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Abstract

A Toolkit for Automated High-Throughput Cloning and Manipulation of DNA in

Fission and Budding yeast

Devina Singh

Budding and fission yeast continue to serve as outstanding models for biomedical research.
However, while budding yeast is emerging as a model eukaryote for synthetic biology with many readily
available fully-characterized toolkits, fission yeast has lagged partly due to the lack of similar resources.
Furthermore, the development of genome foundries demands compatible platforms that enable modular,
multi-part cloning with precision. Here, we present toolkits combining the Gateway and Golden Gate

technologies for precise, automated, high-throughput cloning and genome engineering for both yeasts.

For budding yeast, we modified a previously available toolkit into robotics-compatible vectors.
For fission yeast, this platform provides a new set of vectors for modular assemblies, including a fully
characterized collection of promoters and terminators. Additionally, we engineered a non-toxic, codon-
optimized, genome-editing tool for efficient modifications of the fission yeast genome. Finally, we show
the utility of the toolkit for precision cloning and the expression of heterologous human proteins in

yeast.
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1. Chapter 1- Introduction

1.1 The impact of modular toolkits in systematic functional genomic assays in yeast

Production of genetic toolkits has coincided with the rapid progress of synthetic and
systems biology research[1,2]. These toolkits consist of basic cloning vectors, expression vectors,
part vectors, and CRISPR-Cas9 genome editing systems [2]. Other kits provide vectors carrying
parts such as a fully characterized set of promoters, N- or C-terminal tags, and selection markers
that are instrumental for performing assays in molecular biology research for budding and fission
yeast[3—5]. Due to the readily available collections such as the Human ORFeome, there is a
continued need for next-generation high throughput assays that use compatible toolkits offering
high precision cloning for both yeasts. Current high throughput DNA assembly technologies use
Type IIS restriction systems (Golden Gate) and Gateway cloning[6—8]. For example, the MoClo-
YTK kit leverages the Golden Gate strategy, consisting of 96 vectors and several fully
characterized yeast promoters, terminators, selection markers, fusion tags, and Cas9-gRNA
expression modules[6] (Figure 1A). Similar kits have accelerated yeast genetics research by
providing the benefit of reliable assemblies of multiple genetic parts such as promoters, genes,
and terminators [2,6]. Gateway cloning (Figure 1B) collections allow heterologous expression of
human genes (from the Human ORFeome collection) into compatible yeast vectors using site-
specific recombination [9] [10]. Several other toolkits, such as BioBrick, GoldenBraid, and
YeastFab, use similar modular strategies for the highly efficient construction of vectors with

unique payloads [2,11-13].
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Figure 1. Golden Gate and Gateway Assembly A.The Golden Gate method involves restriction digestion and
ligation of DNA fragments into a fluorescent dropout vector. The final construct is screened by isolating GFP-
colonies on a plate which is not ideal in a 96 well format. B. Gateway cloning uses recombination to swap out the
gene of interest into the destination vector that contains a toxic ccdB dropout. The toxic cassette eliminates
colonies with the wrong backbone, leaving only the correct final construct to survive.

Over a few decades, budding yeast has emerged as a platform for systems and synthetic
biology research demanding high throughput toolkits for genome-wide studies [14]. Modular
assembly kits are instrumental in developing novel methods in S. cerevisiae. For example, highly
optimized yeast two-hybrid systems used MoClo-YTK to create yeast as a drug discovery
platform [15]. In particular, our lab focuses on the systematic expression and characterization of
human genes in yeast[10,16]. Recent systematic assays using high throughput toolkits and arrayed

yeast knockout libraries demonstrated that many conserved genes have retained similar functions
2



between humans and yeast despite over a billion years of divergence[10,17-20]. Furthermore, the
systematic assays involving >1000 human genes cloned in yeast expression vectors revealed
properties of genes or genetic modules governing functional conservation[18-22]. The power of
systematic screens using toolkits can be estimated by the fact that only ~300 functionally
replaceable genes were identified until 2015. Since then, the number of replaceable human genes

has doubled [10,16].

"Humanized yeast” is a valuable platform for studying human biological processes in a
simplified cellular context [19,23-25]. However, the discovery of highly efficient genome editing
tools for humanized yeast studies is not limited to orthologous genes. Genetic toolkits with fully
characterized promoters enable systematic screens in yeast of over-expression phenotypes
associated with many disease-relevant human genes[20,24,26]. Avenues for research with the
Human ORFeome collection include over-expressing human genes in different yeast strains for
interesting phenotypes [27,28]. For example, the over-expression of 20 GFP fusion-tagged
human genes, toxic to yeast, discovered novel drug targets and repurposing of FDA-approved

drugs, expanding the number of available therapeutics for rare and common genetic diseases [29].

1.2 Solutions to increase precision and throughput in cloning.

The impact derived from performing large-scale experiments in yeast provides incentives
to continue investing in the next-gen toolkits and creating automated protocols with a need for a
compatible new DNA assembly technique. Despite the success of current methods, there is a need
for more streamlined and high throughput strategies to obtain clones with precision to enable

automated large-scale screens and experiments.



Type IIP restriction enzymes have been historically used for cloning DNA. However,
assembling multiple DNA fragments would require distinct enzymes because each type I1P
enzyme generates a unique overhang. This strategy is, therefore, unsuitable for the high
throughput cloning of many DNA fragments. In contrast, Golden Gate cloning uses type IIS
restriction enzymes, recognizing a short sequence in the DNA while creating a double-strand
break flanking the binding site [7]. The strategy enables the generation of specifically designed
overhangs permitting multi-part modular assemblies. In addition, this technique allows for a scar-
less assembly, eliminating the restriction sites from the final product and enabling enrichment.
Thus, the precision cloning efficiency increases by cycling the reaction between the digestion and
ligation steps, amplifying the correct clones in the mix. Typically a final construct of >9 DNA
fragments can be obtained with only a single enzyme digestion, increasing the throughput,
complexity and precision in cloning[30] [7]. Golden Gate cloning kits such as MoClo-YTK and
DNA-BOT enable automation using colony picker robots and GFP dropout to identify the correct
colonies[6,31]. While the fluorescent selection is efficient on a Petri dish where the GFP* or GFP"
colonies are well separated, identifying and picking the correct colonies is problematic on tiny
spots in a 96 or 384-well format. In addition, as the number of fragments increases, the proportion
of incorrectly assembled vectors also increases [7]. This problem worsens if the cloned inserts
also harbour the enzyme restriction sites that cannot be eliminated. In these situations, the Golden
Gate assembly method leads to many colonies with backbone vectors or incorrectly assembled
clones.

Gateway cloning technology uses site-specific recombination to clone DNA, comprising
a gene of interest and the destination vector containing a toxic gene cassette “ccdB” (disrupts

DNA gyrase activity), flanked by specific recombination sites [32]. The recombination exchanges
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the toxic gene for the gene of interest in the destination vector. As a result, only the bacteria
harbouring the correct clones survive on the selection medium [33]. The strategy increases
precision in cloning, with nearly every colony containing the correct clone. In addition, the toxic
cassette increases precision by reducing the number of background colonies that fail to grow in a
ccdB-sensitive E. coli strain. However, due to the cost of enzyme kits, performing many plasmid
assemblies using Gateway technology can be expensive [34]. Therefore, adapting and combining
the Golden Gate and Gateway methodologies may facilitate automated cloning with high
accuracy. In addition, precision can be improved by introducing toxic gene selection (like ccdB

for E. coli and TPK2 for S. cerevisiae)[35].

1.3 A new toolkit for functional genomics and synthetic biology in fission yeast

Our laboratory is interested in systematically testing if orthologous genes are functionally
equivalent across species [16]. Fission yeast diverged from budding yeast ~400 million years ago,
resulting in fission yeast retaining a large proportion of conserved genes with humans as
compared to budding yeast[36]. Furthermore, one of the first tests for functional complementation
of human genes in distant organisms was performed in fission yeast, discovering a conserved role
of a cell cycle protein, CDC2 [37]. Therefore, fission yeast is a remarkable asset for studying cell
and molecular biology relevant to humans[38]. However, since these initial experiments, few
humanization assays have been performed in fission yeast [39]. In contrast, many systematic
screens were performed, due to the availability of several molecular biology toolkits and strain

collections, in the budding yeast and have provided remarkable biological insights. On the other



hand, these tools are limited in fission yeast research and, as a result, hinder our ability to further

investigate functional relationships using fission yeast as a eukaryotic model[36,40,41].

Over the past few years, progress has been made towards developing toolkits for fission
yeast, such as fully characterized stable integration vectors, Gateway cloning vectors and a
CRISPR-Cas9 kit that allows for the introduction of designer auxotrophic strains [4,42,43]. These
tools have led to a few large-scale screens in fission yeast that have provided major scientific
insights and, as a result, incentivized using fission yeast as a model for systematic studies aided
by next-gen toolkits[44—46]. For example, 437 human cDNA clones isolated by microarray
analysis of cancerous liver and gastric tissues were studied in fission yeast to determine cellular
functions that might be relevant to cancer while developing Gateway-compatible vectors,
demonstrating fission yeast as a valuable platform for screening cancer-related human genes [47].
Comparative studies in fission and budding yeast can also be used to investigate other aspects,
such as studying human diseases in yeast models[48]. For example, pathogenicity in Huntington's
disease is characterized by the expansion of a polyglutamine (polyQ). This molecular mechanism
was elucidated by characterizing polyQ toxicity in budding yeast and the lack of toxic phenotypes
in fission yeast[49]. Similar studies enabled the discovery of novel and uncharacterized gene
functions in yeast and humans[50—52]. These and many more studies emphasize the value of
toolkits for fission and budding yeast[53—55]. Most modern toolkits also include next-generation
gene editing CRISPR-Cas9 plasmids that are instrumental in systematically deciphering gene

function and engineering biology [56].

CRISPR-Cas9 has expanded the ability to perform precise genome editing in many
organisms [35]. Modified versions of Cas9, such as deactivated Cas9 (dCas9), allow the
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regulation of transcription in budding and fission yeast [57,58]. However, in fission yeast, the
expression of Cas9 results in toxicity [59]. Attempts to resolve the toxicity include using codon-
optimized Cas9 for fission yeast which were partly successful. However, the efficiency of Cas9-

sgRNA-mediated genome editing is still poor compared to budding yeast [60].

While several fission yeast vector collections are available, the cloning strategies are not
high throughput [46]. Furthermore, large-scale studies in fission yeast are also hindered by the
limited amount of versatile strain collections. For example, the Bioneer collection consists of
heterozygous knockouts of essential and nonessential genes in S. pombe [61]. However, the
collection of essential gene heterozygous knockouts can be purchased only as individual strains
and, thus, is expensive for a systematic screen. Therefore, there is a need to introduce a new
toolkit to enable large-scale assays in fission yeast, comprising a set of fully characterized
promoters, terminators, and modular cloning strategies, enabling automated high throughput

assembly of expression vectors with high precision.

1.4 Thesis objectives

Molecular toolkits provide researchers with readily available, efficient strategies to bypass
the time-intensive aspects of molecular biology. Additionally, establishing genome foundries
requires higher throughput and precision in building complex expression vectors for synthetic
biology research. The automated strategies often employ 96 or 384-well formats to generate
thousands of vectors compared to single Petri-dish per clone strategies [31,62]. While the current
toolkits have solved the efficiency bottlenecks in cloning, they have yet to be adapted for high

throughput precision cloning.



For my master’s project, | have engineered an automation-compatible toolkit for fission
yeast, “Sp-RoboClo,” together with “Sc-RoboClo” for budding yeast (developed by Dr. S.
Amarnath). RoboClo is a modular toolkit designed for the instruments in genome foundries,
permitting a higher rate of precision and efficiency at scale in an automated manner. In the
following chapters, I will describe the design and modular assembly compatibility of the vectors
and the characterized promoters and codon-optimized Cas9 and dCAS9 I have included in the kit
for fission yeast. I will also explain how I used the vectors to functionally characterize human
genes in fission yeast.

In Chapter 2, I will describe the design and discuss the high precision and throughput of
the toolkit. The toolkit is designed by combining Golden Gate and Gateway technologies to
eliminate the need for screening many colonies to obtain a correct clone.

In Chapter 3, I quantified the strength of three fission yeast constitutive promoters and
tested 22 budding yeast promoters for their activity in fission yeast. These will allow for a wide
range of gene expression in fission yeast. To show the utility of the toolkit, I expressed and
showed the correct localization of various human proteins tagged with GFP in fission yeast
organelles, demonstrating the vector can assist in studying human gene expression in fission yeast
while evaluating the phenotypic consequences of these genes on yeast cells. I also describe the
use of the toolkit in investigating human gene complementation assays in fission yeast by
introducing the fission yeast or human genes in one of the fission yeast expression vectors under
the constitutive promoter.

In Chapter 4, I describe additional genetic engineering tools such as codon-optimized
Cas9, dCas9 and sgRNA vectors without toxic effects as observed in previous studies [59]. While

our laboratory is interested in using the toolkit for systematic humanization assays in fission
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yeast, the toolkit will enable high throughput modular cloning of heterologous gene(s) for both

budding and fission yeast.
2. Chapter 2 - RoboClo — an automated modular toolkit for yeasts

The MoClo-YTK EGFP-dropout yields predominantly correct clones in the case of 2- or 3-part
cloning (Figure 2A). However, the strategy results in a higher background colony count as the
number of parts to be assembled increases leading to a decreased true positive rate [6] (Figure 2B

). Furthermore, screening for an EGFP- colony is challenging in a 96-well setup. To eliminate the
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Figure.2 RoboClo enables high precision cloning. A. RoboClo uses a toxic cassette, instead of GFP, dropout
to increase cloning efficiency via Golden Gate cloning. B. RoboClo provides a higher rate of precision in
cloning. Using GFP dropout and Golden Gate cloning strategy, as the number of parts to be assembled
increase, the number of incorrectly assembled clones increases for MoClo. With RoboClo the strategy
consistently yields high precision cloning even in the case of strategies where the restriction enzymes sites are
retained in the final vector (End on ligation).

# of Parts Assembly

backbone (EGFP" colonies) and incorrect assemblies, we designed a RoboClo strategy. RoboClo
combines the two DNA cloning technologies, Golden Gate and Gateway methods. Using a ccdB-
dropout (toxic gene selection) to reduce background significantly increases the rate of the correct

clones growing on the plate and, as a result, increases the precision in cloning. (Figure 2A). The
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kit comprises vectors for use in both fission and budding yeast. In the case of Sc-RoboClo
(generated by Dr. Smita Amarnath at the Concordia Genome Foundry), many MoClo-YTK
plasmids were modified to have ccdB selection instead of EGFP-dropout selection[6]. We show
that the increased number of assembled fragments results in more incorrectly assembled vectors
(Figure 2B). Furthermore, we show that the RoboClo strategy increases the rate of true positive
clones significantly in the case of more complex cloning (>4 parts) and particularly when the
method requires the retention of the restriction enzyme sites (end on ligation). Overall, using a
RoboClo backbone and Golden Gate end-on digestion strategy led to a consistently high
percentage of true positive clones. The toxic cassette eliminates the incorrectly assembled clones
such that only the colonies containing the correct plasmid construct survive. (Figure 2B). Thus,

the RoboClo method is adaptable for high throughput automated pipelines in a genome foundry.

The Sp-RoboClo toolkit I built comprises several vectors for fission yeast with type IIS
restriction sites creating overhangs compatible with MoClo-YTK plasmids[6]. The Sp-RoboClo
plasmids include fully characterized promoters. The basic E.coli/S. pombe shuttle vectors with
Bsal or BsmBI recognition sites flanking EGFP dropout or no dropout enable direct cloning of
DNA fragments. In addition, the vectors provide two auxotrophic selections (leucine or uracil)
and two antibiotic selection markers (ampicillin or chloramphenicol). The Sp-RoboClo plasmids

are also flanked by attR1 and attR2 sites to clone DNA using site-specific recombination
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(Gateway strategy) (Figure 3A). The part vectors are E.coli vectors containing fission yeast
promoters and terminators. (Figure 3B). Type IIS overhangs are identical to the part vectors in

the MoClo-YTK, enabling modular assembly of multiple cassettes in fission yeast[6].

A. B
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A. Direct cloning shuttle vectors harbor one or two distinct Type IS restriction enzyme sites with various antibiotic and
auxotrophic markers. The vectors comprise GFP- (S. pombe toolkit or SPTK) or ccdB- (SPRC or S. pombe RoboClo) dropout
cassettes. SPRC vectors are Gateway and Golden Gate compatible. B. Part vectors consist of three constitutive, one
inducible promoter and two terminators for fission yeast flanked by compatible Type IIS restriction enzyme sites. C. The
Gateway expression vectors for fission yeast comprise different promoters and an in-frame EGFP to create a C-terminal
fusion protein with the gene of interest. D. The toolkit provides fission yeast codon optimized Cas9 and dCas9 vectors as well
as sgRNA expression cassettes for genome editing in fission yeast.

Figure 3. General Overview of toolkit vectors
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The destination vectors comprise SPRC Gateway plasmids that enable C-terminal fusion
tagging of genes by LR Gateway cloning (Figure 3C). In addition, these plasmids harbour fission
yeast promoter and terminator sequences and allow for uracil auxotrophic selection in fission

yeast.

Finally, the kit comprises S. pombe codon-optimized (SPCO) CRISPR-Cas9 vectors
(Figure 3D) with Golden Gate and Gateway cloning strategies, pre-assembled vectors with the
Cas9 expression controlled by an SpGPD3 promoter and t4DHI terminator. Additionally, we
designed a new sgRNA expression cassette plasmid with rrk/ promoter followed by EGFP
dropout and Golden Gate enzyme sites to clone in the sgRNA protospacer. The sgRNA contains a
scaffold sgRNA sequence followed by a hammerhead ribozyme for appropriate cleavage of the
RNA transcript. A new design element introduces a tRNA#"¢ terminator sequence from the fission
yeast for optimal transcription termination. The SPCO-Cas9 or SPCO-dCas9 expressing plasmids
can be co-transformed with the sgRNA plasmid and selected on a double-auxotrophic selection

(PMG-LEU-URA) medium.
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3. Chapter 3 Characterization of constitutive promoters in fission yeast using fluorescent

reporter and flow cytometry

Several fission yeast promoters are available, including the most widely used nm¢t1
promoter regulated by thiamine. The repressible nmt/ promoter generates variable expression
levels ranging from low to high. The nmt/ promoter requires growing fission in modified media
as yeast extract inactivates the promoter [63,64]. Furthermore, many currently available fission
yeast toolkits have limited and, as of yet, quantitatively uncharacterized promoters. Therefore, to
expand the promoters for S. pombe expression, we characterized the broadly used SpADH1
promoter[63] and introduced two new relatively less-characterized fission yeast promoters,

SpGPD3 and SpENO101 [65].

To characterize the promoters, we used a RoboClo backbone (pSPTKO02b) and generated
fission yeast promoter reporters with mRuby (from MoClo-YTK) [6] (Figure 4). Flow cytometry
showed that S. pombe pGPD3 is the strongest constitutive promoter, followed by the more
commonly used pADH 1, whereas pENO101 is a lower-strength constitutive promoter compared
to pGPD3 (Figure 4A). The flow cytometry data for the fission yeast promoters also show
population-level effects where some cells are not fluorescing as strongly as others. For example,
pGPD23 is consistent with population-level expression compared to pADHI and pENO101
(Figure 4B). The expression of the mRuby reporter was initially characterized using microscopy

(Figure 4C).
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Figure.4 Characterization of fission yeast and budding yeast promoters

Fission yeast promoters and budding yeast promoters from the MoClo kit were assembled into fission yeast expression vectors.
A. Median intensity of cell fluorescence for all cells divided by intensity values for negative control to demonstrate expression
intensity of each promoter. B. Fission yeast promoters showed a range of expression in one culture leading to two peaks
compared to the budding yeast promoters that showed one level of expression in one culture showing one peak.

C. Fluorescent microscopy using LeicaDM6000B under 50x magnification to confirm fluorescence prior to

sending for FACS analysis.

To further expand the promoters for expression in fission yeast, we generated 22 S.

cerevisiae promoter-mRuby reporters (from the MoClo-YTK kit [6]) to quantify their

transcriptional activity in fission yeast. Only 3 of the 22 budding yeast promoters showed visible

fluorescence in fission yeast (Figure 4C). Sc-pTDH3 and Sc-pCCW 12 are known to be strong

budding yeast promoters [6]. In fission yeast, Sc-pCCW 12 appeared stronger than the Sc-pTDH3
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and Sc-pPOP6 promoters but showed significantly lower expression than the fission yeast
promoters (Figures 4A & C). The lack of expression from most budding yeast promoters and
significantly lesser orthogonal activity of three strong budding yeast promoters in fission yeast
reveals the diverged mechanisms of promoter recognition between the two-yeast species.
However, in future, orthogonal promoters could help provide a broader range of promoter

expression that can be advantageous in specific experiments.

3.1 Expression of human genes in fission yeast

The EGFP-tagged expression vectors in the RoboClo kit enable tagging a gene of interest
with a fluorescent marker. To validate the vectors, we generated four human gene EGFP-tagged
expression vectors (obtained from the Human ORFeome collection [27,28]) under the pADH
constitutive promoter. Human H3F3 (histone H3.3-nucleus), human PPOX (protoporphyrinogen
oxidase-mitochondria), ACTA2 (Actin Alpha 2-cytosol) and SNCA (Synuclein Alpha-aggregates
upon over-expression), [66]. The EGFP-tagged human gene expression vectors were transformed

into wild-type YZY585 fission yeast and visualized by fluorescent microscopy (Figure 5).
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Merged EGFP

Figure .5 Expression of Human genes in Fission yeast.
Fluorescence microscopy demonstrated the correct localization of human genes in fission yeast. A. H3F3 localization

in histones. B. PPOX localization in mitochondria. C. SCNA aggregation within the cell. D. ACTA2 localization in the
cytosol.
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We observe strong expression of the human genes in fission yeast and the anticipated
localization of the gene products (Figure 5). Human histone, H3F3, localizes to the nucleus
(Figure SA), human PPOX to the fission yeast mitochondria observed as the reticulate pattern of
the EGFP expression (Figure 5B), and human ACAT?2 localizes to the cytosol (Figure SD). In
contrast, the human SNCA appears as aggregates in several individual cells imaged [67] (Figure
5C). The fluorescence microscopy demonstrated that while the human proteins are expressed in
fission yeast, there appears to be a population that doesn't show high expression. This anomaly
could be attributed to the lack of equal segregation of plasmids between dividing cells [68]. The
successful expression and correct localization of the human proteins in fission yeast show that the
EGFP-tagged expression vectors are capable of high expression and visualization of heterologous

proteins in fission yeast.

3.2 Using RoboClo vectors to test functional complementation in fission yeast.

Humans and fission yeast share several thousand orthologs[36][69]. However, only a
handful of studies have tested if the shared human genes are functionally equivalent in fission
yeast[39]. Therefore, a systematic screen for testing the functional replaceability of human genes
could identify functionally replaceable human genes while revealing properties that govern
functional complementation in fission yeast. Sp-RoboClo vectors enable the expression of human
genes (using the Human ORFeome collection) under select promoters using high-throughput

automated workflows[27,28].

To test functional complementation, we used the Bioneer heterozygous diploid fission
yeast strains with one allele of the gene replaced by a kanMX cassette [61]. Given that diploid

fission yeast tends to sporulate spontaneously, the Bioneer strains carry an 4+/A+ mating-type
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locus genotype (compared to #+/h- in the wild type), maintaining them as stable diploids [70].
Fission yeast 4+ cells produce the M factor, while 4- cells produce the P factor. For a cell to
perform meiosis and sporulate, both M and P factors must be expressed[71]. The strains also
harbour two distinct Ade6 alleles, Ade6-M210 and Ade6-M216, on separate homologous
chromosomes with different point mutations leading to adenine auxotrophy in a haploid state.
However, in a diploid state, due to inter-allelic complementation, the strains are adenine
prototrophs [61] Thus, the strategy enables a simple readout of the haploid or diploid status of

fission yeast cells.
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Figure 6. Human gene functional complementation using Bioneer heterozygous diploid knockout strains.

A. Strategy to test human gene complementation in fission yeast using Bioneer strains. Sporulation is induced by
expressing h- factor on plasmid. Random spore analysis is performed with the use of glusulase. Spore mix is plated
on selection medium to observe complementation. B. Human or yeast gene with Sp-GPD3 promoter expression
vectors transformed into the Bioneer strains prior to sporulation. Empty vector harboring no human or yeast genes
show very few red colonies (right panel). Expression of yeast (pre4) and yeast (pre8) in the corresponding Bioneer
strains show functional complementation (left panel). However, human gene Psmb4 and Psma2 expression in the
corresponding Bioneer strains shows few red colonies similar to empty vector suggesting no functional
complementation.
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The Bioneer diploid strains are adenine prototrophs, expressing both Ade6 alleles, and the
colonies appear white [72]. Upon sporulation, the haploid strains receive a single mutant non-
functional allele of the Ade6 gene and are adenine auxotrophs, appearing as red colonies (Figure

6A).

Sporulation is induced by transforming the plasmid expressing the 4- factor (pON177) in
the heterozygous knockout diploid Bioneer strains. The selection of spores on selective media
with or without G418 enables the test for the gene’s essentiality. We tested for functional
complementation using essential proteasome subunit heterozygous knockout strains (h+, orf 4.:
kanMX4/ORF ade6-M210/ h+, ade6-M216 ura4D-18/ura4-D18 leul-32/leul-32) and
heterologous expression of either the fission yeast or the human versions of the genes.

After inducing sporulation, glusulase treatment kills most diploid vegetative cells,
allowing the haploid spore population to survive. For the random spore analysis, the spore mix is
plated on medium with or without G418; this selection provides for testing of functional
complementation. Without G418, the haploids carrying the wild-type gene will grow as red
colonies. However, in the presence of G418, neither the wild-type nor the knockout allele
carrying haploid spores will grow as the haploid spore with the wild-type allele lacks the selection
marker, and the one with the knockout allele is inviable. If the fission yeast or human gene
expression rescues the knockout of the essential gene, the red haploid colonies should grow in the
presence of G418. We show that the heterozygous diploid strains harbouring the corresponding
fission yeast gene on plasmids functionally complement, as indicated by the growth of many red
colonies on media containing G418 (Figure 6B, left panel). However, the human versions of

these genes fail to complement the knockout of the corresponding yeast genes, as the number of

20



surviving red colonies was significantly lower relative to the positive control (fission yeast genes
on a plasmid) (Figure 6B, middle panel) and similar to the empty vector transformations (Figure

6B, right panel).
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Figure. 7 Codon Optimization relieves toxic phenotypes in fission yeast.

A. Codon optimized SPCO-Cas9 and SPCO-dCas9 plated on Petri dishes under a constitutive promoter along with a positive
control (no Cas9), and a negative control (a vector expressing toxic Cas9). B. Restoration of colony phenotype by codon
optimization verified with a diluted spot assay using 1/10 serial dilutions. C. Growth curves were performed to confirm that

codon optimization improved cell viability.
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4. Chapter 4 Using Cas9 Codon-Optimized for expression in fission yeast

Previous studies have shown that the expression of a human codon-optimized Cas9 in
fission yeast causes toxicity. Fission yeast cells harbouring the Cas9 expression plasmid grow
poorly and can mutate the Cas9 gene, resulting in inefficient double-stranded breaks (DSBs)[59].
We hypothesized the following reasons for the Cas9-mediated toxicity in fission yeast: (1) a high
number of off-target effects, (2) over-expression of the gene, or (3) incompatible codon use of the
human codon-optimized Cas9. The first two hypotheses could be ruled out, given that the use of
Cas9 across diverse hosts has shown no significant off-target effects and overexpression
toxicity[73]. However, due to codon bias, overexpressing genes with non-optimal codons can
cause growth defects and inaccuracies in translation which could lead to toxic phenotypes [74].
Therefore, we designed fission yeast codon-optimized Cas9 and dCas9 genes (using the codon
optimization tool offered by Integrated DNA Technologies) to relieve toxicity while improving

protein expression.
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The expression of the codon-optimized SPCO-Cas9 and SPCO-dCas9 under a constitutive
promoter in wild-type fission yeast resulted in normal-sized colonies similar to the empty vector
control transformed cells. In contrast, the expression of the non-optimized Cas9 gene shows
significant growth defects observed as small colonies (Figure 7 A&B). The cultures were spotted
as serial dilutions and further characterized using quantitative growth assays, confirming the

suppression of the toxic phenotype upon SPCO-Cas9 and SPCO-dCas9 expression (Figure 7C).

We engineered a new sgRNA expression plasmid to complement the codon-optimized
SPCO-Cas9 vector. The sgRNA requires precisely defined 5" and 3" ends to produce a functional
Cas9/sgRNA ribonucleoprotein [75]. We used the previously characterized fission yeast rrkl
promoter to drive the expression of the sgRNA [59], followed by a scaffold RNA and a
hammerhead ribozyme to precisely determine the 3’ end of the sgRNA [76,77]. Furthermore, a
transcriptional terminator from the native fission yeast tRNA#"¢ is added to improve the optimal
termination of the sgRNA transcript [78]. To test the efficiency of sgRNA-SpCOCas9 expression,
we designed sgRNA targeting the S. pombe Ade6 gene. The complex of SPCO-Cas9-sgRN A6
should generate a DSB within the Ade6 locus. Successful DSB should lead to lethality. In the
absence of any external repair template, the DSBR via error-prone non-homologous end joining
(NHEJ) pathway results in indels, frame-shift or nonsense mutations, mimicking a knockout
phenotype. Ade6 gene knockout results in the accumulation of byproducts in the pathway within
the cell, resulting in a red colour colony phenotype [44]. Thus, the number of red colonies can

determine a successful ON-target Cas9-sgRNA4%S DSB efficiency (Figure 8D).

The negative vector controls consisting of the SpCO-Cas9 and SpCO-dCAS9 with no
sgRNA show many white-coloured colonies, suggesting no DSB generation (Figure 8A & C).
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However, the expression of SPCO-dCas9-sgRNA*<® shows several red colonies, demonstrating a
transcriptional disruption of the adenine pathway (Figure 8B). Furthermore, the expression of a
SPCO-Cas9-sgRNA4“¢ (Figure 8D) lethal phenotype suggests ON-target activity, and surviving
colonies appear red, indicating mutations at the Ade6 locus (Figure 8E). Colony PCR and Sanger
sequencing of the Ade6 locus for one of the red colonies revealed a frame-shift mutation within
the sgRNA target region (Figure 8E). We tested the co-expression of the Cas9 and sgRNA
cassettes in a single vector for fission yeast could improve efficiency. However, all the colonies
on the plate show an off-white phenotype. This plasmid construction strategy will require further
optimization to eliminate assembly challenges. However, the co-expressing Cas9-sgRNA plasmid

is included in the kit.
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Figure.8 Codon optimized SPCO-Cas9 and SPCO-dCas9 targeting the Ade6 gene in wild-type fission yeast.

A wild-type fission yeast strain was transformed with vector carrying A. SPCO-Cas9 and C, SPCO-dCas9 plated
on PMG-URA. Colonies are viable and grow to normal size as expected. Plasmid with sgRNA targeting the Ade6
locus transformed into strain with B. SPCO-Cas9 plasmid and D.SPCO- dCas9 plasmid resulting in red colonies.
E. Colony PCR on red colony to verify sgRNA target site.
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5. Chapter 5 - Conclusion

For my master’s project, I developed a molecular cloning toolkit offering high-precision
cloning for fission and budding yeast. The RoboClo toolkit combines Golden Gate and Gateway
technologies, eliminating the need to screen multiple colonies to obtain correct clones. The toolkit

opens up avenues to perform modular cloning of many genes at scale for budding and fission yeast.

First, I demonstrated that toxic gene dropout selection (ccdB) increases the rate of precision
cloning for complex DNA fragment assemblies. Next, by characterizing several fission yeast and
22 budding yeast promoters in S. pombe, I characterized six constitutive expressing promoters, three
native to fission yeast and three orthogonal promoters from budding yeast, with variable levels of
expression[6]. Furthermore, I show that the expression of fission yeast codon-optimized SPCO-
Cas9 and SPCO-dCas9 (catalytically dead) reduces the toxicity caused by the expression of human
codon-optimized Cas9 in S. pombe. These SPCO-Cas9/dCas9 vectors can be used for high-

efficiency genome editing in fission yeast.

Moreover, the toolkit comprises EGFP vectors that enable the expression of fusion proteins
tagged with GFP in S.pombe. Using the EGFP vectors, I show human gene expression and optimal
localization of the gene products, demonstrating the conservation of localization signals in the
fission yeast. These expression systems enable the study of many human genes and their variants
in fission yeast. Furthermore, the system allows testing of human gene expression phenotypes like
toxicity in fission yeast and their comparative phenotypes in budding yeast. For example, the
expression of SNCA (alpha-synuclein) is toxic in budding yeast but not fission yeast, thus allowing

the molecular characterization of human gene expression phenotypes in diverse species [67].
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Finally, I used RoboClo vectors to perform complementation assays in heterozygous diploid
knockout fission yeast strains (from Bioneer). By introducing fission yeast genes on plasmids, I
demonstrated the complementation of the knockout of an essential gene in S.pombe. Given our
laboratory's interest in deciphering orthology-function relations using systematic functional
complementation assays and significant conservation between humans and fission yeast, these
toolkits and assays provide a platform for systematic functional complementation of human genes

in fission yeast.

While successful, these assays are not compatible with a high throughput screen.
Introducing an additional vector for sporulation and the glusulase treatment adds steps that may be
difficult to scale. In addition, an entire Bioneer strain collection will be required to systematically
screen human genes for functional complementation, which will become a costly endeavour (~$200
per strain). We propose an alternative method using the optimized SPCO-Cas9 to target yeast genes
and introduce the orthologous human gene on another RoboClo vector to assay for replaceability.
Alternatively, we can use SPCO-Cas9 and SPCO-dCas9 to knockout or transcriptionally repress
essential fission yeast genes and screen for human gene complementation. Unlike the previously
described Bioneer method, we can use the Cas9 plasmids to target essential genes in fission yeast
at a more high-throughput method. The Cas9 will create a DSB which will be repaired by NHEJ,
leading to deleterious mutations and cell death. However, by co-transforming the human orthologue
on the fission yeast plasmid, the cells harbouring the human gene that complements the function of
the knockout allele will survive. This could be a more feasible approach that can be scaled up to
assaying all the essential genes using the automated platforms available in the genome foundry and

can be performed using the Roboclo toolkit for fission yeast.
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Therefore, RoboClo provides the ability to perform small-scale experiments with the
existing tools for fission yeast and yet can also be used to scale up the same experiment for
systematic analysis. It can also enable automated high throughput assembly with precision using

instruments found in genome foundries.
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6. Chapter 6 - Materials and Methods

6.1 Golden Gate Assembly Protocol:

Each Golden Gate reaction tube was prepared as follows: 20fmol of DNA backbone
vector and 40fmol of DNA insert, 1 uL. T7 ligase (3x1076 units/ml); (NEB; M0318S), 1uL
100mM ATP (ThermoFisher; R0441), 1uL of 10 U/uL restriction enzyme, 1 uL. of 10X enzyme
buffer and water to make a final volume of 10uL. Each reaction mixture was incubated on a
thermocycler with the following program: 30 cycles of digestion and ligation (37°C for 1 min,
16°C for 1 min) followed by a final digestion step (end-on-digestion at 37 °C for 15 min) or final

ligation step (end-on-ligation at 16 °C for 30 min) and a heat inactivation step (85 °C for 15min).

6.2 Gateway Assembly Protocol:

The Gateway reaction tube was prepared as follows: 150 ng of DNA insert, 150 ng of
destination or entry vector, 1X TE buffer (pH 8.0) to a final volume of 8 puL. The reaction was
completed with 1 uL. of BP or LR clonase (Invitrogen; 11791020, 11789100). The reaction
mixture was incubated at room temperature overnight. The next day 1puL of Proteinase K
(Invitrogen; 11791020, 11789100) was added to the reaction mixture to stop enzyme activity. The
reaction was transformed in ccdB sensitive DHS5a E.coli competent cells and plated on LB agar

with antibiotic selection.

6.3 High-precision cloning assay using SC-RoboClo
To analyze cloning precision, DNA fragments were assembled using MoClo-GFP (CamR) and
RFP (AmpR) backbone vectors, followed by cycling the Golden Gate reaction to end on digestion.

The selection of GFP+ and Ampicillin resistant colonies suggests correct assembly. In the case of
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Sc-RoboClo vectors with a ccdB dropout, the plasmids extracted from the surviving colonies

were tested for correct assemblies using restriction enzyme digestion.

6.4 E. coli Transformation and Plasmid prep

50ng of DNA was added to 50 uL of E.coli competent cells. The reaction was incubated
on ice for 30 min. The transformation mix was then placed in a 42°C water bath for 30 seconds
and immediately incubated on ice for 5 min. A volume of 950 puL of room temperature Luria
Broth (LB) media was added to the reaction mix and incubated at 37 °C with shaking for 45min at
200rpm. The reaction was spun at 8000 rpm for 3 min, resuspended in 300 uL of water and plated
on antibiotic-containing LB plates as per high-efficiency NEB® 5-alpha Competent E.
coli protocol (cat: C2987H). The plates were incubated at 37 °C for 18-24 hours. DNA was
isolated following instructions for the Qiagen miniprep kit (cat: 27106X4) or midiprep kit (cat:

12943).

6.5 S. pombe Competent Cell Preparation and Transformation:

An initial culture from a glycerol stock was incubated in liquid culture at 30°C with
shaking at 250 rpm overnight. The culture was then diluted to an O.D. of 0.3 measured at 595 nm
in a final volume of 50 ml media. At O.D. 0.5 (595nm), the culture was centrifuged for 5 min at
3500 rpm. The pellet was suspended in 50 ml of dH20 water, centrifuged for 5 min at 2500 rpm,
and the pellet is suspended in 1ml of 0.1 M Lithium Acetate/TE buffer solution and 20 pL of
freshly boiled 10 mg/ml single strand salmon sperm DNA (Invitrogen;15632011V). Then 100 pL
of cells were taken for each transformation reaction, and 1 ug of plasmid DNA was added with

incubation at room temperature for 10 min. Subsequently, 260uL. of PLATE solution (40% PEG,
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0.1M LiAc, 10xTE) was added and incubated for 60 min at 30°C with shaking at 250 rpm.
DMSO (43uL ) was then added to the reaction with heat shock for 5 min at 42°C and
centrifugation for 5 min. at 3500 rpm. The pellet was washed with water and then centrifuged for
5 min. at 3500 rpm. The resulting pellet was suspended in 500 puL water and plated on the
selection medium. For G418 selection, strains were incubated for 1 hour in YES medium before
plating[44]. Transformations were also performed using the Zymogen 930 frozen EZ yeast

transformation kit. (Cedarlane; T2001).

6.6 Sporulation of diploid strains and selection of haploid strains:

Diploid strains were sporulated in a solution of potassium acetate (10%) and zinc acetate
(0.5%) for 3-5 days. Sporulation efficiency was verified by microscope. For random spore
analysis, 20 pL of spore solution was treated with 5 uL of glusulase enzyme (Perkin Elmer cat:
NEE154001EA). The Glusulase treated mixture was incubated overnight at room temperature.
The spore solution was then diluted 10-fold with water and plated on a selection medium to grow

the haploid cells.

6.7 Flow cytometry Analysis of fluorescence expression in yeast

Cells expressing mRuby were inoculated in an overnight culture and sent for Fluorescence-
activated cell sorting (FACS) on the Bio-Rad ZES5 (Yeti) cell analyser at IRIC. The samples were
submitted in triplicates. To compare expression levels of the functional S.cerevisiae promoters to
the S. pombe promoters, the total mean fluorescence readout per promoter was divided by the

fluorescence of the negative control and plotted.
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6.8 Strains and Growth Media:

The S. pombe strain used to characterize the promoters and vectors in this kit was
YZY585 (h+, ura4-D18, leul-A0), obtained from Dr. Jeff Boeke. The Bioneer strains used for
complementation were BD D4821 and BD DO0303 (h+, orf A:: kanMX4/ORF ade6-M210/ h+,
ade6-M216 ura4D-18/ura4-D18 leul-32/leul-32) . Standard YES complete and PMG minimal
media from Sunrise Sciences were supplemented with 0.255 mg of the amino acids histidine,
adenine, leucine, lysine and uracil combined with a final agar concentration of 2% (Sigma Aldrich
cat: A5306-250G). When necessary, liquid G418 (Thermo Fisher; 10131035) was diluted to the

final concentration of 200pg/ml.

The E.coli competent cells were made following the rubidium chloride protocol [79].
When cloning ccdB-resistant vectors, transformations were performed in One Shot™ ccdB

Survival™ 2 T1® Competent Cells (ThermoFisher;A10460).

E.coli competent cells and cultures were grown in LB media supplemented with ampicillin
(100 pg/ml), chloramphenicol (35 pg/ml), or kanamycin (50 pg/ml). Agar (Sigma Aldrich cat:

A5306-250G) was added to a final concentration of 2% for the preparation of solid media.
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6.9 Strategy for Construction of Sp-RoboClo

Direct Cloning Vectors

The first vector, pSPTKO1a, was built by restriction digestion with BsmBI and gel
extraction of the origin of replication (ori/) and chloramphenicol selective markers for E.coli
from pytKO001 as one fragment. The origin of replication for fission yeast was PCR amplified
from vector pMZ374 with BsmBI overhangs. The URA4 gene was ordered as a G-block from IDT
to remove internal restriction sites and add correct overhangs for BsmB1 Golden Gate assembly
and two Bsal recognition sites in the terminator for cloning. The PCR fragments were gel
extracted using the gel extraction kit (Qiagen cat: ID:28706X4), and the vector was assembled
using enzyme BsmB1 and cycling Golden Gate cloning to end-on-digestion. To construct
pSPTKO1b, the origin of replication and ampicillin selection marker was digested with Bsal and
gel extracted from pytK095. The origin of replication for fission yeast was PCR amplified from
vector PMZ374 with Bsal overhangs. The URA4 gene ordered as a G-block from IDT was PCR
amplified with overhangs for Bsal Golden Gate assembly and two BsmBI recognition sites in the
terminator for cloning. The DNA fragments were gel extracted and assembled by Golden Gate at
the end-on-digestion. Vector pSPTKO01c¢ was constructed similarly to vector pSPTKO01b, except
that a LEUI gene (instead of the URA4) was PCR amplified from the fission yeast genomic DNA

with BsmBI cut sites in the terminator for cloning.

EGFP Direct Cloning Vectors

To create pSPTKO02a with an EGFP dropout, the EGFP was PCR amplified from
pYTKO047 with Bsal and BsmBI cloning sites. The EGFP fragment was inserted into pSPTKO1b

by BsmBI Golden Gate end-on-ligation to retain the recognition site for Bsal and BsmBI for
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cloning into pSPTK02a. To assemble pSPTK02b and pSPTKO02c, an EGFP fragment flanked by
Bsal cut sites were inserted into pSPTKO1b and pSPTKO1c, respectively, using Golden Gate end-
on-digestion. The overhangs for pSPTKO02b were created to be compatible with the MoClo-YTK

kit for generating a transcriptional unit using promoter or terminator inserts.

Generation of ccdB Direct Cloning Vectors

The ccdB vector pSPRC03a was created by PCR amplifying the ccdB and
chloramphenicol cassettes as a PCR fragment with a#tB sites and Bsal sites from pAG416GPD-
ccdB. Next, this fragment was added to the backbone vector pSPTK02a by cycling Golden Gate
cloning to end-on-ligation due to the internal Bsal cut sites in the ccdB cassette. This strategy
provided the Bsal and BsmBI sites for future cloning. For pSPRCO03b, the ccdB cassette was
amplified with Bsal sites and inserted with pSPTKO04c(pGPD3) and pSPTKO05a (tADH1) into
pSPTKO02c with Golden Gate end-on-ligation. For pPSPRC07a,b,c and d, the ccdB-EGFP cassette
was PCR amplified from PAG416GAL-ccdB-EGFP to create the EGFP-tagged expression
vectors. Finally, the ccdB-EGFP fragment with Bsal sites was inserted into backbone vector
pSPTKO02b with the promoters from pSPTKO05a,b,c,d and terminator found in pSPTK06a by
Golden Gate end-on-digestion. The ccdB insert in these constructs was sequence-verified to

ensure no mutations were introduced while assembling.

Part Cloning Vectors

The part vectors pSPTKO05a,b,c,d and pSPTK06a,b were created by PCR amplifying
GPD3, ENOI101, ADHI and CYCI from a genomic prep of wild-type fission yeast YZY585.

These fragments were gel extracted and assembled with pYTKO001 using Golden Gate end-on
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digestion cloning. Except for ADH]1, end-on-ligation due to internal BsmBI restriction sites.
TADH1 was PCR amplified from the vector pPBMod-Tadh-Kan(de), with the internal BsmBI sites

removed. Z3EV was obtained from PCR amplification of the vector PFS462.

6.10 Strategy for constructing 22 S. cerevisiae promoters in fission yeast

Twenty-two S. cerevisiae promoter part vectors and the mRuby part vector pytK034 were
obtained from MoClo-YTK. These promoters were cloned into pSPTK02b with pSPTKO05a
carrying TADH1 from Sp-RoboClo for a total of twenty-two Golden Gate end-on-digestion
reactions. MuLtiple GFP- colonies per reaction were isolated and verified by the robotics
available in the genome foundry at Concordia University. Correct clones were confirmed by
restriction digestion. The three constitutive fission yeast promoters were cloned in pSPTK02b
with mRuby. The clones were transformed into YZY 585 wild-type fission yeast and plated on
PMG-URA. The cells were screened using the Leica DMI6000B inverted epifluorescence

microscope (refer to 6.11).

6.11 Constructing plasmids for expression of human genes in fission yeast

Human gene cDNAs were obtained from the Human ORFeome collection V. 7.1[27,28].
The genes ACTA2, PPOX, H3F3, and SNCA in LR-compatible PDONR223 were prepared from
glycerol stocks individually. These vectors were LR cloned into pSPRCO06¢ carrying pADH 1
promoter and tADH1 terminator with an EGFP fusion protein tag. The clones were then
transformed into wild-type fission yeast YZY 585 and plated on PMG-URA. Cells were visualized

on the Leica DM6000B epifluorescent microscope (refer to 6.11).
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6.12 Microscope analysis of expression using fluorescent markers in fission yeast
Microscope analysis of EGFP-tagged human genes was prepared by inoculating colonies in
water and observing on the Leica DM6000B epifluorescent microscope at 100x oil immersion
with 10x magnification. Microscope analysis of expression of the 22 S. cerevisiae promoters in S.
pombe was prepared by inoculating colonies in water and pipetted into a 96-well plate with a
coverslip bottom (Ibidi;89626) for microscopy. The cells were screened using the Leica
DMI6000B inverted epifluorescence microscope, 63x oil immersion with 10x magnification. All
microscope analysis was performed at the Centre for Microscopy and Cellular Imaging at

Concordia University. Images were edited using ImageJ software.

6.13 Testing for gene essentiality in Bioneer Strains

Human gene cDNAs were obtained from the Human ORFeome collection V. 7.1[27,28].
The plasmids carrying the genes human Psmb4 and PsmaZ2 in LR-compatible vector pPDONR223
were isolated from glycerol stocks. The yeast genes, Pre4 and Pre§, were PCR amplified from
fission yeast genomic DNA with a#tB compatible sites and BP cloned into PDONR221 to make

them LR-compatible plasmids. The yeast and human genes were then LR cloned into pSPRCO03b.

The pON177 plasmid, which carries the 4- factor (obtained from Dr. Olaf Nielson), was
transformed into the Bioneer strains and plated on PMG-URA+G418. These strains were then
transformed with the human and yeast genes and plated on PMG-URA-LEU+G418 yielding
white diploid colonies. These colonies were then sporulated and plated on PMG-LEU-URA+/-

G418.
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6.14 Strategy for construction of SPCO-Cas9 and SPCO-dCas9 vectors

SPCO-Cas9 and SPCO-dCas9 genes were codon-optimized by inserting the gene of
interest in the IDT codon optimization tool. By selecting the target species, the program
rearranges the sequence based on the frequencies of the preferred codon usage. It removes codons
with less than 10% frequency and normalizes the remaining frequencies to 100%. In addition, it
simplifies the sequence submitted to remove downstream effects such as hairpins, repeats and
high GC content (https://www.idtdna.com/pages/tools/codon-optimization-tool). The genes were
designed with Bsal and attB sites for Gateway and Golden Gate assembly. SPCO-Cas9, SPCO-
dCas9 (designed using IDT) and non-codon optimized Cas9 from pytK036 were assembled into
pSPTKO02b under the pGPD3, pZ3EV and tADH]1 part vectors by Golden Gate end-on-digestion
to make pSPCO-Cas9, dCas9. The Cas9 from vector pY TK036 was also assembled into

pSPTKO02b to compare toxic expression with the codon-optimized genes.

The sgRNA scaffold was designed as a gBlock (IDT) with a GFP dropout where the
sgRNA-target sequence will be inserted by Golden Gate. The sgRNA scaffold was assembled into
pSPTKO02c to make pSP-sgRNA. Similarly, a plasmid with URA4 cassette was generated by
Golden Gate cloning of the sgRNA cassette into pSPTKO01a with PYTK072 (ConL2) and

pYTKO04 (ConRE) by Golden Gate end-on-digestion.

To construct the pSP-Cas9sgRNA plasmid, primers were designed to amplify pGPD3-
Cas9-tADHI from pSPCO-Cas9 as a single fragment. Next, the sgRNA cassette from IDT was
amplified as a second fragment with Bsal recognition sites. Finally, the Cas9 cassette was
assembled with the sgRNA cassette into pSPTKO01b using Golden Gate cloning (end-on-

digestion).
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6.15 Analyzing the effect of codon optimization of Cas9 by growth assays.

Plasmids were transformed with an empty vector into wild-type fission yeast strain
YZYS58S5. Colonies were inoculated in an overnight culture and diluted to an OD of 0.3 at 595nm
for normalization. The cultures were then diluted to 1/100 in 150pL of PMG-URA in triplicates
with negative control (growth medium) and positive control (wild type YZY585). Growth was
measured on the Biotek Synergy H1 Hybrid Microplate Reader with continuous double orbital
shaking at 30°C. Reads were taken every 10 minutes for 48 hours at a wavelength of 595 nm. The
data were processed using GraphPrism.

For spotting assays, colonies were inoculated into an overnight culture and back diluted to an
OD of 0.3 at 595nm for normalization. This was followed by 1/10 serial dilutions and spotted

using a 96-well plate stamper on an Omni tray with PMG-URA agar for three days at 30°C.

6.16 Targeting Ade6 gene using SPCO-Cas9 and SPCO-dCAS9

SPCO-Cas9 and sgRNA plasmids were used to target the Ade6 gene. The 20 bp targeting
sequence was designed by creating oligos with the protospacer sequence with BsmBI overhangs
identical to the sgRNA backbone. The targeting sequence was designed using the CRISPR guide
RNA tool in version 11 of Geneious software that screens sgRNAs based on high ON-target and
low OFF-target scores [80,81]. The target sequence with a high ON-target efficiency near the 5’
end of the gene ensures that upon NHEJ repair will lead to a frame-shift mutation was chosen
[81]. The oligos were annealed and assembled into pk101d-sgRNA by BsmBI Golden Gate end-
on-digestion method. SPCO-Cas9 and sgRNA % plasmids were transformed into YZY 585 wild-
type strain and plated on PMG-URE-LEU. One red colony was emulsified in 20 mM NaOH and
heated for 2 min. The suspension was then centrifuged, and the supernatant was used for colony
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PCR with Accuprime PFX polymerase. The PCR product was sent for sequencing to confirm the

Ade6 mutation.

6.17 Verification of Plasmid Constructs

All plasmid constructs were validated by restriction enzyme digestion, Sanger sequencing offered

by Eurofins or nanopore sequencing offered by Plasmidasaurus.
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Supplementary Information

Table S.1 Table of plasmids generated in this study

Plasmid Antibiotic Marker Description
pSPTKOla CamR Ura4 Direct Cloning vector with Bsal sites
pSPTKO1b AmpR Ura4 Direct Cloning vector with BsmBI sites
pSPTKO1c AmpR Leu3 Direct Cloning vector with Bsal sites
pSPTKO02a AmpR Ura4 Direct Cloning vector with Bsal and BsmBI sites and GFP dropout
pSPTK02b AmpR Ura4 Direct Cloning vector with Bsal sites and GFP dropout
pSPTKO02c AmpR Leu3 Direct Cloning vector with Bsal sites and GFP dropout
pSPRCO03a CamR/AmpR Ura4 Direct Cloning vector with Bsal, Bsmbl, attb sites and ccdB dropout
pSPRCO03b CamR/AmpR Leu3 Direct Cloning vector with pGPD3, Bsal, attb sites and ccdB dropout
pSPTKO04a CamR Part vector for pADH1 with Bsal sites
pSPTKO04b CamR Part vector for pPENO101with Bsal sites
pSPTKO04c CamR Part vector for pGPD3 with Bsal sites
pSPTKO04d CamR Part vector for pZ3EV with Bsal sites
pSPTKO05a CamR Part vector for tADH1 with Bsal sites
pSPTKO5b CamR Part vector for tCYC1 with Bsal sites
pSPRCO6a CamR/AmpR Ura4 Expression vector with pGPD3, ccdB-egfp, and Bsal, attb sites
pSPRCO06b CamR/AmpR Ura4 Expression vector with pENO101, ccdB-egfp and Bsal, attb sites
pSPRCO6¢ CamR/AmpR Ura4 Expression vector with pADH1, ccdB-egfp and Bsal, attb sites
pSPRCO6d CamR/AmpR Ura4 Expression vector with pADH]1, ccdB-egfp and Bsal, attb sites
pSPCO-Cas9 AmpR Ura4 Expression vector with pGPD
pSPCO-dCas9 AmpR Ura4 Expression vector with pGPD
pSP-sgRNA AmpR Leu3 Expression vector with sgRNA cassette
pSP-Cas9sgRNA | AmpR Ura4 Cas9sgRNA Expression vector with BsmBI sites and GFP dropout
pSCRCO083 AmpR/CamR Direct Cloning vector with Bsal sites and ccdB dropout
pSCRC084 KanR/CamR Direct Cloning vector with Bsal sites and ccdB dropout
pSCRCO085 SpecR/CamR Direct Cloning vector with Bsal sites and ccdB dropout
pSCRCO089 AmpR/CamR Direct Cloning vector with Bsal sites and ccdB dropout
pSCRC090 KanR/CamR Direct Cloning vector with Bsal sites and ccdB dropout
pSCRC091 SpecR/CamR Direct Cloning vector with Bsal sites and ccdB dropout
pSCRC095 AmpR/CamR Direct Cloning vector with Bsal sites and ccdB dropout
pSCRC096 KanR/CamR Ura 3 Integration vector with Bsal sites and ccdB dropout
pSCRC097 KanR/CamR Leu2 Integration vector with Bsal sites and ccdB dropout
pSCRCCas901 KanR/CamR kanMX |Cas9sgRNA expression vector with Bsal sites and ccdB dropout
pSCRCCas902  |KanR/CamR Ura3 Cas9sgRNA expression vector with Bsal sites and ccdB dropout
pSCRCCen01 KanR/CamR Ura3 Expression vector with BsmBI, Bsal sites and ccdB dropout
pSCRCFgfl6 KanR NAT Fgf16 integration vector with Bsal, Bsmbl sites and GFP dropout
pSCRCFgfl18 KanR NAT Fgf18 integration vector with Bsal, Bsmbl sites and GFP dropout
pSCRCFgf19 KanR NAT Fgf19 integration vector with Bsal, Bsmbl sites and GFP dropout
pSCRCFgf21 KanR NAT Fgf21 integration vector with Bsal, Bsmbl sites and GFP dropout
pSCRCFgf24 KanR NAT Fgf24 integration vector with Bsal, Bsmbl sites and GFP dropout
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Table S.2 Table of primers generate in this study

Gene Name Type Sequence
sequencing |pkl0la cloning site FP Fp AGATGAATGTAAAATACCATGTAGA
pkl01a cloning site RP Rp AATTACAACAGTACTGCGATGAG
sequencing |Pk101c cloning site FP Fp CGTCTCTGTTCTAATGTARAATTTTTTTGGTTGGTTATTGARRRAGTC
Pk101c cloning site RP Rp AGGCAACTATGGATGAACGARA
sequencing [Pk101d cloning site FP Fp GGTCTCATGTACCGETGCT TGAGACGEECCCGTCTCATCAGCAACTCGGTCATARAGTTGARC
Pk101d cloning site RP Rp AGGCAACTATGGATGAACGRAR
URA4 URA FP Fp CGTCTCTGTTCTAATGTARRATTTTTTTGGTTGGTTATTGAARARGTC
URA RP Rp CGTCTCTCATCAACTTTGCTTTTARACCTTTAATTTCGATCCAA
LEU1 LEU FP Fp GGTCTCTCCAATATATATATTAATTTACAATGAGTGTCAGAT
LEU RP Rp GTTCAACTTTATGACCGAGTTGCTGATGAGACGGGCCCGTCTCAAGCACCGGTACATGAGACC
ARS1 Arsl FP Fp CGTCTCTTCGGTTGTACGTCCTTGGGAGTCCG
Arsl RP Rp CGTCTCATTGGGGGATTTGTAGCTAAGCTCATCG
eGFP GFP (Bsal and Bsmbl) FP Fp ATGCCTGAAGAGACGACAATTGAGACCGAAAGTGAAACGTGATTTCATGC
GFP (Bsal and Bsmbl) RP Rp ATGCTGCTAGAGACGTTCGGTGAGACCTATARACGCAGARAGGCCCAC
eGFP Pkl0ld+egip FP Fp CCCTAGAGACGAAACGTGAGACCGAAAGTGAAACGTGATTTCATGC
Pk101d+egfp RP Rp TGTAAGAGACGTCAGCTGAGACCTATARACGCAGAARAGGCCCAC
ccdB Pkl0ld+ccdb FP Fp TATGTGAGACCAACTAGTGGATCCCCCATCACAR
Pkl01d+cedb RP Rp GGATTCGAGACCTCACCACTTTGTACAAGAAAGCTGAA
eGFP Pkl101f GFP (Bsal) FP Fp GATCCGTCTCTCTGACGAACGTGAGACCGARAGTGAAACGTGATTTCATGC
Pk101f GFP (Bsal) RP Rp GATCCGTCTCTTGCTGCCAGCTGAGACCTATARACGCAGARAGGCCCAC
ccdB Pkl0le ccdB FP Fp GATCGGTCTCATATGCCCAGCGECCG
PklOle ccdB RP Rp GATCGGTCTCAGGATCAGCCCATCACCACTTTG
ccdB-eGFP [Pk101k ccdB-eGFP FP Fp GATCGGTCTCATATGCCCAGCGECCE
Pkl0lk ccdB-eGFP-RP Rp ATGGACGAGCTGTACAAGTARATCCTGAGACCGATC
ADHI1 pADHI FP Fp GCATCGTCTCATCGGTCTCARACGGCCCTACAACAACTAAGARAATGEC
pADHI RP Rp ATGCCGTCTCAGGTCTCACATARATTCTCTTGCTTARAAGARARGCGAAGEC
ENOI101 pENO101 FP Fp GCATCGTCTCATCGGTCTCAAACGTGCCCCTTCTAAGCTCG
pENOI101 RP Rp AGTATTCTACAGTAAACATCGTTAATCTATGT GAGACCTGAGACGGCAT
GPD3 pGPD3 FP Fp GCATCGTCTCATCGGTCTCAAACGCGATTGTTGTATGATTATGAGCC
pGPD3 RP Rp ATGCCGTCTCAGGTCTCACATATGTTAT CTGAAAAGAGTTAGTAAGAAG
Z3EV pZ3EV FP Fp GCATCGTCTCATCGGTCTCAAACGGTTATATTGAATTTTCAAARAATTCTTACTTTTTT
pZ3EV RP Rp ATGCCGTCTCAGGTCTCACATATATAGTTTTTTCTCCTTGACGTTAARG
cassette GPD-CAS9-TADHI FP pkl0lc Fp CACCACAGGTCTCGCTGACGATTGTTGTATGATTATGAGCCARARATAT
GPD-CAS9-TADHI RP pkl0lc Rp CGCTAGGGATAACAGGGTAATATGATGCGAGACCTGTGGTG
cassette sgRNA cassette FP pkl0Olc Fp CACCACAGGTCTCGGATGTTTGCTTATGTTGETGGTAGTTGG
sgRNA cassette RP pkl0lc Rp CACCACAGGTCTCGTGTATTCAARRRARCCCAAARARATTATTTARCARRRAGG
PRE4 Pred4 FP Fp GTGCGCAAGTTTGTACAARRARAGCAGGCTTGATGAGTTTTTTAGAATTAACAGAGGTTT
Pre4 RP Rp ATACACCACTTTGTACAAGAAAGCTGGETGGT TATACGGTTTGAGTCCCGTAA
PRES Pre 8 FP Fp GTGCGCAAGTTTGTACARRARAAGCAGGCTTGATGACTGATARATACGCGTTCTC
Pred RP Rp ATACACCACTTTGTACAAGAAAGCTGGGTGGT TATACTTGGTCGAGATAATCACG
ADE6 Ade 6 sgrmal FP Fp AGAAATTGGGCCGAATGATGETAG
Ade 6 sgrmal RP Rp AGAAGCGCACCGCATCCATGGCAA
Ade6 confirmation FP Fp CAACTTGGTGGTGAGGTARACG
Ade6 confirmation RP Rp CAACTACATCTTTTAATAATTGAAGAC
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Figure S.1: Methods to assemble RoboClo Vectors
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