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SUMMARY

CRISPR/Cas9 technology allows accurate, marker-less genome editing. We
report a detailed, robust, and streamlined protocol for CRISPR/Cas9 genome ed-
iting in Saccharomyces cerevisiae, based on the widely used MoClo-Yeast Toolkit
(https://www.addgene.org/kits/moclo-ytk/). This step-by-step protocol guides
the reader from sgRNA design to verification of the desired genome editing
event and provides preassembled plasmids for cloning the sgRNA(s), making
this technology easily accessible to any yeast research group.

For complete details on the use and execution of this protocol, please refer to
Novarina et al. (2021).

BEFORE YOU BEGIN

This protocol describes a detailed procedure to perform CRISPR/Cas9 genome editing (Doudna and
Charpentier, 2014) in S. cerevisiae, based on the MoClo-Yeast Toolkit (Lee et al., 2015) and a pre-
existing protocol (Akhmetov et al., 2018). We provide detailed instructions for choosing the sgRNAs
and designing partially overlapping complementary oligos for sgRNA cloning, as well as for the
design and production of the repair fragments, depending on the nature of the desired genome ed-
iting event. One or two sgRNA are cloned in a yeast expression vector together with the Cas9 gene
through three consecutive Golden Gate assembly reactions (Engler et al., 2008; Lee et al., 2015)
(Figure 1). Co-transformation of the Cas9+sgRNA(s) multi-gene plasmid and the repair fragment(s)
in yeast results in CRISPR genome editing. After verification of the genome editing event(s) by PCR
and/or Sanger sequencing, the Cas9+sgRNA(s) multi-gene plasmid is removed from yeast cells. In
our lab, we have successfully used this procedure to generate several mutations at the SCH? locus,
encompassing full gene knockout, deletion of specific gene regions, and domain replacement (No-
varina et al., 2021), as well as to perform gene knockouts and to introduce point mutations in several
yeast genes (Guerra et al., 2021).

Choose the sgRNA sequence
O Timing: 1-2 h

A potential sgRNA sequence for CRISPR/Cas9 editing of a desired genomic location is a 20 nucle-
otide sequence (target sequence), followed by the protospacer adjacent motif (PAM) NGG (where N
can be any nucleotide). The target sequence determines the location, efficiency and specificity of
Cas9 DNA cleavage for genome editing. Therefore, the choice of the proper target sequence is

)
ek o STAR Protocols 3, 101358, June 17, 2022 © 2022 The Author(s). 1
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Figure 1. Schematic of the sgRNA(s) and Cas9 cloning through Golden Gate assembly

The sgRNA and the Cas9 gene are cloned in a yeast expression vector through three consecutive Golden Gate assembly reactions. In the first Golden
Gate assembly (GG1), partially overlapping annealed oligos containing the sgRNA sequence are cloned in the BsmBI-digested sgRNA dropout vector,
yielding an sgRNA part plasmid (white colonies growing on chloramphenicol plates). In the second Golden Gate assembly (GG2), the sgRNA part is
assembled with appropriate connectors in a second vector (AmpR-ColE1) after Bsal digestion, yielding an sgRNA cassette plasmid (white colonies
growing on ampicillin plates). In the third Golden Gate assembly (GG3), the sgRNA cassette is assembled together with the Cas9 cassette and a spacer
sequence (or asecond sgRNA cassette) in a yeast expression vector (multi-gene dropout vector), yielding the Cas?+sgRNA(s) multi-gene plasmid (white
colonies growing on kanamycin plates). Green dashed lines represent BsmBI restriction sites and blue dashed lines represent Bsal restriction sites.

of great importance. We suggest the use of the E-CRISP (Heigwer et al., 2014) web application
(http://www.e-crisp.org/) for identification and evaluation of putative sgRNA sequences (Figure 2).

Note: The preferred PAM for Streptococcus pyogenes Cas9 (used in this protocol) is NGG, but
targets with NAG PAM can also be cleaved, although less efficiently (Hsu et al., 2013; Jiang
et al., 2013). Therefore, for the purpose of sgRNA design only NGG will be used, while for
the detection of putative off-targets sequences with NAG PAM will also be taken into
consideration.
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Figure 2. sgRNA design with E-CRISP

(A) Output of sgRNA design. In the example, results for only one sgRNA (SCH9_76_0) are shown.

(B) Example of two sgRNAs with different Efficacy score (E-score).

(C) Output of sgRNA evaluation. In the example, the evaluation of the same sgRNA shown in Figure 2A is shown. In the Matchstring column, a green "M"
represents a match, ared "X" represents a mismatch, and ablack “n"” represents a position not taken into account during the evaluation algorithm. Note
that in the E-CRISP evaluation interface, the sequence of the putative off-target and the sequence representing the position of the mismatches are not
aligned with respect to each other. In this example, the correct target (the SCH? gene) is shown, as well as 7 putative off-targets. Note that in the
evaluation page more putative off-targets appear compared to the design page, since also the NAG sequence is permitted as PAM. Each putative off-
target should be manually evaluated, taking into account the number and position of the mismatches with respect to the target sequence (see step 3in
section choose the sgRNA sequence for details).

(D) Three examples of manual evaluation of putative off-targets. The PAM is highlighted in gray, while the mismatches are highlighted inred. In Example
1, two mismatches are located in close proximity to the PAM, and 5 other mismatches are located distal to the PAM: this is not an off-target, and can be
ignored. In Example 2, one mismatch is located within the 10 PAM-proximal nucleotides, and three other mismatches are located distal to the PAM: this
is also not an off-target, and can be ignored. In Example 3, one mismatch is located at the 10" position distal to the PAM, and one other mismatch is
located further distal to the PAM: since this could be an off-target in vivo, it is recommended to discard the corresponding sgRNA.

1. Detect the possible sgRNA sequences in the E-CRISP “Design” section, using the parameters
described below.
a. Select organism: “Saccharomyces cerevisiae R64-1-1".
b. Select target region by gene symbol or sequence: insert the name of the target gene or paste

a specific genomic sequence in FASTA format.

i. For gene knockout insert the gene name or ORF symbol.

ii. For N-terminal or C-terminal gene tagging, insert a sequence encompassing the 60 nucle-
otides upstream and the 60 nucleotides downstream the ATG starting codon (for N-termi-
nal tagging) or the STOP codon (for C-terminal tagging).

iii. Forintegration of a sequence at a specific genomic site, insert a 120-nucleotide sequence
centered on the desired insertion site (or a longer sequence if the exact position of the inte-
gration site is not relevant).

iv. For replacement of a genomic sequence, insert the sequence to be replaced.

v. For point mutations, insert a ~150 nucleotide sequence centered on the desired mutation
site.

Note: Increasing the length of the input sequence increases the chance of finding a good
sgRNA sequence (i.e., with high cleavage efficiency and no off-targets). However, for
some genome editing applications (such as N- and C-terminal tagging or introduction of
point mutations) cleavage should occur in close proximity of the genome editing site, in or-
der to ensure efficient editing. For this reason, we suggested different lengths of the input
sequence for different genome editing applications.

c. Inthe “Start application” section, select “medium”.
d. Click on the “Display advanced options” to adjust the design parameters.
e. In the "Design purpose” section adjust the parameters as follows to optimize the analysis for
S. cerevisiae (if not specified, leave the default setting).
i. 5'preceding Base requirement: any (the default “G" comes from the cloning system used
for human cells).
ii. 3 PAM: NGG.
iii. exclude targets with poly T motif (it is a transcription termination signal for Pol Ill, that

might hinder transcription of the sgRNA in vivo).
f. In the “Gene annotation filtering” section deselect all options.
g. In the “Off-target analysis” section set the following parameters (for all the genome editing
applications listed in step 1b).
i. Exclude designs with more than X off-targets: 20.
ii. Number of 5" mismatch positions: é.
iii. Tolerated edit distance to the target sequence: 2.

4 STAR Protocols 3, 101358, June 17, 2022
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Note: The recommended parameters in the “Off-target analysis” section are rather loose, al-
lowing retrieval of sgRNAs with several potential off-targets. This is not a problem, because
the user will evaluate the potential off-targets later, based on the position of the mismatches
with respect to the PAM sequence (see step 3 of this section), which is not taken into account
by the E-CRISP algorithm. Conversely, if the chosen parameters are too stringent here, the
user will miss a lot of potential good sgRNA sequences.

Optional: If you want to consider potential off-targets in the plasmid expressing Cas? and the
sgRNA, or other exogenous sequences already integrated in the target genome (i.e., fluores-
cent tags, markers, etc.), you can make use of the “Select to check for secondary off-targets”
option.

h. In the "Output” section adjust the parameters as follows.

i. Maximum number of results per exon: select a high number (>50), otherwise some of the
potential sgRNA sequences will not be displayed among the results.

ii. Setthe other parameters as you like; that will only influence the visualization of the results.
Recommended settings:

Create an image showing genomic context.
Add TSS to the image.
Add stop codons to the image.
Add start codons to the image.
Output the result table to the browser window.
Produce additional information for the Matchstring.

i. Press the “Start sgRNA search” button.

j- An example of the output is displayed in Figure 2A.

2. Select a few candidate sgRNA sequences based on the following parameters:

a. The position of the target sequence, graphically visualized at the bottom of the output page.

i. For gene knockout the position is not relevant: the sgRNA can be located anywhere within
the coding sequence.

ii. For N-terminal tagging the sgRNA should be located across the ATG starting codon
(optimal situation) or within a 120-nucleotides window centered on the ATG starting
codon.

iii. For C-terminal tagging the sgRNA should be located across the STOP codon (optimal sit-
uation) or within a 120-nucleotides window centered on the STOP codon.

iv. Forintegration of an exogenous sequence at a desired genomic site, the sgRNA should be
located within a 120-nucleotides window centered on the insertion site.

v. For replacement of a genomic sequence, the sgRNA can be located anywhere within the
sequence to be replaced (optimal), or within 60 bp outside of this sequence (upstream
or downstream).

vi. To introduce a point mutation at a desired genomic sequence, the sgRNA should be
located across the mutation site (optimal situation) or within a 120-nucleotides window
centered on the mutation site.

b. The predicted cleavage efficiency, based on the Efficacy score (E-score) (Figure 2B): the higher
the E-score, the higher the chance that the candidate sgRNA will work.

Note: The Efficacy score (E-score) predicts Cas9-dependent cleavage efficiency for the given
target sequence. However, there is no guarantee that a specific sgRNA works until direct in
vivo validation. The Specificity score (S-score), calculated on the basis of the number of pre-
dicted off-targets should be ignored at this stage, because the potential off-targets will be
later evaluated by the user. The Annotation score (A-score) can be ignored, since it is opti-
mized on the human genome.

STAR Protocols 3, 101358, June 17, 2022 5
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Note: In the output window, the candidate sgRNAs are ranked according to the S-score, so do
not hesitate to go down the list in search for good E-scores, even among sgRNA with several
putative off-targets.

3. Evaluate the selected sgRNA sequences in the E-CRISP “Evaluation” section:

a. Choose the following parameters in the “Select organism” section.
i. Saccharomyces cerevisiae R64-1-1.
ii. Number of 5" mismatch positions ignored by the program: 6.
iii. Tolerated edit distance to the target sequence: 2.

b. Inthe “Enter target sequence” section, paste the 20-nucleotide target sequence (without the
PAM) in FASTA format.

c. Press the “Start” button.

Note: The parameters chosen for the sgRNA evaluation are still very relaxed. With these set-
tings the user will visualize all the putative “off-targets” with a more permissive PAM (NAG or
NGG, as discussed above), with less than 3 mismatches in the 14 PAM-proximal bases and al-
lowing any mismatch in the 6 PAM-distal bases (Figure 2C).

d. Evaluate each of the putative “off-targets”, taking into account the number and the position of the
mismatches with respect to the target sequence (Figure 2D), based on the following empirical rules:

i. More than 3 mismatches in the target sequence abrogate cleavage by Cas9, based on
studies on mammalian cells (Hsu et al., 2013).

ii. 1 mismatchinthe 10 PAM-proximal nucleotides is sufficient to strongly reduce cleavage by
Cas9, based on yeast in vivo studies (Fu et al., 2016).

ii. In summary, as a safe rule for evaluation of putative “off-targets”, if one potential “off-
target” sequence has at least one mismatch in the 10 PAM-proximal nucleotides, and at
least two extra mismatches in the whole 20-nucleotide sequence, you can be relatively
certain that it will not be recognized by the selected sgRNA (i.e., itis not a real “off-target”).

A CRITICAL: While evaluating the total number of mismatches, you should also consider the
sequence of the 6 most PAM-distal nucleotides.

Note: By evaluating the putative “off-targets” as suggested (i.e., taking into account also the po-
sition of the mismatches with respect to the PAM), many of the putative “off-targets” can be
neglected.

e. Discard the sgRNA sequences that have off-targets that do not pass the safe rule for evalua-
tion described above.
4. Select the two best sgRNA sequences (in terms of predicted efficiency and position relative to the
editing site).

Note:Itis advised to design and clone in parallel multiple (at least 2) sgRNASs, since there is no guar-
antee that they will actually work in vivo. If several sgRNAs are cloned in parallel, in case the first
tested sgRNA does not work, a second one will be immediately available for yeast transformation.
Note: If you still have doubts that a putative "off-target” might be cleaved in vivo, you can

sequence that specific genomic locus after performing the CRISPR genome editing, to verify
that no unintended mutations have been introduced.

Design oligos for sgRNA cloning

® Timing: 5 min

6 STAR Protocols 3, 101358, June 17, 2022
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Design partially overlapping complementary oligos that, after annealing, leave sticky ends compat-
ible with BsmBI-digested pYTKO50 (sgRNA dropout vector).

5. Copy the 20-nucleotide target sequence and use it to generate the oligos for sgRNA cloning as
follows.
a. Forward oligo: 5'-GACTTT- 20-nucleotides target sequence-3'.
b. Reverse oligo: 5'-AAAC- reverse complement 20-nucleotides target sequence -AA-3’.

Example: sgRNA sequence: 5'-GGCCTAAGAACATATGGTCGTGG-3’
20-nt target sequence PAM

Forward oligo: 5'-GACTTTGGCCTAAGAACATATGGTCG-3'

Reverse oligo: 5'-AAACCGACCATATGTTCTTAGGCCAA-3’

Annealed oligos: 5'-GACTTTGGCCTAAGAACATATGGTCG-3’
3'-AACCGGATTCTTGTATACCAGCCAAA-5’

Note: Please keep in mind the orientation of the 20-nucleotide target sequence while
designing the oligos: the target sequence might be on the bottom strand.

In silico Golden Gate assembly (optional)
® Timing: 1-3 h

To generate maps of all plasmids obtained during the sgRNA and Cas9 cloning, and verify that the
assemblies are done properly, it is recommended to perform all Golden Gate assemblies (see step-
by-step method details) in silico beforehand, using the Benchling online tool (https://benchling.
com/editor).

Note: To use Benchling, a free account is needed.

Note: An introductory tutorial for in silico Golden Gate Assembly with Benchling is available at
the following link: https://help.benchling.com/en/articles/671283-clone-using-the-golden-
gate-assembly-wizard.

6. The partially overlapping complementary oligos for sgRNA cloning are designed such that, after
annealing, the resulting fragment harbors sticky ends compatible with BsmBI-digested pYTKO050.
However, the inputs for the in silico Golden Gate assembly are either circular plasmids or linear
fragments with blunt ends, carrying the Bsal or BsmBI restriction sites. It is therefore necessary to
create a Benchling-compatible version of the sgRNA by adding BsmBl sites at both ends, so that
the result of in silico BsmBI digestion is identical to the fragment produced by annealing the
partially overlapping complementary oligos designed in step 5 of the previous section.

a. Take the sequence of the forward oligo for sgRNA cloning (see section design oligos for
sgRNA cloning).

b. Add the sequence CGTCTCA (containing the BsmBlI restriction site) upstream the oligo
sequence.

c. Add the sequence GTTTTGAGACG (containing the BsmBI restriction site) downstream the
oligo sequence.

d. Paste the obtained sequence in a new file in SnapGene Viewer (or your favorite DNA sequence
editing program) and save it in the desired folder.

STAR Protocols 3, 101358, June 17, 2022 7
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Example: Forward oligo: 5'-GACTTTGGCCTAAGAACATATGGTCG-3’

Extended sequence for Benchling (added sequences in [talics):
5'-CGTCTCAGACTTTGGCCTAAGAACATATGGTCGGTTTTGAGACG-3'

Double-stranded sequence for Benchling (BsmBl sites are highlighted in yellow):
5'-CGTCTCAGACTTTGGCCTAAGAACATATGGTCGGTTTT GAGACG-3'
3/-GCAGAGTCTGAAACCGGATTCTTGTATACCAGCCAAAA CTCTGC-5'

Fragment after BsmBI digestion: 5'-GACTTTGGCCTAAGAACATATGGTCG-3'
3’-AACCGGATTCTTGTATACCAGCCAAA-5’

Open Benchling and create a new Project.

a. Press the “Create” button (the “+" symbol on the left).

b. Choose "Project”.

c. Name the project.

d. Press “Create Project”.

Import all source sequences in Benchling.

a. Press the “Create” button (the “+" symbol on the left).

b. Choose “DNA sequence”.

c. Choose "Import DNA Sequences”.

d. Import sequences of the desired plasmids via drag and drop or by uploading files form a
folder.

Open the first plasmid of the Golden Gate Assembly in Benchling by clicking on it.

. Create a new assembly file.

a. Press the "Assembly Wizard"” command in the bottom right corner.

b. Select “"Create New Assembly”.

c. Select "Golden Gate” and press “Start”.

d. Insert the name of the new plasmid (in the bottom right corner).

e. Press the “Enzyme / Primer settings” button (under the new plasmid name).

f. Select the appropriate Type IIS Enzyme (Bsal or BsmBI).

Select the fragments to be assembled.

a. Select "Backbone” or “Insert” as appropriate.

b. Select the appropriate fragment by choosing the coordinates in the “Set fragment” section
(the plasmid map on the right helps identifying the fragment coordinates.
Press “Set Fragment”.

. Open the next plasmid and repeat the three sub-steps above.

a 0

[

. To insert a new fragment in the assembly (if needed), select the “+" symbol in the bottom
right corner.

bl

Insert all the fragments of the assembly in the proper order. Benchling will verify if the frag-
ment edges are compatible for assembly.

Perform in silico assembly.

a. When all fragments have been inserted, click "Assemble” in the bottom right corner.

b. Select the Benchling folder where you want the new plasmid to be saved.

c. Press “Select”.

When all fragments have been inserted, click “Assemble” in the bottom right corner.

Export the assembled sequences.

a. Select the "account user” sign in the bottom left corner and chose “Data Export”.

b. Select "Sequences GenBank Files”.
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c. Select the Benchling folder(s) where assembled sequences are located.
d. Press the "Export” button.
e. You will receive via email a link to the folder containing the files.

Note: If you need to perform several assemblies with many parts in common, you can chose
the option “Assembly” — “Re-open” from the top right corner, and simply switch the parts
you want to change.

Preparation of E. coli competent cells
O® Timing: 2-3 days

15. Prepare and freeze down at —80°C DH5a E. coli competent cells using one of these recommen-
ded methods:
a. Inoue method (Green and Sambrook, 2020).
b. Calcium chloride method (Sambrook and Russell, 2006).

Note: The Inoue method is more laborious, but yields competent cells with a higher transfor-
mation efficiency.

Plasmid preparation
O Timing: 1 h

16. Grow an overnight culture (12-20 h at 37°C) of E. coli strains pYTKO050, pYTKOO3, pYTKO068,
pYTKO095, pYTK-DN1, pYTK-DN2, pYTK-DN4, pYTK-DN5, pYTK-DNé (and, if needed, also
pYTK004, pYTK072, pYTK-DN3) in 2 mL LB medium containing the appropriate antibiotic for
plasmid selection.

17. Extract the plasmid with a Miniprep kit according to the manufacturer’s instructions.

18. Measure plasmid concentration with the NanoDrop.

19. Store the plasmids at —20°C.

Plates and media preparation
O Timing: 2-6 h

20. Prepare the following plates for E. coliusing standard lab recipes (Cold Spring Harbor Protocols,
2009):

a. LB-chloramphenicol (25 pg/mL) agar plates.
b. LB-ampicillin (100 ng/mL) agar plates.
c. LB-kanamycin (50 pg/mlL) agar plates.

21. Prepare the following LB liquid medium for E. coli using standard lab recipes (Cold Spring Har-
bor Protocols, 2016):

a. LB-chloramphenicol (25 pg/mL).
b. LB-ampicillin (100 ng/mL).
c. LB-kanamycin (50 pg/mL).

22. Prepare YPD liquid medium for yeast using standard lab recipes (Cold Spring Harbor Protocols,
2017a).

23. Prepare YPD-agar plates, containing the one of the following drugs, depending on the
resistance marker chosen for the Cas9+sgRNA(s) multi-gene plasmid (Cold Spring Harbor Protocols,
2017b).

a. G418 (200 pg/mL) for the KanR marker (pYTK-DN4 vector).
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b. clonNAT (100 pg/mL) for the NatR marker (pYTK-DN5 vector).
c. hygromycin B (200 pg/mL) for the HygR marker (pYTK-DN6 vector).

KEY RESOURCES TABLE

STAR Protocols

REAGENT or RESOURCE SOURCE IDENTIFIER
Bacterial and virus strains

Escherichia coli: DH5a New England Biolabs Cat#C2988J
Chemicals, peptides, and recombinant proteins

Polyethylene glycol (PEG) Sigma-Aldrich Cat#202444
Carrier ssDNA (Deoxyribonucleic Sigma-Aldrich Cat#D1626
acid sodium salt from salmon testes)

Chloramphenicol Sigma-Aldrich Cat#C0378
Ampicillin Duchefa Biochemie Cat#A0104
Kanamycin sulfate Sigma-Aldrich Cat#60615
G418 disulfate salt Sigma-Aldrich Cat#A1720
clonNAT Jena Bioscience Cat#AB-102
Hygromycin B Duchefa Biochemie Cat#H0192
YPD Broth powder Formedium Cat#CCM0210
LB Broth Miller powder Formedium Cat#LMMO0102
Yeast extract powder Formedium Cat#YEAQ2
Peptone Formedium Cat#PEP02
Glucose (D-(+)-Glucose monohydrate) Sigma-Aldrich Cat#49159
Agar Formedium Cat#AGR10
Bacto Tryptone Thermo Fisher Scientific Cat#211705
NaCl Sigma-Aldrich Cat#59888
Lithium acetate dihydrate Sigma-Aldrich Cat#62393
Sodium dodecyl sulfate (SDS) Sigma-Aldrich Cat#L3771
Critical commercial assays

Miniprep kit MACHEREY-NAGEL Cat#740588
PCR purification kit MACHEREY-NAGEL Cat#740609
T4 DNA Ligase Reaction Buffer New England Biolabs Cat#B0202S
T7 DNA Ligase New England Biolabs Cat#M0318S
BsmBI New England Biolabs Cat#R0580S
Bsal New England Biolabs Cat#R0535S
EcoRI-HF New England Biolabs Cat#R3101S
Q5 High-Fidelity DNA Polymerase New England Biolabs Cat#M0491S
5x Q5 reaction buffer New England Biolabs Cat#B9027S
10x Buffer rCutSmart New England Biolabs Cat#B6004S
Pvull-HF New England Biolabs Cat#R3151S
Experimental models: Organisms/strains

Saccharomyces cerevisiae: YSBN6 (MATa ho::HphMX4) (Canelas et al., 2010) N/A
Oligonucleotides

Primer sgRNA-seqg-fwd: CGAGGAGCCGTAATTTTTGC This paper N/A

Recombinant DNA

pYTKO03 (selection: chloramphenicol)
pYTK004 (selection: chloramphenicol)
pYTKO50 (selection: chloramphenicol)
pYTKO68 (selection: chloramphenicol)
pYTKO72 (selection: chloramphenicol)
pYTKO95 (selection: ampicillin)

(Lee et al., 2015)
(Lee et al., 2015)
(Lee et al., 2015)
(Lee et al., 2015)
(Lee et al., 2015)
(Lee et al., 2015)

Addgene Plasmid #65110
Addgene Plasmid #65111
Addgene Plasmid #65157
Addgene Plasmid #65175
Addgene Plasmid #65179
Addgene Plasmid #65202

pYTK-DN1 (selection: ampicillin) This paper
pYTK-DN2 (selection: ampicillin) This paper
pYTK-DN3 (selection: ampicillin) This paper
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Continued

REAGENT or RESOURCE SOURCE IDENTIFIER

pYTK-DN4 (selection: kanamycin) This paper Addgene Plasmid #180285
pYTK-DNS5 (selection: kanamycin) This paper Addgene Plasmid #180286
pYTK-DNé (selection: kanamycin) This paper Addgene Plasmid #180287

Software and algorithms

E-CRISP

(Heigwer et al., 2014)

http://www.e-crisp.org/

SnapGene Viewer SnapGene https://www.snapgene.com/snapgene-viewer/
Benchling Benchling https://benchling.com/editor

CRISPR-Cas9 toolbox MoClo Assembly Excel spreadsheet This paper Data S1

Other

NanoDrop 2000 Spectrophotometer
T100 Thermal Cycler

Thermo Scientific
Bio-Rad

Cat#ND-2000
Cat#186-1096

MATERIALS AND EQUIPMENT

YPD liquid medium

Reagent Final concentration Amount
YPD Broth powder 50 g/L 50 g
ddH,O n/a 1L
Total n/a 1L
Filter-sterilize. YPD liquid medium can be stored at room temperature (20°C-25°C) for (at least) 6 months.

YPD agar plates (with antibiotics)

Reagent Final concentration Amount
Yeast extract 1% (w/v) 1049
Peptone 2% (wW/v) 20g

Agar 2% (w/v) 20g

ddH,0 n/a up to 920 mL
Autoclave

25% (w/v) Glucose 2% (w/v) 80 mL

200 mg/mL G418 (optional) 200 pg/mL 1 mL

100 mg/mL clonNAT (optional) 100 pg/mL 1TmL

200 mg/mL HygB (optional) 200 pg/mL 1mL

Total n/a 1L

Adjust ddH,0 before autoclaving. Add (filter-sterilized) glucose and antibiotics when the medium has cooled down to
~65°C. YPD agar plates (with or without antibiotics) can be stored at 4°C for (at least) 3 months, provided that they are placed

in a plastic bag to prevent them from drying out.

LB liquid medium (with antibiotics)

Reagent

Final concentration

Amount

LB Broth Miller powder

100 mg/mL ampicillin (optional)

25 mg/mL chloramphenicol (optional)
50 mg/mL kanamycin (optional)
ddH,O

Total

25 g/L
100 pg/mL
25 pg/mL
50 pg/mL
n/a

n/a

259
1mL
1mL
1mL
1L
1L

Autoclave or filter-sterilize. If the medium is autoclaved, add antibiotics when the medium has cooled down to ~65°C. It is
also possible to add antibiotics just before use. LB liquid medium without antibiotics can be stored at room temperature
(20°C-25°C) for (at least) 6 months. LB liquid medium with antibiotics can be stored at 4°C for (at least) 3 months.
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LB agar plates (with antibiotics)

Reagent

Final concentration

Amount

Yeast extract

Tryptone

NaCl

Agar

ddH,O

Autoclave

100 mg/mL ampicillin (optional)

25 mg/mL chloramphenicol (optional)
50 mg/mL kanamycin (optional)

Total

0.5% (w/v)
1% (w/v)
1% (w/v)
1.5% (w/v)

n/a

100 pg/mL
25 pg/mL
50 pg/mL

n/a

59
109
1049
159
upto 1L

1 mL
1mL
1mL
1L

Adjust ddH,0 before autoclaving. Add antibiotics when the medium has cooled down to ~65°C.

LB agar plates (with antibiotics) can be stored at 4°C for (at least) 3 months, provided that they are placed in a plastic bag to

prevent them from drying out.

Alternatives: Instead of preparing E. colicompetent cells, it is also possible to buy competent

cells, for instance NEB 5-alpha Competent E. coli (High Efficiency) (New England Biolabs,

C2987).

Alternatives: We have optimized this protocol using the S288C-derived prototrophic YSBN6
yeast genetic background (Canelas et al., 2010), but any S. cerevisiae laboratory strain can be

used.

Alternatives: Instead of the NanoDrop, any other equivalent spectrophotometer can be used

for nucleic acid quantification.

Alternatives: Instead of E-CRISP, the CRISPOR online tool (http://crispor.org) could be used
for sgRNA design and off-target evaluation, with the limitation that input sequences longer

than 2,300 nucleotides are not allowed.

Alternatives: For Golden Gate Assembly and PCR, any thermocycler can be used.

STEP-BY-STEP METHOD DETAILS

In vitro oligos annealing for sgRNA cloning

O Timing: 1 h

The partially overlapping complementary oligos are annealed in vitro to obtain a double-stranded
Golden Gate-compatible fragment (ds-sgRNA) for cloning into the sgRNA dropout vector

(PYTKO50).

1. Prepare a 100 uM dilution of the oligos in ddH,0O.
2. Mix 10 pL oligo forward and 10 plL oligo reverse in a PCR tube.

3. Anneal the oligos in a thermocycler using the following program:

In vitro annealing conditions

Steps Temperature Time
Denaturation 95C 5 min
Annealing 55°C 15 min
Annealing 25°C 15 min
Hold 4°C forever
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Figure 3. Examples of Golden Gate assembly

(A) Examples of plates from E. coli transformation after Golden Gate assembly (steps 4-15). For each plate, in the insert at the top right corner white
arrowheads indicate two white colonies that could be selected for the next steps. Scale bar, 1 cm.

(B) Example of plasmid verification via restriction digestion (step 16). The Cas9+sgRNA multi-gene plasmid map created with Benchling and annotated
with SnapGene is shown on the left. Red lines mark the two EcoRl restriction sites. The result of DNA gel electrophoresis of the uncut and EcoRI-di-
gested plasmid is shown on the right. The tested plasmid displays the expected restriction digestion pattern (5.4 Kb + 3.8 Kb).

First Golden Gate assembly (GG1): sgRNA part
O® Timing: 2.5 days

The sgRNA is cloned in the sgRNA dropout vector (pYTKO50) to obtain the sgRNA part plasmid
(Figure 1).

A CRITICAL: The vectors used in all three Golden Gate assembly steps (pYTKO050, pYTKO095,
pYTK-DN4, pYTK-DNS5 and pYTK-DNé) contain a GFP gene driven by a promoter for
expression in E. coli. This allows visual detection of E. coli colonies transformed with the
undigested vector, since these colonies appear green on the plate. Conversely, correct
Golden Gate assembly results in loss of the GFP gene, yielding white E. coli colonies
(Figure 3A).
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4. Set up the Golden Gate reaction.

a. Prepare a 1:500 dilution of the ds-sgRNA fragment obtained in step 3.

b. Prepare the GG1 Golden mix in a PCR tube:

STAR Protocols

Component Amount
ds-sgRNA (diluted 1:500) 0.4 uL
pYTKO50 (sgRNA dropout plasmid) 20 fmol
10x T4 buffer 1pL

T7 ligase 0.5 uL
BsmBl 0.5 uL
ddH;0 up to 10 L
Total 10 pL

A CRITICAL: T7 ligase enzyme is used in combination with T4 ligase buffer, it is not a typo.

Note: You can use the Excel sheet “GG1 sgRNA" from the “CRISPR-Cas9 toolbox MoClo As-
sembly spreadsheet” (Data S1) to calculate the pL DNA of pYTKO50.

5. Perform the Golden Gate reaction in a thermocycler:

Golden gate cycling conditions

Steps Temperature Time Cycles
Digestion 42°C 2 min 25 cycles
Ligation 16°C 5 min

Final digestion 60°C 10 min 1

Heat inactivation 80°C 10 min 1

Hold 4°C forever

00 Pause point: Golden Gate products can be stored at 4°C for a few days.

6. Transform 3 plL of the Golden Gate Assembly product (sgRNA part) in 25 uL Inoue competent
E. colicells (or 5 pL sgRNA part in 50 pL CaCl, competent cells).

a. Thaw competent cells on ice.

b. Add 3-5 plL of the Golden Gate Assembly product obtained in step 5 (sgRNA part) to the
competent cells. Mix gently by pipetting up and down or by flicking the tube 4-5 times. Do

not vortex.

Place the mixture on ice for 30 min.
. Heat shock at 42°C for 30 s.
. Place tubes in ice for 2 min.

Q@ o Q0

Add 950 puL of room-temperature (20°C-25°C) LB liquid medium to the tube.
. Incubate the tube at 37°C for 60 min, shaking vigorously (250 rpm).
. Plate 100 uL of the cell suspension on a LB + chloramphenicol plate.
Incubate the plate overnight (12-20 h) at 37°C.

Note: On the transformation plate a mixture of white and green colonies will grow. Green col-
onies contain the undigested pYTKO50 (expressing the GFP gene), while white colonies
contain a plasmid that has lost the GFP gene as a consequence of the Golden Gate Assembly

(Figures 1 and 3A).
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Note: A PCR-based screening of the colonies is not needed, since the white/green colonies
visual screen allows exclusion of the colonies containing the non-digested vector.

00 Pause point: plates can be stored at 4°C for a several days after transformation.

7. Prepare the sgRNA part plasmid. Troubleshooting 1.
a. Inoculate 1 or 2 white colonies in 3 mL LB + chloramphenicol liquid medium. Troubleshooting 2.
. Grow overnight (12-20 h) at 37°C.
Use 2 mL of the overnight culture to extract the sgRNA part plasmid with a Miniprep kit.
. Measure plasmid concentration with the NanoDrop.

o a0 o

. Use the remaining 1 mL for glycerol stock.

Optional: Test 1 or 2 plasmids by restriction digestion. If the 20-nucleotide target sequence
contains a restriction site, digest with the corresponding enzyme, otherwise you can digest
with Pvull (cuts once in the CamR gene).

Component Amount

DNA X pL (~400 ng)
10x Buffer rCutSmart 2l

Pvull-HF 0.4 pL

ddH,O up to 20 uL
Total 20 pL

Incubate for 15 min at 37°C. Add 4 plL of 6x loading dye and load 20 uL on agarose gel. Load also 1 uL of undigested plasmid
for comparison.

Note: The Golden Gate reaction works virtually always, so itis not needed to test each plasmid
by restriction digestion. We suggest to test only the plasmid obtained through the last Golden
Gate Assembly reaction (steps 12-16). Keep all the E. coli plates at 4°C until the end of the
whole cloning procedure, so that, if accidentally something went wrong, you can go back
to the appropriate step and use another colony to prepare plasmid DNA.

Il Pause point: The sgRNA part plasmid can be stored at —20°C for several months.
Second Golden Gate assembly (GG2): sgRNA cassette
O Timing: 2.5 days

The sgRNA is assembled in a transcriptional unit, to obtain the sgRNA cassette plasmid. Based on
the connectors used, the sgRNA can be assembled as a TU2 or TU3 transcriptional unit (Figure 1).

8. Set up the Golden Gate reaction.
a. For cloning the TU2 sgRNA cassette plasmid, prepare the GG2 Golden mix in a PCR tube as

follows:
Component Amount
pYTK003 (ConlL1) 20 fmol
sgRNA part plasmid 20 fmol
pYTK068 (ConR2) 20 fmol
pYTKO95 (AmpR-ColE1) 20 fmol
10x T4 buffer 1uL
T7 ligase 0.5 uL
Bsal 0.5 uL
ddH,0 up to 10 pL
Total 10 pL
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b. For cloning the TU3 sgRNA cassette plasmid, prepare the GG2 Golden mix in a PCR tube as

follows:
Component Amount
pYTK004 (ConlL2) 20 fmol
sgRNA part plasmid 20 fmol
pYTKO72 (ConRE) 20 fmol
pYTKO95 (AmpR-ColET) 20 fmol
10% T4 buffer 1ul
T7 ligase 0.5 uL
Bsal 0.5 uL
ddH,O up to 10 uL
Total 10 pL

A CRITICAL: T7 ligase enzyme is used in combination with T4 ligase buffer, it is not a typo.

Note: You can use the Excel sheets "GG2 sgRNA1" and “GG2 sgRNA2" from the “CRISPR-
Cas9 toolbox MoClo Assembly spreadsheet” to calculate the uL DNA of every plasmid for as-
sembly of TU2 and TU3 sgRNA cassette plasmids, respectively.

9. Perform the Golden Gate reaction in the thermocycler, using the same cycling conditions
described in step 5.

00 Pause point: Golden Gate products can be stored at 4°C for a few days.

10. Transform 3 pL of the Golden Gate Assembly product (sgRNA cassette plasmid) in 25 pL Inoue
competent E. coli cells (or 5 pL sgRNA part in 50 uL CaCl, competent cells) as described in step
6, with the following difference:
a. Plate 100 puL of the cell suspension on a LB + ampicillin plate.

Note: On the transformation plate a mixture of white and green colonies will grow. Green col-
onies contain the undigested pYTKO95 (expressing the GFP gene), while white colonies
contain a plasmid that has lost the GFP gene as a consequence of the Golden Gate Assembly
(Figures 1 and 3A).

Il Pause point: plates can be stored at 4°C for a several days after transformation.

11. Prepare the sgRNA cassette plasmid. Troubleshooting 1.
a. Inoculate 1 or 2 white colonies in 3 mL LB + ampicillin liquid medium. Troubleshooting 2.
. Grow overnight (12-20 h) at 37°C.
Use 2 mL of the overnight culture to extract the sgRNA part plasmid with a Miniprep kit.
. Measure plasmid concentration with the NanoDrop.

®o Qo0 o

Use the remaining 1 mL for glycerol stock.

Optional: Test 1 or 2 plasmids by restriction digestion. If the 20-nucleotide target sequence
contains a restriction site, digest again with the corresponding enzyme, otherwise you can
digest with Xbal (cuts once just upstream the ConL connector).

Component Amount

DNA X pL (~400 ng)
10x Buffer rCutSmart 2uL

Xbal 0.4 uL

(Continued on next page)
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Continued

Component Amount
ddH,O up to 20 pL
Total 20 pL

Incubate for 15 min at 37°C. Add 4 pL of 6 X loading dye and load 20 L on agarose gel. Load also 1 pL of undigested plasmid
for comparison.

Il Pause point: The sgRNA cassette plasmid can be stored at —20°C for several months.

Third Golden Gate assembly (GG3): Cas9+sgRNA(s) multi-gene plasmid
O® Timing: 2.5 days

The Cas9 cassette (pYTK-DN1) and the gRNA cassette(s) are cloned in a yeast expression vector
(PYTK-DN4, pYTK-DNS5 or pYTK-DNS®) to obtain the multi-gene plasmid (Figure 1).

12. Set up the Golden Gate reaction.
a. For cloning the Cas?+sgRNA1(TU2) into the yeast expression vector, prepare the GG3
Golden mix in a PCR tube as follows:

Component Amount
pYTK-DN1 (TU1 Cas9 cassette) 20 fmol
sgRNA1 cassette plasmid (TU2) 20 fmol
pYTK-DN2 (TU3 spacer cassette) 20 fmol
yeast vector* 20 fmol
10% T4 buffer 1l

T7 ligase 0.5 puL
BsmBl 0.5 uL
ddH;0 up to 10 uL
Total 10 pL

*pYTK-DN4 (KanR vector) or pYTK-DN5 (NatR vector) or pYTK-DNé (HygR vector).

b. For cloning the Cas?+sgRNA2(TU3) into the yeast expression vector, prepare the GG3
Golden mix in a PCR tube as follows:

Component Amount
pPYTK-DN1 (TU1 Cas9 cassette) 20 fmol
pYTK-DN3 (TU2 spacer cassette) 20 fmol
sgRNA2 cassette plasmid (TU3) 20 fmol
yeast vector* 20 fmol
10x T4 buffer 1uL

T7 ligase 0.5 puL
BsmBI 0.5 pL
ddH,O up to 10 puL
Total 10 pL

*pYTK-DN4 (KanR vector) or pYTK-DNS5 (NatR vector) or pYTK-DNé (HygR vector).
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c. Forcloning the Cas?+sgRNA1(TU2)+sgRNA2(TU3) into the yeast expression vector, prepare
the GG3 Golden mix in a PCR tube as follows:

Component Amount
pYTK-DN1 (TU1 Cas? cassette) 20 fmol
sgRNAT cassette plasmid (TU2) 20 fmol
sgRNA2 cassette plasmid (TU3) 20 fmol
yeast vector* 20 fmol
10% T4 buffer 1ul

T7 ligase 0.5 puL
BsmBlI 0.5 uL
ddH,O up to 10 pL
Total 10 pL

*pYTK-DN4 (KanR vector) or pYTK-DN5 (NatR vector) or pYTK-DNé (HygR vector).

A CRITICAL: T7 ligase enzyme is used in combination with T4 ligase buffer, it is not a typo!

Note: You can use the Excel sheets "GG3 Cas9-sgRNAT-spacer”, “GG3 Cas9-spacer-
sgRNA2" and “GG3 Cas9-sgRNA1-sgRNA2" from the “CRISPR-Cas9 toolbox MoClo Assem-
bly spreadsheet” to calculate the pL plasmid DNA for assembly of Cas9 and the gRNA cas-
sette(s) into the yeast expression vector.

13. Perform the Golden Gate reaction in the thermocycler, using the same cycling conditions

described in step 5.
00 Pause point: Golden Gate products can be stored at 4°C for a few days.

14. Transform 3 pL of the Golden Gate Assembly product (Cas9+sgRNA(s) multi-gene plasmid) in
25 pl Inoue competent E. coli cells (or 5 uL sgRNA part in 50 uL CaCl, competent cells) as
described in step 6, with the following difference:

a. Plate 100 puL of the cell suspension on a LB + kanamycin plate.

Note: On the transformation plate a mixture of white and green colonies will grow. Green col-
onies contain the undigested yeast vector (expressing the GFP gene), while white colonies
contain a plasmid that has lost the GFP gene as a consequence of the Golden Gate Assembly
(Figures 1 and 3A).

00 Pause point: plates can be stored at 4°C for a several days after transformation.

15. Prepare the Cas9+sgRNA(s) multi-gene plasmid. Troubleshooting 1.

a. Inoculate 1 or 2 white colonies in 3 mL LB + kanamycin liquid medium. Troubleshooting 2.
b. Grow overnight (12-20 h) at 37°C.

c. Use 2 mL of the overnight culture to extract the sgRNA part plasmid with a Miniprep kit.
d. Measure plasmid concentration with the NanoDrop.

e. Use the remaining 1 mL for glycerol stock.

16. Test 1 or 2 plasmids by restriction digestion with EcoRI (Figure 3B), which cuts 2 times in the
correctly assembled Cas?+sgRNA1(TU2) and Cas?+sgRNA2(TU3) multi-gene plasmids, and 3
times in the correctly assembled Cas9+sgRNA1(TU2)+sgRNA2(TU3) multi-gene plasmid (unless
a third or fourth restriction site, respectively, is present in the 20-nucleotides target sequence).
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a. Prepare the digestion mix:

Component Amount

DNA X uL (~400 ng)
10% Buffer rCutSmart 2l

EcoRI-HF 0.4 uL

ddH,O up to 20 uL
Total 20 pL

b. Incubate 15 min at 37°C.
c. Add 4 pl of 6x loading dye and load 20 pL on agarose gel. Load also 1 pL of undigested
plasmid for comparison. Analyze fragments via DNA electrophoresis.

Optional: Verify the sgRNA insert by sequencing with primer sgRNA-seqg-fwd.

00 Pause point: The Cas?+sgRNA(s) multi-gene plasmid can be stored at —20°C for several
months.

Note: The following sections (steps 17-31) contain detailed instructions for the design and
production of the repair fragment for different genome editing applications (i.e., gene
knockout, N- and C-terminal tagging, sequence integration at a specific genomic location,
sequence replacement, and introduction of point mutations). Please choose the appropriate
section based on the desired genome editing application, then proceed with yeast transfor-
mation (step 32).

Note: In the following sections, we refer to the genomic sequence that is modified as
"genome editing site” (can span from a single nucleotide to several kilobases, depending
on the application), and to the genomic sequence bound and cleaved by Cas9 as “target
sequence”. For some applications these two sequences (partially) overlap, as in the case of
gene deletion or sequence integration. In other instances, they can be located several nucle-
otides apart, which can happen sometimes with point mutations or N- and C-terminal tagging.

Design and production of the repair fragment for gene deletion
® Timing: 2 h

The repair fragment for gene deletion is made up of the 60 nucleotides upstream the ATG start
codon, followed by the 60 nucleotides downstream the STOP codon. The repair fragment is ob-
tained by PCR amplification of partially overlapping primers (“no template PCR", Figure 4).

Note: Studies in yeast suggest that it might be possible to use a single-stranded oligonucle-
otide instead of a double-stranded DNA fragment as a repair template for gene deletion (Di-
carlo et al., 2013; Storici et al., 2003), even though we have not tested it in our hands.

17. Design partially overlapping primers.
a. Forward primer: 60 nucleotides upstream ATG + 10 nucleotides downstream STOP.
b. Reverse primer: reverse complement 60 nucleotides downstream STOP + reverse comple-
ment 10 nucleotides upstream ATG.
18. Amplify the repair fragment via “no template PCR". Troubleshooting 3.
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Upstream homology region

5’ ..ACTGTTTATAAGAAGAATAAGTCTGAGAATTATACTCGTATARGCAAGARATAAAGATACGAATATACAATATGATGAAT TTT TTTACAT..3”
3’ ..TGACAAATATTCTTCTTATTCAGACTCTTAATATGAGCATATTCGTTCTT TATTTCTATGCT TATATGT TATACTACTTAARAAAATGTA..5”

Downstream homology region

57...TGGAAGATTCGARATATGAT TTCTCAATCGCTCCTCTTGCCCTTCCTCTTCTTTTCCTT TTCTTT TTAT TTTTT TCTAATTTT TCTATCT.. 37
37 .. ACCTTCTAAGCTTTATACTAAAGAGT TAGCGAGGAGAA AAGGAGAAGAAAAGGAAAAGAAAAAT) GATTAAAAAGATAGA..5"

Forward primer
5’ GAAGAATAAGTCTGAGAATTATACTCGTATAAGCAAGAAATANAGATACGAATATACAATTTTCTCAATCS!

Reverse primer
5’ TTAGAAAAAAATARAAAGAAAAGGARAAGAAGAGGAAGGGCAAGAGGAGCGATT GAGAAAATT GTATATT 3

Annealed primers
5’ GAAGAATAAGTCTGAGAATTATACTCGTATAAGCAAGAAATAAAGATACGAATATACAAT TTTCTCAATC3”

3 TTATATGTTAARAGAGTTAGCGAGGAGAACGGGAAGGAGAAGAAAAGGAARAGARAAATARARANAGATTS ©

Repair fragment

GARATAAAGATACGAATATACAATTTTCTCAATC T CTCTT I
CTTTATTTCT:

Figure 4. Design of repair fragment for gene deletion

TTTTTATTTTTTTCTAA3’

CTTATATGTTAAAAGAGT TAGOGAGGAGAACGGGANGGAGAAGAAAAGEAANAGAAAAATAAANAAAGATT S

(A) Schematic of the repair fragment design. The repair fragment is obtained through “no template PCR"

STAR Protocols

amplification (steps 17 and 18) of partially overlapping primers containing the homology regions upstream the ATG
start codon (in black) and downstream the STOP codon (in blue). After Cas9-dependent cleavage within the ORF

sequence, repair fragment integration results in complete deletion of the gene sequence.

(B) Example of primers design for gene deletion (step 17). ATG start codon and STOP codon are highlighted in yellow.

See main text for details.

a. Prepare the PCR mix:

Component Amount
5% Q5 buffer 40 pL
10 mM dNTPs 4 pL
10 uM forward primer 10 pL
10 uM reverse primer 10 uL
Q5 Polymerase 2 uL
H,O (Milli-Q) 134 uL
Total 200 pL
b. Divide the PCR mix in 4 PCR tubes (50 pL per tube).
c. Perform the PCR reaction in the thermocycler with the following program:
PCR cycling conditions
Steps Temperature Time Cycles
Initial Denaturation 98°C 30s 1

(Continued on next page)
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Continued

PCR cycling conditions

Steps Temperature Time Cycles
Denaturation 98°C 10s 20 cycles
Annealing 50°C* 30s

Extension 72°C 20s

Denaturation 98°C 10's 10 cycles
Annealing + extension 72°C 20s

Final extension 72°C 5 min 1

Hold 4°C forever

*Annealing temperature of the overlapping region between the 2 primers (20 nucleotides). To calculate the annealing tem-
perature, you can use the NEB Tm calculator tool (https://tmcalculator.neb.com).

Note: The PCR program performs 20 cycles with an annealing temperature corresponding to
the overlapping region (20 nucleotides), and then another 10 cycles with an annealing temper-
ature = extension temperature (=72°C), corresponding to annealing of the whole primers (70
nucleotides).

d. Pool the 4 PCR reactions together.

Optional: Load 5 uL PCR product on agarose gel and verify PCR via DNA electrophoresis (ex-
pected band size: 120 bp).

19. Proceed with yeast transformation (step 32).

Design and production of the repair fragment for N-terminal tagging
O Timing: 2-5 h

The repair fragment for N-terminal tagging of a gene is made up of the 57 nucleotides upstream the ATG
start codon, followed by the tag, followed by the 60 nucleotides downstream the ATG start codon. The
repair fragment is obtained by standard PCR amplification (Figure 5). If the sgRNA does not span
through the ATG start codon, it is also necessary to introduce one or more (synonymous) mutations in
the sgRNA sequence, to prevent re-cutting by Cas9 after repair, as described in detail below.

A CRITICAL: As the wide majority of tags start with an ATG codon, this design yields a repair
fragment with 60 nucleotides of homology at both ends (Figure 5). However, if the tag
does not start with an ATG codon, it is necessary to add the ATG codon to the upstream
homology region (step 20c).

20. In case the sgRNA sequence spans through the ATG start codon, design the primers for the
repair fragment as follows.
a. Design the annealing sequence for the forward primer on the top strand of the template for
tag amplification, according to the following rules:
i. Startatthe beginning of the tag sequence (from the ATG) and extend the sequence in 5’
to 3’ direction.
ii. The annealing sequence should be at least 20 nucleotides long.
iii. If possible, the CG content should be between 35% and 65%.
iv. The last nucleotide should be G or C, and the last 5 nucleotides should enclose at least 2
G/C.
v. The Tm of the annealing sequence should be compatible with the Tm of the annealing
sequence for the reverse primer (no more than 5°C difference).
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annealing seq annealing seq
fwd primer rev primer

[ PCRMMNAGEESSSS | template for repair fragment

upstream downstream
homology region homology region

[ 1ATG] ORF [STOP] ] genomic DNA

l

[ AP 00000 ] PCR

repair fragment

N =
Cas9 __>c-~

IATGI! ORF [sTop]

l

[ [ATC I AC ORF [STOP[ ]
edited genomic DNA

Annealing sequence for forward primer

5’ ..TCGGTCTCATATGT CTAAAGGTGAAGAAT TATTCACTGGTGTTGTCCCAATTTTGGTTGA..3"
3’ ..AGCCAGAGTATACAGATTTCCACTTCTTAATAAGTGACCACAACAGGGTTAARACCAACT..5"

Annealing sequence for reverse primer

5’ ..GTTACTGCTGCTGGTATTACCCATGGTATGGATGAATTGTACAAAGGATCCTGAGACCAG..3
3’ ..CAATGACGACGACCATAATGGGTACCATACCTACT TAACATGTTTCCTAGGACTCTGGTC..5"

Upstream homology region

5’ .. ACTGTTTATAAGAAGAATAAGTCTGAGAAT TATACTCGTATAAGCAAGAAATAAAGATACGAATATACAATATGATGAATTTTTTTACAT.. 3"
3’ .. TGACAAATATTCTTCTTATTCAGACTCTTAATATGAGCATAT TCGTTCTT TATTTCTATGCT TATATGT TATACTACTTAAAAAAATGTA..5"

Downstream homology region

5’ ..GATACGAATATACAATATGATGAATTTTTTTACATCAAAATCGTCGAATCAGGATACTGGATTTAGCTCTCAACACCAACATCCAAATGG..3”
3’ ..CTATGCTTATATGT TATACTACT TAAAARAAATGTAGTT TTAGCAGCT TAGTCCTATGACCTAAAT CGAGAGT TGTGGTTGTAGGTTTACC..5"

Forward primer
5’ GAATAAGTCTGAGAATTATACTCGTATAAGCAAGAAATAAAGATACGAATATACAATATGT CTARAGGTGAAGAATTATTCACTGGTG3

Reverse primer
5" TTGGTGTTGAGAGCTAAATCCAGTATCCTGATTCGACGATTTTGATGTAARAAAAATTCATTTTGTACAATTCATCCATACCATGG3”

Repair fragment

5’ GAATARGTCTGAGAATTATACTCGTATAAGCAAGAAATARAGATACGAATATACAATATGT.. CAARATGAAT TTTTT TACATCAAAATCGTCGAAT CAGGATACTGGAT TTAGCTCTCAACACCAA3
3’ CTTATTCAGACTCTTAATATGAGCATATTCGTTCTT TAT TTCTATGCT TATATGT TATACA. . GTTTTACTTARAAAAATGTAGT TT TAGCAGCTTAGTCCTATGACCTARATCGAGAGTTGTGGT TS/

Downstream homology region
targetsequence  PAM

5’ ..GATACGAATATACAATATGATGAATTTTTTTACATCAAAATCGTCGAATCAGGATACTGGATTTAGCTCTCAACACCAACATCCARAATGG.. 3"

37 .. CTATGCTTATATGT TATAGTAGT TAAAAAAATGTAGTI TTAGCAGGT TAGTCCTATGACCTARATCGAGAGT TGTGGT TGTAGGT TTACC. .5
M MNFFTSKSSNQDTGF ..

Mutated downstream homology region mutated target
sequence PAM
5’ ..GATACGAATATACAATATGATGAATTTTTTTACATCAAAATCGTCGAACCAAGACACTGGATTTAGCTCTCAACACCAACATCCARATGG.. 3"

37 .. CTATGCTTATATGT TATAGTACT TAAAAAAATGTAGTI TTAGCAGCT TGETTCTGTGACCTAAATCGAGAGT TGTGGT TGTAGGT TTACC. .5
M MNFFTSKSSNQDTGF ..

Mutated reverse primer
5’ TTGGTGTTGAGAGCTAAATCCAGTGTCTTGGTTCGACGATTTTGATGTAAAAAAATTCAT TTTGTACAATTCATCCATACCATGG3

Mutated repair fragment

S’ GAATAAGTCTGAGAATTATACTOGTATAAGCAAGAAATAPAGATACGAATATACAATATGT. CAAAATGAAT TTTTT TACATCARAATCGTOGAACCAAGACACTGGAT TTAGCTCTCAACACCAA3 !
3’ CTTATTCAGACTCT TAATATGAGCATATTCGTTCTT TAT TTCTATGCT TATATGT TATACA. . GTTTTACT TAAAAAAATGTAGT TT TAGCAGCT TGGT TCT GTGACCTARATCGAGAGTTGTGGT TS
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Figure 5. Design of repair fragment for N-terminal tagging

(A) Schematic of the repair fragment design. The repair fragment is obtained through PCR amplification of the tag (in green) with primers annealing at
the beginning (in dark red) and at the end (in orange) of the tag, and carrying tails for the homology regions upstream (in black) and downstream (in blue)
the ATG start codon. After Cas9-dependent cleavage near the ATG start codon, repair fragment integration results in introduction of the tag at the

N-terminal of the gene.

(B) Example of primers design for N-terminal tagging (step 20). The ATG start codon is highlighted in yellow.

(C) Introduction of synonymous mutations in the target sequence to prevent Cas9 cleavage after repair (step 21). The sgRNA sequence is highlighted in
gray. The possible base changes for synonymous mutations are marked in red. The amino acid sequence is displayed using the one-letter code under
the DNA sequence. See main text for details.

b. Design the annealing sequence for the reverse primer on the top strand of the template for
tag amplification, according to the following rules:
i. Startatthe end of the tag sequence (excluding the STOP codon, in case it is present) and
extend the sequence in 3’ to 5’ direction.
ii. The annealing sequence should be at least 20 nucleotides long.
iii. If possible, the CG content should be between 35% and 65%.
iv. The last nucleotide should be G or C, and the last 5 nucleotides should enclose at least 2
G/C.
v. The Tm of the annealing sequence should be compatible with the Tm of the annealing
sequence for the forward primer (no more than 5°C difference).
c. Design the homology regions for genomic integration.
i. Upstream homology region: 57 nucleotides upstream the ATG starting codon.
ii. Downstream homology region: 60 nucleotides downstream the ATG starting codon.
d. Combine the annealing regions and the homology regions to create the primers.
i. Forward primer: upstream homology region + annealing sequence for the forward primer.
ii. Reverse primer: reverse complement downstream homology region + reverse comple-
ment annealing sequence for the reverse primer.
e. Amplify the repair fragment through standard PCR.

Note: If the sgRNA sequence spans through the ATG start codon, introduction of an N-termi-
nal sequence will automatically disrupt the sgRNA sequence.

21. In case the sgRNA sequence does not span through the ATG start codon, design the primers for
the repair fragment as follows.

a. Design the primers as indicated in step 20.

b. Introduce point mutations in the upstream homology region or in the downstream homology
region of the primers, in order to disrupt the sgRNA sequence, but still preserving the amino
acid sequence (if the sgRNA encompasses the coding region). This can be done in two ways:
i. Mutate one of the “Gs” of the PAM site (NGG) so that the target sequence is no longer

recognized (but avoid NAG, because it can still be recognized as a PAM).
ii. Mutate atleast 2 basesamong the 10 PAM-proximal bases (this is enough to prevent bind-
ing of the sgRNA).

c. Amplify the repair fragment through standard PCR.

22. Proceed with yeast transformation (step 32).

Design and production of the repair fragment for C-terminal tagging

O Timing: 2-5 h
The repair fragment for C-terminal tagging of a gene is made up of the 60 nucleotides upstream the
STOP codon, followed by the tag, followed by the STOP codon, followed by the 57 nucleotides

downstream the STOP codon. The repair fragment is obtained by standard PCR amplification (Fig-
ure 6). If the sgRNA does not span through the STOP codon, it is also necessary to introduce one or
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homology region homology region
[ATG ORE TSTOP ] genomic DNA

PCR

repair fragment

R Cas9qQ “>c--77
// IS i gl SN
[ATG] ORF ISTop
[ [ATG] ORF G S TGP ]
edited genomic DNA
B . .
Annealing sequence for forward primer
5’ .. TCGGTCTCATATGT CTARAGGTGAAGAATTATTCACTGGTGTTGT AATTTTGGTTGA..3"
3’ .. AGCCAGAGTATACAGATTTCCACTTCTTAATAAGTGACCACAACAGGGTTARAACCAACT..5
Annealing sequence for reverse primer
5’ ..GTTACTGCTGCTGGTATTACCCATGGTATGGATGAATTGTACRAAAGGATCCTGAGACCAG..3”
3’ ..CAATGACGACGACCATAATGGGTACCATACCTACT TAACATGTTTCCTAGGACTCTGGTC..5"
Upstream homology region
5’ .. TAGTGTTGAAAGATATGAATATTCCACAAGAAT TAGTAT TGGAAAACATCAAAAAAGCCARAGAGT TT TTCCAATGACTGAGGTGAGTAG. 3"
3’ .. ATCACAACTTTCTATACTTATAAGGTGTTCTTAATCATAACCTT TTGTAGT TT TTTCGGTTICTCAAAAAGGTTACTGACTCCACTCATC. .57
Downstream homology region
5’ ..CAAAGAGT TTTTCCAATGACTGAGGT GAGTAGACGAAACATTCGGCAATTGAGTGT TTGCGGGGCATAAGAATTATAAAGCTT TCGTTAC. .3
3’ ..GITTCTCAARAAGGTTACTGACTCCACTCATCTGCT TTGTAAGCCGT TAACTCACAAACGCCCCGTAT TCT TAATAT TTCGARAGCAATG. .57
Forward primer
5’ ATGAATATTCCACAAGAATTAGTATTGGAAAACATCAAAAAAGCCARAGAGT TT TTCCAAATGT CTARAGGT GAAGAAT TATTCACTGGTG3!
Reverse primer
5’ ATAATTCTTATGCCCCGCARACACTCAATTGCCGAATGT TTCGTCTACTCACCTCAGTCATTTGTACAATTCATCCATACCATGGS
Repair fragment
5’ ATGAATATTCCACAAGAAT TAGTATTGGARAACATCAAAAAAGCCARAGAGTT TT TCCAAATGT.. CAAATGACT GAGGT GAGTAGACGARACAT TCGGCAATTGAGTGT TTGCGGGGCATAAGAATTAT3
3’ TACTTATAAGGTGT TCTTAATCATAACCT TT TGTAGTT T TT TCGGT TTCTCAARAAGGTT TA( TTACTGACTCCACTCATCTGCTTTGTAAGCCGTTAACT CACARACGCCCCGTATTCTTAATAS
C

Downstream homology region
target sequence PAM

5’ ..CAAAGAGTTTTTCCAATGACTGAGGTGAGTAGACGARACATTCGGCAATTGAGTGT TTGCGGGGCATAAGAATTATAAAGCTTTCGTTAC..3”
3’ ..GTTTCTCAAAAAGGTTACTGACTCCACTCATCTGCTTTGTAAGCCGTTAACTCACAAACGCCCCGTATTCTTAATATTTCGAAAGCAATG..5”

Mutated downstream homology region ... .
target sequence PAM

57 ..CAAAGAGTTTTTCCAATGACTGAGGTGAGTAGACGARACATTCTGCAATTGAGTGT TTGCGGGGCATAAGAATTATAAAGCTTTCGTTAC..3”
37 ..GTTTCTCARARAGGTTACTGACTCCACTCATCTGCTTTGTAAGACGTTAACTCACAAACGCCCCGTATTCTTAATATTTCGARAGCAATG..5"

Mutated reverse primer
5’ ATAATTCTTATGCCCCGCAAACACTCAATTGCAGAATGT TTCGTCTACTCACCTCAGTCATTTGTACAATTCATCCATACCATGG3

Mutated repair fragment

5’ ATGAATATTCCACAAGAAT TAGTATTGGARAACATCAAARAAGCCARAGAGTT TTTCCAARTGT...CARATGACT GAGGT CGARACATTCTGCAATTGAGTGT TTGCGGGGCATARGAATTATS
3’ TACTTATAAGGTGI TCTTAATCATAACCT TT TGTAGTTTTT TCGGT TTCTCAARA TTTACA.. GTTTACTGACTCCACTCATCTGCT TTGTAAGACGTTAACT CACARACGOCCOGTAT TCTTAATAS
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Figure 6. Design of repair fragment for C-terminal tagging

(A) Schematic of the repair fragment design. The repair fragment is obtained through PCR amplification of the tag (in green) with primers annealing at
the beginning (in dark red) and at the end (in orange) of the tag, and carrying tails for the homology regions upstream (in black) and downstream (in blue)
the STOP codon. After Cas9-dependent cleavage near the STOP codon, repair fragment integration results in introduction of the tag at the C-terminal
of the gene (before the STOP codon).

(B) Example of primers design for C-terminal tagging (step 23). The STOP codon is highlighted in yellow.

(C) Mutation of the PAM sequence to prevent Cas9 cleavage after repair (step 24). The sgRNA sequence is highlighted in gray. The mutated base is
marked in red. See main text for details.

more (synonymous) mutations in the sgRNA sequence, to prevent re-cutting by Cas9 after repair, as
described in detail below.

23. In case the sgRNA sequence spans through the STOP codon, design the primers for the repair
fragment as follows.
a. Design the annealing sequence for the forward primer on the top strand of the template for
tag amplification, according to the following rules:
i. Start at the beginning of the tag sequence and extend the sequence in 5’ to 3’ direction.
ii. The annealing sequence should be at least 20 nucleotides long.
iii. If possible, the CG content should be between 35% and 65%.
iv. The last nucleotide should be G or C, and the last 5 nucleotides should enclose at least 2
G/C.
v. The Tm of the annealing sequence should be compatible with the Tm of the annealing
sequence for the reverse primer (no more than 5°C difference).
b. Design the annealing sequence for the reverse primer on the top strand of the template for
tag amplification, according to the following rules:
i. Start at the end of the tag sequence and extend the sequence in 3’ to 5 direction.
ii. The annealing sequence should be at least 20 nucleotides long.
iii. If possible, the CG content should be between 35% and 65%.
iv. The last nucleotide should be G or C, and the last 5 nucleotides should enclose at least 2
G/C.
v. The Tm of the annealing sequence should be compatible with the Tm of the annealing
sequence for the forward primer (no more than 5°C difference).
c. Design the homology regions for genomic integration.
i. Upstream homology region: 60 nucleotides upstream the STOP codon.
ii. Downstream homology region: STOP codon + 57 nucleotides downstream the STOP
codon.
d. Combine the annealing regions and the homology regions to create the primers.
i. Forward primer: upstream homology region + annealing sequence for the forward primer.
ii. Reverse primer: reverse complement downstream homology region + reverse comple-
ment annealing sequence for the reverse primer.
e. Amplify the repair fragment through standard PCR.

Note: If the sgRNA sequence spans through the STOP codon, introduction of a C-terminal
sequence will automatically disrupt the sgRNA sequence.

24. In case the sgRNA sequence does not span through the STOP codon, design the primers for the
repair fragment as follows.

a. Design the primers as indicated in step 23.

b. Introduce point mutations in the upstream homology region or in the downstream homology
region of the primers, in order to disrupt the sgRNA sequence, but still preserving the amino
acid sequence (if the sgRNA encompasses the coding region). This can be done in two ways:
i. Mutate one of the “Gs"” of the PAM site (NGG) so that the target sequence is no longer

recognized (but avoid NAG, because it can still be recognized as a PAM).
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ii. Mutate atleast 2 bases among the 10 PAM-proximal bases (this is enough to prevent bind-
ing of the sgRNA).
c. Amplify the repair fragment through standard PCR.
25. Proceed with yeast transformation (step 32).

Design and production of the repair fragment for sequence integration or sequence
replacement

® Timing: 2-5 h

It is possible to insert a donor sequence at any genomic location, with or without concomitant dele-
tion of an endogenous sequence, based on the design of the repair fragment. The repair fragment
for integration of the desired donor DNA sequence at a specific genomic position without deleting
any endogenous sequence (assuming the sgRNA sequence contains the integration site) is made up
of the 60 nucleotides upstream the integration site, followed by the donor sequence, followed by
the 60 nucleotides downstream the integration site (Figure 7). The repair fragment for replacement
of a specific genomic sequence with the desired donor sequence (assuming the sgRNA sequence is
internal to the sequence to be replaced) is made up of the 60 nucleotides upstream the genomic
sequence, followed by the donor sequence, followed by the 60 nucleotides downstream the
genomic sequence (Figure 8). In both cases, the repair fragment is obtained by standard PCR
amplification.

26. For both genome editing applications, design the primers for the repair fragment as follows.
a. Design the annealing sequence for the forward primer on the top strand of the template for
amplification of the donor sequence, according to the following rules:
i. Start at the beginning of the donor sequence and extend the sequence in 5 to 3’ direc-
tion.
ii. The annealing sequence should be at least 20 nucleotides long.
iii. If possible, the CG content should be between 35% and 65%.
iv. The last nucleotide should be G or C, and the last 5 nucleotides should enclose at least 2
G/C.
v. The Tm of the annealing sequence should be compatible with the Tm of the annealing
sequence for the reverse primer (no more than 5°C difference).
b. Design the annealing sequence for the reverse primer on the top strand of the template for
amplification of the donor sequence, according to the following rules:
i. Start at the end of the donor sequence and extend the sequence in 3’ to 5’ direction.
ii. The annealing sequence should be at least 20 nucleotides long.
iii. If possible, the CG content should be between 35% and 65%.
iv. The last nucleotide should be G or C, and the last 5 nucleotides should enclose at least 2
G/C.
v. The Tm of the annealing sequence should be compatible with the Tm of the annealing
sequence for the forward primer (no more than 5°C difference).
c. Design the homology regions for genomic integration.
i.  Upstream homology region for sequence integration: 60 nucleotides upstream the inte-
gration site.
ii. Downstream homology region for sequence integration: 60 nucleotides downstream the
integration site.
iii. Upstream homology region for sequence replacement: 60 nucleotides upstream the
sequence to be replaced.
iv. Downstream homology region for sequence replacement: 60 nucleotides downstream
the sequence to be replaced.
d. Combine the annealing regions and the homology regions to create the primers.
i. Forward primer: upstream homology region + annealing sequence for the forward primer.
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Annealing sequence for forward primer

5’ .. TCGGTCTCATATGTCTAAAGGTGAAGAAT TATTCACTGGTGTTGTCCCAATTTTGGTTGA..3"
3’ ..AGCCAGAGTATACAGATTTCCACTTCTTAATAAGTC CACAACAGGGTTAAAACCAACT..5"

Annealing sequence for reverse primer

5’ ..GTTACTGCTGCTGGTATTACCCATGGTATGGATGAATTGTACAAAGGATCCTGAGACCAG..3"
3’ ..CAATGACGACGACCATAATGGGTACCATACCTACTTAACATGTTTCCTAGGACTCTGGTC..5"

Upstream homology region integration site

5’ ..CAGARAAGCAACACGCTCAAAATAGTAATCTACATGAGAAACAAGACT TAGTCATTGCCT TT TGCCAGAAT TGGCTTCGGCCGTAGCTGT.. 3"
3’ ..GTCTTTTCGTTGTGCGAGTTTTATCATTAGATGTACTCTTTGTTCTGAATCAGTAACGGAAAACGGTCTTAACCGAAGCCGGCATCGACA..5"

PAM target sequence

Downstream homology region
integration site

5’ ..CTTTTGCCAGAATTGGCTTCGGCCGTAGCTGTI TGAAGT TAATCCCGCAGTARAAGACAAACGGCTCCGTAT TCAGCAGTTCTATATATCA..3"
3’ ..GAAAACGGTCTTAACCGAAGCCGGCATCGACAACT TCAATTAGGGCGTCATTT TCTGTT TGCCGAGGCATAAGT CGTCRAGATATATAGT..5"

PAM target sequence

Forward primer
5’ GCTCAAAATAGTAATCTACATGAGAAACAAGACTTAGTCATTGCCTTT TGCCAGAATTGGATGTCTAAAGGTGAAGAATTATTCACTGGTG3!

Reverse primer
5’ GCTGAATACGGAGCCGTTTGTCTTTTACTGCGGGAT TAACTTCAACAGCTACGGCCGAAGT TTGTACAATTCATCCATACCATGG3!

Repair fragment

S’ GCTCARAATAGTAATCTACATGAGRARCARGACT TAGTCATTGOCTTT TGCCAGAAT TGGAT
37 CGAGTTTTATCATTAGATGTACTCTT TGT TCTGAATCAGTARACGGARAACGGICTTAACCTAC:

CARACTTCGGOCGTAGCTGTTGAAGT TRATCCCGCAGTAAARGACARACGGCTCCGTATTCAGC3
TTGAAGCCGECATCGACAACTTCAATTAGGGCGTCATT TTCTGT TTGCCGAGGCATAAGTCGS

Figure 7. Design of repair fragment for sequence integration at a desired genomic location

(A) Schematic of the repair fragment design. The integration site is located within the target sequence (marked in red). The repair fragment is obtained
through PCR amplification of the donor sequence (in green) with primers annealing at the beginning (in dark red) and at the end (in orange) of the
sequence, and carrying tails for the homology regions upstream (in black) and downstream (in blue) the integration site. After Cas9-dependent
cleavage near the integration site, repair fragment integration results in the insertion of the donor sequence at the integration site with concomitant

disruption of the target sequence.
(B) Example of primers design for sequence integration (step 26). The sgRNA sequence (located on the bottom strand) is highlighted in gray. See main

text for details.

ii. Reverse primer: reverse complement downstream homology region + reverse comple-
ment annealing sequence for the reverse primer.
e. Amplify the repair fragment through standard PCR.
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repair fragment
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edited genomic DNA
B - -
Annealing sequence for forward primer
5’ ...TCGGTCTCATATGTCTAAAGGTGAAGAAT TATTCAC GTTGTCCCAATTTTGGTTGA..3"

3’ ..AGCCAGAGTATACAGATTTCCACTTCTTAATAAGTGACCACAACAGGGTTAAAACCAACT..5

Annealing sequence for reverse primer

5’ ..GTTACTGCTGCTGGTATTACCCATGGTATGGATGAATTGTACAAAGGATCCTGAGACCAG..3"
3’ ..CAATGACGACGACCATAATGGGTACCATACCTACT TAACATGTTTCCTAGGACTCTGGTC..5"

Upstream homology region

57..CCACTTCTTCGCTATCAATAAATCAACGAGAAGCAGCAGCAGCTGCT TATGGTCCAGATACCGATATTCCTAGGGGTARACTAGAAGTTA. .37
3’ ..GGTGAAGAAGCGATAGT TATTTAGTTGCTCTTCGTCGTCGTCGACGAATACCAGGTCTATGGCTATAAGGATCCCCATTTGATCTTCAAT...5"

Downstream homology region

5’ .. AATCAAATGGACTTACAAACAGACAAAGAARAGACATTATGGCCCACAAGATT TTGAAGT TCTTCGAT TAT TGGGTAAGGGTACTTTTGG.. 3"
3’ .. TTAGTTTACCTGAATGTTTGTCTGTTTCT TTTCTGTAATACCGGGTGTTCTAAAACT TCAAGAAGCTAATAACCCATTCCCATGAAAACC..5"

Forward primer
5’ TCAATAAATCAACGAGAAGCAGCAGCAGCTGCT TATGGTCCAGATACCGATATTCCTAGGATGTCTARAGGTGAAGAATTATTCACTGGTG3”

Reverse primer
57 ACCCAATAATCGAAGAACTTCARAATCTTGTGGGCCATAATGTCTTTTCTT TGTICTGTTT T TTGTACAATTCATCCATACCATGG3!

Repair fragment

5’ TCAATAAATCAACGAGAAGCAGCAGCAGCTGCT TATGETCCAGATACCGATATTCCTAGGATGT.
3’ AGTTATT TAGTTGCTCT TCGTCGTCGTCGACGAATACCAGGTCTATGGCTATAAGGATCCTACA.

CARARAACAGACAARGARARGACATTATGGCCCACA! TTTGRAGTTCTTCGATTATTGGGT3”
TTTTTTGICTGTT TCT TT TCTGTAATACCGGGTGT TCTAARACTTCARGAAGCTAATAACCCAS”

Figure 8. Design of repair fragment for sequence replacement

(A) Schematic of the repair fragment design. The repair fragment is obtained through PCR amplification of the donor sequence (“new sequence”, in
green) with primers annealing at the beginning (in dark red) and at the end (in orange) of the sequence, and carrying tails for the homology regions
upstream (in black) and downstream (in blue) the sequence to be replaced (“old sequence”, in pink). After Cas9-dependent cleavage within the old
sequence, repair fragment integration results in the insertion of the new sequence with concomitant deletion of the old sequence.

(B) Example of primers design for sequence replacement (step 26). The old sequence is highlighted in pink. See main text for details.

Note: Integration of the donor sequence at the desired genomic location or replacement of
the desired genomic sequence with the donor sequence will disrupt the sgRNA sequence.

27. Proceed with yeast transformation (step 32).

Design and production of the repair fragment for introduction of point mutations

® Timing: 2-3 h
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TATGI [STOP] ]
enomic DNA
desired mutation site/ l -
desired mutation additional synonymous mutation
' no template PCR

l

I A A repair fragment

I TATG] [STOP] ]
[ [ATG] [STOP[
edited genomic DNA
Upstream homology region targetsequence  PAM

5’ ..GGAGCATCCGTTTCTGATTAGAATGTGGGGTACGT TTCAAGATGCTAGGAATAT CTTTATGGTGATGGATTATAT CGAAGGTGGTGAACT...3"
3’ ..CCTCGTAGGCARAGACTAATCTTACACCCCATGCARAGT TCTACGATCCT TATAGAAATACCACTACCTAATATAGCTTCCACCACTTGA..5 "

Target sequence targetsequence  PAM

5’ ..GTGGGGTACGTTTCARGATGCTAGGAATATCT TTATGGTGATGGATTATATCCGAAGGTGGTGAACT TTTCTCGT TACTGAGAAAGTCACA.. 3"

37 .CACCCCATGCAAAGTTCTACGATCCTTAM@WMW‘_A CCACTTGAAAAGAGCAATGACTCTTTCAGTGT..5"
FMVMDYI| EGGE ..

Mutated target sequence mutated target
sequence PAM
5’ ..GTGGGGTACGTTTCAARGATGCTAGGAATATCT TTATGGTGEGETGATTATATCGACGGTGGTGAACT TTTCTCGTTACTGAGARAGTCACA.. 3"
37..CACCCCATGCARAGTTCTACGATCCTTATAGAAATACCACCCACTAATATAGCTCCCACCACTTGARAAGAGCAATGACTCTT TCAGTGT...5"
I FMV GDY Il EGG E ..

Downstream homology region
target sequence PAM
5’ ..GGAATATCTTTATGGTGATGGAT TATATCGAAGGTGGTGAACTT TTCTCGTTACTGAGAAAGTCACAAAGAT TTCCTAATCCTGTAGCAA..3"
3’..CCTTATAGARATACCACTACCTAATATAGCTTCCACCACTTGAAAAGAGCAATGACTCT T TCAGTGTTTCTAAAGGAT TAGGACATCGTT..5"

Forward primer
5’ TTCTGATTAGAATGTGGGGTACGT TTCAAGATGCTAGGAATATCT TTATGGTGGGTGATTATATCGAGGG3

Reverse primer
5’ CAGGATTAGGAAATCT TTGTGACT TTCTCAGTAACGAGAARAGTTCACCACCCTCGATATAATCACCCACS3!

Repair fragment

5’ TTCTGATTAGAATGTGGGGTACGT TTCAAGATGCTAGGAATAT CT TTATGGTGGGTGATTATATCGAGGG TG
AG C CACC!:ACTAA’MTAGCDECACCACTTGAAAA@GZAM‘G\CTCITTCAGTGPTTCMAAGG\TTAGSAC5 %
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Figure 9. Design of repair fragment for the introduction of point mutations

(A) Schematic of the repair fragment design when the desired mutation is located within the sgRNA sequence. The
repair fragment is obtained through “no template PCR" amplification of partially overlapping primers containing the
mutated target sequence and the homology regions upstream (in black) and downstream (in blue) the target
sequence. The mutation is indicated by a yellow star. After Cas9-dependent cleavage near the mutation site, repair
fragment integration results in the introduction of the desired mutation and the concomitant disruption of the target
sequence.

(B) Schematic of the repair fragment design when the desired mutation is located outside the sgRNA sequence. The
repair fragment is obtained through "no template PCR" amplification of partially overlapping primers containing (part
of) the target sequence and the homology regions upstream (in black) and downstream (in blue) the target sequence.
The desired mutation (indicated by a yellow star) is introduced in the upstream or downstream homology region.
Moreover, one or more additional synonymous mutations (indicated by a white star) are introduced in the target
sequence. After Cas9-dependent cleavage near the mutation site, repair fragment integration results in the
introduction of the desired mutation and the disruption of the target sequence.

(C) Example of primers design for the introduction of point mutations, when the desired mutation is located within the
target sequence (step 28). The sgRNA sequence is highlighted in gray. The mutated bases (ATG>GGT) and the
corresponding amino acid change (M>G) are marked in red. The amino acid sequence is displayed using the one-
letter code under the DNA sequence. Since the mutated bases are distal to the PAM, it is possible, out of precaution,
to introduce an additional synonymous mutation (in magenta) in the target sequence near the PAM to ensure
abrogation of Cas9 cleavage after repair. See main text for details.

If the sgRNA sequence includes the desired mutation site, the repair fragment for the introduction of
point mutations is made up of the 50 nucleotides upstream the target sequence, followed by the
20-nucleotides target sequence, followed by the 50 nucleotides downstream the target sequence.
The fragment carries the desired mutation either inside the target sequence or in the 50 nucleotides
upstream or downstream. If needed, extra (synonymous) mutations are introduced to disrupt the
sgRNA sequence. In case the sgRNA sequence does notinclude the desired mutation site, the repair
fragment is designed similarly, but it is shifted a few nucleotides upstream or downstream, so that
the mutation site and the target sequence are more or less equally distant from the edges of the
repair fragment. In both instances, repair fragment is obtained by PCR amplification of partially over-
lapping primers (“no template PCR", Figure 9).

28. In case the sgRNA sequence spans through the desired mutation site, design partially overlap-
ping primers as follows.
a. Forward primer: 50 nucleotides upstream target sequence + 20 nucleotides mutated target
sequence.
b. Reverse primer: reverse complement 50 nucleotides downstream target sequence + reverse
complement 20 nucleotides mutated target sequence.
c. The mutated sequence contains:
i. The desired point mutation(s).
ii. If necessary, one or multiple additional synonymous mutations in order to disrupt the
sgRNA sequence, but still preserving the amino acid sequence.
d. Introduction of additional synonymous mutations that disrupt the sgRNA sequence can be
done in two ways:
i. Mutate one of the “Gs" of the PAM site (NGG) so that the target sequence is no longer
recognized (but avoid NAG, because it can still be recognized as a PAM).
ii. Mutate atleast 2 bases among the 10 PAM-proximal bases (this is enough to prevent bind-
ing of the sgRNA).

Note: With such a design, the 20 3’-proximal nucleotides of the two primers anneal with each
other, and each can provide the template for the extension of the other primer, yielding a

complete 120 bp repair fragment.

29. In case the sgRNA sequence does not include the desired mutation site, design partially over-
lapping primers as follows.
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a. Selecta 120-nucleotide sequence centered on the target sequence and the desired mutation
site.
b. Obtain the sequence of the repair fragment by adding the desired point mutation(s) and one
or multiple additional synonymous mutations in order to disrupt the sgRNA sequence:
i. Mutate one of the “Gs" of the PAM site (NGG) so that the target sequence is no longer
recognized (but avoid NAG, because it can still be recognized as a PAM).
ii. Alternatively, mutate at least 2 bases among the 10 PAM-proximal bases (this is enough to
prevent binding of the sgRNA).
c. Forward primer: the first 70 nucleotides of the repair fragment.
d. Reverse primer: reverse complement of the last 70 nucleotides of the repair fragment.

Note: With such a design, the 20 3'-proximal nucleotides of the two primers anneal with each
other, and each can provide the template for the extension of the other primer, yielding a
complete 120 bp repair fragment.

30. Amplify the repair fragment via “no template PCR". Troubleshooting 3.
a. Prepare the PCR mix:

Component Amount
5% Q5 buffer 40 pL
10 mM dNTPs 4L

10 uM forward primer 10 pL
10 uM reverse primer 10 uL
Q5 Polymerase 2L
H,O (Milli-Q) 134 L
Total 200 pL

b. Divide the PCR mix in 4 PCR tubes (50 uL per tube).
c. Perform the PCR reaction in the thermocycler with the following program:

PCR cycling conditions

Steps Temperature Time Cycles
Initial Denaturation 98°C 30s 1
Denaturation 98°C 10s 20 cycles
Annealing 53°C* 30s

Extension 72°C 20s

Denaturation 98°C 10's 10 cycles
Annealing + extension 72°C 20s

Final extension 72°C 5 min 1

Hold 4°C forever

*Annealing temperature of the overlapping region between the 2 primers (20 nucleotides). To calculate the annealing tem-
perature, you can use the NEB Tm calculator tool (https://tmcalculator.neb.com).

Note: The PCR program performs 20 cycles with an annealing temperature corresponding to
the overlapping region (20 nucleotides), and then another 10 cycles with an annealing temper-
ature = extension temperature (=72°C), corresponding to annealing of the whole primers (70
nucleotides).

d. Pool the 4 PCR reactions together.

Optional: Load 5 pL. PCR product on agarose gel and verify PCR via DNA electrophoresis (ex-
pected band size: 120 bp).
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Figure 10. Examples of CRISPR transformation plates and verification of genome editing

(A) Example of plates from yeast CRISPR transformation (step 33) for single (cIn34) and double (cIn24 cIn34) gene
knockout, with and without the repair fragment(s). Scale bar, 1 cm.

(B) Example of gene editing verification via diagnostic PCR (steps 38 and 39). Four colonies from the double knockout
transformation shown in panel A were PCR-tested for the deletion of genes CLN2 and CLN3, respectively. In
transformants 1 and 2 only CLN3 gene was deleted, while deletion of CLN2 gene failed. Conversely, transformants 3
and 4 display PCR products indicative of the simultaneous deletion of CLN2 and CLN3 genes.

31. Proceed with yeast transformation (step 32).

Yeast transformation

O® Timing: 6-7 days
The desired yeast strain is co-transformed with the Cas9+sgRNA(s) multi-gene plasmid and the
appropriate repair fragment. As a negative control, the same transformation without the repair frag-

ment is performed (Figure 10A).

Note: The transformation protocol is adapted from the lithium acetate (LiAc)/SS carrier DNA/
PEG method (Gietz and Schiestl, 2007).

32. Purify the repair fragment(s) with a PCR purification kit and measure DNA concentration with the
NanoDrop (expected concentration: 50-250 ng/ul).

00 Pause point: Purified repair fragments can be stored at —20°C for several months.

33. Transform the desired yeast strain(s) using the LiAc method.
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a. Grow an overnight (12-20 h) yeast culture in 3 mL YPD liquid medium at 30°C, shaking at
300 rpm.

b. The next morning, dilute cells 1:50 in 20 mL YPD liquid medium (sufficient for 6 transforma-
tions, if more transformations are needed increase the volume).

c. Grow cells for 4-5 h at 30°C.

d. Harvest the appropriate amount of cells.
i. Measure the culture’s OD.
ii. Dilute cells at OD 0.7.
iii. Harvest 5 mL (~ 108 cells) cells for each transformation sample.

Note: While harvesting the cells, calculate one extra sample (“N+1" rule). For example, for
one genome editing transformation, 2 transformation samples are needed (with and without
repair fragment), therefore 15 mL (for 3 samples) are harvested.

e. Pelletcells in sterile 50 mL tubes at 2,300 g for 3 min at room temperature (RT, 20°C-25°C),
discard the supernatant and resuspend cells in 25 mL sterile H,O.

f.  Pelletagain at 2,300 g for 3 min at RT (20°C-25°C), discard the supernatant, resuspend cells
in 1 mL 0.1 M LiAc and transfer in a sterile 2 mL Eppendorf tube.

g. Spincellsat5,000 g for2 minatRT (20°C-25°C), discard the supernatant and resuspend cells
in the appropriate amount of 0.1 M LiAc (80 uL per transformation sample), based on the
number of cells harvested (“N+1" rule).

h. Aliquot 100 pL cells for each transformation in “N" sterile 1.5 mL Eppendorf tubes.

i. Spin cells at 5,000 g for 2 min at RT (20°C-25°C) and discard the supernatant.

j- Add the Transformation mix (TMIX) components:

Control mix (without repair fragment)

Component Amount
PEG (50% w/v in H,O) 240 pL
LIAcTM 36 uL
Carrier ssDNA (boiled 5 min and kept on ice) 25 uL
Cas9+sgRNA(s) plasmid 500 ng
ddH;0 up to 351 ul
Total 351 puL

CRISPR mix (with repair fragment)

Component Amount
PEG (50% w/v in H,O) 240 pL
LIAcTM 36 uL
Carrier ssDNA (boiled 5 min and kept on ice) 25 ulL
Cas9+sgRNA(s) plasmid 500 ng
Repair fragment 3 ug

ddH,O up to 351 uL
Total 351 pL

Note: The total volume of DNA + ddH,O is 50 plL.
A CRITICAL: Pipette PEG slowly and carefully, since it is a very viscous solution.

Note: If you want to perform simultaneous genome editing at two genomic loci with two
sgRNAs and two repair fragments, 3 pg of each repair fragment should be added to the
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CRISPR mix. Furthermore, it is recommended to simultaneously perform also single locus
genome editing (using each sgRNA and the corresponding repair fragment separately) as
a control, to make sure that both sgRNAs work. Troubleshooting é.

k. Resuspend by vortexing and, if needed, pipetting up and down.

[.  Incubate at 42°C for 40 min (in a water bath).

m. Pellet cells at 5,000 g for 2 min at RT (20°C-25°C) and carefully remove the TMIX (by pipet-
ting).

n. Resuspend cellsin 1 mL YPD liquid medium and incubate 2-3 h at 30°C to allow expression
of the resistance marker.

o. Pellet cells at 5,000 g for 2 min at RT (20°C-25°C), resuspend in 150 uL sterile ddH,O and
plate on the appropriate selective plates:
i. YPD + G418 plates if the plasmid contains the KanR marker.
ii. YPD + clonNAT plates if the plasmid contains the NatR marker.
ii. YPD + HygB plates if the plasmid contains the HygR marker.

p. Incubate plates at 30°C for 2-3 days.

Check the transformation plates to verify the proper functioning of the sgRNA(s): the plate with
the repair fragment should have at least 10-fold more colonies than the plate without repair frag-
ment (Figure 10A, see also expected outcomes and troubleshooting sections).

Choose 8-10 colonies from the transformation plate (with repair fragment!) and streak for single
colony on selective plates (using the same selection drug used for the transformation).

A CRITICAL: Streaking for single colonies is essential because the CRISPR genome editing
event happens during the first cell divisions on plate, therefore colonies on the transforma-
tion plate might be heterogeneous.

A CRITICAL: it is recommended to still keep the plasmid selection while streaking for single
colony, to avoid false positives that lost the Cas9-gRNA plasmid but somehow are still alive
on the transformation plate.

Make patches for temporary storage on YPD plates.

a. For every re-streaked independent transformant, chose one individual colony and make a
small patch on a YPD plate.

b. If no single colony can be isolated for a particular transformant, that transformant should be
left aside.

Note: From this moment on, the selection for the plasmid marker is not needed anymore,
and it is recommended to remove the selection to facilitate the loss of the plasmid (see
removal of the Cas?+sgRNA(s) multi-gene plasmid). If your strain contains other anti-
biotic-resistance markers, you can decide to add one antibiotic to the YPD plates to mini-
mize contamination.

Incubate the plate(s) at 30°C for 1 day.
Optional: To save one day, you can use a small portion of the colony directly for genomic DNA
extraction for colony PCR (see verification of genome editing), and patch the rest of the colony

for temporary storage.

Il Pause point: plates can be stored at 4°C for a several days.
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Verification of genome editing
® Timing: 2-8 h

Genomic DNA (gDNA) is prepared from the single colonies, and the desired genome editing event
is verified by PCR and/or sequencing (Figure 10B).

38. Prepare gDNA from the isolated transformants with the LiAc-SDS method (L6oke et al., 2011).

a. For every transformant to be tested, prepare a 1.5 microcentrifuge tube with 100 plL of
200 mM LiAc, 1% SDS solution.

b. With a pipette tip, take a tiny amount of cells from temporary storage patches (or directly
from the single colonies).

c. Resuspend cells in the LiAc-SDS solution.

d. Incubate for 5 min at 70°C.

e. Add 300 pL of 96%-100% ethanol and vortex.

f.  Spin down at 15,000 g for 3 min. Decant the supernatant.

g. Wash pellet with 100 pL of 70% ethanol and vortex.

h. Spin down at 15,000 g for 3 min. Remove ethanol as much as possible by pipetting.

i. Place the open tubes near the flame or under the fume hood for 5-10 min to dry the residual
ethanol.

j. Dissolve the pellet in 100 puL of 5 mM Tris/HCI, pH 8.5, by incubating 10 min at 50°C.

k. Spin down cell debris for 30 s at 15,000 g and transfer 80 pL of the supernatant in a new mi-
crocentrifuge tube.

|. Use 0.5 ulL for PCR (20 plL reaction volume).

39. In case of gene deletion, N- or C-terminal tagging, sequence integration, or sequence replace-

ment, perform diagnostic PCR to verify the desired genome editing event.

a. Prepare the PCR mix for “n + 2" samples, where n is the number of transformants to be
tested. PCR mix for 1 sample:

Component Amount
5x Q5 buffer 4l

10 mM dNTPs 0.4 puL
10 uM forward primer 1pul

10 pM reverse primer 1L
Q5 Polymerase 0.2 uL
H,O (Milli-Q) 12.9 pL
Total 19.5 puL

b. For every test sample, mix 19.5 L PCR mix + 0.5 pL gDNA.

Note: Include a negative control from a non-transformed strain, and (if available) a positive
control with the desired genome editing event.

c. Perform the PCR reaction in the thermocycler with the following program:

PCR cycling conditions

Steps Temperature Time Cycles
Initial Denaturation 98°C 30s 1
Denaturation 98°C 10s 35 cycles
Annealing 61°C* 30s

Extension 72°C 30 s**

(Continued on next page)
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Continued

PCR cycling conditions

Steps Temperature Time Cycles

Final extension 72°C 5 min 1

Hold 4°C forever

*to calculate the annealing temperature of your primers, you can use the NEB Tm calculator tool (https://tmcalculator.neb.
com).

**20-30 s/Kb.

d. Add 4 pulL of 6x loading dye to each sample and load 20 plL on agarose gel. Analyze frag-

ments via DNA electrophoresis. Troubleshooting 5.

40. In case of point mutations, perform PCR to amplify a fragment containing the mutation site.

a. Prepare the PCR mix:

Component Amount

5% Q5 buffer 10 uL

10 mM dNTPs TuL

10 uM forward primer 2.5 uL

10 pM reverse primer 2.5uL

gDNA 1 ul

Q5 Polymerase 0.5 puL

H>O (Milli-Q) 32.5 uL

Total 50 pL
b. Perform the PCR reaction in the thermocycler with the following program:

PCR cycling conditions

Steps Temperature Time Cycles

Initial Denaturation 98°C 30s 1

Denaturation 98°C 10s 35 cycles

Annealing 63°C* 30s

Extension 72°C 30 s**

Final extension 72°C 5 min 1

Hold 4°C forever

*to calculate the annealing temperature of your primers, you can use the NEB Tm calculator tool (https://tmcalculator.neb.

com).

**20-30 s/Kb.

Optional: Load 5 pL PCR product on agarose gel and verify PCR via DNA electrophoresis.

c. Purify the PCR fragment with the PCR purification kit.

d. Measure DNA concentration with the NanoDrop.

e. Verify the presence of the desired mutation via Sanger sequencing, using one of the primers
used for PCR amplification. Troubleshooting 5.

41. Select one or two verified transformants and proceed with plasmid removal.
Note: It is possible to perform another round of CRISPR genome editing before plasmid
removal, provided the second Cas9+sgRNA(s) multi-gene plasmid has a different selectable

marker. The first plasmid will be likely lost in the process. At the end of the second round, loss
of both plasmids has to be verified.
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Figure 11. Plasmid removal after genome editing

(A) Example of colonies after plating on non-selective plates for plasmid removal (steps 42-44).

(B) Temporary storage patches on non-selective plates (step 45).

(C) Verification of plasmid loss on selective plates (steps 45 and 46). As a consequence of plasmid loss, cells are unable

to grow on the selective plate (in this example YPD+NAT). “+" and “-" indicate the positive and negative growth
controls, respectively. In the example shown, all tested colonies have lost the plasmid, except colony 5. Scale bar,
Tem.

Removal of the Cas9+sgRNA(s) multigene plasmid
O® Timing: 5 days

Yeast cells lose the low-copy Cas?+sgRNA(s) multi-gene plasmid easily in the absence of selection.
Verified strains are grown on non-selective medium and loss of the Cas9+sgRNA(s) multi-gene
plasmid is verified via inability to grow on selective plates (Figure 11).

42. Inoculate a tiny amount of cells from the temporary storage patches of verified transformants in
3 mL YPD medium.
43. Grow an overnight (12-20 h) culture at 30°C, shaking at 300 rpm.
44. Plate the culture on (non-selective) YPD plates.
a. Dilute the cultures in order to achieve ~100 colonies on plate.
i. Prepare a first dilution in a sterile 2 mL microcentrifuge tube: 70 pL cells + 930 uL ddH,O
(sterile).
ii. From the first dilution, perform two 1:100 serial dilutions in sterile 2 mL microcentrifuge
tubes: 10 pL cells + 990 pL ddH,O (sterile).
b. Plate 100 pL of the last dilution on YPD plates.

Note: To minimize plate contamination, you can add the same antibiotic you added to the
plates for temporary storage patches (step 36).

Note: If the transformed yeast strain has growth defects, it may be necessary to adjust the
growth time of the liquid culture, and/or the serial dilutions factor, in order to achieve ~100
colonies on plate.

c. Incubate plates at 30°C for 2 days.
45. Make new temporary storage patches and test plasmid loss.
a. Patch 4 colonies per strain on YPD plates for temporary storage (it is again possible to add
the antibiotic you added to the plates for temporary storage patches in step 36).
b. At the same time (using the same inoculation loop or flat toothpick you used to make the
patch), streak cells onto a selective plate for the Cas?+sgRNA(s) multi-gene plasmid (Fig-
ure 11C).

Note: Include a positive and a negative control on selective plates.
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c. Incubate plates at 30°C for 1 day.

46. Verify plasmid loss: strains that have lost the plasmid do not grow on selective plates.

47. For each independent transformant (selected in step 41), freeze down (from the last temporary stor-
age patches made in step 45) one colony that has lost the Cas9+sgRNA(s) multi-gene plasmid.

EXPECTED OUTCOMES

This protocol consists of two main parts: i) cloning of Cas? and the sgRNA(s) in a yeast expression vector
via three subsequence Golden Gate assembly reactions and ii) yeast co-transformation with the
Cas9+sgRNA(s) multi-gene plasmid and the appropriate repair fragment for genome editing.

An example of plates with E. coli colonies resulting from the three Golden Gate assembly reactions is
shown in Figure 3A. The number of colonies on plate as well as the white/green colonies ratio may
vary due to the transformation efficiency of the competent cells used and the efficiency of the
different Golden Gate assembly reactions. However, in our hands the cloning procedure works
very consistently and we were always able to isolate a correct Cas9+sgRNA(s) multi-gene plasmid
at the end of the cloning workflow.

CRISPR/Cas9 technology allows precise, marker-free genome editing, provided that a suitable sgRNA
and the proper repair fragment are employed. Figure 10 displays examples of successful yeast genome
editing after transformation. The control transformation without the repair fragment is essential to assess
the Cas9 cleavage efficiency associated with a specific sgRNA. An unrepaired double-strand break (DSB)
in yeast is lethal. DSBs in yeast are efficiently repaired via homologous recombination (HR), provided a
suitable homology template is available. In the absence of a donor template, repair can occur via the
less efficient non-homologous end joining (NHEJ) pathway. If perfect NHEJ occurs, the repaired
sequence remains identical (and can be cleaved again by Cas9), while imperfect NHEJ results in the pres-
ence of mutations in the proximity of the cleavage site. If the sgRNA works, very few colonies are ex-
pected in the control plate (resulting from imperfect NHEJ repair with mutation of the sgRNA sequence),
while many more colonies (more than 10-fold) should appear in the plate with the repair fragment (since
HR is way more efficient). Conversely, if both plates display a similarly high number of colonies, this is an
indication that the selected sgRNA probably does not work well in vivo (see troubleshooting section).

If the sgRNA works, usually it is enough to test ~10 colonies to identify at least one transformant
bearing the desired genome editing event. The efficiency of genome editing depends on several
factors: 1) the size of the deleted fragment: increased length = decreased efficiency; 2) the length
of the homology regions at the ends of the repair fragment: increased length (up to 500 bp) =
increased efficiency; 3) the distance between the genome editing site and the target sequence:
increased distance = decreased efficiency.

Please consult the troubleshooting section for suggestions on how to improve genome editing
efficiency.

LIMITATIONS

The main limitation of CRISPR/Cas9 genome editing technology is the need for a suitable sgRNA
sequence in the proximity of the editing site. If no suitable sgRNA is available, a different genome
editing technique should be used, e.g., the delitto perfetto (Stuckey and Storici, 2013).

Secondly, the pre-assembled vectors we provide are suitable for cloning up to 2 sgRNAs together
with Cas9, and contain only drug resistance yeast markers (KanR, NatR, HygR). If cloning of more
than 2 sgRNAs in one vector and/or auxotrophic yeast marker are preferred, users should assemble
the yeast expression vector(s) themselves (the MoClo-Yeast Toolkit design allows cloning of up to 4
sgRNAs in a single plasmid, and provides three auxotrophic markers) (Lee et al., 2015).
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Another limiting factor of CRISPR/Cas9 genome editing is time. The whole procedure (from design of the
sgRNA till genome editing verification and plasmid removal) takes at least three weeks. More specifically,
the sgRNA cloning part can take a whole week. However, since no PCR amplification steps are required in
the sgRNA cloning phase, the chance of introducing undesired mutations during sgRNA cloning is virtu-
ally absent. Furthermore, simultaneous expression of the Cas? protein and the sgRNA from the same (low
copy) plasmid circumvents the need for a host yeast strain with Cas? stably integrated in the genome. All
in all, we believe that the robustness and reliability of this protocol compensates well for its length.

TROUBLESHOOTING

Problem 1

It is difficult to distinguish white and green E. coli colonies obtained during sgRNA cloning (steps 7,
11, and 15).

Potential solutions

e Incubation of the plates at 4°C for 5-8 h usually improves the detection of white versus green col-
onies.

e Alternatively, the difference between white and green can be better visualized by illuminating the
plates with a blue or UV lamp.

Problem 2
E. coli transformation with the Golden Gate assembly product yields only green colonies (steps 7,
11, and 15). This is an indication that probably the Golden Gate assembly reaction did not work.

Potential solutions

e Double-check the design of the oligos for the sgRNA (step 5 of the before you begin section).

e Double-check the Golden Gate reaction table (especially the name of the plasmids and the
plasmid concentrations).

o Repeat the Golden Gate reaction and E. coli transformation.

Problem 3
Low yield of repair fragment obtained by “no template PCR" (steps 18 and 30).

Potential solutions
Use the product of the “no template PCR" as a template for a standard PCR reaction, using two new
20-nucleotide primers annealing at the edges of the repair fragment.

Problem 4

After CRISPR transformation there is no difference in the number of colonies in the presence or
absence of the repair fragment (step 34). This is likely due to an insufficient amount of the repair frag-
ment (if the number of colonies on both plates is very low), or to poor Cas9 cleavage because the
sgRNA does not work (if many colonies grow on both plates).

Potential solutions

e Increase the amount of the repair fragment (5-10 png).
e Try a different sgRNA.

Problem 5

The sgRNA works (clear difference —/+ repair fragment), but no clones carrying the desired editing
event are detected after diagnostic PCR and/or sequencing (steps 38-40). This is an indication of low
CRISPR efficiency.
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Potential solutions
To increase the efficiency of CRISPR genome editing, several strategies can be tried:

o Verify if there is any homologous sequence in the yeast genome that might be used as a donor
sequence instead of the desired repair fragment. If this is the case, increase the amount of repair
fragment (5-10 pg) and test many transformants (>20).

e Increase the length of the homology regions at the edges of the repair fragment to improve
recombination efficiency (80-100 nucleotides).

e In case of gene knockout (or, more in general, deletion of any sequence), genome editing effi-
ciency is inversely related to the length of the sequence to be deleted. To improve efficiency, in-
crease the amount of repair fragment (5-10 png) and test many transformants (>20).

e In case of large deletions (>5 Kb), to improve efficiency we suggest the simultaneous use of two
sgRNAs, guiding Cas? to cut near both ends of the sequence to be deleted, to facilitate loss of the
intervening sequence. Also increasing the length of the repair fragment could contribute to
improve efficiency.

e In case of point mutations, the distance between the target sequence and the desired mutation
site affects the editing efficiency (increased distance = decreased efficiency). To improve effi-
ciency, increase the amount of repair fragment (5-10 pg) and test many transformants (>20).

Problem 6
Simultaneous genome editing with two (or more) sgRNAs does not work (no double-edited trans-
formants are retrieved).

Potential solutions
If the sgRNAs have been individually validated, two strategies are possible:

e Increase the amount of repair fragment the amount of transformants tested.

e Perform the two (or more) genome editing events sequentially in two independent transforma-
tions. If the Cas?+sgRNA multi-gene plasmids carry the same selection marker, removal of the
plasmid is needed before the second transformation, otherwise both can be removed at the
end of the editing procedure.

If the sgRNAs have not been individually validated, perform the CRISPR transformations with each
sgRNA individually to verify them. The transformants of one of the transformations can be used as
a starting strain to introduce the second genome editing event, as suggested above. If one of the
sgRNAs does not work, try a different sgRNA.

RESOURCE AVAILABILITY

Lead contact
Further information and requests for resources and reagents should be directed to and will be ful-
filled by the lead contact, Andreas Milias-Argeitis (a.milias.argeitis@rug.nl).

Materials availability

Plasmids generated in this study have been deposited to Addgene: pYTK-DN1 (#180282), pYTK-
DN2 (#180283), pYTK-DN3 (#180284), pYTK-DN4 (#180285), pYTK-DN5 (#180286), and pYTK-
DN6 (#180287).

Data and code availability
This study did not generate any datasets or code.

SUPPLEMENTAL INFORMATION
Supplemental information can be found online at https://doi.org/10.1016/j.xpro.2022.101358.
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