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Abstract

Genomic engineering methods represent powerful tools to examine chromosomal
modifications and to subsequently study their impacts on cellular phenotypes. However,
quantifying the fitness impact of translocations, independently from base substitutions or the
insertion of genetic markers remains a challenge. Here we report a rapid and straightforward
protocol for engineering either targeted reciprocal translocations at the base pair level of
resolution between 2 chromosomes or multiple simultaneous rearrangements in the yeast
genome, without inserting any marker sequence in the chromosomes. Our CRISPR/Cas9-
based method consists of inducing either (i) 2 double-strand breaks (DSBs) in 2 different
chromosomes with 2 distinct guide RNAs (QRNASs) while providing specifically-designed
homologous donor DNA forcing the trans-repair of chromosomal extremities to generate a
targeted reciprocal translocation or (ii) multiple DSBs with a single gRNA targeting dispersed
repeated sequences and leaving endogenous uncut copies of the repeat to be used as donor
DNA, thereby generating multiple translocations, often associated with large segmental

duplications (1).

Key words CRISPR, Cas9, Yeast, Reciprocal Translocation, Segmental duplication,
Chromosome Rearrangement, Structural Variation, Balanced Rearrangement, Genome
Shuffling



1 Introduction

The ability to engineer targeted chromosomal rearrangements is instrumental for quantifying
the fitness contribution of balanced chromosomal rearrangements independently from other
polymorphisms such as base substitutions or the insertion of selection markers. The classical
approach used to engineer targeted rearrangements in yeast is to induce targeted DSBs in
chromosomes that promote either the trans-repair of the DNA ends via homology directed
repair or by non-homologous end joining (2—4). The induction of targeted DSBs has been
achieved to date by a variety of technologies utilizing the HO and I-Scel endonucleases (5—
10), which first requires cloning the enzyme recognition sites at the loci of interest, the
Cre/Lox recombination method (11-14), which, combined with synthetic designer
chromosomes can generate extensive genomic rearrangements (15-18), the use of a
temperature dependent endonuclease that allows large-scale genomics rearrangements by
inducing multiple DSBs (19), as well as designer proteins such as zinc finger nucleases and
transcription activator-like effector nucleases (20-23).

These methods, that often rely on the use of genetic markers, are either difficult to
implement or work with varying levels of efficiency. The development of the CRISPR/Cas9
technology (24), consisting of a short RNA that guides the Cas9 endonuclease to generate a
DSB at the targeted genomic site, revolutionized the field of genome engineering in a wide
variety of species (25). In yeast, a CRISPR/Cas9-induced DSB is efficiently repaired by
homologous recombination by co-transforming the cells with a linear donor DNA that is
homologous to both sides of the DSB extremities (26). A CRISPR-based approach has been
used to engineer translocations in mammalian cells by introducing two DSBs in two different
chromosomes and repairing them in trans using chimerical donor DNA templates carrying a
selectable marker. This marker is subsequently lost by Cre/Lox recombination, leaving a
single loxP scar in the chromosomes (27).

Here, we describe a CRISPR/Cas9-based protocol relying on the generation of two or
more DSBs in the yeast genome and the trans-repair of DNA ends by homologous
recombination using either designed or endogenous donor DNAs (1). This protocol is easy to
implement and allows engineering of targeted or random translocations with high efficiency.
This method does not rely on the use of genomic markers and induces rearrangements with
base pair precision leaving no scar at the breakpoints. The entire workflow (Fig. 1) can be
completed in approximately two weeks. The protocol presented within will guide the reader



through the selection of suitable CRISPR target sites, the cloning of a single or a pair of
gRNA sequences into a plasmid containing the Cas9 gene (Fig. 2), the design of linear donor
DNA, the transformation of yeast cells and finally the validation of the transformants
containing the engineered rearrangements by colony PCR and Pulse Field Gel Electrophoresis
(PFGE). Our method is based on the pAEF5 shuttle vector that replicates in Escherichia coli
and yeast (Fig. 3) and encodes the dominant drug marker HygR, as well as the Cas9
endonuclease and cloning sites for gRNAs, and therefore is applicable to any Saccharomyces

strain, including wild-type isolates for which no auxotrophic mutant is available.



2 Materials
All solutions and media are prepared with double-distilled water. For PCR and cloning, use

molecular biology grade water.

2.1 Bacterial Media

1. Lysogeny Broth (LB) growth medium: 10 % tryptone (w/v), 5 % yeast extract (w/v), 10%
NaCl (w/v). For LB agar growth medium add 2 % bacto-agar (w/v). Resuspend the powders
in 1 litre of double-distilled water, bring to a boil for 1 minute with frequent agitation then
autoclave for 15 minutes at 121°C. For solid media, cool down to 55°C and pour 20 mL in
Petri dishes.

2. LB ampicillin selective medium: Prepare LB growth medium or LB agar growth medium
depending on the requirement for the experiment. After autoclaving, cool down the medium
to 55°C and add ampicillin to a final concentration of 100 pg/mL. For solid media, pour 20

mL in Petri dishes.

2.2 Yeast Media

1. Yeast Peptone Dextrose (YPD) growth medium: 1 % yeast extract (w/v), 2 % peptone
(w/v), 2 % dextrose (w/v). For YPD agar growth medium add 2 % bacto-agar (w/v).
Resuspend the powders in 1L of double-distilled water, bring to a boil for 1 minute with
frequent agitation then autoclave for 15 minutes at 121°C. For solid medium cool down to
55°C and pour 20 mL in Petri dishes.

2. YPD agar hygromycin B selective media: Prepare YPD agar growth medium. After
autoclaving, cool down the media to 55°C, add hygromycin B to a final concentration of 200

pg/mL and pour 20 mL in Petri dishes.

2.3 Bacterial and Yeast Growth Culture

1. Grow bacteria in a microbiological incubator at 37°C with shaking at 220 rpm for liquid
cultures and without agitation for cells grown on solid medium.

2. Grow yeast in a microbiological incubator at 30°C with shaking at 150 rpm for liquid

cultures and without agitation for cells grown on solid medium.

2.4 Microbiological Manipulation
1. Sterile 50 mL plastic tube.



2. Sterile plastic loops (1 pL).
3. Sterile glass beads (3 mm).
4. Sterile toothpicks.

5. Electric Bunzen burner.

6. 90 mm Petri dishes.

2.5 Agarose Gel Electrophoresis

1. Agarose gel electrophoresis equipment.

2. Electrophoresis buffer: tris borate EDTA (TBE) 0.5x. For 1 litre 5.4 g of tris base, 2.75 g of
boric acid and 2 mL of 0.5 M EDTA pH 8.0.

3. Agarose gel: 1% agarose and TBE 0.5x buffer. Ethidium bromide is used at the

concentration recommended by the provider.

2.6 PCR Amplification and Purification
1. Thermo-cycler.
2. 0.2 mL PCR tubes.
3. 10 mM dNTP mix.
4. High fidelity polymerase and associated buffer.
5. PCR and gel purification kit.
6. For colony PCR:
- Heat block.
- 1.5 mL tubes filled with 50 pL of water.
- Sterile toothpicks.

- Ice.

2.7 Cloning the gRNA Sequences in pAEF5

1. Sapl enzyme and associated buffer.

2. Spel enzyme and associated buffer.

3. T4 DNA ligase and associated buffer.

4. 1X annealing buffer: 50 mM potassium acetate, 20 mM tris-acetate, 10 mM magnesium
acetate, 1 mM DTT, pH 7.9 at 25°C.

5. 0.2 mL tubes.

6. 1.5 mL tubes.



7. Heat block.

2.8 Bacterial Transformation

1. DH5a. competent cells.

Ice.

. Heat block.

. Incubator at 37°C with agitation at 220 rpm.
. Incubator at 37°C.

. LB growth media.
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. LB ampicillin selective media.

2.9 Yeast Transformations
1. TE solution (10X): 0.1 M tris-HCI pH 7.5, 0.01 M EDTA, autoclave.

2. LiAc solution (10X) : 1 M LiAc pH 7.5, autoclave.

3. PEG solution: PEG 4000 48% w/v (e.g. 4.8 g in 10 mL of water), filtered (0.22 um filter).

4. LIAC/TE solution: TE solution 10% v/v, LiAc solution 10% v/v.

5. LIAC/TE/PEG solution: PEG solution 80% v/v, TE solution 10% v/v, LiAc solution 10%
viv.

6. Heating block at 42°C.

7. Ice.

8. Vortex.

9. 1.5 mL tubes.

2.10 PFGE

1. CHEF-DRIII (BioRad) system.

2. SeaPlague GTG low melting temperature agarose.

3. SeaKem GTG agarose.

4. Tris borate EDTA 0.5x. For 1 liter 5.4 g of tris base, 2.75 g of boric acid and 2 mL of 0.5 M
EDTA pH 8.0.

5. Solution I: SCE 1M [sorbitol 1M, 10 mM EDTA pH9, 100 mM sodium citrate — adjust to
pH 8.5 with citric acid 40 %], 5 % [3-mercaptoethanol, 200 U zymolyase 100T.

6. Solution 11: 450 mM EDTA pH9, 10 mM tris-HCI pH8, 7.5 % 3-mercaptoethanol.



7. Solution 111: 450 mM EDTA pH9, 10 mM tris-HCI pH8, 1 % N-lauryl sarcosyl 10, 1
mg/mL proteinase K.
8. 1.5 mL tubes.

2.11 Strain Storage
1. Cryotubes.

2. Yeast storage media: 1% yeast extract (w/v), 2% peptone (w/v), 2% dextrose (w/v), 20%
glycerol (v/v). Prepare 1 litre of YPD broth and a sterile solution of 80 % glycerol. Mix 3:1
v/v the YPD broth and the glycerol solution.

3. 10 pL sterile loops.



3 Methods

In the following method the DNA sequence coding for the gRNA will be referred to as the
gRNA sequence.

3.1 Design of the gRNAs Sequence

3.1.1 Targeted Translocations

The two gRNA target sequences have to be chosen as close as possible to the desired

breakpoints. The website CRISPOR (http://crispor.tefor.net/) can be used for this purpose

(28).

1. For each target, provide 2000 bp of the sequence of the chromosomal region centered
around the desired cut site.

2. Choose the provided version of the genome of Saccharomyces cerevisiae.

3. Choose the NGG protospacer adjacent motif (PAM) associated with the Streptococcus
pyogenes Cas9 protein used here (option Sp Cas9, SpCas9-HF1, eSpCas9 1.1).

4. Click submit.

5. Choose the closest and most specific guide sequence possible next to the desired

breakpoint.

3.1.2 Multiple Translocations

The single gRNA must be chosen considering the desired number and location of target

sequences (and potential donor DNAS, see step 3.5, Note 1) in the genome.

1. Identify on both strands in the genome all target sequences of 20 bp followed by the NGG
PAM.

2. Select among these sequences the gRNA sequence with the desired number of targets in the

genome.

3.2 Construction of the gRNA Sequences
3.2.1 Targeted Translocations

Two different gRNA sequences targeting two distinct chromosomes must be cloned in pAEF5
(Addgene ID 136305). There are two options available to achieve this task.



1. The first option consists of ordering a 464 bp synthetic double stranded DNA fragment
containing both gRNA sequences (Note 2):

a. Quantity: 300 ng.
b. Delivery format: lyophilized.

Resuspend the synthetic DNA fragment:
a. spin down the lyophilised fragments for 10 seconds with a centrifuge.
b. Add water to reach a final concentration of 30 ng/puL.
c. Incubate 1 hour at room temperature.
d. Vortex 5 seconds and spin down 10 seconds.

e. The DNA fragment is ready for cloning, go to step 3.3.2.

2. The second option is to amplify a 430 bp DNA sequence by PCR using as template the
PAEFS5 plasmid into which two gRNA sequences were already cloned, called pAEF6
(available on Addgene repository under the ID 136303) and as primers two

oligonucleotides designed as follows (Fig. 2):

Forward oligonucleotide sequence:

5’ atgcgctcttccatc NNNNNNNNNNNNNNNNNNNNgttttagagctagaaatage 3’
Reverse oligonucleotide sequence:

5 atgcgctcttcaaaCNNNNNNNNNNNNNNNNNNNNgatcatttatctttcactge 3’

The 5' extremity of the two oligonucleotides is composed of a Sapl restriction site
(underlined in the sequence above), followed by the gRNA sequence of interest (designed as
20 Ns above). The 20 bp at the 3’ extremity of the forward primer is complementary to the
structural part of the first gRNA. The 20 bp at the 3’ extremity of the reverse primer is

complementary to the end of the second TEF promoter (Fig. 2).

PCR recommendations:
a. Use a high-fidelity DNA polymerase following the provider guidelines.
b. Use as template 20 ng of the pAEF6 plasmid.
c. Annealing temperature for the PCR is 54°C.
d. The elongation time should be set to amplify 500 bp according to manufacturer

instructions.
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e. Perform 30 cycles of amplification.
f. The amplification is verified by electrophoresis on a 1% agarose gel using a standard
protocol.

e. The PCR product is purified by gel extraction using a standard protocol.

3.2.2 Multiple Translocations

A single gRNA sequence targeting multiple loci in the genome must be cloned in pAEF5.
Two 23 bp oligonucleotides that are complementary within the 20 bp corresponding to the
target sequence identified by CRISPOR need to be ordered and annealed. One oligonucleotide
starts with ATC at its 5” extremity, followed by the 20 bp of the target sequence (symbolised
as 20N in the sequence below). The other oligonucleotide starts with AAC at its 5’
extremity, followed by the reverse complement of the target sequence (20Ns in the sequence
below). The two triplets of bases ATC and AAC are complementary to the single-strand
overhangs generated by the Sapl digestion of the pAEF5 plasmid, allowing to clone the

double-stranded DNA target sequence in the correct orientation:

Forward oligonucleotide sequence: 5° atcNNNNNNNNNNNNNNNNNNNN 3’
Reverse oligonucleotide sequence: 5° aacNNNNNNNNNNNNNNNNNNNN 3°

Order the two oligonucleotides with the following characteristics:
a. Purification: salt free.
b. Synthesis scale: 0.01 pumol.
c. Delivery format: lyophilized.
d. Quality control: MALDI.

Anneal the oligonucleotides:
a. Resuspend oligonucleotides to a final concentration of 100 uM in water.
b. Prepare an equimolar mix of both oligonucleotides in the annealing buffer.
c. Vortex the mix.
d. Incubate at 95°C for 5 minutes and let cool down slowly to room temperature.
e. The DNA fragment is ready for cloning, go to step 3.3.

11



3.3 Cloning gRNA Sequences

1. Prepare the pAEFS5 plasmid for cloning (Note 3):
a. mix 1 pg of the plasmid with 5 U of Sapl in the appropriate buffer.
b. Incubate for 1 hour at 37°C.
c. Purify the digested plasmid by running on a standard agarose gel, cutting the high

molecular band, and purifying the gel slice, using standard gel purification protocols.

2. Ligation of plasmid and gRNA sequences:

2.1. Targeted translocations:
a. Mix 300 ng of the DNA fragment containing a pair of gRNA sequences (synthetic or
PCR amplified) with 5U of Sapl in the appropriate buffer.
b. Incubate for 1 hour at 37°C.
c. Purify the preparation using a standard column DNA purification protocol.
d. Mix ina 0.2 mL tube 100 ng of the digested and purified plasmid backbone with 18
ng of the purified synthetic or PCR amplified DNA fragment and 5 U of T4 DNA ligase
in the appropriate buffer. Adjust the final volume to 20 pL with water.

e. Incubate at room temperature for at least 60 minutes before bacterial transformation.

2.2 Multiple translocations:
a. Mix in a 0.2 mL tube 100 ng of the digested and purified plasmid backbone with 2 puL
of the annealed oligonucleotides prepared in paragraph 3.2.2 and 5 U of T4 DNA ligase
in the appropriate buffer. Adjust the final volume to 20 puL with water.

b. Incubate at room temperature for at least 60 minutes before bacterial transformation.

3. Bacterial transformation:
a. Use 10 pL of the ligation mix in a standard transformation protocol of Escherichia
coli DH5a competent cells.
b. Plate a 102 dilution of the cells on LB agar supplemented with ampicillin at 100
pug/mL.
c. Incubate the plates overnight at 37°C.
d. Streak 12 clones on LB agar supplemented with ampicillin at 100 pg/mL using sterile
toothpicks

12



e. Incubate the plates overnight at 37°C.

f. Inoculate 3 mL liquid cultures of LB supplemented with ampicillin (100 pg/mL) with
single colonies in 15 mL tubes.

g. Incubate under constant shaking (220 rpm) overnight at 37°C.

h. In a cryotube, store 900 pL of the overnight culture with 300 L of sterile glycerol 80
%.

i. Vortex for 30 seconds.

J. Store at -80°C.

k. The remaining volume of the culture will be used for plasmid extraction using a

standard alkaline lysis protocol in order to validate the plasmid (see 3.4).

3.4 Validation of the Clones
Correct cloning is verified by double enzymatic restriction of the plasmid DNA:
a. Mix 1 pg of plasmid with Sapl (5U) and Spel (10U) with the appropriate buffer.
b. Incubate 1 hour at 37°C.
c. Analyse the size of the restriction fragments using electrophoresis in a 1% agarose gel
(Note 4).

3.5 Design of the Donor DNA Fragments
3.5.1. Targeted Translocations

The two donor DNAs required for homologous repair upon Cas9 cutting are 90 bp long,
comprising 45 bp identical to the centromere-proximal region flanking the cut site in one
chromosome and 45bp identical to the telomere-proximal region flanking the cut site on the

other chromosome (Fig. 4).
1. The donor DNASs of 90 bp have the following characteristics:

a. Purification: salt free

b. Synthesis scale: 0.05 umol

c. Delivery format: Lyophilized
d. Quality control: MALDI

2. For each donor DNA, anneal the two complementary 90 bp oligonucleotides:

13



a. Resuspend the oligonucleotides at the final concentration of 100 uM in water.
b. Prepare an equimolar mix of both oligonucleotides in the annealing buffer

c. Vortex the mix

d. Incubate at 95°C for 5 minutes and let cool down slowly to room temperature.

e. The DNA fragment is ready for yeast transformation, go to step 3.6

3.5.2. Multiple Translocations:

The identification of the number and location of donor DNAS is achieved by an in-house

script that performs the following steps:

a. For each occurrence of a repeated gRNA target sequence in the genome, select an 80
bp segment centered on the cut site.

b. Use as query all possible sequences of 50 bp comprised within this 80 bp segment to
search the genome for homologous regions with at least 90% identity and a mutated PAM
and/or at least one mutation in the 20 bp gRNA sequence.

c. Assemble a non-redundant set of donor DNAs gathering all homologous regions

detected for all occurrences of the repeated gRNA target sequence.

3.6 Yeast Transformation

3.6.1 Targeted Translocation
3 transformations are performed:
i) pAEF5 (500 ng per transformation) to control for transformation efficiency.
i) pAEF5 with the cloned gRNAs (500 ng per transformation) to control for cutting
efficiency.
iii) pAEF5 with the cloned gRNAs (500 ng per transformation) and 10 puL of a 90 uM

donor DNA solution to obtain the desired rearrangements.

3.6.2. Multiple Translocations
Only 2 transformations are performed:
i) pAEF5 (500 ng per transformation) to control for transformation efficiency.
i) pAEF5 with the cloned gRNA (500 ng per transformation) to obtain the desired

rearrangements.
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3.6.3 Lithium Acetate Yeast Transformation

All yeast transformations are performed following the standard protocol described in Gietz
and Woods 2002 (29) with the following adaptations:

1.

Prior to transformation, 108 cells are washed twice in 1 mL of water and twice in LIAC/TE

solution.

. The heat-shock is performed at 42°C for 25 minutes.
. Centrifugations are performed at 8000 g for 2 minutes, at 4°C.

. A recovery step is necessary for the pAEF5 plasmid:

a. Pellet the cells by centrifugation.
b. Resuspend gently in 1 mL of YPD broth.

c. Incubate for 90 minutes at 30°C without agitation.

. Cells are plated on YPD agar and selective media as described below:

a. 100 pL of a 107 dilution is plated on YPD to assess cell viability.
b. 100 uL of a 10 dilution is plated on selective medium.

c. The rest of the cells are plated on selective medium.

d. Incubate the plates for 3 days at 30°C.

. The number of colonies are counted after 3 days of incubation. (indicative results for the

strains BY4741 and BY4742 are given in note 5).

. Streak, on selective agar medium, with sterile toothpicks, 12 colonies from transformations

with pAEF5 with the cloned gRNA and with or without the donor DNA for the targeted

and multiple translocation transformations, respectively.

. Incubate the plates for three days at 30°C.
. Store 12 colonies at -80°C:

a. Fill a cryotube with 500 uL of yeast storage media.

b. Pick a colony with a 10 pL loop.

c. Resuspend the colony by flicking the loop 10 times in the storage media.
d. Vortex for 30 seconds.

e. Store at -80°C.

3.7 Validation of the Transformants

Karyotyping of the strains can be realized by PFGE for both targeted and multiple

translocations.
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Saccharomyces cerevisiae karyotyping is done according to the standard method (30) with the

following adaptation:

1.
2.

oo 01 AW

Cells are thawed on YPD agar.
10 mL of YPD in a 50 mL plastic tube are inoculated with a 1L loop of cells. This culture
will be used the next day to prepare the plugs.

. Agarose plugs are prepared using SeaPlaque GTG low melting temperature agarose.

. PFGE is performed using a CHEF DRIII Biorad system.

. An agarose gel is prepared using 1% Seakem GTC agarose dissolved in 0.5 x TBE buffer.
. The running program is the following:

a. 6 V/cm for 10 hours with a switching time of 60 seconds
b. 6 V/cm for 17 hr with switching time of 90 seconds.

c. The included angle was 120° for the whole duration of the run.

. After the migration the agarose gel is stained for 30 minutes in ethidium bromide.
. The gel is washed twice in double-distilled water.

. A picture is taken with an imager.

For targeted translocations, an additional validation can be obtained by amplifying the

junction of the rearranged chromosomes by colony PCR.

1.

coO N O o1 A W DN

Design oligonucleotides to amplify 300 bp surrounding the junctions of the expected

chromosomal rearrangements.

. Thaw candidate strains on YPD agar.

. Incubate at 30°C overnight.

. Pick cells with a toothpick.

. Cells are resuspended in a 1.5 mL tube containing 50 pL of sterile distilled water.
. The tube is then incubated at 95°C for 5 minutes.

. The tube is transferred directly onto ice for 5 minutes.

. Realize a standard PCR using 5 pL of the boiled cells as template (note 6).

3.8 Loss of the Plasmid

1.
2.

Thaw the strain from -80°C on a YPD agar plate and incubate overnight at 30°C.
Inoculate with a 1 pL loop full of cells, 20 mL of YPD broth in a 50 mL plastic tube.

16



3. Incubate the cells for 24 hours at 30°C with shaking at 150 rpm.

4.a Micro-manipulate 10 cells on a YPD agar plate using a standard yeast cells
micromanipulation protocol.

4.b If there is no micromanipulator available, plate 100 cells from a dilution of the overnight
culture on YPD agar plate.

5. Incubate the plate for 3 days at 30°C.

6. Test the clone for the loss of the plasmid by patching them on a YPD agar plate and on a
YPD agar hygromycin B selective plate (Note 7).

7. For the clones that have lost the plasmid, proceed to step 3.9.

3.9 Storage of the Clones

1. From a patch of cells grown on YPD agar, pick cells with a 10 pL loop and resuspend them
in the yeast storage medium in a cryotube.

2. Vortex for 20 seconds.

3. Store at -80°C.

17



4 NOTES

1. We have generated the full catalogue of the repeated gRNA sequences and their
corresponding donor DNAs. This catalogue was generated using the R64.2.1 version of the

S288c Saccharomyces cerevisiae genome (https://www.yeastgenome.org/) and is available

on request.

2. Sequence of the 464 bp synthetic DNA fragment. The two gRNA sequences are designated
by 20 N in bolds. the two Sapl restriction site are indicated in bold and underlined.

GTGAAAGCTCTTCAATCNNNNNNNNNNNNNNNNNNNNGTTTTAGAGCTAGAA
ATAGCAAGTTAAAATAAGGCTAGTCCGTTATCAACTTGAAAAAGTGGCACCGA
GTCGGTGGTGCTTTTTTTGTTTTTTATGTCTGCGGCCGCGGTACCCAATTCGCTC
TTTGAAAAGATAATGTATGATTATGCTTTCACTCATATTTATACAGAAACTTGA
TGTTTTCTTTCGAGTATATACAAGGTGATTACATGTACGTTTGAAGTACAACTC
TAGATTTTGTAGTGCCCTCTTGGGCTAGCGGTAAAGGTGCGCATTTTTTCACAC
CCTACAATGTTCTGTTCAAAAGATTTTGGTCAAACGCTGTAGAAGTGAAAGTT
GGTGCGCATGTTTCGGCGTTCGAAACTTCTCCGCAGTGAAAGATAAATGATCN
NNNNNNNNNNNNNNNNNNNGTTTGAAGAGCAGAAAT

3. The pAEF5 contains the hph gene which provides resistance to hygromycin B (Figure 3)
and was deposited in the Addgene repository under the 1D 136305.

4. The expected Sapl/Spel digestion profiles for pAEF5, with one or two gRNA are presented
in the table below:

pAEF5 (fragment size in bp)
empty 4713 — 4215 - 1925 -11

1 gRNA 6649 - 4215

2gRNAs | 7059 - 4215

5. These results are given for the strains BY4741 and BY4742. This protocol can also be

applied to natural isolates of Saccharomyces cerevisiae. However, the number of colonies
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obtained may change due to variability in the transformation efficiency of strains. After 3

days of incubation, the expected number of colonies in each plate is:

Condition Targeted Multiple
Viability (YPD agar) 10" - 10° 10" - 10°
PAEF5 empty 10° — 10 10° — 10
pAEF5 with gRNA(s) 10° - 10! 10° - 10°

DNAs

PAEF5 with 2 gRNAs and with donor 10° - 10°

6. For rearrangements in repeated regions of the genome, the validation by PCR is not

recommended.

7. Expected results for the loss of the plasmid:

Plasmid YPD agar | YPD+Hygro B
agar

Cells with pAEF5 growth growth

Cells without pAEF5 | growth no growth

8. The pGZ110 plasmid kindly provided by Gang Zhao and Bruce Futcher (Stony Brook

University) is described in (1) and does not correspond to the plasmid deposited on the

addgene website (https://www.addgene.org/browse/sequence/129168/).
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Figure Legends

Fig. 1 Flowchart representing the different steps to generate both targeted and multiple
translocations. The numbers on the left refer to the paragraphs in the Methods section.

Fig. 2 PCR construction of 2 gRNA sequences and cloning in pAEF5. a) The plasmid pAEF5
is digested with the Sapl enzyme which cuts twice. As Sapl cuts outside of its recognition site
these sites are removed, leaving two extremities with 3 base overhangs (5°-gat-3) and (5’-gtt-
3”). b) A plasmid pAEF5 already containing two cloned gRNAs (open green boxes) is used as
a template for PCR with the 2 oligonucleotides (forward and reverse oligonucleotides). This
PCR will give an amplicon with Sapl restriction sites (purples arrows) at its extremities. After
digestion of the PCR product with Sapl, two complementary overhangs for cloning in the

digested plasmid are generated (5’-atc-3’) and (5°-aac-3’).

Fig. 3 The plasmid pAEF5 was obtained by Gibson assembly of three fragments. The first
two DNA fragments (blue and red sectors) are PCR amplified from pGZ110 (Note 8). They
encode the replication origins for bacteria and yeast, the bacterial ampicillin resistance
cassette, the Cas9 and the gRNA expression cassette. This cassette contains two Sapl
restriction sites in opposite orientation, allowing the cloning of DNA fragments containing
single or double gRNA sequences (see lower part of the figure). The third DNA fragment

(green sector) is amplified from pAG32 (https://www.addgene.org/35122/) and encodes the

yeast hygromycin B resistance cassette.

Fig. 4 Targeted translocations. pAEF5 cloned with 2 gRNA sequences is used to transform
Saccharomyces cerevisiae and generate DBSs at two loci situated on two different

chromosomes. To guide the homologous repair, two chimerical donor DNAs are used.
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