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Site-specific and enzymatic cross-linking of sgRNA enables
wavelength-selectable photo-activated control of CRISPR gene
editing

Dongyang Zhang', Luping Liu®, Shuaijiang Jin®, Ember TotaT, zijie LiT, Xijun Piao', Xuan
Zhang*, Xiang-Dong Fu¥, Neal K. Devaraj’

TDepartment of Chemistry and Biochemistry, University of California, San Diego, La Jolla, CA
92093, USA

*Department of Cellular and Molecular Medicine, University of California, San Diego, La Jolla, CA
92093, USA

Abstract

Chemical cross-linking enables rapid identification of RNA-protein and RNA-nucleic acid inter-
and intramolecular interactions. However, no method exists to site-specifically and covalently
cross-link two user-defined sites within an RNA. Here, we develop RNA-CLAMP, which
enables site-specific and enzymatic cross-linking (clamping) of two selected guanine residues
within an RNA. Intramolecular clamping can disrupt normal RNA function, whereas subsequent
photocleavage of the crosslinker restores activity. We used RNA-CLAMP to clamp two stem
loops within the single-guide RNA (sgRNA) of the CRISPR-Cas9 gene editing system via

a photocleavable cross-linker, completely inhibiting editing. Visible light irradiation cleaved

the crosslinker and restored gene editing with high spatiotemporal resolution. Design of

two photocleavable linkers responsive to different wavelengths of light allowed multiplexed
photo-activation of gene editing in mammalian cells. This photo-activated CRISPR-Cas9 gene
editing platform benefits from undetectable background activity, provides a choice of activation
wavelengths, and has multiplexing capabilities.

INTRODUCTION

Numerous approaches have been developed to study and control RNA function. RNA probes
often rely on non-covalent interactions, as in anti-sense DNA oligos, MS2-tagging, or RNA
aptamers.1~* Covalent RNA modification strategies offer an additional level of robustness,
which can be critical for analyzing or manipulating less abundant RNAs, especially in

harsh cellular conditions. However, due to the complex structure and relative instability

of RNA, site-specific and covalent modification of RNA remains challenging.>~’ Chemical
cross-linking enables rapid identification of RNA-small molecule, RNA-protein and RNA-
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nucleic acid inter- and intramolecular interactions, as well as structural studies of complex
RNAs.8-14 However, to date, no method exists to achieve site-specific and covalent cross-
linking of two user-defined sites within an RNA of interest. Many RNAs, such as the single-
guide RNA (sgRNA) of the CRISPR gene editing system, require secondary and tertiary
structure for function, indicating that site-specific cross-linking of two internal nucleotides
within an RNA of interest would be useful for studying and manipulating RNA function.
Here, we report an RNA-modifying technique, termed RNA-CLAMP, which allows for
post-transcriptional and site-specific cross-linking of two guanine nucleotides within a single
RNA of interest through a one-step enzymatic process. We applied the RNA-CLAMP
technique to the sgRNA of CRISPR-Cas9 system and achieved optical control of gene
editing in mammalian cells with high spatiotemporal resolution and multiplexing capability.

Conditionally activated CRISPR-Cas9 gene editing systems allow for greater gene editing
precision by limiting Cas9-mediated DNA cleavage to a specific time and location.15-19
Optical control of CRISPR-Cas9 offers non-invasive manipulation of gene editing with high
spatiotemporal resolution by controlling gene editing at a confined location and/or time.
Several approaches have been developed to optically control CRISPR-Cas9 gene editing

by modifying either the Cas9 protein or the gRNA. For example, a genetically encoded
light-activated Cas9 has caged lysine amino acids encoded within the Cas9 protein,20

and split Cas9 proteins have been fused to a pair of photo-dimerizing proteins to allow
optical control of CRISPR-Cas9 gene editing.2! However, these approaches can suffer from
incomplete caging and compromised activity when uncaged. Optical control via the gRNA
includes, for example, using photocleavable DNA oligonucleotides that are complementary
to the 20-nt target region of the gRNA to block binding to the target DNA. 22 Other gRNA
caging strategies include the use of photosensitive small-molecules to mask the RNA, for
example, at the 2-OH group or the phosphate backbone of the RNA molecule.23:24 The
caged gRNA can be released upon photocleavage of the protector DNA oligo, resulting

in activation of gene editing.22 However, toxic UV light had to be applied to cells during
activation to release the chemical linker used to synthesize the protector DNA oligo. Caged
gRNA has been generated by substituting four nucleobases within the 5-protospacer region
with caged nucleobases during solid-state RNA synthesis.2® This approach achieves high
activation rates and low background at the caged stage. However, it requires solid-state
synthesis, which is not widely accessible, and each gRNA needs to be individually designed
and optimized for its DNA target. UV light was also used to activate the gRNA.

Currently, no optically-modulated CRISPR editing system is capable of using multiple
wavelengths of light to achieve multiplex editing, possibly due to the reliance of UV-
activated photoprotecting groups. To develop a robust, versatile, photo-activated CRISPR-
Cas9 editing system capable of using visible light we asked whether RNA-CLAMP

could be adapted to control gRNA activity via site-specifically cross-linking the gRNA
with photocleavable linkers. Cas9’s endonuclease activity requires the binding of gRNA,
following by the formation of the Cas9-gRNA ribonucleoprotein (RNP). After interacting
with the protospacer adjacent motif near the target DNA, the RNP complex goes through a
conformational change, which is critical to its nuclease activity.26-30 Thus, we reasoned that
cross-linking the internal loops of the gRNA would reduce the conformational flexibility of
the Cas9-gRNA RNP, resulting in loss-of-function. Subsequent cleavage of the cross-linker
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would remove the conformational restraint on the gRNA and activate gene editing. Here,
we used RNA-CLAMP to cross-link two internal stem loops within the sgRNA. Upon
clamping of the sgRNA, the Cas9-sgRNA RNP completely loses its DNA cleavage activity.
Photocleavage of the crosslinker releases the gRNA and fully restores gene editing activity.
Notably, cross-linkers that are responsive to different wavelengths of light can be used,
allowing selection of the gene editing activation wavelength. We demonstrate multiplexed
photo-activation of gene editing at two different genomic loci. The high efficiency of photo-
activation enables spatiotemporal control, and we show that our technique allows gene
editing within a single cell among a population of cells, which can be traced by time-lapse
microscopy.

RESULTS AND DISCUSSION
Site-specific cross-linking of RNA by RNA-CLAMP

We previously developed a technique, RNA transglycosylation at guanosine (RNA-TAG),
which enables site-specific and covalent conjugation of small molecule effectors, such as
fluorophores, affinity tags, or translational regulators, onto an RNA of interest. 31 RNA-TAG
utilizes a bacterial tRNA guanine transglycosylase (TGT) to exchange a guanine nucleobase
within a specific 17-nucleotide RNA stem loop structure (Tag) with a modified analog of the
natural substrate prequeosinel (preQ1). Covalent modification is site-specific, robust, and
irreversible, and RNA-TAG technology has been adapted to image cellular RNA in fixed
cells, regulate mRNA translation, and study RNA-protein interactions. 31-36 RNA-TAG
could, in principle, be used to cyclize RNA targets with synthetic linkers, achieved by
introducing two recognition sites on a single RNA, and then creating an internal cross-link
using a bivalent linker (Figure 1A). Crosslinking would likely affect the structure of the
RNA, thus interfering with its normal function, whereas the cleavage of the cross-linker
would release the RNA, resulting in restoration of function.

To determine whether RNA-TAG can be used for RNA intramolecular cross-linking (or
clamping) we first verified that TGT enzymes accepted a bivalent linker (preQ1-PEG10-
preQ1) and were able to dimerize small model RNA hairpins (Figure S1). To enable
intramolecular cross-linking, an RNA substrate must have two TGT recognition motifs.
Therefore, we designed a 74-nt long RNA molecule (RNA-1) with two Tag sequences

and performed TGT enzymatic labeling using the preQ1-PEG10-preQ1 linker (Figure 1A).
In order to distinguish between the various RNA products (Figure S2A), we designed an
RNAse-H digestion assay (Figure S2B), which specifically cleaves DNA-RNA hybrids.
37-39 Using a DNA oligo which hybridizes to the RNA, we observed that clamped RNA
showed a single-band RNAse-H digestion pattern, which is expected for an RNA that has
been crosslinked intramolecularly. In contrast, all byproducts showed multi-band RNAse-H
digestion patterns (Figure S3). Thus, RNA-TAG can be used for site-specific and enzymatic
cross-linking of two stem loops within an RNA of interest.

We asked whether RNA-CLAMP could be used to control CRISPR-Cas9 editing via
cyclization of the sgRNA. The sgRNA is highly structured when in complex with dCas9
and target DNA, forming three stem loops and one tetraloop, with some of the stem
loops being tolerant to mutations. 26 We screened the 17-nt Tag recognition sequence

JAm Chem Soc. Author manuscript; available in PMC 2023 March 16.
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(GCAGACUGUAAAUCUGC) at all 6 potential labeling sites within the sgRNA.: insertion
at the 5-end (sgRNA-1) or 3-end (SgRNA-6) and substituting the 17-nt Tag stem loop

for either the tetra loop (SgRNA-2), stem loop 1 (SgRNA-3), stem loop 2 (SgRNA-4)

or stem loop 3 (SgRNA-5) (Figure S4A). All the sgRNAs target the DYRK1A genome
locus. 40 To screen for activity, we transiently transfected the sgRNAs into HEK-293 cells
stably expressing Cas9 protein. Three days after transfection, genomic DNA was harvested
and the sgRNA targeted region was amplified by PCR. Sanger sequencing results were
analyzed using the ICE tool to determine the INDEL rate, which is representative of the
gene editing efficiency of the sgRNA.41 We found that sgRNA-1, sgRNA-3, and sgRNA-5
had significantly reduced activity (Figure S4B). For sgRNA-1, the 5-insertion of the Tag
sequence might inhibit DNA strand invasion of the sgRNA, interfering with DNA cleavage.
SgRNA-3 was less active, likely because the RNA three-way-junction structure formed near
stem loop 1 plays a role in binding the Cas9 arginine-rich bridge helix and seems not to
tolerate sequence modification.26 sgRNA-5 likely has reduced activity because stem loop

3 interacts extensively with the Cas9 protein. However, sgRNA-2 and sgRNA-4 retained
wild-type level activity, likely because the modified stem loops are solvent exposed and
have been shown to tolerate sequence mutations.2® Based on these findings, we constructed
sgRNA-7, where two Tag sequences are inserted at both the tetraloop and stem loop 2
(Figure 2A). sgRNA-7 had wild-type level gene editing activity, making it the best candidate
for cyclization using RNA CLAMP.

SgRNA RNA-CLAMP modulates CRISPR-Cas9 editing

To determine the effect of intramolecular clamping on gene editing efficiency, we clamped
SgRNA-7 using preQ1-PEG10-preQ1 and gel purified the clamped sgRNA-7. We observed
a higher yield (78.5% conversion) of the cyclized clamped sgRNA after TGT labeling,
compared to cross-linking of the RNA-1 (27.9% conversion, Figure S2A), likely due to the
sgRNA being highly structured, wherein the tetra loop and the stem loop 2 are close to each
other in space.28 The clamped sgRNA-7 gave rise to 12.3% INDELs when used for gene
editing in HEK-293 cells, compared to 80.7% INDELSs when using the unmodified (linear)
sgRNA-7, the loss in activity likely being due to clamping decreasing the conformational
flexibility of the sgRNA.

To test this idea, we shortened the distance between the two cross-linked guanines to further
rigidify the sgRNA, with the aim of completely silencing gene editing. TGT does not

require the full 17-nt Tag sequence to label the RNA: A 7-nt (CUGUAAA) loop within

a stable RNA stem structure (in this case, provided by the sgRNA backbone) is sufficient

to promote TGT labeling. We constructed sgRNA-8, sgRNA-9, and sgRNA-10, which
contained truncated stems of the Tag sequence (Figure S4A), thereby shortening the distance
between the substituted guanines. We clamped sgRNA-8, sgRNA-9, and sgRNA-10 (Figure
2B), and tested their gene editing activity (Figure 2C). While clamped sgRNA-8 had 17.6%
gene editing activity, compared to its unmodified form, clamped sgRNA-9 and sgRNA-10
had no detectable gene editing activity, demonstrating that reducing the distance between the
two cross-linked guanine residues reduces or eliminates editing activity.

JAm Chem Soc. Author manuscript; available in PMC 2023 March 16.
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Photo-activation of CRISPR-Cas9 gene editing

The sgRNA-9 maintained a wild-type level of gene editing activity in its unmodified form,
and we thus used sgRNA-9 for our subsequent studies. To enable photo-activation of
CRISPR-Cas9 gene editing, we synthesized the photocleavable small-molecule substrate,
preQ1-DEACM-preQLl. Given TGT only recognizes the preQ1 moiety, and not the linker,
we were able to choose from a variety of photosensitive linkers. The DEACM linker
consists of a photoactive coumarin that can be cleaved by visible blue light, minimizing
phototoxicity.#2-4% We clamped sgRNA-9 using the preQ1-DEACM-preQ1 substrate (79.4%
conversion), purified the clamped sgRNA and characterized photocleavage (Figure S5A).
Irradiation with a 456 nm LED light for 3 minutes completely cleaved the DEACM linker,
transforming the clamped sgRNA to its linear form with no evidence of any background
reactions (Figure S5B).

To test whether photocleavage of the crosslinker could activate the sgRNA in live
mammalian cells, we delivered the linear, clamped, or pre-activated SgRNA-9 into a
Cas9-expressing HEK293 cell line (Figure 3A). For pre-activation, clamped sgRNA-9 was
irradiated with 456 nm light (LED) for 3 minutes prior to transfection. For live-cell photo-
activation, sgRNA transfected cells were irradiated with 456 nm light for 3 minutes, 4
hours after transfection. Three days later, INDEL rates were analyzed to quantify gene
editing efficiency. Pre-activation completely restored the activity of the clamped sgRNA to
the wild-type level (Figure 3B). Live-cell photo-activation restored the clamped sgRNA-9’s
activity to 84.6% compared to wild-type. The slightly lower live-cell photo-activation might
be due to degradation of the clamped sgRNA within the 4-hour transfection window. The
clamped sgRNA completely blocked editing.

By using guide RNAs with different guide sequences, multiple genomic locations can

be targeted at the same time using CRISPR-Cas9. Compared to light activation of Cas9
activity, light activation of the guide RNA should allow multiplexed photo-activated gene
editing since RNA-CLAMP technology works with a range of photocleavable linkers. To
test whether multiplexed photo-activation of gene editing is feasible, we synthesized a
nitrobenzyl (NB) based photocleavable linker (the alkyne-NB-NHS ester building block

is commercially available at BroadPharm, USA), preQ1-NB-preQ1, which can be cleaved
by irradiation with 390 nm (UV) light (Figure 1B). The NB linker is not cleaved by

the 456 nm light which is used to cleave the DEACM linker, whereas 390 nm light

cleaves both linkers. This was because the DEACM photo-sensitive group also has maximal
absorbance around 390 nm wavelength and the NB linker has nearly no absorbance at

456 nm wavelength. Thus, it is possible to control photocleavage and gene editing of

two genes in a sequential and wavelength specific manner (Figure 3C). We used the
preQ1-NB-preQ1 to clamp sgRNA-11, which targets the GRIN2B genome locus (20 bp
targeting sequence: GGAGAACAGCACTCCGCTCT) (Figure 3C). sgRNA-11 has the same
guide RNA backbone as the sgRNA-9. Clamped sgRNA-9 and clamped sgRNA-11 were
transfected into Cas9-expressing HEK-293 cells. Cells were irradiated with either 456 nm
light (3 minutes) or 390 nm LED light (30 seconds) to trigger the photo-activation of

gene editing, as per previously established photo-activation protocols (Figure 3A). Gene
editing efficiency was quantified by Sanger sequencing as INDEL%. Irradiation with the

JAm Chem Soc. Author manuscript; available in PMC 2023 March 16.
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456 nm light only triggered gene editing at the DYRK1A genome locus, while irradiation
with the 390 nm wavelength of light triggered gene editing at both loci (Figure 3D). Thus,
RNA-CLAMP photo-activated gene editing is compatible with different wavelengths of light
enabling multiplexed photo-activation of editing.

To analyze the spatiotemporal resolution of our CRISPR-Cas9 photo-activation technology,
we constructed a GFP reporter stable cell line which expresses GFP only when CRISPR-
Cas9 gene editing occurs at the specific genome locus targeted by sgRNA-12 (SgRNA-12
targeting sequence: GTTCAGGGCTTGACCAACAC).%6 Once targeted gene editing takes
place and an INDEL is formed as a result of the NHEJ DNA repair pathway, the out-of-
frame GFP can be shifted in-frame, generating GFP signal as an indication of gene editing.
The sgRNA-12 has the same sgRNA backbone as sgRNA-9. We used the preQ1-DEACM-
preQ1 substrate to “clamp” sgRNA-12. In the absence of gene editing, the cells only
expressed mCherry while edited cells expressed both mCherry and GFP. We delivered
clamped sgRNA-12 into the reporter HEK-293 cells by transient transfection. 4 hours later,
selected cells were irradiated with a 405 nm wavelength laser for 10 seconds (the DEACM
linker has maximum absorbance around 400 nm wavelength), and imaged continuously. For
example, a single cell was laser irradiated for 10 seconds to activate the clamped sgRNA
(Figure 4). 15 hours later, the cell went through mitosis and GFP expression was observed
in one of the daughter cells, indicating INDEL formation by CRISPR-Cas9 editing. We
observed delayed GFP expression in gene edited cells ( 15 hours after photo-activation of
gene editing) because it took cells an extended period of time to repair the Cas9 induced
double-stranded break, form the frame-shifted INDEL, and transcribe and translate the GFP
gene. This delay did not represent delayed photo-activation of gene editing. At 21.5 hours,
GFP was continuously expressed in both of the daughter cells, and at 28.5 hours, one of the
daughter cells went through mitosis, followed by mitosis in the other daughter cell, such that
we ended up with a total of 4 cells expressing GFP as a result of single-cell light guided
CRISPR-Cas9 gene editing.

Clamped sgRNA forms Cas9-sgRNA RNPs and binds to target DNA

We asked whether clamped sgRNA maintains the capability to form the Cas9 RNP and

bind to target DNA. We designed a 60 bp DNA substrate containing the sgRNA-9 target
sequence with the NGG PAM, based on previous studies of sgRNA binding to Cas9 and
target DNA.4” We confirmed the DNA substrate bound to the Cas9-sgRNA RNP (Figure S8)
using a non-targeting sgRNA-11 as the negative control. Formation of Cas9-sgRNA RNP
was observed, using gel shift analysis, by mixing Cas9 protein with all three sgRNAs: linear
SgRNA-9, clamped sgRNA-9, and linear sgRNA-11. We also observed the formation of the
Cas9-sgRNA-DNA ternary complex by mixing Cas9 protein, the unmodified or clamped
sgRNA-9, and the DNA substrate. However, the Cas9-sgRNA-DNA ternary complex was
not observed for sgRNA-11 (the non-targeting sgRNA), demonstrating the specificity of the
CRISPR-Cas9 system. These results suggest that although the RNA clamping completely
quenches the DNA cleavage activity, the clamped RNP is still able to specifically recognize
and bind to its DNA target. Further work will be required to decipher the precise mechanism
by which clamping the sgRNA prevents Cas9 function.

JAm Chem Soc. Author manuscript; available in PMC 2023 March 16.
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CONCLUSION

We have developed an RNA crosslinking approach, RNA-CLAMP, which allows site-
specific and enzymatic cross-linking of two internal stem loops within an RNA of interest.
By incorporating a photocleavable linker, the clamped RNA can be released by irradiation
with a user-selected wavelength of light. Given the simplicity of the activation mechanism,
RNA-CLAMP offers considerable flexibility through, for example, use of two photo-
activatable crosslinkers that can be cleaved using different wavelengths of light. In principle,
a variety of alternative photocleavable linkers can be used.*8 Multiplexed light activated
gene editing should facilitate the study of complex gene networks with high spatiotemporal
precision. Beyond photocleavable linkers, different conditionally cleavable linkers could
also be used for clamping the RNA. For example, redox sensitive disulfide bonds, pH-
sensitive linkers, and enzymatically cleavable peptides.#9-52 Furthermore, the RNA-CLAMP
technique can also be used to intermolecularly cross-link two RNA molecules. The “RNA-
CLAMP” technique, as applied in this work, was focused on the highly structured guide
RNA of the CRISPR-Cas9 system. Future work will need to be done to validate the
capability of “RNA-CLAMP” to cross-link longer RNAs, especially those without defined
structures. However, we believe the versatility of our RNA-CLAMP technology will
promote the development of a wide-range of biotechnologies to study RNA structures,
RNA-RNA coupling, and RNA-protein interaction, where crosslinking of RNA would be
valuable 8-10.53,54

We applied the RNA-CLAMP technique to the CRISPR-Cas9 sgRNA. By swapping the
4-nt sequence (GAAA) within the sgRNA tetra loop and stem loop 2 for the 7-nt TGT
recognition motif (CUGUAAA), we were able to site-specifically cross-link the two guanine
residues within the TGT recognition motifs, resulting in the Cas9-sgRNA RNP complex
completely losing its DNA cleavage activity while maintaining the ability to bind its

DNA target. Live-cell photo-irradiation triggered cleavage of the crosslinker and activated
CRISPR-Cas9 gene editing. This photo-activated gene editing platform has nondetectable
gene editing background at the caged stage and a high cellular activation rate (84.6%).
Photo-activation also offers high spatiotemporal precision. We were able to photo-activate
CRISPR-Cas9 editing within a single cell in a population of cells. Furthermore, by using
photocleavable linkers which are responsive to different wavelengths of light, we achieved
multiplexed photo-activation of gene editing. We are confident our approach will lead to
future development of photo-activated gene editing technologies capable of deciphering
complex gene networks, as well as stimuli responsive CRISPR-based gene therapies.

EXPERIMENTAL SECTION
RNA labeling using the RNA-CLAMP technology

In vitro transcription of sgRNA—Each IVT reaction was set up with 50 nM of
linearized DNA template, 5 mM of each ATP, CTP, UTP, 9 mM of GTP (NEB, Ipswitch,
MA), 0.004 unit/zL of thermostable inorganic pyrophosphatase (NEB, Ipswitch, MA), 0.25
g/ul T7 RNA polymerase, 0.05% Triton X-100 (Sigma, St. Louis, MO) and 1 unit/zL
RNase Inhibitor, Murine (NEB, Ipswitch, MA). The IVT reaction was carried out at 37 °C
for 4 hours to allow for sufficient RNA synthesis. To remove DNA template, 2 zL of 100

JAm Chem Soc. Author manuscript; available in PMC 2023 March 16.
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mM CaCl2 and 20 units of Turbo DNase (Life Technologies, Carlsbad, CA) were added to
the mixture and incubated at 37 °C for 1 hour. The mixture was then centrifuged at 10,000

RCF for 5 minutes at room temperature to pellet any remaining magnesium pyrophosphate.
The supernatant was resuspended in 50 gL RNase free water, followed by 12% denaturing

PAGE purification. Purified IVT products were stored at —80°C until used.

Dimerization of the 17-nt Tag RNA oligo by RNA-CLAMP—17-nt RNA Tag

oligo (GCAGACUGUAAAUCUGC) was purchased from IDT. TGT labeling reaction was
assembled with the following components in 1X TGT reaction buffer: 10 M of 17-nt

RNA oligo, 5 ¢M of TGT enzyme, 5 M of small-molecule substrate (preQ1-PEG10-preQ1,
Figure S1A), and 5 mM DTT. The reaction mixture was incubated at 37 °C for 4 hours. 1
AL of proteinase K was added into reaction mixture and incubated at 37°C for 30 minutes

to terminate the labeling reaction. The reaction was analyzed on 18% denaturing PAGE
(Figure S1B). In Figure S1B, we can see that after the TGT labeling reaction, two new RNA
products were produced. The top RNA band is the dimerized 17-nt Tag oligo. The middle
band is the singly labeled Tag oligo. This experiment demonstrated the capability of the
TGT enzyme to form a covalent bond between two RNA hairpins and builds the foundation
for our RNA-CLAMP technology.

Intramolecular cross-link of the RNA—The in vitro transcription reaction was
performed following previous established protocols. 31 PAGE gel purified RNA-1 was
subjected to TGT labeling reaction using the preQ1-PEG10-preQ1 small-molecule substrate.
TGT labeling reaction was assembled with the following components in 1X TGT reaction
buffer: 1 M of RNA-1, 2 M of TGT enzyme, 1 ¢M of small-molecule substrate
(preQ1-PEG10-preQ1, Figure S1A), 1 unit/sL of Super RNase Inhibitor (Invitrogen, catalog
number AM2694), and 5 mM DTT. The reaction mixture was incubated at 37 °C for 4
hours. Next, 1 4L of proteinase K was added into the reaction mixture and incubated at
37°C for 30 minutes to terminate the labeling reaction and get rid of potential RNAse
contamination. Note: adding the small-molecule substrate last should promote higher
‘clamping’ conversion. The reason is that the TGT enzyme forms a covalent bound with the
RNA substrate, resulting in a TGT-RNA intermediate. Adding the small-molecule substrate
last ensured that two TGT molecules were covalently tethered to the RNA. In this manner,
intermolecular cross-linking of RNA can be reduced. The crude TGT labeling products
were analyzed by 7% denaturing TBE PAGE (Figure S2A). As shown in Figure S2A,

we observed multiple RNA products. First, we observed unlabeled RNA starting material,
shown as the bottom band with the same migration distance as Line 1. We also observed
RNA degradation shown as smear bands below the RNA starting material. We hypothesize
that, apart from the desired ‘clamped’ RNA product, the TGT labeling reaction should at
least generate two kinds of by-products: by-product 1 was generated by attaching one small-
molecule substrate at each Tag sequence without forming intermolecular or intramolecular
cross-linking; by-product 2 was formed through intermolecular cross-linking, which were
shown as multiple top bands in Line 2.

To distinguish between multiple RNA products after the TGT reaction, we designed an
RNAse-H digestion assay (Figure S2C). RNAse-H only digests RNA-DNA hybrids. We

JAm Chem Soc. Author manuscript; available in PMC 2023 March 16.
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designed a DNA oligo which was complementary to the internal sequence of RNA-1 and use
RNAse-H to specifically cut the internal sequence of RNA-1. As illustrated in Figure S2C,
after the RNAse-H digestion (DNA oligo used for the RNAse-H digestion assay on RNA-1:
CCAGCACACTGGCGGCCQG), linear RNA products would generate two RNA fragments
whereas the ‘clamped’ RNA product would only generate one RNA digestion product. We
separated the product bands observed on Figure S2A (Line 2) and ran each RNA product
through the RNAse-H digestion assay (Figure S3). As expected, both the RNA byproduct-1
and byproduct-2 generated two or multiple bands after the RNAse-H digestion assay. Only
the ‘clamped’” RNA product generated one single band after the RNAse-H digestion assay.
Therefore, we verified that TGT can successfully form an intramolecular cross-link (or
‘clamp’) on the RNA of interest using the preQ1-PEG10-preQ1 small-molecule substrate.

Intramolecular cross-link of the sgRNA by RNA-CLAMP

To ‘clamp’ the sgRNA-9, 1 xM of sgRNA transcript, 1 £M of TGT enzyme, 1 4M of small-
molecule substrate, 5 mM of DTT, 1 unit/zL of RNAse Inhibitor was assembled in 1X TGT
buffer. The reaction mixture was incubated at 37°C for 4 hours, followed by the addition of
1 /4 of proteinase K. The crude labeling products were analyzed by 12% denaturing TBE-
PAGE (Figure S5A). As shown in Figure S5A, the conversion rate to the ‘clamped’ sgRNA
was 79.4%, which is much higher than the conversion rate of the RNA-1. We reasoned

that this was due to the stable ternary structure of the sgRNA. The first Tag sequence was
located at the tetra-loop of the sgRNA and the second Tag sequence was located at the

stem loop 2 of the sgRNA. These two loops are well-structured and close to each other,
promoting higher intramolecular cross-linking conversion. To get rid of undesired RNA
product and reduce background gene editing activity, ‘clamped’ sgRNA-9 was purified by
denaturing TBE-PAGE. The purified ‘clamped’ sgRNA-9 was shown as a single band on

a 12% denaturing PAGE gel (Figure S5B). To uncage the ‘clamped’ sgRNA-9, a 456 nm
LED light (50W max) was used to irradiate the ‘clamped’ sgRNA in water for 3 minutes.
LED irradiation completely photo-cleaved the DEACM linker, transforming the ‘clamped’
SgRNA to its linear form (Figure S5B).

Similarly, we performed RNA-CLAMP reaction on sgRNA-11 using the preQ1-NB-preQ1
small molecule substrate. As shown in Figure S6, the ‘clamped’ sgRNA-11 can be
completely photo-uncaged by irradiation with a 390 nm LED light (52W max) for 30
seconds. As a control experiment, we irradiated the ‘clamped’ sgRNA-11 using the 456

nm LED light for 3 minutes. Only minimal photo-cleavage of the NB linker was observed
(0.09%), demonstrating that the NB linker can be efficiently cleaved by a 390 nm LED, but
not a 456 nm LED.

Surrogate GFP reporter for the detection of gene editing

The surrogate EGFP reported was adopted from a previously reported method.*® In brief, an
mCherry transgene is constitutively expressed by a CMV promoter, whereas the expression
of downstream GFP genes are disrupted by an in-frame stop codon as well as a frame

shift (+1 or +2 shift). Without INDEL formation, the cell will express mCherry but not
GFP. However, when an INDEL is formed by CRISPR-Cas9 mediated gene editing and
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the cellular NHEJ pathway, the frame shift of the downstream GFP gene can be corrected,
resulting in GFP expression.

In vitro Cas9-sgRNA-DNA binding assay

We investigated the binding of the unmodified or ‘clamped’ sgRNA with the Cas9 protein
(NEB, catalog number M0646T) in vitro. First, we designed a double-stranded 60 bp DNA
substrate which contains the sgRNA-9 target sequence with the required NGG PAM. We
used sgRNA-11 as the negative control non-targeting sgRNA, since sgRNA-11 did not target
the 60 bp DNA substrate. To test the binding the sgRNA and the 60 bp DNA substrate in
vitro, 200 nM of Cas9 enzyme and 200 nM of sgRNA were incubated in 1X NEB buffer 3.1
for 15 minutes at room temperature. Next, 20 nM of DNA substrate was added into the pre-
formed Cas9-sgRNA RNP and incubated at 37°C for 90 seconds. After the incubation, the
reaction mixture was immediately placed on ice with the addition of 50% reaction volume
of 50% glycerol to stop the reaction (Note: it is important to quench the reaction as quickly
as possible.). Finally, the reaction was analyzed on 5% native TBE-PAGE (Figure S8). In
Figure S8, lane 1 to lane 3 are the loading control of the sgRNA. The unmodified sgRNA-9
and sgRNA-11 were shown as multiple bands in the native TBE gel due to their secondary/
ternary structures. Interestingly, the ‘clamped’ sgRNA-9 was shown as a single major band
on the native gel. We reasoned it was because the intramolecular clamping rigidified the
structure of the sgRNA. The formation of the SgRNA-9 Cas9 RNP was detected in lane

4. The formation of the Cas9-sgRNA-DNA ternary complex was only detected in lane 5
(unmodified sgRNA-9) and lane 6 (‘clamped’ sgRNA-9), but not in lane 7 (non-targeting
SgRNA-11), demonstrating that the ‘clamped’ sgRNA-9 was also able to bind to the Cas9 as
well as the target DNA in vitro.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1:
The RNA-CLAMP technique. B) Chemical structure of bivalent TGT enzymatic small-

molecule substrates preQ1-PEG10-preQ1, preQ1-DEACM-preQ1 and preQ1-NB-preQL1.
The preQ1-PEG10-preQ1 substrate is not photosensitive. The [7-(diethylamino)coumarin-4-
yl]-methyl (DEACM) linker is photocleaved by irradiation with 405-456 nm light. The
nitrobenzyl based (NB) linker is photocleaved by irradiation with 356-390 nm light.
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Figure 2:

SsgRNA crosslinking by RNA-CLAMP. A) Sequence of the sgRNA. The sgRNA has four
stem loops, which can be swapped with the Tag sequences to facilitate TGT enzymatic
labeling. We replaced the tetra loop and the stem loop 2 of the SgRNA to form sgRNA-7.
Modification did not compromise gene editing activity. B) sgRNA with ‘Tags’ can be
intramolecularly crosslinked by RNA-CLAMP. In this example, the preQ1-PEG10-preQ1
small-molecule substrate was used as the cross-linker to form the ‘clamped’ sgRNA. C)
Gene editing efficiency of truncated sgRNA-8 to sgRNA-10 compared to nontruncated
sgRNA-7. Truncating 2 or 4 base pairs within the ‘Tag’ sequences of the sgRNA had little
effect on gene editing efficiency, as shown in the figure that the unmodified sgRNA-7

(no truncation), sgRNA-8 (truncate 2 base pairs), and sgRNA-9 (truncate 4 base pairs)
has similar gene editing activity. However, truncating 4 or 5 base pairs within the ‘Tag’
sequences of the sSgRNA completely deactivated gene editing when the SgRNAS were at the
‘clamped’ form. As shown in the figure, the ‘clamped’” sgRNA-9 (truncate 4 base pairs)
and sgRNA-10 (truncate 5 base pairs) had no detectable gene editing activity. Error bar
represented standard deviation.
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Figure 3:
Photo-activation of CRISPR-Cas9 gene editing. A) Experimental design of pre-activation

and live-cell photo-activation of the ‘clamped’ sgRNA. For pre-activation, the clamped
SgRNA was uncaged prior to transfection. For live-cell activation, LED light was directly
applied to HEK-293 cells 4 hours after the transfection event. B) Photo-irradiation restored
CRISPR-Cas9 gene editing. Pre-activation almost completely restored gene editing activity
of ‘clamped’ sgRNA-9 (97% compared to unmodified SgRNA-9). Live-cell activation

also restored gene editing activity of ‘clamped’ sgRNA (85% compared to unmodified
sgRNA-9). C) For multiplexed photo-activation of gene editing, the preQ1-DEACM-preQ1
substrate was used to clamp a sgRNA targeting the DYRK1A genomic site, and the preQ1-
NB-preQ1 substrate was used to clamp a sgRNA targeting the GRIN2B genomic site. D)
Multiplexed photo-activation of gene editing. Either 456 nm or 390 nm LED light was
used to photo-activate gene editing. The 456 nm LED light only cleaved the DEACM
photosensitive linker, activating the sgRNA targeting the DYRK1A site. The 390 nm LED
light cleaved both the DEACM and the NB photosensitive linkers, therefore activating gene
editing at both genome loci.
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Figure 4
Single-cell photo-activation of CRISPR-Cas9 gene editing using a GFP reporter stable cell

line. At the O hour time point, one single cell was irradiated with a 405 nm laser for 10
seconds. After 5 hours, the laser irradiated cell went through mitosis (red arrow). After 15
hours, one daughter cell started expressing GFP. The other daughter cell expressed GFP
after 21.5 hours. Cells were continuously imaged for 44.5 hours to observe GFP expression.
Notably, only the laser irradiated cell and its daughter cells expressed GFP, but not the
surrounding cells, demonstrating single-cell resolution of photo-activated gene editing. The
expressed GFP localized to the cytoplasm, which was expected since the GFP protein did
not contain any subcellular targeting moieties such as a nuclear localization sequence. Scale
bar=50um.
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