons as well as unintended mutations around the
cleavage sites (Fig. 3). Production of Cas9 without donor DNA or with donor DNA containing
mutations at the outside area caused severe decreases in CFUs, while donor DNA containing the
mutation in the PAM sequence protected cells (Fig. 2c). These results emphasize the fact that
prevention of re-recognition of Cas9/gRNA complex after HDR is crucial for accurate genome
editing. When Cas9 nickases were produced to edit the PAM sequence, approximately 50% cells
obtained canavanine resistance and the intended stop codon in the CAN1 gene (Fig. 2 b, 3).
Notably, Cas9 nickases were able to introduce mutations at the outside areas with about 50%
efficiencies, without any unintended mutations (Fig. 3). Furthermore, it successfully edited
bases up to 53 bp upstream and 50 bp downstream from the nicking site (Fig. 2b). There were
not any major biases in efficiencies between two nickases, Cas9 D10A and Cas9 H840A,
indicating that the nicking strand did not affected the HDR efficiencies. CFUs of cells producing
Cas9 nickases were not varied by mutation sites in donor DNA (Fig. 2c). This system could
precisely edit bases at the different site of the CAN1 gene (Fig. 2d). | termed this base editing
technology using Cas9 D10A or Cas9 H840A as “CRISPR Nickase system”.
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Fig. 2 Construction of CRISPR Nickase system (a) Scheme of the experiment. Cas9 nickase-
and gRNA-expressing cassettes were integrated into a single plasmid that had a donor DNA.
Transformants were cultivated in selective medium for 48 h from an ODgy of 10° ('=.1.1><103
cells). (b) Genome editing efficiencies at the CAN1 gene. Efficiencies were calculated based on
canavanine assays. The numbers indicate the distances (bp) of edited sites from the cleavage site.
(c) Transformation efficiencies. The numbers of transformants on selective medium divided by
the number of competent cells counted on non-selective medium are represented to evaluate the
toxicity of CRISPR systems. (d) Editing efficiencies at the different targeting sequence on the
opposite strand of the CAN1 gene. (e) Theoretical editable bases by CRISPR Nickase system.
X-axis indicates the hypothetical editable distances from cleavage sites. Y-axis shows
theoretical editable bases (%) in the S. cerevisiae genome. The error bars are shown as *

standard error mean (SEM) based on 3 independent measurements.

49



5 gRNA targeting sequence PAM 3
Reference GTATCCATTG CGCTCTTTCC CGACGAGAGT AAATGGCGAG GATACGTTCT CTATGGAGGA [TEECATAGGT GATGAAGATG AAGGAGARGT ACAGAACGCT GAAGTGAAGA

Cas9 (4/4) GTATCCATTG CGCTCTTTCC CGACGAGAGT AAATGGCGAG GATACGTTCT CTATGGAGGA @\TEGGT GATGAAGATG AAGGAGAAGT ACAGAACGCT GAAGTGAAGA
Cas9 D10A (4/4) GTATCCATTG CGCTCTTTCC CGACGAGAGT AAATGGCGAG GATACGTTCT CTATGGAGGA @\TAGGT GATGAAGATG AAGGAGAAGT ACAGAACGCT GAAGTGAAGA
Cas9 H840A (4/4) GTATCCATTG CGCTCTTTCC CGACGAGAGT AAATGGCGAG GATACGTTCT CTATGGAGGA @TAGGT GATGAAGATG AAGGAGAAGT ACAGAACGCT GAAGTGAAGA

Cas9 (4/4) GTATCCATTG CGCTCTTTCC CGACGAGAGT AAATGGCGAG GATAC@ CTATGGAGGA ' PEGECATAGGT GATGAAGATG AAGGAGAAGT ACAGRAACGCT GAAGTGAAGA
Cas9 D10A (4/4) GTATCCATTG CGCTCTTTCC CGACGAGAGT AAATGGCGAG GATM@ CTATGGAGGA |TEGGCATAGGT GATGAAGATG AAGGAGAAGT ACAGAACGCT GAAGTGAAGA
Cas9 H840A (4/4) GTATCCATTG CGCTCTTTCC CGACGAGAGT AAATGGCGAG GATAC@ CTATGGAGGA TGEGCATAGGT GATGAAGATG AAGGAGAAGT ACAGAACGCT GAAGTGAAGA

gRNA (-10) PAM (+7)

(2/5) GTATCCATTG CGCTCTTTCC CGACGAGAGT AAATGGCGAG GATACGTTCT CTATGGEGGA [TGG(TARAGT GATGAAGATG AAGGAGAAGT ACAGAACGCT GAAGTGAAGA
(1/5) GTATCCATTG CGCTCTTTCC CGACGAGAGT AAATGGCGAG GATACGTTCT CTATGGAQGA TGGTAAIGT GATGAAGATG AAGGAGAAGT ACAGAACGCT GAAGTGAAGA
(1/5) GTATCCATTG CGCTCTTTCC CGACGAGAGT AAATGGCGAG GATACGTTCT CTATGGHGGA TGGUTAAIGT GATGAAGATG AAGGAGAAGT ACAGAACGCT GAAGTGAAGA
(1/5) GTATCCATTG CGCTCTTTCC CGACGAGAGT AAATGGCGAG GATACGTTCT CTATGGEGGA |TGGCTAAIGT GATGAAGATG AAGGAGAAGT ACAGAACGCT GAAGTGAAGA
Cas9 D10A (4/4) GTATCCATTG CGCTCTTTCC CGACGAGAGT AAATGGCGAG GATACGTTCT CTATGGAGGA [TEGTAAIGT GATGAAGATG AAGGAGRAAGT ACAGAACGCT GAAGTGAAGA
Cas9 HB40A (4/4) GTATCCATTG CGCTCTTTCC CGACGAGAGT AAATGGCGAG GATACGTTCT CTATGGAGGA TGG(TAASGT GATGAAGATG AAGGAGAAGT ACAGAACGCT GAAGTGAAGA

Cas9

DS (+9)

Cas9 (4/4) GTATCCATTG CGCTCTTTCC CGACGAGAGT AAATGGCGAG GATACGTTCT CTATGGEGGA TEGCATAGGT GATGAAGATG AAGGATAAIT ACAGAACGCT GAAGTGAAGA
Cas9 D10A (4/4) GIATCCATTG CGCTCTTTCC CGACGAGAGT AAATGGCGAG GATACGTTCT CTATGGAGGA TGGCATAGGT GATGAAGATG AAGGAAART ACAGAACGCT GAAGTGAAGA
Cas9 H840A (4/4) GTATCCATTG CGCTCTTTCC CGACGAGAGT AAATGGCGAG GATACGTTCT CTATGGAGGA TGGCATAGGT GATGAAGATG AAGGMTAAIT ACAGAACGCT GAAGTGAAGA

DS (+29)

(2/4) GTATCCATTG CGCTCTTTCC CGACGARGAGT AARTGGCGAG GATACGTTCT CTATG@GA TGGCATAGGT GATGAAGATG AAGGAGAAGT ACAGAACGCT GAAGT

Cas9| (1/4) GTATCCATTG CGCTCTTTCC CGACGAGAGT AAATGGCGAG GATACGTTICT CTATG@;GA PEGCATAGGT GATGAAGATG AAGGAGAAGT ACAGAACGCT GAAGT

(114) GTATCCATTG CGCTCTTTCC CGACGAGAGT AAATGGCGAG GATACGTTCT CTATGGEGGA [TGGCATAGGT GATGAAGATG AAGGAGAAGT ACAGAACGCT GAAGTHIAGR

Cas9 D10A (4/4) GTATCCATTG CGCTCTTTCC CGACGAGAGT AAATGGCGAG GATACGTTCT CTATGGAGGA |TGGCATAGGT GATGAAGATG AAGGAGAAGT ACAGAACGCT GAAGTTAGR
Cas9 H840A (4/4) GTATCCATTG CGCTCTTTCC CGACGAGAGT AAATGGCGAG GATACGTTCT CTATGGAGGA TGGCATAGGT GATGAAGATG AAGGAGAAGT ACAGAACGCT GAAGTGTAGR

DS (+50)

(3/4) GTATCCATTG CGCTCTTTCC CGAC@T AAATGGCGAG GATACGTTCT CTATGGEGGA TGGCATAGGT GATGAAGATG AAGGAGAAGT ACAGAACGCT GAAGTGAAGA
(1/4) GTATCCATTG CGCTCTTTCC CGAC@ST AARTGGCGAG GATACGTTCT CTATG@GA TGGCATAGGT GATGAAGATG AAGGAGAAGT ACAGAACGCT GAAGTGAAGA
Cas9 D10A (4/4) GTATCCATTG CGCTCTTTCC CGACHEGART AAATGGCGAG GATACGTTCT CTATGGAGGA TGGCATAGGT GATGAAGATG AAGGAGAAGT ACAGAACGCT GAAGTGAAGA
Cas9 H840A (4/4) GTATCCATTG CGCTCTTTCC CGACGT AAATGGCGAG GATACGTTCT CTATGGAGGA TEGCATAGGT GATGAAGATG AAGGAGAAGT ACAGAACGCT GAAGTGAAGA

Cas9

US (-32)

(2/14) GTA@TTG CGCTCTTTCC CGACGAGAGT ARATGGCGAG GATACGTTCT CTATGGEGGA TGGCATAGGT GATGAAGATG AAGGAGAAGT ACAGAACGCT GAAGTGAAGA
(1/4) GTATTARTTG CGCTCTTTCC CGACGAGAGT AAATGGCGAG GATACGTTCT CTATGGHGGA TGGCATAGGT GATGAAGATG ARGGAGAAGT ACAGARCGCT GAAGTGAAGA
(1/4) GTATTARTTG CGCTCTTTCC CGACGAGAGT AAATGGCGAG GATACGTTCT CTATGGHEENE TGGCATAGGT GATGAAGATG AAGGAGAAGT ACAGARCGCT GAAGTGAAGA
Cas9 D10A (4/4) GTA@TTG CGCTCTTTCC CGACGAGAGT AAATGGCGAG GATACGTTCT CTATGGAGGA [TGGCATAGGT GATGAAGATG AAGGAGAAGT ACAGAACGCT GAAGTGAAGA
Cas9 H840A (4/4) GTAITANITG CGCTCTTTCC CGACGAGAGT AAATGGCGAG GATACGTTCT CTATGGAGGA TGGCATAGGT GATGAAGATG RAGGAGAAGT ACAGAACGCT GAAGTGARAGA

Cas9

US (-53)

Fig. 3 Sequence analysis Introduced stop codons (squared) and unintended mutations
(inverted) are represented. The numbers of observed sequences against the numbers of total
sequenced strains are shown. DS and US represent downstream and upstream from the cleavage

site, respectively.

These results suggest that CRISPR/Cas9 system can edit only the inside of
gRNA-targeting sequence (20 bp) and PAM sequence (NGG; 2 bp). According to in silico
calculation, editable bases by CRISPR/Cas9 system accounts for 68.4% in whole S. cerevisiae
genome (Fig. 2e). The rest of 31.6% areas were the areas that were not covered by any PAM or
potential gRNA-targeting sequences. In contrast, the CRISPR Nickase system, which can
precisely edit much broader areas can theoretically edit 97.2% bases in the S.cerevisiae genome,
according to a similar in silico calculation (Fig. 2e). This system overcame the major limitation

of CRISPR/Cas9 system.
Specificity of CRISPR Nickase system
CRISPR/Cas9 system has been reported to induce unintended mutations at off-target

sites that have sequence similarities with the on-target site [8, 10, 20]. On the other hand,

50



CRISPR Nickase system was supposed not to induce off-target editing, because induction of
nicks at the off-target site unlikely causes NHEJ [21]. In order to investigate the specificity of
CRISPR/Cas9 and CRISPR Nickase systems, | integrated an artificial off-target site at the
upstream of an EGFP gene. The off-target site had the same sequence with the on-target site in
the indigenous CAN1 gene (Fig. 4a). Since on-target site in the CAN1 gene was repaired through
HDR using donor DNA containing the mutation in the PAM sequence, Cas9 and Cas9-nickase

procutions did not cause cellular death in the absence of the off-target site (Fig. 4b).
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D10A (6/6) GATACGTTCT CTATGGAGGA TGGGTGAGCA

H840A (6/6) GATACGTTCT CTATGGAGGA TGGGTGAGCA
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Fig. 4 Specificity of CRISPR Nickase system (a) Scheme of specificity assay. (b)
Transformation efficiencies. The numbers of transformants on selective medium divided by the
number of competent cells counted on non-selective medium are represented to evaluate the
toxicity of CRISPR systems. (c) Fluorescent analysis of EGFP. Histograms are represented
based on the fluorescent intensities of the cells. (d) Sequencing of the off-target site. Unintended
mutations are inverted. The numbers of observed sequences against the numbers of total
sequenced strains are shown. (e) Genome editing efficiencies at the on-target CAN1 site. The

error bars are shown as + standard error mean (SEM) based on 3 independent measurements.
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In the presence of off-target site, however, CFU of Cas9 producing cells was severely decreased
due to DSB at the off-target site, while those of nickase- producing cells were not decreased.
This fact indicates that CRISPR Nickase system did not induce cellular toxicity and DSBs at the
off-target site. Fluorescence analysis revealed that some cells producing Cas9 lost fluorescence
(Fig. 4c). Unnecessary mutations were found even in the rest of fluorescent cells (Fig. 4d). In
contrast, CRISPR Nickase system induced neither fluorescent losses nor unintended mutations
at the nicking site (Fig. 4c, d). In addition, this system edited the on-target site without any
errors (Fig. 4e). These results suggest that CRISPR Nickase system can distinguish on-target

and off-target sites even if the both sequences are exactly the same.

Rapid constructions of mutants

CRISPR Nickase system was revealed to have the advantages for genome-wide base
editing and specificity over CRISPR/Cas9 system. This system, however, still had the difficulty
for the rapid constructions of mutants. In this system, custom-made plasmids bearing donor
DNA and gRNA expression cassette have to be constructed based on the target site, which
usually takes about one-week efforts (Fig. 5a). In order to achieve the rapid construction of
mutants, 1 combined yeast gap repair cloning (GRC) with CRISPR Nickase system (Fig. 5b).
GRC is a genetic technique that depends on the ability of yeast to assemble DNA fragments to
construct plasmids in the cells [22]. It only requires short overlapping sequences at the both
edges of the fragments that can be easily added by PCR. Parts of plasmid fragments were
amplified to attach a target-specific gRNA sequence and mutated sequence as well as
overlapping sequences to each fragment and directly introduced into yeast cells. | assembled the
Cas9, Cas9 D10A, Cas9 H840A, or Dead Cas9 expressing cassette as well as gRNA expressing
cassette and donor DNA to introduce stop codons at the PAM sequence of the CAN1 gene.
CRISPR/Cas9 system as well as CRISPR/Nickase system coupling with GRC achieved precise
genome editing at the CAN1 gene in only 5 days (Fig. 5c). In addition to the canl4 mutant, |
constructed thermotolerant CDC25 mutants. Importantly, CRISPR Nickase system coupling
with GRC precisely introduced mutations regardless of the inside (W1416C) or the outside
(T943P, G1459C, and N1393T) of PAM and gRNA-targeting sequences. The CDC25 mutants
exhibited thermotolerance (Fig. 5d). The phenotypes did not differ from those of CDC25

mutants constructed by the two-step insertion/excision technique (Fig. 5d).
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Fig. 5 CRISPR Nickase system coupling with GRC (a) Plasmid design for CRISPR Nickase
system. (b) Scheme of CRISPR Nickase system coupling with GRC to construct mutants in 5
days. (c) Efficiencies of genome editing at the CAN1 gene coupling with GRC. (d)
Thermotolerance of CDC25 mutants constructed through CRISPR Nickase system coupling
with GRC. Cells (ODgqo = 1.0) were diluted 10-, 10%, 10°-, and 10*-fold and spotted onto YPD
plates. Since the major differences in efficiencies between Cas9 D10 and Cas9 H840A had not
been observed so far, Cas9 D10A was used in this experiment. The CDC25 mutants constructed
through CRISPR Nickase system and a conventional two-step integration/excision method are
compared. The error bars are shown as + standard error mean (SEM) based on 3 independent

measurements.

Investigation of key proteins for nick-repair via HDR

The key proteins for the repair of nicks via HDR have not been elucidated in S. cerevisiae.
Rad51p and Rad52p play important roles in repairs of DSBs via HDR [23]. Consistent with this
fact, Cas9 production in each rad51 and rad52 knockout mutant strain greatly inhibited colony
formations even in the presence donor DNA (Fig. 6a). In rad524 strain, CRISPR Nickase

system could not induce genome editing at all, suggesting that Rad52p plays critical roles in
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repairs of nicks via HDR (Fig. 6b). This fact indicates that promotion of cell cycles in the liquid
medium enhanced genome editing efficiencies by proving the opportunities with cells to
undergo S/G2 phases at which RAD52 is expressed [24]. On the other hand, CRISPR Nickase
system was able to induce genome editing in the absence of Rad51p. Supporting this, this
system could induce genome editing without Rad54p and Rad56p, which function with Rad51p
as “recombinosome complex” (Fig. 6b) [23]. These results strongly suggest that repairs of

single strand breaks via HDR are dependent on Rad52p but are independent of Rad51p.
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Fig. 6 Essential proteins for the repair of nicks via HDR (a) Transformation efficiencies in
rad-deleted strains. The targeting site by Cas9, Cas9 D10A, Cas9 H840A, and dead Cas9 was
the same as in Fig. 2b. The donor DNA in the plasmids contained a stop codon in the PAM
sequence. The numbers of transformants on selective medium divided by the number of
competent cells counted on non-selective medium are represented to evaluate the necessities of
the Rad-proteins for the repairs of DSB and nick. (b) Genome editing efficiencies at the CAN1
gene by CRISPR Nickase system in rad-deleted strains. (c) Working model of HDR at single
strand breaks. The error bars are shown as + standard error mean (SEM) based on more than 3

independent measurements.

Discussion

In this study, | successfully developed the genome-wide base editing technology, CRISPR
Nickase system. This system was able to edit bases where the conventional CRISPR/Cas9

system was unable to edit. Coupling with GRC, | was able to construct the thermotolerant
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CDC25 mutants within only 5 days. To my best knowledge, this is the fastest method to
construct yeast mutants without using any maker genes.

CRISPR/Cas9 system was unable to edit the outside areas of PAM and gRNA-targeting
sequences due to the continuous cleavages (Fig. 1d, 3). One possible way to avoid continuous
cleaves may be to induce Cas9 expression only transiently to prevent prolonged Cas9 cleavages.
However, mutation frequencies achieved by the temporal expression of Cas9 were less than
0.1% [7], probably because transient induction would not serve enough Cas9 protein for
efficient genome editing. Previous report suggested that Cas9 abundance in the cells was the
one of the most determinant factors to decide editing efficiency [25]. For efficient genome-wide
base editing, transcription activator-like effector nuclease (TALEN) would be suited [26, 27].
Since TALEN technology does not require any motif sequences like the PAM sequence, TALEN
can be constructed to target all areas in genome in contrast to CRISPR/Cas9 system. However,
unlike CRISPR/Cas9 system it needs a correct alignment of binding modules which requires
time-consuming DNA manipulations. Although use of other types of CRISPR-related systems
with different PAM requirement will expand the editable bases, the utilization of different
systems based on the targeting-sites is laborious and makes it low through-put. As a similar
approach to CRISPR Nickase system, double nicking strategy using the Cas9 nickases has been
developed [28]. This strategy uses a paired Cas9 nickases which introduce nicks at each DNA
strand, causing site-specific DSBs. This technique is highly specific because DSBs occur only
when two nickases simultaneously work. However, at least either recognition sequence should
be altered after HDR not to induce unwanted mutations at the cleavage site, which limits
editable bases. On the other hand, CRISPR Nickase system easily and rapidly edited the PAM,
gRNA-targeting sequences, and the outside areas of these sequences in a precise manner. This
system is robust and versatile tool for genome-wide base editing.

| revealed that nick repairing via HDR was independent of Rad51p, although HDR at
DSB was profoundly dependent on Rad51p (Fig. 6a) [23]. Little has been known about the
mechanisms of HDR at nicks in human cells and even in S. cerevisiae. A previous study showed
that transcription-coupled repair (TCR) played a part of the roles in HDR at nicks in human
cells [29]. TCR preferentially detects and repairs damages on the transcribed DNA strands [30].
The study also showed that the inhibition of Rad51p enhanced the TCR efficiency. However,

any biases in the efficiencies between Cas9 D10A and Cas9 H840A were not observed in this
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study. In addition, this study revealed that Rad51p was not involved in HDR at nicks at all.
There will be differences in the nick repair mechanisms via HDR between human and S.
cerevisiae cells. In the absence of Rad51p, break-induce replication (BIR) has been reported to
be able to repair DSBs using homologous donor DNA [31]. BIR is a recombinant-dependent
mechanism which is initiated from DNA synthesis [32]. In BIR, however, site-specific local
recombination has not been observed. Instead, the repair process continues to the end of the
template DNA, typically up to telomere domains when donor is chromosomal DNA [31].
Nevertheless, in this study, integrations of plasmid backbone were not found. This fact suggests
that BIR was not involved in HDR at nicks in S. cerevisiae. | consider that post-replication
repair (PRR) [33] or a similar mechanism would play a role in HDR at nicks (Fig. 6C). In this
model, the first driving force of the recombination is a dual incision, which is observed in
nucleotide excision repair [34]. Subsequently, the intact single strand DNA invades the
undamaged donor DNA, which was harbored in the plasmid in this study. The nicked strand
switches the template and extends the strand according to the donor DNA, as is observed in
PRR [33]. Consequently, the nick induces the genome editing. Supporting this hypothesis, PRR
has been reported to be conducted in the absence of Rad51p, but inhibited in the absence of
Rad52p [35].

In this study, | successfully developed a novel genome-wide base editing system. This is
the first approach to edit the outside areas of PAM and gRNA-targeting sequences. When to edit
the genomic areas where are not covered by PAM or gRNA-targeting sequences, this system can
be the first choice in the genome editing. In addition, this is one of the fastest genetic techniques
to induce genome editing in yeast. Considering the editable areas, high-fidelity, and rapidness
for the mutant constructions, CRISPR Nickase system will be the robust tool that overcomes the

limitations in CRISPR/Cas9 system.
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Conclusions

The goal of this study was to identify mutations that contribute to the thermotolerance of S.
cerevisiae and to reconstruct thermotolerance. There have been two main challenges in the
current research of thermotolerance in yeast. First, few mutations related to thermotolerance
have been identified, even though thermotolerant yeasts play essential roles in bioproduction.
Second, the current method of introducing mutations into the yeast genome is inefficient and
time-consuming. In this study, | addressed both of these problems by analyzing the genome
sequences of strains isolated during stepwise adaptation, and developing a new genome-wide
base editing technology.

In Chapter I, | performed a stepwise adaptation from a non-thermotolerant strain and then
isolated thermotolerant strains. A DNA microarray analysis of the one of the most
thermotolerant strains, YK60-1, revealed the constitutive induction of stress-responsive genes,
such as those encoding heat shock proteins and trehalose synthetic genes. Additionally, the
non-targeting metabolome analysis showed that YK60-1 accumulated much more trehalose than
MT8-1.

In Chapter II, | presented whole genome analyses of intermediate strains that had adapted
from 32°C to 38°C in the adaptation steps. The analyses discovered CDC25 mutations that
contributed to thermotolerance. The pathway analyses of the reconstructed CDC25 mutants
showed that mutated Cdc25p caused the downregulation of the intracellular level of cAMP,
which led to thermotolerance.

In Chapter Ill, | developed a new genome editing technology that was capable of
reconstruction of thermotolerant strains in much shorter period of time and with higher
efficiencies than the current technique. The novel CRISPR/Nickase system was able to precisely
and specifically edit the outside areas of PAM and guide RNA targeting sequences, in contrast
with the CRISPR/Cas9 system.

In this study, | successfully identified mutations involved in the thermotolerance of yeast,
which potentially reduces the costs for bioproduction. | also developed a new genome-wide

base editing technology for the fast and efficient phenotypic designs of productive yeast strains.
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