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ABSTRACT (250 words; currently 240 words)

Gene editing systems such as CRISPR/Cas9 readily enable individual gene phenotypes to be
studied through loss-of-function. However, in certain instances, gene compensation can obfuscate
the results of these studies, necessitating the editing of multiple genes to properly identify
biological pathways and protein function. Performing multiple genetic modifications in cells
remains difficult due to the requirement for multiple rounds of gene editing. While fluorescently
labeled guide RNAs (gRNAs) are routinely used in laboratories for targeting CRISPR/Cas9 to
disrupt individual loci, technical limitations in single guide RNA (sgRNA) synthesis hinder the
expansion of this approach to multi-color cell sorting. Here, we describe a modular strategy for
synthesizing sgRNAs where each target sequence is conjugated to a unique fluorescent label,
which enables fluorescence-assisted cell sorting (FACS) to isolate cells that incorporate the desired
combination of gene-editing constructs. We demonstrate that three short strands of RNA
functionalized with strategically placed 3’-azide and 5’-alkyne terminal deoxyribonucleotides can
be assembled in a one-step, template-assisted, copper-catalyzed alkyne-azide cycloaddition
(CuAAC) to generate fully functional, fluorophore-modified sgRNAs. Using these synthetic
sgRNA in combination with FACS, we achieved selective cleavage of two targeted genes, either
separately as a single color experiment or in combination as a dual-color experiment. These data
indicate that our strategy for generating doubly-clicked sgRNA allows for Cas9 activity in cells.
By minimizing the size of each RNA fragment to 41 nucleotides or less, this strategy is well suited

for custom, scalable synthesis of sgRNAs.



INTRODUCTION

CRISPR-Cas9 has enabled gene editing both in the lab,* allowing for the function of
proteins to be readily interrogated,°12 and in the clinic, where it promises to offer treatments for
diseases such as sickle cell anemia and cystic fibrosis.**!8 Cas9 directs sequence specific DNA
cleavage through the aid of a CRISPR RNA (crRNA), which contains a 20-nucleotide (nt)
programmable target sequence, and a trans-activating crRNA (tracrRNA) that binds the Cas9. The
tracrRNA acts as a bridge between the crRNA and the enzyme.! As CRISPR-Cas9 directed
cleavage can vary in efficiency depending on the target, one strategy to ensure gene knockout is
to target cutting of the gene at multiple locations by introducing multiple guide RNAs,3419.20
Additionally, other applications in research, as well as clinical applications, require multiple genes
to be edited.?2® However, targeting multiple genes through iterative rounds of gene editing
requires cells to be cultured for prolonged periods of time, which can be time prohibitive and not
feasible for some cell lines.???® Simultaneous disruption of numerous loci in one round solves

these issues.

Several solutions have been advanced with the goal of multiplexing CRISPR-Cas9 to target
multiple loci simultaneously. One strategy involves encoding multiple guide RNA (gRNA) via
lentiviral transduction®*?® or transfection of plasmids containing the appropriate
sequences.®*20:262" One particularly elegant example that has been reported is a lentiviral delivery
system that uses the Cpfl nuclease (Casl2) and a self-processing guide RNA to target four
different genes.?® While these approaches use DNA-encoded strategies, the direct introduction of
a gRNA to cells has been shown to have advantages.®"2°=7 For example, direct introduction of
synthetic crRNA and tracrRNA made by solid-phase, rather than enzyme-catalyzed synthesis,

allows unnatural chemical modifications to be incorporated that confer benefits, such as increased
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stability,®*3 reduced off-target effects,®3> and fluorescent labeling.®*3" Accordingly, an
attractive approach to multiplexing genome editing that alleviates the need for in-cell processing
is to introduce multiple gRNAs simultaneously into a cell. This can be achieved by complexing
multiple guides using a nanoparticle delivery agent,®®*° or introducing multiple gRNAs targeting
different genes into the same cell.2%4°

Synthetic gRNAs can be assembled using two different methods. The first is the dual strand
approach, where the crRNA is hybridized to the tracrRNA,; for the Cas9 system, these strands are
29-42 and 65-75 nucleotides, respectively.r#42 Using this dual strand system, chemically-
modified crRNAs such as those incorporating bridged nucleic acids, 2’-O-methyl, 2'-fluoro,
phosphorothioate, 2'-O-methyl-thiophosphonoacetate, 2'-O-methyl-phosphonoacetate, or 2’-(S)-
constrained ethyl RNA have been produced with increased activity,3334! enhanced stability,3*:3341
or decreased off-target cutting.®® Likewise, fluorescent modifications to the tracrRNA have been
used in combination with FACS to isolate cells taking up RNP (and therefore have a higher
probability of gene-target cleavage), which is helpful for cells that are difficult to transfect.*344 In
the second synthetic approach, the full crRNA-tracrRNA sequence is combined into one strand
resulting in a single-guide RNA (sgRNA) molecule of ~97 nucleotides in length.** It has been
reported that sgRNAs synthesized by solid-phase synthesis led to higher efficiencies in gene
editing compared to dual crRNA:tracrRNA systems.®*4 However, due to challenges in
synthesizing chemically-modified RNA strands of this length, it has not commonly been used to
introduce chemical modifications in sgRNAs,32-344647 gych as fluorescent modifications.

One of the main challenges associated with accessing chemically-modified SgRNAs stems
from difficulties in synthesizing long RNA by solid-phase synthesis.*®°! For example, the solid-

phase synthesis of a 97mer sgRNA would be 5.4% if the theoretical efficiency of each step were


https://www.zotero.org/google-docs/?R5PFw5
https://www.zotero.org/google-docs/?gfuBmF
https://www.zotero.org/google-docs/?FGbPGW
https://www.zotero.org/google-docs/?ijsqTr
https://www.zotero.org/google-docs/?v2LJ3N
https://www.zotero.org/google-docs/?Rnyk9r
https://www.zotero.org/google-docs/?Trj8zt
https://www.zotero.org/google-docs/?QOcHL2
https://www.zotero.org/google-docs/?aCDWcC
https://www.zotero.org/google-docs/?s1Ekgl
https://www.zotero.org/google-docs/?gE7uYX
https://www.zotero.org/google-docs/?fQbH05
https://www.zotero.org/google-docs/?syelKO
https://www.zotero.org/google-docs/?jsONvI

97% (0.97°° = 0.054). Recent progress in improving the coupling efficiency of each step in the
solid-phase synthesis has allowed sgRNA to be directly produced,®-3* but such approaches have
not been expanded to introduce fluorescent modifications, which can often exhibit reduced
coupling efficiencies. Moreover, the low overall yield - even with high coupling efficiencies on a
per-step basis - leads to such small quantities of SRNA material that they cannot be thoroughly
purified or characterized by gel electrophoresis and mass spectrometry. This inability to produce,
purify, and characterize sizable amounts of synthetic sgRNA also limits the generation of well-

defined hybrid materials that facilitate cellular delivery of multiple gene-editing constructs.®

One strategy that has been explored to increase the amount and structural diversity of
sgRNA involves synthesizing it from two smaller fragments using enzyme-catalyzed®”>* or
bioconjugation techniques.>®>! The first reported example of the latter involved the introduction
of a hexyne phosphoramidite monomer at the 5’ end of the tracrRNA and a 3’-amine modification
on the crRNA further functionalized with azido-acetic acid NHS ester.> The tracrRNA and crRNA
were then ‘clicked’ together using copper-catalyzed alkyne-azide cycloaddition (CuAAC)
chemistry.* The resulting syRNA was capable of directing gene editing despite the large aliphatic
linkage that resulted from the bioconjugation reaction.>® Tolerance of Cas9 to this linkage in the
loop adjoining the crRNA and tracrRNA sequences (often referred to as the tetraloop of the
sgRNA) is consistent with previous observations that various modifications at the 5’-terminus of
the tracrRNA or tetraloop of the sgRNA did not negatively impact gRNA-Cas9 function.’**® The
robust activity of sgRNA modified in this hairpin is also congruent with the crystal structure of
Cas9 complexed with a gRNA, showing that the hairpin (tetraloop) connecting the crRNA and
tracrRNA sequences protrudes away from the protein.*>*® More recently, the Brown group used

different azide-alkyne cycloaddition strategies to generate modified sgRNA from two smaller
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fragments.® They explored the impact of different triazole linkages in the tetraloop as well as near
the cleavage site across from the 3’-end of the protospacer adjacent motif (PAM) sequence. In both
of the bioconjugation reports using CUAAC to generate the sgRNA, the fragment encompassing
the tracrRNA sequence was substantial in length (65 nt, 66 nt or 79 nt), which is not optimal for

solid-phase synthesis.>%!

Here we demonstrate that SgRNAS can be assembled from three smaller pieces of RNA,
which better leverages the advantages of solid-phase synthesis, and results in a more modular
synthetic strategy. This approach uses a middle fragment modified with different fluorophore
labels, which is subsequently clicked to a unique crRNA sequence such that each fluorophore
corresponds to a specific gene target. We demonstrate that these clicked fluorescent sgRNASs are
fully functional in vitro and in cells, although the position of the installed triazole linkage within
the tracrRNA does impact efficiency. Moreover, highlighting the utility of this approach, we have
shown that two genes can be disrupted in cells with high efficiency when this strategy is used in
combination with FACS. We expect this synthetic strategy for the modular assembly of sgRNAs
will readily enable access to a variety of chemically-modified or functionalized RNA fragments,
facilitating the production of sgRNA libraries for screening and other applications using

commercially available solid-phase reagents and simple on-bead protocols.

RESULTS AND DISCUSSION

Deconstructing the single guide into three similar length fragments, unlike the two
fragments strategies previously explored,®®! requires that the Cas9 tolerate unnatural
oligonucleotide linkages within the portion of the gRNA corresponding to the tracrRNA sequence
that binds Cas9. Therefore, we decided to first explore the impact of introducing an unnatural

linkage into the tracrRNA sequence on Cas9 activity, with the motivation of being able to stitch
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together smaller pieces to form the longer, 67 nucleotides, tracrRNA. For our unnatural linkage,
we selected the triazole that resulted from the Brown lab’s strategy using a copper-catalyzed azide-
alkyne cycloaddition of a 3’-O-propargyl terminus reacting with a 5’-azide terminated strand
(Figure 1). This linkage is remarkably well tolerated by nucleic acid-binding enzymes and can
even be read through by some polymerases.®’*® Another modification that is well tolerated by
Cas9 is the replacement of ribonucleotides with deoxyribonucleotides at several locations in the
gRNA sequence.>®® These previous reports suggested that we could use commercially available
3’-O-propargyl-methyldeoxycytosine-modified solid supports to introduce the propargyl

functionality and 5’-iodo-modified deoxythymidine to introduce the azide.
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Figure 1. Template-assisted CUAAC assembly of the tracrRNA. (A) Schematic illustrating the
DNA-templated copper-catalyzed azide-alkyne cycloaddition (CuAAC) of RNA strands
terminated with 3’-O-propargyl and 5’-azido modified deoxyribonucleotides. (B) tracrRNA
sequence with the triazole linkages (C70:T71) and DNA substitutions shown. tracrRNA was
terminated with a 5°-thymidine to enhance the stability against RNAse degradation. (C) Molecular
structure depicting triazole formation from the 5’-azide and 3’-O-propargyl Me-dC terminated
strands.

We prepared three different lengths of two pairs of RNA strands, 5’ azide terminated and

3’ propargyl terminated strands that would result in a triazole linkage in tracrRNA strands (Figure
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2A). These RNA strands were synthesized to test the unnatural triazole linkages in various
positions in the tracrRNA, including those involved in Cas9 binding (Figure 2B). Two of the 5°-
azide strands were synthesized using the commercially available 5’-iodothymidine
phosphoramidite followed by nucleophilic substitution with NaNs prior to base deprotection and
cleavage of the DNA-RNA chimera from the solid support.5! We also synthesized a strand
containing a 5’-azidodeoxyribocytodine (C61) by directly iodinating the 5’-hydroxy group while
still on bead.®* Introducing the triazoles at these positions allowed us to explore the impact of the
triazole linkage location within the tracrRNA on Cas9 activity (Figure 2A, 2B). Our previous
work showed that the CuAAC reaction of 5’-azido and 3’-O-propargyl terminated DNA strands
proceeds rapidly using a DNA template to bring together the reactive termini in the presence of a
Cu(l) catalyst and 1.5 equivalents (with respect to copper) of a benzimidazole ligand.®? Using
similar conditions with argon degassing, we observed quantitative conversion of the limiting 3’-
alkyne oligonucleotide fragment after 1 hour of reaction (Figure S2). After the reaction, the
triazole-linked tracrRNAs were purified by polyacrylamide gel electrophoresis and characterized

by mass spectrometry.
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Figure 2. Exploring three different locations for the triazole linkage in tracrRNA. (A) Sequences
of the three clicked tracrRNA explored with triazole linkages resulting from 3’-O-propargyl
modifications at the C55, C60, and C70, respectively. The tracrRNA was synthesized from two
fragments that resulted in a triazole between the C55 and U56 positions. Ribonucleotides are
shown in orange and deoxyribonucleotides are shown in blue. The 5°-dT was introduced to
increase the stability of the tracrRNA. The crRNA was obtained separately from a commercial
source (Integrated DNA Technologies). (B) Structure of Cas9 in complex with a gRNA (PDB
4008) highlighting the position of the three locations where the tracrRNA was clicked together in
our studies. (C) Gel electrophoresis image of the in-vitro Cas9 cutting assay with commercially
available tracrRNA and triazole-containing tracrRNA at different positions.



We evaluated the activity of the three triazole-linked tracrRNAS using an in vitro Cas9
cutting assay that can detect DNA target strand cleavage. In this assay, the various triazole-linked
tracrRNA were hybridized to a commercial crRNA (from Integrated DNA Technologies; IDT)
that targets EMX1 (Figure 2C), complexed with Cas9, then added to a reaction containing
amplified DNA corresponding to the EMX1 gene target site. We observed cutting of the DNA
target for all of the triazole-linked tracrRNAs (C55, 81% and C70, 82% cleavage) that was
comparable to the results observed for the commercial tracrRNA (88% cleavage). Remarkably,
even the tracrRNA with the triazole at the C60:C61 linkage which is in a binding region with the
Cas9 nuclease,* exhibited excellent nuclease activity, albeit slightly reduced (C60, 74% cleavage).
The appreciable activity for the tracrRNA with the triazole linkage in close proximity to the bound
protein provides further support that this specific linkage generated from 3’-O-propargyl and 5°-
azide nucleotides is accepted by many different enzymes owing to its size and hydrogen-bonding
ability that mimic the phosphate linkage.%

Having determined that the triazole linkage in the tracrRNA is not deleterious to Cas9
activity, particularly at locations C55:T56 and C70:T71, we next explored the synthesis of sSgRNA
from three strands. This strategy required the synthesis of a middle sequence that contained both
a 5’-azide and a 3’-O-propargyl methyldeoxycytosine. We also introduced an additional dT
nucleotide, positioned in the tetraloop region where it can be extended to other applications such
as linkage to a fluorophore. All three strands were then clicked simultaneously using two DNA
templates to selectively react the desired azide and alkyne termini and prevent unwanted by-
products (Figure 3A). The resulting sgRNA product contained a triazole at the C70:T71 position
as well as at the C30:T31 position near the gene targeting sequence (Figure 3B). Progress of the

reaction was monitored by denaturing polyacrylamide gel electrophoresis (PAGE), which revealed
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the generation of a larger strand of the expected size of the SgRNA (98mer) (Figure 3C). These
modified sgRNAs were purified by extraction from PAGE gels and characterized by electrospray
ionization mass spectrometry.

To test whether modified sgRNAs containing two unnatural triazole linkages were active
with respect to Cas9, an in vitro DNA cleavage assay was once again performed using the EMX1
target sequence. We compared the in vitro activity of our sgRNA modified with the EMX1
targeting sequence with a scrambled target SgRNA containing the triazole modifications at the
same two positions. Excellent activity for the EMX1 targeting SgRNA was observed with no
activity for the scrambled sgRNA (Figure 3D), indicating that the sRNA constructed from three
smaller fragments maintained its compatibility with the Cas9 enzyme. Next, we evaluated whether
our double-clicked sgRNA was active in cells by transfecting Cas9-expressing HeLa cells with a
ribonucleotide polymer complex composed of the synthetic SgRNA and Lipofectamine. The target
DNA was extracted, and the target region was amplified by PCR. The activity of the synthetically
modified sgRNA in cells was measured by the presence of insertions or deletions (INDEL) in the
target sequence using the T7 endonuclease | assay.% Despite the presence of two unnatural triazole
linkages, we observed the double-clicked sgRNA was active in the unsorted cells after transfection

based on the cleavage of the target by T7 endonuclease (Figure 3E).
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Figure 3. Synthesis and activity of double-clicked sgRNA (A) Reaction scheme illustrating the
formation of doubly clicked sgRNA. (B) sgRNA sequence with the functionalized extra dT
between A35 and A36. Green represents crRNA, yellow represents tracrRNA, blue represents
DNA bases. Triazole linkages are located in between C30:T31 and C70:T71. (C) PAGE image of
the double-click reaction. (D) In vitro assay illustrating the activity of the sgRNA targeting EMX1.
The control lane (-) is the same experiment using a different sgRNA that did not target the EMX1
gene. (E) The T7 endonuclease | assay illustrates cleavage of the EMX1 target in unsorted HelLa
cells expressing Cas9 after transfection with the EMX1-targeting sRNA. The control lane (-) is
the result of the T7 endonuclease | assay with cells not transfected with the RNP.

One of the major advantages of our approach is that modifications can be incorporated into
the fragments while still achieving substantial yields by solid-phase synthesis. Accordingly, we
incorporated a fluorescein-modified thymidine to the tetraloop region, adding an additional
nucleotide between A35 and A36. To introduce a distinct second label, we prepared a middle
fragment with a modified thymidine at the same position that contained a trifluoroacetyl-protected

primary amine. After base deprotection and removal from the solid phase, this strand was reacted
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with ATTO 550 NHS ester following standard coupling and purification procedures. The ATTO
550 modified middle fragment was used to prepare the SgRNA targeting EMX1 and the fluorescein
modified middle fragment was used for the sgRNA targeting WAS (Figure 4A). These two
sgRNAs were transfected into Hela cells stably expressing Cas9, either individually or together
using Lipofectamine. Cells were then sorted for the single positive ATTO 550 or fluorescein®
cells for the individual transfections, or the double-positive ATTO 550* and fluorescein®
population from the cells transfected with both sgRNAs (Figure 4B). Most of the cells took up the
sgRNAs following transfection as seen by the shift in fluorescence in the appropriate channels
(Figure 4C). The top 40% of the positive cells were sorted in each case. After cell sorting, we
quantified the activity of these sgRNAs in cells by measuring cleavage of the target site using the
T7 endonuclease | assay (Figure 4D). We found that the ATTO 550-labelled EMX1 sgRNA
showed a very similar % of cleavage in both single sort and dual sort due to high transfection. The
fluorescein-labeled WAS sgRNA had higher % cleavage in single sorting. These results
demonstrate that two fluorescently-modified synthetic SgRNAs, produced through a double click

reaction, can successfully be transfected into cells to facilitate simultaneous multi-gene editing.
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Figure 4. Multiple gene editing using dual fluorescent sgRNA and FACS. (A) sgRNA structures
of EMX1 targeting sgRNA labeled with ATTO 550 (pink hexagon) and of WAS targeting sgRNA
labeled with fluorescein (green star). (B) Schematic illustrating general cell-based assay with
fluorophore-labeled sgRNA. Both sgRNAs were transfected in Cas9 expressing Hela cells
followed by FACS sorting based on ATTO 550 and fluorescein emission. Negative control was
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not sorted. (C) FACS results of Hela cells transfected with ATTO 550-labelled EMX1 sgRNA or
fluorescein-labelled WAS sgRNA for the single-color transfections and a 50:50 mixture of both
sgRNAs for the dual-color transfections. The control cells were not transfected by either sgRNA.
(D) Results from the T7 endonuclease | cleavage assay for the EMX1 target and WAS target
performed on cells. Control - cells not transfected with any sgRNA (unsorted); single sort - cells
transfected with either ATTO 550-labeled EMX1 sgRNA or fluorescein-labeled WAS sgRNA and
sorted accordingly by FACS; dual sort - cells transfected with both sgRNAs and sorted for both
fluorescent colors by FACS.
CONCLUSIONS

The approach described herein enables the modular and rapid synthesis of fluorescent or
other chemically-modified sgRNAs and is scalable to the production of large quantities. By
dividing the tracrRNA sequence into two fragments, we were able to generate SgRNA from three
fragments of lengths 30, 41, and 27 nt. With these lengths, incorporating chemically-modified
nucleic acids that improve specificity or guide RNA stability becomes practical. Moreover, our
successful implementation of deoxyribonucleic acids at the bioconjugation sites allows anyone
with access to a solid-phase synthesizer to make these constructs using commercially available
materials and straightforward on-bead reaction protocols.®* Thus, this modular bioconjugation
strategy of sgRNA can be assembled to achieve multi-color labeling with different fluorophores
as well as different chemical modifications. Taken together, this modular strategy of synthesis of

SgRNA opens up new possibilities for CRISPR/Cas biotechnological applications such as multi-

gene knockout and imaging.

MATERIALS AND METHODS
Oligonucleotide (ONs) Synthesis. With the exception of the 63nt DNA ruler that was purchased
from Integrated DNA Technologies (IDT), oligonucleotides were synthesized with an Applied

Biosystem 394 automated DNA/RNA synthesizer using reagents from Glen Research following
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their recommended procedures. 2°-O-TBDMS phosphoramidites (Bz-A, Ac-G, Ac-C, and U) and
2’-0-Ac-U-CPG were used for the RNA nucleotides. The DNA phosphoramidites utilized were
dC, dT, Fluorescein-dT, 5’-iodo-dT, Amino-Modifier C6-dT, 3’-O-5-Methyl-dC Controlled
Porous Glass (CPG). To cleave the modified RNA from the solid support, a 1:1 mixture of 30%
ammonium hydroxide (Aldrich 1336-21-6) and 40 % methylamine (Aldrich 74-89-5) was freshly
prepared and used following the recommended procedure with an additional AMA incubation of
the CPGs for 40 or more minutes. For the 5’-OH terminated strands, we utilized the DMT-on

purification protocol with Glen-pak cartridges.

On-CPG 5°-Azide ONs Modification. For the C60 tracrRNA strand, the 5’-hydroxy of the terminal
dC nucleotide had to be iodinated following the literature procedure.5! Specifically, after DMT
deprotection of the terminal dC nucleotide, the column containing the CPGs was briefly affixed to
the house vacuum to remove the additional solvent. Methyltriphenoxyphosphonium iodide (450
mg) was dissolved in dry DMF (2 mL, >99.9% OmniSolv®). The solution was transferred into a
I-mL plastic syringe fit. The column containing the CPGs was connected with the syringe
containing the iodide solution and an empty 1 mL syringe and the solution was syringed back and
forth for 5 min and then allowed to stand for 1 hour at room temperature. After an hour, the solution
was removed from the CPGs and the CPGs were washed with dry DMF (2-3 mL) and dried on the
house vacuum, and immediately used in the next step. The iodo-dT terminated strand made directly
from the commercially available phosphoramidite or the iodo-dC prepared above was used in the
next step. A solution of sodium azide (50 mg in 1 mL dry DMF) was prepared and heated for 10
min at 75 °C to facilitate dissolution. After brief cooling, the azide solution was taken into a 1 mL
syringe synthesis and introduced to the iodinated strands on the CPGs also utilizing syringe-

synthetic techniques. The CPGs connected to both syringes were left in the azide solution
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overnight at room temperature. The next morning, the azide solution was removed, the CPGs were
washed with dry acetonitrile (5 mL) and dried on the house vacuum. The 5’-azide ONs was then
cleaved from the solid support and further deprotected following the recommended RNA
deprotection procedure from Glen Research. To the deprotected 5’-azide ONs, aqueous sodium
acetate (3M, filtered, 25 pL) and 1-butanol (1 mL) were added followed by vortexing for 30
seconds. The oligo solution was cooled down to -20 °C for 30 min. The precipitated ONs and
solution were centrifuged (12,000 rpm, 10 min). The supernatant was decanted, and the pellet was
washed with ethanol (95 %, 0.75 ml) twice followed by desalting of the ONs using a Glen-Pak

cartridge.

ATTO 550-dT modified ONs. For the 5’-azide, 3°-alkyne modified ONs bearing the internal ATTO
550 label, the Amino-Modifier C6-dT was used in the solid-phase synthesis followed by azide
functionalization and strand deprotection and purification as described above. This amine-
functionalized oligonucleotide (50 nmol) was dissolved in a carbonate/bicarbonate buffer (200 pL,
0.1 M, pH 9.2). An NHS-ester modified ATTO 550 (Sigma Aldrich cat # 92835) (350 nmol in 7
uL of DMSO) was added to the oligo solution, mixed well, and left to stand at room temperature
for 40 min. After vortexing, the reaction mixture was stored in the refrigerator for 3 hours and then

at room temperature for 1 hour. The reaction mixture was desalted with Glen Gel-pak 1.0 desalting

column (cat # 61-5010).

DNA templated CuAAC ligation. DNA-templated CuAAC was performed similar to our previous
work.®? For triazole tractrRNA synthesis, a solution of 5> azide ONs (30 nmol), 3” alkyne ONs (15
nmol), and DNA Template-1 (15 nmol) was prepared to reach a total volume of 508 pL (0.2 M

NaCl, 10 mM MgCl,). For triazole sgRNA synthesis, 5’ azide RNA (20 nmol), 5° azide —
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fluorophore — 3 alkyne ONs (15 nmol), 3> alkyne ONs (20 nmol), DNA Template-1 and -2 (15
nmol each) were dissolved in a salt solution (0.2 M NaCl, 10 mM MgCl, to reach a total volume
of 508 pL. The ONs solution was heated at 80 °C for 5 min and cooled down to room temperature
for 1 hour to facilitate strand annealing. The ONs solution was then flushed with argon for 2 min.
Next  CuSO4(H20)s (24  uL, 18 mM) and tripotassium  5,5',5"-[2,2',2"-
nitrilotris(methylene)tris(1H-benzimidazole-2,1-diyl)] tripentanoate hydrate (BimCsA)s3, 36 uL,
18 mM) were combined in a small Eppendorf tube, flushed with argon for 2 min and left to sit for
3 min. Next, freshly prepared sodium ascorbate (24 puL, 340 mM) was added to the copper solution
followed by flushing with argon for 2 min and left to sit for 3 min. The copper solution (68 pL)
was added to the ONs solution, followed by argon flush for 2 minutes, then the reaction was

incubated at 23 °C for 2 hours. At this point, the reaction was stopped with the addition of aqueous

EDTA (100 pL, 0.5 M EDTA) and the solution was lyophilized. The lyophilized reaction was
dissolved in 80 pL nuclease-free water and 40 pL of 0.5 M EDTA. The oligo solution was loaded
with 7 uL on each lane on a 10% denaturing PAGE gel (0.75 mm, 10 wells per gel, 2 gels used for
one reaction mixture). The gels were run at 200 — 250 V for 60 — 80 min. Afterward, the gels were
visualized by UV or StainsAll (see below). The desired oligo band was cut, crushed, and soaked
in nuclease-free water (800 pL) and stored in the refrigerator overnight. The oligo solution was
filtered by using Spin-X centrifuge tube filter (costar 8160, 0.22 um cellulose acetate) to separate
from the crushed gel then desalted by Glen-pack cartridge following the Glen-pak desalting

procedure.

Analysis by Polyacrylamide Gel Electrophoresis. A 10% denaturing polyacrylamide gel (0.75 mm,

10 wells) was prepared. To analyze the CuAAC reactions, we used StainsAll to visualize each
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ONs band (Aldrich E9379). After electrophoretic separation, the gel was soaked in StainsAll
solution (1:1 Formamide/water) (Formamide, Fisher F841) for 10 mins and visualized by white

illumination via ImageQuant RT ECL instrument from GE Healthcare life science.

Cloning and plasmid construction. Plasmid templates for in vitro cleavage assays were prepared
through ligation of inserts into HindIll/Xbal double-digested pUC19 (ThermoFisher). Single-
stranded DNA oligonucleotides containing Cas9 targets were ordered from Integrated DNA
Technologies (IDT). Forward and reverse ssDNA oligonucleotides were annealed in a
thermocycler by heating to 95 °C for 5 min, then slowly cooled to 25 °C over the course of 1 hour

prior to ligation.

In vitro cleavage of DNA substrates. In vitro cleavage assays were performed as previously
described.® Briefly, primers pUC19_fwd and pUC19 rev were used to generate dsSDNA substrates
through PCR amplification of previously prepared plasmid templates, followed by purification
with the QIAquick PCR Purification Kit (Qiagen). DNA substrate concentration was measured by
an Implen NanoPhotomoter NP80 (Implen). Prior to the addition of DNA substrate, Cas9 (NEB)
and gRNA were incubated at a ratio of 1:1.5 in Cas9 cleavage buffer (100 mM NaCl, 50 mM Tris-
HCI, pH 8.0, 10 mM MgCl2, 100 pg mL-1 BSA) for 10 min at 25 °C to assemble complexes. For
each reaction, 5 nM of DNA substrate was digested with 50 nM Cas9 RNP complex for 1 hour at
37 °C. Reactions were stopped by purifying the cleavage products using the MinElute PCR
Purification Kit (Qiagen). The reaction was resolved on a 1.2 % agarose gel, followed by imaging

on an Amersham Imager 600 (GE Healthcare).
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Cationic lipid transfection of stable cell lines. Cells stably expressing Cas9 were transfected using
Lipofectamine RNAIMAX with sgRNAs according to the manufacturer’s instructions to a final

concentration of 30 nM.%°

Cellular cleavage assays. 48 hours after transfection, genomic DNA (gDNA) was isolated from
transfected cells using the DNeasy Blood & Tissue Kit (Qiagen) and quantified using a
NanoPhotometer NP80 (Implen). Locus-specific primers targeting EMX1 and WAS, as well as 100
ng of gDNA were used to PCR amplify the target of interest, followed by purification with the
QIAquick PCR Purification Kit (Qiagen). T7 endonuclease 1 (T7E1) digestion was performed
using the purified PCR product as described in the manufacturer’s protocol (New England
Biolabs). Cleavage products were resolved on a 1.2 % TAE agarose gel. For experiments involving
the enrichment of fluorescent-positive cells, cells were sorted on a BD FACSAria III instrument
24 hours following transfection by the Flow Cytometry Core at the University of Alberta. PCR

amplification and T7E1 digestion was performed as described above.®’
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