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ABSTRACT

It is important to control CRISPR/Cas9 when suffi-
cient editing is obtained. In the current study, rational
engineering of guide RNAs (gRNAs) is performed to
develop small-molecule-responsive CRISPR/Cas9.
For our purpose, the sequence of gRNAs are mod-
ified to introduce ligand binding sites based on the
rational design of ligand—RNA pairs. Using short tar-
get sequences, we demonstrate that the engineered
RNA provides an excellent scaffold for binding small
molecule ligands. Although the ‘stem-loop 1’ vari-
ants of gRNA induced variable cleavage activity for
different target sequences, all ‘stem-loop 3’ vari-
ants are well tolerated for CRISPR/Cas9. We fur-
ther demonstrate that this specific ligand—RNA in-
teraction can be utilized for functional control of
CRISPR/Cas9 in vitro and in human cells. More-
over, chemogenetic control of gene editing in hu-
man cells transfected with all-in-one plasmids encod-
ing Cas9 and designer gRNAs is demonstrated. The
strategy may become a general approach for gener-
ating switchable RNA or DNA for controlling other
biological processes.

INTRODUCTION

CRISPR (Clustered Regularly Interspaced Short Palin-
dromic Repeats) is the basis of a revolutionary system for
biological studies (1-4). CRISPR systems contain two com-
ponents: a guide RNA (gRNA) and a CRISPR-associated
endonuclease (Cas) (1,2). CRISPR/Cas9 is currently the
most powerful gene editing toolkit (5,6). However, it is as-
sociated with a variety of adverse effects, some of which
may arise from the excessive activities (7,8). Efforts were

taken to develop Cas9 variants with improved specificity
through protein engineering (9-12). On-demand activation
of CRISPR/Cas9 was also developed to reduce the pos-
sibility of prolonged activities (13—15). However, once the
chemically masked CRISPR /Cas9 is activated in cells, the
events of gene editing are still difficult to restrain (16,17).
The need of safe gene editing has created the demand for
developing CRISPR inhibitors (18,19). The most investi-
gated CRISPR /Cas9 inhibitors are the phage-derived anti-
CRISPR proteins (20-23). However, it remains challenging
to develop the use of either anti-CRISPR or small-molecule
inhibitor of Cas9 due to the limited target specificity (24).
For CRISPR/Cas9, the gRNA forms a functional com-
plex with the Cas9 (25,26). The function of gRNAs is de-
termined by their specific secondary and tertiary structures
(25). These higher order structures are important for the
function of CRISPR/Cas9. We therefore consider to de-
velop a RNA-targeting strategy by utilizing ligand—RNA
interactions, which may be potentially achieved using co-
valent labeling of either the ligand or RNA (27,28). How-
ever, there were concerns about inevitable effects of chem-
ical modifications on RNA folding, activity, and safety as
compared with natural RNAs in living cells. It is also not
easy to genetically encode any chemical modification into
RNAs. Recently, a number of mismatch binding ligands
(MBLs) were developed to target noncanonical base-pairs
in nucleic acids (29-32). These compounds usually contain
aromatic components with ability to form complementary
hydrogen bonds with the nucleobase (33,34). One type of
such aromatic moieties is a 1,8-naphthyridine ring contain-
ing two imino groups, which favors guanine as a binding
partner (35,36). MBLs were demonstrated to induce nu-
cleotide flip-out in nucleic acids (37,38). As a result, we en-
vision that the development of small-molecule-responsive
CRISPR /Cas9 can benefit from the sequence modification
of gRNAs, which may provide specific ligand-binding sites.
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In the current study, rational engineering of gRNAs is
performed to create and develop small-molecule-responsive
CRISPR/Cas9. For our purpose, the sequence of gRNAs
are modified to introduce ligand binding sites based on the
rational design of ligand—RNA pairs (Figure 1A). We focus
on a naphthyridine carbamate dimer (NCD), which consists
of two units of a naphthyridine carbamate connected by a
flexible linker (Figure 1A). Using short target sequences, we
demonstrate that NCD recognizes MBL-binding units in
those engineered RNA stem-loops. We further demonstrate
that this specific ligand—-RNA interaction can be utilized for
functional control of CRISPR /Cas9 in vitro and in human
cells (Figure 1B). Moreover, chemogenetic control of gene
editing in human cells transfected with all-in-one plasmids
encoding Cas9 and designer gRNAs is demonstrated. The
strategy presented here may become a general approach for
generating switchable RNA or DNA for controlling other
biological processes.

MATERIALS AND METHODS
Materials

The oligonucleotides at HPLC purity were obtained from
TaKaRa company (Dalian, China). Cas9 nuclease, Strep-
tococcus pyogenes (product# MO0646), Bst DNA pol,
Large Fragment (product# MO0275), T4 DNA Ligase
(product# M0202S), Ribonucleotide solution mix (NTPs,
product# N0450) and deoxy-ribonucleoside triphosphates
(dANTPs, product# N0446) were purchased from New Eng-
land Biolabs (Ipswich, MA, USA). Transcript Aid T7 High
Yield Transcription kit (product# K0441) and Lipofec-
tamine 3000 transfection agent (product# L3000015) were
purchased from Thermo Fisher Scientific Inc. Pyrobest™
DNA Polymerase (product# R005A) and PrimeSTAR HS
DNA Polymerase (product#R010A) was purchased from
TaKaRa Shuzo Co. Ltd. (Tokyo, Japan). DNeasy Blood
& Tissue kit (product# 69504) was purchased from Qia-
gen (Germany). The nucleic acid stains Super GelRed (NO.:
S-2001) was purchased from US Everbright Inc. (Suzhou,
China). The pH was measured with Mettler Toledo, FE20-
Five Easy™ pH (Mettler Toledo, Switzerland). The concen-
tration of nucleic acids was quantified by NanoDrop 2000c
(Thermo Scientific, USA). The gel electrophoresis was run
in a temperature-controlled vertical electrophoretic appara-
tus (DYCZ-22A, Liuyi Instrument Factory, Beijing, China).
Gel Imaging was performed using Pharos FX Molecular
imager (Bio-Rad, USA). The Discovery Series Quantity
One 1D Analysis Software Version 4.6.9 was used to de-
termine the percentage of indel formation. The UV melting
studies were performed on a Jasco-810 spectropolarimeter
(Jasco, Easton, MD, USA) equipped with a Peltier temper-
ature controller.

Synthesis

The NCD and Z-NCTS were synthesized according to pre-
vious reports (39).

Construction of designer gRNAs with MBL-binding units

In vitro transcription reactions were performed to
prepare each sgRNA and tracrRNA. Point mu-

tations were introduced at nts 41, 66 and 76, re-
spectively (GTTTTAGAGCTAGAAATAGCAA
GTTAAAATAAGGCTAGTCCGTTATCAACTTG
AAAAAGTGGCACCGAGTCGGTGCTTTT to
GTTTTAGAGCTAGAAATAGCAAGTTAAAAT
AAGGCTAGTCGGTTATCAACTTGAAAAAGTGGC
ACGGAGTCGGTGGTTTT). An overlap extension is
performed to assemble smaller DNA fragments into a
larger sequence, which was used for making each sgRNA
and tractrRNA (15). For sgRNA preparation, the forward
primer was designed to contain T7 promoter, variable guide
sequence, the first 31 nt of the conserved region of the
sgRNA scaffold (sg-SLX4IP-F, sg-HPRTI-F, sg-GFP-F
or sg-HBEGF-F). And the reverse primer was designed to
contain the reverse complement of the conserved region of
the sgRNA scaffold (sgRNA-R, sgRNA-Sla-R, sgRNA-
S1b-R, sgRNA-SIc-R, sgRNA-S2a-R, sgRNA-S2b-R,
sgRNA-S2c-R or sgRNA-S3-R in Supplementary Table
S1). Pyrobest™ DNA Polymerase was used for overlap ex-
tension reaction. Assembled template (300 ng) was used as a
substrate for in vitro transcription by T7 RNA polymerase,
using the Transcript Aid T7 High Yield Transcription
kit following the manufacturer’s instructions. Resulting
transcription reactions were treated with DNase I, and
RNA was purified using the NaOAc/phenol/chloroform
method.

For tracrRNA preparation, the forward primer was de-
signed to contain T7 promoter, the first 46 nt of the tracr-
RNA scaffold (tracrRNA-F). And a 66 nt primer was de-
signed to contain the reverse complement of the tracrRINA
scaffold (tracrRNA-R, tracrRNA-S1a-R, tracrRNA-S1b-
R, tracrRNA-S1c-R, tracrRNA-S2a-R, tracrRNA-S2b-R,
tracrRNA-S2c-R or tracrRNA-S3-R in Supplementary Ta-
ble S1). For overlap extension and in vitro transcription re-
action, the conditions were the same as the above sgRNA
protocol.

Ligand control of designer sgRNAs for CRISPR/Cas9

In vitro Cas9 cleavage assay was performed in 1 x NEB-
uffer™ 3.1, which contained 100 mM NaCl, 50 mM Tris—
HCI, 10 mM MgCl, and 100 pg/ml BSA at pH 7.9 @
25°C. Target GFP fragments were PCR amplified from
pEGFP-C1 vector (Clontech) using t-GFP-F and t-GFP-
R as primers. Other target DNA fragments were PCR am-
plified from genomic DNA (HeLa cells) using the follow-
ing primers: t-SLX41P-F and t-SLX4IP-R for t-SLX4IP; t-
HPRTI-F and t-HPRTI-R for t-HPRTI; t-HBEGF-F and
t-HBEGF-R for t-HBEGF. Briefly, original or designer sgR-
NAs (50 ng) were incubated with each MBL at various con-
centrations in the presence of Cas9 (0.2 M), in 1 x NEB-
uffer™ 3.1 buffer at room temperature for 30 min. The Cas9-
mediated DNA cleavage reactions were started by rapid
mixing of equal volumes of the sgRNA /Cas9 preparation
with a solution containing target DNA fragments (50 ng)
in 1 x NEBuffer™ 3.1 buffer, and subjected to an incu-
bation at 37°C for different incubation times. Reactions
were quenched by adding SDS containing loading dye and
loaded onto a 1.5% agarose gel containing 1.5 x Super
GelRed for visualization (100 V, 1.5 h). The GeneRuler 100-
bp DNA Ladder was used as DNA size marker. After elec-
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Figure 1. Schematic illustration of the design and workflow. (A) Engineering guide RNA to make it responsive to small molecules. The gRNA scaffold
contains multiple well-defined structural motifs, including a repeat:anti-repeat duplex and three stem—loops. NCD and its hydrogen-bonding pattern to
the introduced G-G mismatch sites are demonstrated. The structural unit of N-acyl-2-amino-1,8-naphthyridine contains three hydrogen-bonding groups
that are fully complementary to that of G. (B) Illustration of interference of Cas9-mediated DNA cleavage by RNA-binding small molecules. The Cas9
complex with designer gRNAs still retains wild-type levels of activity, while the exposure of this complex to MBLs leads to evident inhibition of DNA
cutting activities. The protospacer adjacent motif (PAM) is indicated. Red rectangles: 2-amino-1,8-naphthyridine.

trophoresis, in gel targets were analyzed using a Pharos FX
Molecular imager (Bio-Rad, USA).

Ligand control of designer tracrRNAs for CRISPR/Cas9

In vitro Cas9 cleavage assay was performed in 1 x NEB-
uffer™ 3.1. For the 2-part gRNA study, crRNA and each
designer tracrRNA were annealed at room temperature for
10 min to form the gRNA complexes. For the MBL incu-
bation step, similar reactions were set up using 15 ng of
each crRNA and 25 ng of tracrRNA instead of 50 ng of
each sgRNA. For Cas9-mediated DNA cleavage reactions,
the conditions were the same as the above sgRNA protocol.
The original tracrRNAs were used in control reactions.

Ligand control of designer sgRNAs in a stable Cas9-
expressing cell line

One day prior to transfection, 4 x 10° HeLa-OC cells
per well were seeded into a 6-well plate containing 0.5 ml
medium. HeLa-OC cells were transfected with 2.5 pg
each sgRNA using a standard transfection protocol. Each
sgRNA was transfected as biological triplicates in three
separate wells and processed independently. In brief, each

sgRNA was mixed in a 125-pl DMEM. Thereafter, an equal
volume of DMEM with Lipofectamine 3000 transfection
agent (5.0 pl) was added and incubated for 15min. The
complex was subsequently added dropwise to the cells. Af-
ter an incubation time of 4 h, the medium was changed to
complete medium supplemented with appropriate concen-
trations of NCD. Cells were further cultured at 37°C in 5%
CO, for an additional 24 h.

Cell cultures were washed with PBS prior to DNA ex-
traction. The genomic DNA was extracted using Qiagen
DNeasy Blood and Tissue Kit following the manufacturer’s
protocol. PCR across the target site in different genes was
run using the according amplicon primer set. All PCRs were
performed using PrimeSTAR HS DNA Polymerase. PCR
was performed in solution with a final volume of 20 w1, con-
taining 0.5 wM of each target region amplification primer.
The cycling conditions are as following: initial denaturation
at 94°C for 15 s; 35 cycles consisting of 10 s of denatura-
tion at 98°C, 1 min of annealing and extension at 68°C. The
amplified DNA products were purified via Zymo Research
DNA Clean and Concentrator Kit.

The cleavage activity of CRISPR/Cas9 at endogenous
loci was quantified using T7E1 assay. All subsequent steps
were performed independently for the triplicates. 100 ng of
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PCR product carrying the target loci was heated to 98°C
and slowly cooled down to let DNA reanneal. Annealed
DNA was digested with T7 endonuclease I (NEB) for 30
min at 37°C. Reaction was quenched by adding SDS con-
taining loading dye and loaded onto a 1.5% agarose gel
containing 1.5 x Super GelRed for visualization (100 V,
1.5 h). The percentage of cleavage was quantified using a
Pharos FX Molecular imager (Bio-Rad, USA) running Im-
age Lab™ 4.1. The percentage of indel formation = 100 x
(1 — (1 — fraction cleaved)’?).

Ligand-control of the hybrid system in human cells

PX165 (pSpCas9) was obtained from Addgene (plasmid#
48137) (5). One day prior to transfection, 4 x 10°> HeLa cells
per well were seeded into a six-well plate containing 0.5 ml
medium. HelLa cells were transfected with 2.5 pg PX165
plasmid using a standard transfection protocol. In brief,
PX165 plasmid was mixed in a 125-pl DMEM. Thereafter,
an equal volume of DMEM with Lipofectamine 3000 trans-
fection agent (5.0 pl) was added and incubated for 15 min.
The complex was subsequently added dropwise to the cells.
After 4-h of incubation, cells were treated with Lipofec-
tamine 3000 loaded with endogenous gene targeting sgR-
NAs (original or designer) for 4 h. The sgRNA dose was 2.5
wg/well each sgRNA. After an incubation time of 4 h, the
medium was changed to complete medium supplemented
with appropriate concentrations of NCD. Cells were further
cultured at 37°C in 5% CO, for an additional 24 h. The tar-
get editing efficiency and inhibition thereof were quantified
by T7E1 assay. Data were normalized on samples without
NCD treatment.

Construction of designer plasmids with MBL-binding units

PX459 (pSpCas9(BB)-2A-Puro V2.0) was obtained from
Addgene (Plasmid #62988) (5). A starting PX459 plasmid
was used to construct the designer plasmid with MBL-
binding units (GTTTTAGAGCTAGAAATAGCAAGT
TAAAATAAGGCTAGTCCGTTATCAACTTGAAA

AAGTGGCACCGAGTCGGTGCTTTT was changed
to  GTTTTAGAGCTAGAAATAGCAAGTTAAAAT
AAGGCTAGTCCGTTATCAACTTGAAAAAGTGG

CACGGAGTCGGTGGTTTT). Point mutations were
created through overlap extension PCR of the region
between unique restriction sites (Pcil/SnaBI) of PX459,
and two primer pairs [forward primer in upstream region
(S2c-up-F), reverse primer in upstream region (S2c-up-R);
forward primer in downstream region (S2c-down-F),
reverse primer in downstream region (S2¢c-down-R)] were
used. The two purified fragments were used in the overlap
extension PCR to produce the fused fragment containing
MBL-binding units. The expected sizes for amplicons
were as follows: 376 bp for S2c-up (upstream region); 403
bp for S2c-down (downstream region); 749 bp for the
fused fragment. Assembled PCR products were amplified
with Pyrobest™ DNA Polymerase using forward and
reverse oligonucleotides (S2c-up-F and S2¢c-down-R) with
homology upstream or downstream of the Pcil and SnaBI
restriction sites, respectively. PX459 plasmid was digested
with Pcil/SnaBI to remove the original sgRNA cassette.

The assembled PCR products and the digested plasmids
were assembled with the in-fusion cloning method to pro-
duce the target plasmid PX459-S2c. Constructed plasmids
were sequenced to confirm the replaced strand region using
the primer (5-CTTTTGCTGGCCTTTTGCTCA-3").

Forward and reverse oligonucleotides containing the
guide sequences for SLX41P and HBEGF with appropriate
overhangs were annealed by mixing 100 pmol of each pair
and then incubated at 90°C for 5 min and slowly ramped
to room temperature. The PX459 or PX459-S2¢ plasmid
was digested using restriction enzyme Bbsl and run on a
0.8% agarose gel. The sample was cut out and purified. The
digested plasmid was ligated with the annealed oligonu-
cleotide to generate the designer construct. Correct inser-
tion of target sequences into the vectors was confirmed by
Sanger sequencing using the following primer: GAGGGC
CTATTTCCCATGATT.

Ligand control of designer all-in-one plasmid with MBL-
binding units in human cells

HelLa cells were seeded in a six-well plate 24 h prior to trans-
fection. Unless stated otherwise, 4 x 10° HeLa cells were
transfected with 2.5 g of each complete plasmid using 5 .l
lipofectamine 3000, following manufacturer’s instructions.
Each complete plasmid was transfected as biological tripli-
cates in three separate transfections. After 4 h of transfec-
tion, the medium of the ‘control groups’ and the ‘experi-
mental groups’ was replaced by the same medium, but in
the ‘experimental groups’ it contained different concentra-
tions of NCD. Then, the groups of cells were incubated for
another 24 h. The cells were then lysed and genomic DNA
was extracted and PCR-amplified around the target locus.
Finally, the T7E1 assay was performed for measuring en-
dogenous gene editing. Data were normalized on samples
without NCD treatment.

Statistical analysis

Statistical significance was determined with an unpaired,
two-tailed Student’s #-test with Origin software (OriginLab
Corporation, Northampton, MA). P values <0.05 were
considered statistically significant.

RESULTS
Rational gRNA engineering for switching CRISPR/Cas9

The goal of this study is to develop a small molecule strategy
to control CRISPR /Cas9. The methods toward modulat-
ing the RNA structure in response to external stimuli have
drawn our interests. However, the rational design of small
molecules targeting the higher order structures in gRNA is
not well developed (40,41). We envision that rational en-
gineering of the sequence of gRNAs can be utilized. We
recognized that some privileged RNA motif-small molecule
pairs were defined (42-44). It is noteworthy that some small-
molecule ligands can recognize the mismatched base pairs
and further lock DNA and RNA into specific structures
(45,46). Previous studies demonstrated that some small-
molecule ligands have a remarkable ability to bind with spe-
cific triads in the duplex form (5-HGG-3'/5-HGG-3' or
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Figure 2. Rational gRNA engineering for switching CRISPR/Cas9. (A) Sequence and structure analysis of gRNA scaffold (tracrRNA demonstration).
We have identified a total of three motifs with close resemblance with the units possessing affinity for MBL binding. (B) MBLs are used to introduce
structural constraints into gRNAs through hydrogen bonding and stacking. Sequence modification sites are indicated in red. Red rectangles: 2-amino-1,8-

naphthyridine.

5-GGH-3'/5-GGH-3'; H = A, C or T) (29,37). In these
triads, two NCD molecules bound to four guanines by dis-
rupting hydrogen bonding of two H-G base pairs and a G-G
mismatch. We envision that this property can be utilized for
modulating the structure of gRNAs and their interaction
with Cas9.

The most commonly used Cas9 nuclease is the one orig-
inating from S. pyogenes (1,47). The gRNA for this en-
zyme is made up of two parts: CRISPR RNA (crRNA)
and a trans-activating crRNA (tracrRNA). While crRNAs
and tracrRNAs exist as two separate RNA molecules in
nature, they can be combined as a single RNA molecule
(sgRNA) (1,2). In this respect, we tend to explore ligand-
induced inactivation of tracrRNA and sgRNA. Since MBL
binding is favored at the specific triads, it is important to
identify potential MBL-binding motifs in gRNAs. How-
ever, there is no such typical motif in gRNA scaffolds.
A potential alternative way to construct RNA binders is
through rational design using information about the RNA
motifs ligands prefer to bind. We therefore conducted se-
quence and structure analysis of gRNA scaffolds to iden-
tify potential units with close resemblance with typical
MBL-binding motifs. We have identified a total of three
units with potential for sequence engineering (Figures 1A
and 2A). Engineering of these units holds the promise
of reducing much disturbance to the original structure.
According to the design of this strategy, the workflow
would proceed in two steps. For the first step, specific se-
quence alterations are designed to introduce MBL-binding
motifs into gRNA scaffolds (sgRNA and tracrRNA). At
this point, the sequence engineering is desired not affect
their structure and activity dramatically. Secondly, MBLs
are used to introduce structural constraints into gRNAs
(Figure 2B).

Selective binding of MBL to designer model RNAs

The above structural analysis of gRNA scaffold
demonstrates several candidate units for engineering
(r(AGQG)/r(CCG) in stem-loop 1, r(CCG)/r(CGQG) and
r(GGC)/r(GCU) in stem-loop 3). Considering the highly
polymorphic nature of the gRNA sequence, two model
sequences containing these units were examined first (R-
SL1, R-SL3 in Supplementary Table S1). We generated a
series of variants (R-SL1-Sla, R-SL3-S1b, R-SL3-S1c and
R-SL3-S2 in Supplementary Table S1). From the structural
point of view, the R-SL1-Sla was stem—loop 1-engineered
sequence, and the other sequences (R-SL3-S1b, R-SL3-Slc
and R-SL3-S2) were stem-loop 3-engineered sequences.
The R-SLI1-Sla, R-SL3-S1b, R-SL3-Slc have only one
potential MBL-binding sites, whereas R-SL3-S2 were
designed to form a MBL-dependent structure containing
two of these sites existing in proximity. To address the
MBL-binding mechanism, here we focus on two well-
known MBLs, i.e. NCD and Z-NCTS (structures in Figure
3A). The synthesis of NCD and Z-NCTS is performed
according to previous literatures (Scheme 1 and Scheme 2
in Supporting information).

Circular Dichroism (CD) study is used to quickly inves-
tigate the binding ability of each MBL to these designer
model sequences (35). To this aim, thermal melting temper-
atures (T},) of each model RNA in the absence and presence
of each MBL were examined for comparison (29). We first
evaluated the binding of each MBL to the model sequences
originated from stem-loop 1. The original sequence (R-
SL1) produced a stem—loop containing an AGG/CCG se-
quence with a Ty, of 59.4°C in 50 mM NacCl buffer. Further
results demonstrate that a decrease in 7Ty, (~0.4°C) was de-
tectable after incubation of this wild-type RNA with 60 puM
NCD (Figure 3B). In contrast, an increase in the 7y, (AT,
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(E), R-SL3-S1c (F), R-SL3-S2 (G) in the absence or presence of each MBL. The melting curve was measured by observing the absorbance of each model
RNA at 260 nm in a Tris-HCI buffer (10 mM, pH 7.4) containing 50 mM NaCl. All normalized melting curves were temperature-overlaid for illustration

purposes.

10.5°C) was observed for the same sequence in the presence
of a lower concentration of Z-NCTS (30 wM). This phe-
nomenon may be due to the unintended binding of Z-NCTS
to guanine-rich sites of R-SL1. The binding of each MBL
was next investigated for R-SL1-S1a where one cytosine of
the AGG/CCG sequence was substituted with a guanine.
Thermal melting profiles of R-SL1-S1a showed the pres-
ence of stable secondary structure only in the presence of
MBLs (Figure 3C). These results indicate that a single base
alteration in this model sequence renders a binding pocket
for each MBL.

We next evaluated the binding of each MBL to model
sequences originated from stem-loop 3. At the employed
conditions (10 mM Tris—HCl at pH 7.4, 50 mM NacCl), the
fully matched R-SL3 had a melting temperature of 78.6°C
(Figure 3D), whereas the mismatch-containing sequences
R-SL3-S1b, R-SL3-S1c and R-SL3-S2 denaturated at sig-
nificantly lower temperatures (59.0, 64.9 and 49.0°C in Fig-
ure 3E-G). In the presence of Z-NCTS (30 wM) or NCD
(60 wM), small changes in Ty, was observed for R-SL3
(ATy =-1.6, 1.6°C, respectively), which may be attributed
to a certain extent of non-specific binding (Figure 3D). No-
tably, the structure of mismatch-containing variants were

preferentially stabilized with the tested MBLs. The MBL-
induced stabilization effect was more pronounced for multi-
nucleotide variants (R-SL.3-S2) than it was for single-site
variants (R-SL3-S1b and R-SL3-Slc). The largest ATy, of
38.1°C was observed for the Z-NCTS-treated R-SL3-S2,
which exhibited the highest 7}, of §7.1°C among the ‘stem-—
loop 3’ variants (Figure 3G). Under the reaction condi-
tions of these experiments, the MALDI-TOF Mass mea-
surements also indicate that the binding of NCD is specific
to the designer RNAs with MBL-binding units (Supple-
mentary Figures S1 and S2). On the basis of these results,
both NCD and Z-NCTS strongly stabilize the structure of
mismatch-containing variants, with NCD showing a better
selectivity.

Ligand control
CRISPR/Cas9

The above studies demonstrate that each MBL exhibits
strong interactions with designer model RNAs. We were
encouraged to investigate whether such a chemistry-based
approach can be used to control CRISPR/Cas9. Cur-
rently, the sgRNA represents the most popular format for

of designer sgRNAs for switching



CRISPR /Cas9 (1,48). To determine the universal effective-
ness of our strategy, we selected a total of 4 sgRNAs with
different spacer sequences as model systems (sg-SLX4IP,
sg-HPRTI, sg-HBEGF, sg-GFP in Supplementary Table
S1) (15,49-51). As a first example, the target SLX4IP DNA
was amplified by PCR (polymerase chain reaction) from hu-
man genomic DNA (the SLX4 interacting protein, SLX4IP
target in Supplementary Figure S3A). The sg-SLX4IP was
designed to target the selected positions within the SLX4/P
DNAs (50). We systematically designed and generated a
series of designer sgRNAs (sg-SLX4IP-Sla, sg-SLX4IP-
S1b, sg-SLX41P-Slc, sg-SLX41P-S2a, sg-SLX41P-S2b, sg-
SLX4IP-S2c and sg-SLX41P-S3). The sg-SLX4IP-S1a, sg-
SLX4IP-S1b and sg-SLX4IP-Slc had only one potential
MBL-binding site, whereas sg-SLX4IP-S2a, sg-SLX41P-
S2b and sg-SLX4IP-S2c were designed to form a MBL-
dependent structure containing two of these sites. More-
over, the sg-SLX4IP-S3 was designed to have three of these
sites (Figure 1A). Sanger sequencing was performed to con-
firm the sequence of each designer sgRNA. In this study,
each in vitro-transcribed (IVT) sgRNA was reverse tran-
scribed, PCR amplified and then cloned into a T-vector for
sequencing analysis. The results confirmed the correct engi-
neering of sgRNAs (Figure 4A, Supplementary Figure S4).

Before we investigate the effect of MBL on functional
control of sgRNA, it is important to determine if Cas9
is tolerant of the desired sequence modifications in sgR-
NAs. We therefore conducted a parallel analysis to deter-
mine the function of these variants of sg-SLX4IP to sup-
port the Cas9-mediated DNA cleavage. When designer sgR-
NAs with single-site modification were used (sg-SLX41P-
Sla, sg-SLX4IP-S1b, sg-SLX41P-S1c), the Cas9 cleavage
was performed with an efficiency comparable to that ob-
served for original sgRNA (Figure 4B). Besides single-site
variants, Cas9 enzymes are demonstrated to tolerate more
divergent sequences, such as sg-SLX4IP-S2a, sg-SLX41P-
S2b, sg-SLX4IP-S2¢ and even sg-SLX4IP-S3. Based on
these results, all tested nucleotides (C41, C66 and C76) in
the scaffold of sgRNAs targeting SLX41P are highly toler-
ant to modification.

More studies were performed to determine if these cri-
teria are common for sgRNAs with different target se-
quences (Supplementary Figure S3B-D). Different vari-
ants of another three sgRNAs were used (sequencing re-
sults in Supplementary Figures S5-S7), and their cleav-
age activities were studied. We found that there were ma-
jor performance differences among the variants of sgR-
NAs with different target sequences. Like sg-SLX4IP, all
variants of sg-HPRTI and sg-GFP can be efficiently used
to support Cas9-mediated DNA cleavage (Supplementary
Figures S8A, B). However, for sg- HBEGF, when nucleotide
C41 was mutated to G at stem—loop 1, the cleavage efficacy
was decreased significantly relative to that of the original sg-
HBEGF (sg-HBEGF-Sla, sg-HBEGF-S2a, sg-HBEGF-S2b
and sg-HBEGF-S3 in Supplementary Table S1, results in
Supplementary Figure S8C). In contrast, all ‘stem-loop 3’
variants of sg-HBEGF have activities comparable to that of
the original sgRNA (sg-HBEGF-S1b, sg-HBEGF-S1c and
sg-HBEGF-S2c¢). These data suggest that Cas9 is more tol-
erant to sequence variation in the stem—loop 3 compared to
the stem—loop 1. We suggest the reason could be that the
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stability of stem—loop 3 with six base pairs is higher than
that of the stem—loop 1 with only four base pairs. Hence,
the stem—loop 3 of sgRNA scaffold can accomodate more
sequence variations without affecting its original structure.

We next investigate the responsiveness of each designer
sgRNA to two compounds of particular interest (NCD and
Z-NCTYS) for their potential to bind with MBL-binding
units. In this study, designer sgRNA /Cas9 complexes were
exposed to different concentrations of NCD or Z-NCTS.
We demonstrated that NCD and Z-NCTS could each effi-
ciently inhibit the function of designer sgRNAs to support
Cas9-mediated DNA cleavage (Figure 4C, Supplementary
Figure S9). It is interesting that NCD appears slightly more
potent, inhibiting all designer sgRNAs at the concentra-
tion of 80 wM. These conclusions held true for three ad-
ditional studies using another three sgRNAs with differ-
ent target sequences, suggesting a general principle (Supple-
mentary Figures S10-S12). The activity of original sgRNA
was not significantly affected by addition of NCD, while Z-
NCTS becomes nonspecific at concentrations higher than
40 M. These results are basically consistent with the above
observation that NCD generally exhibits a weaker inter-
action with wild-type model RNAs compared to Z-NCTS
(Figure 3B). Hence, NCD is more specific at inhibiting
CRISPR /Cas9 with designer sgRNAs than Z-NCTS does.

We next compared the responsiveness of each single-site
variant to NCD at different concentrations. Notably, the
‘stem—loop 1’ variant of sgRNA was preferentially targeted
with NCD. Taken the guide sequence of SLX4IP as an
example, an almost total inhibition of DNA cleavage was
observed for sg-SLX4IP-Sla when the ligand concentra-
tion was increased to 40 wM. However, the inhibitory ef-
fect of NCD on two ‘stem-loop 3’ variants was less pro-
nounced than it was for sg-SLX4IP-S1a (Figure 4D). This
result is basically consistent with the greater stabilization
of the MBL-binding structure in the ‘stem—loop 1’ variant
versus each ‘stem-loop 3’ variant (Figure 3C, E, F). We
further studied the responsiveness of each multi-nucleotide
variant to NCD. The inhibitory effect of NCD on Cas9-
mediated DNA cleavage was more pronounced for multi-
nucleotide variants than it was for single-site variants (Fig-
ure 4D, E). This is consistent with the above melting study
that the MBL-induced stabilization effect was more pro-
nounced for multi-nucleotide variants than it was for single-
site variants (Figure 3E-G). Additional results demonstrate
a general principle that is more widely applicable (Supple-
mentary Figures S13-S15). Hence, the interaction between
ligand and the MBL-binding unit of designer sgRNAs pro-
vides a handle for controlling CRISPR /Cas9.

Ligand control of designer tracrRNAs for switching
CRISPR/Cas9

In the above studies, Cas9 was guided with the form
of sgRNA. Unlike with the sgRNA, the tracrRNA does
not need to be changed for every unique target sequence
(52). It is useful to have the form of 2-part gRNA (cr-
RNA:tracrRNA) as a result of its facile modularity. We
next determined the efficieny of our strategy to control the
function of designer tracrRNAs (Figure 5A). In this study,
IVT tracrRNAs and chemically synthesized crRNAs were
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Figure 4. Ligand control of designer sgRNAs for switching CRISPR /Cas9 Reactions were performed as described in the Experimental Section. Uncleaved
SLX4IP DNA (773 bp) cut to shorter cleavage fragments (441 bp and 332 bp) are demonstrated. All samples were tested in three biological replicates.
Image of representative data is shown here. (A) Sanger sequencing analysis of selected sgRNAs. The sites for sequence modification are indicated. (B) The
tolerance of Cas9 to each designer sgRNA. Lane 1: target control; lane 2: Cas9-only control; lane 3 contains original sg-SLX41P; lanes 4-10 contain designer
sgRNAs harboring different MBL-binding units; lane 11: DNA marker (GeneRuler 100-bp DNA Ladder). (C) Responsiveness of designer sgRNAs to
different MBLs. Lane 1: no Cas9 control; lanes 25 contain original sg-SLX4/P; lanes 6-10, 11-15 contain sg-SLX4IP-S2c; lane 16: DNA marker. (D) The
NCD-dependent inhibition of CRISPR /Cas9 with single-site variants. Lane 1: no Cas9 control; lanes 2-3 contain original sg-SLX4IP; lanes 4-9 contain
sg-SLX4IP-S1a; lanes 10-15 contain sg-SLX4IP-S1b; lanes 16-21 contain sg-SLX4/P-S1c; lane 22: DNA marker. (E) The NCD-dependent inhibition of
CRISPR/Cas9 with multi-nucleotide variants. Lane 1: no Cas9 control; lanes 2-3 contain original sg-SLX4/P; lanes 4-8 contain sg-SLX4IP-S2a; lanes
9-13 contain sg-SLX4IP-S2b; lanes 14-18 contain sg-SLX4IP-S2c; lanes 19-23 contain sg-SLX4IP-S3; lane 24: DNA marker.
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Figure 5. Ligand control of designer tracrRNAs for switching CRISPR /Cas9 Reactions were performed as described in the Experimental Section. All
samples were tested in three biological replicates. Image of representative data was shown here. (A) Illustration of MBL-responsive CRISPR /Cas9 with
designer tracrRNAs. Red rectangles: 2-amino-1,8-naphthyridine. (B) The tolerance of Cas9 to each designer tractrRNA. Lane 1: target control; lane 2:
Cas9-only control; lane 3 contains cr-SLX4IP and original tracrRNA; lanes 4-10 contain cr-SLX4IP and designer tracrRNAs harboring different MBL-
binding units; lane 11: DNA marker (GeneRuler 100-bp DNA Ladder). (C) Dose-dependent response of the indicated tracrRNAs to each MBL. Lane 1:
no Cas9 control; lanes 2-5 contain cr-SLX4IP and original tracrRNA; lanes 610, 11-15 contain cr-SLX4IP and tracrRNA-S2c; lane 16: DNA marker.
(D) Effects of NCD on the function of tracrRNA and its single-site variants. Lane 1: no Cas9 control; lanes 2-3 contain cr-SLX4/P and original tracrRNA;
lanes 4-9 contain cr-SLX4IP and tracrRNA-S1a; lanes 10-15 contain cr-SLX4IP and tracrRNA-S1b; lanes 16-21 contain cr-SLX4IP and tracrRNA-Slc;
lane 22: DNA marker. (E) Effects of NCD on the function of tracrRNA and its multi-nucleotide variants. Lane 1: no Cas9 control; lanes 2-3 contain cr-
SLX4IP and original tracrRNA; lanes 4-8 contain cr-SLX4/P and tracrRNA-S2a; lanes 9-13 contain cr-SLX4IP and tracrRNA-S2b; lanes 14-18 contain
cr-SLX4IP and tracrRNA-S2c; lanes 19-23 contain cr-SLX4IP and tracrRNA-S3; lane 24: DNA marker.
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used to guide DNA cleavage. In parallel to designer sgR-
NAs, a panel of designer tracrRNAs were created by in-
troducing single and multiple variations on the stem—loop
1 and/or stem—loop 3 (tracrRNA-S1la-c, tracrRNA-S2a-c,
and tracrRNA-S3 in Supplementary Table S1). From the
structural point of view, the tracrRNA2a, tracrRNA2b and
tracrRNA3 contain multiple MBL-binding units existing in
proximity at both stem—loop 1 and stem-loop 3. Successful
construction of each designer tracrRNA was confirmed by
Sanger sequencing (Supplementary Figure S16).

As the starting point, it is desirable to modify the tracr-
RNA sequence without introduce significant perturbation
to its original function. The in vitro DNA cleavage reac-
tions were performed to determine the tolerance of Cas9
to each designer tracrRNA. The results demonstrate that
CRISPR /Cas9 tolerates each designer tracrRNA very well.
In parallel with the sgRNA studies, ‘stem—loop 1’ variants
of tracrRNA induced variable cleavage activity for different
target sites. All designer tracrRNAs function well to sup-
port Cas9-mediated DNA cleavage when they were used
together with the cr-SLX4IP, cr-HPRTI or cr-GFP (Fig-
ure 5B, Supplementary Figures S17A, S17B). When we per-
formed in vitro DNA cleavage using cr-HBEGF, only ‘stem—
loop 3’ variants of tracrRNA (tracrRNA-S1b, tracrRNA-
Slc and tracrRNA-S2c) showed a considerable activity
comparable to that of original tracrRNA (Supplementary
Figure S17C). All ‘stem—loop 1’ variants of tracrRNA were
functionally impaired when paired with cr-HBEGF. These
combined data support the conclusion that sequence mod-
ifications are better tolerated in stem-loop 3 compared to
stem—loop 1.

We next investigate the propensity of MBLs to switch
off the function of designer tracrRNAs. In this study, dif-
ferent concentrations of each MBL were added to the in-
cubation mixture containing Cas9:crRNA:tracrRNA prior
to the addition of target DNAs. Being consistent with the
above sgRNA studies, both NCD and Z-NCTS showed a
considerable activity against CRISPR /Cas9 with designer
tracrRNAs, with NCD appearing to be the more potent
(Figure 5C, Supplementary Figure S18). We also observed a
non-specific action of Z-NCTS, which may be attributed to
the non-specific binding of this molecule to structural units
in tractrRNAs. Similar results were also seen with another
three crRNAs with different target sites (cr-HBEGF, cr-
GFP,cr-SLX4IP in Supplementary Table S1, results in Sup-
plementary Figures S19-S21). Likewise, NCD exhibited a
pronounced inhibition of the single-site variants but with
a better performance for the multiple-site variants (Figure
5D, E). This pattern was further characterised for each de-
signer tractRNA with another three crRNAs (Supplemen-
tary Figures S22-S24). The dose response behavior for each
designer tracrRNA exposed to NCD was very similar to
that of designer sgRNA with the same MBL-binding unit,
indicating the impotant role of ligand—RNA interactions
for controlling CRISPR /Cas9.

Ligand control of designer sgRNAs in Cas9-expressing cells

Encouraged by the above studies, we proceeded to test the
effects of our strategy by ligand control of designer sgR-
NAs in human cells. The HeLa-OC cell line, which consti-

tutively expresses Cas9, was used as a model to demonstrate
proof of principle of our approach (51). We selected a num-
ber of endogenous genes, including HPRTI gene, HBEGF
gene and SLX4IP gene. Because of the better performance
of NCD in the above studies, this compound was used in
the following cellular studies. In parallel to the above stud-
ies, the same set of sgRNAs was applied to HeLa-OC cells
to support the Cas9-mediated gene editing. A complete me-
dia change was performed at 4 h post-transfection and cells
were allowed to culture for an additional 24 h. After har-
vesting the genomic DNA of these cells, a T7 endonucle-
ase | assay (T7E1) was performed to analyze the ampli-
fied genomic target regions. When we performed in vitro
DNA cleavage using sgRNAs with the SLX4IP target site,
all designer sgRNAs were functional. However, the gene
editing induced by the same set of designer sgRNAs re-
vealed a dramatic difference in efficiency (Figure 6A, B). We
demonstrate that only ‘stem—loop 3’ variants of sgRNA (sg-
SLX4IP-S1b, sg-SLX4IP-S1c and sg-SLX41P-S2c) showed
a considerable activity for supporting the Cas9-mediated
gene editing. Remarkably, all constructs with modification
in stem-loop 1 displayed drastically diminished editing ef-
ficiency, as seen by inefficient gene editing at 24 h after
sgRNA transfection (sg-SLX4IP-Sla, sg-SLX4IP-S2a, sg-
SLX4IP-S2b and sg-SLX41P-S3). These conclusions held
true for another set of sgRNAs with a different target site,
suggesting a general principle (Supplementary Figure S25).
These results together indicate that the nucleotides in stem—
loop 1 are less tolerant to variation than the ones in stem-—
loop 3.

We next investigated the effect of ligand binding to con-
trol the function of ‘stem—loop 3’ variants of sg-SLX4IP in
cells. A MTT cell viability assay was used to find the suitably
used concentrations of NCD. The results demonstrate that
HeLa-OC cells can tolerate well up to 16 pM NCD after
24 h of incubation (Supplementary Figure S26). HeLa-OC
cells were transfected with each sgRNA and then treated
with different concentrations of NCD. Upon 24 h post-
treatment, the cells were harvested to analyze the gene edit-
ing efficiencies. The relative indel formation of each sgRNA
was normalized to untreated cells. Among our tested de-
signer sgRNAs, sg-SLX4IP-S2¢ stood out as the best con-
struct, which displayed the highest degree of response upon
NCD treatment (Figure 6C, D). We also found that the sg-
HPRTI-S2c construct was responsive to NCD in HeLa-OC
cells (Supplementary Figure S27). In parallel experiments,
the wild-type sgRNA showed less change in the indel forma-
tion by the addition of NCD. We further performed a time-
dependent experiment to characterize in cellular potency of
NCD. The results demonstrated that NCD can be removed
from cells after 12 h of incubation (Supplementary Figure
S28). These studies provided evidence that ligand control of
designer sgRNAs could be employed in cells for controlling
gene editing.

Ligand control of designer genetically encoded sgRNAs

In the above studies, the Cas9 was directly integrated into
the genome of model cells (HeLa-OC); however, this is
not appropriate for a general genome-editing protocol. A
more generalizable approach is to use a plasmid-based
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Figure 6. Ligand control of designer sgRNAs in a stable Cas9-expressing cell line Cellular studies were performed using HeLa-OC cells as described in
the Experimental Section. The treatment for each sample is indicated by the signs at the bottom of each lane. All samples were tested in three biological
replicates. Image of representative data is shown here. (A) Editing of SLX41P gene in HeLa-OC cells using the indicated sgRNAs. Lane 1: target control; lane
2: no sgRNA control; lane 3 contains original sg-SLX4IP; lanes 4-10 contain designer sgRNAs harboring different MBL-binding units; lane 11: DNA
marker (GeneRuler 100-bp DNA Ladder). (B) The effect of sequence modification on the function of sgRNAs in cells. (C) Ligand control of designer
sgRNAs in HeLa-OC cells. Hela-OC cells were exposed to the NCD ligand for 24 h before being harvested for DNA cleaving activity assessments. Lane 1:
target control; lanes 2-3: no sgRNA control; lanes 4-5 contain original sg-SLX4IP; lanes 6-9 contain sg-SLX4IP-S1b; lanes 10-13 contain sg-SLX41P-
Slc; lanes 14-17 contain sg-SLX4IP-S2c; lane 18: DNA marker. (D) Bar graph shows the effect of NCD on the function of sgRNAs in HeLa-OC cells.
In each group, the indel formation of NCD-treated cells were compared to that of mock-treated cells. P values less than 0.05 are given one asterisk, and
P values <0.001 are given three asterisks. For (A) and (C), uncleaved SLX4IP DNA (773 bp) cut to shorter cleavage fragments (441 bp and 332 bp) are
demonstrated. For (B) and (D), data represent the mean of three replicates and were shown as mean == SEM.
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system, thus avoiding dependence on specific cells. We
first attempted a hybrid system using a Cas9-only plasmid
(PX165) and IVT sgRNAs (5,53). To investigate whether
genomic loci can be targeted using this hybrid system,
the SLX4IP gene was studied in HeLa cells. We there-
fore delivered the SLX4IP targeting sgRNAs 4 h after the
PX165 transfection. The amount of indel formation was
determined 24 h after transfection. Being consistent with
the above HeLa-OC studies, each ‘stem—loop 3’ variant of
sgRNA (sg-SLX4IP-S1b, sg-SLX4IP-Slc or sg-SLX4IP-
S2c¢) in combination with PX165 showed considerable in-
tracellular activities for editing the SLX4/P gene (Supple-
mentary Figure S29). Hence, this hybrid system is a viable
strategy to edit target gene in human cells. We further in-
vestigated the effect of NCD on the function of hybrid sys-
tems. The PX165 plasmid and IVT sgRNAs were deliv-
ered into cells as above before increasing amounts of NCD
were added. We observe a decrease in the indel formation
upon NCD treatment (Figure 7A, B). More studies were
performed to demonstrate the generality of our approach
(Supplementary Figure S30). We further performed Cas9 ri-
bonucleoprotein (RNP) study of using Cas9 protein along
with different IVT sgRNAs. The results also showed a trend
to reduction after NCD treatment (Supplementary Figure
S31).

It will be more useful to provide a genetically encoded
system toward the control of gene editing in human cells.
The most straightforward approach is to use an all-in-one
plasmid encoding Cas9 and sgRNA from the same vec-
tor, thus avoiding multiple transfections of different com-
ponents (5,54). For our purpose, the first step will be the
engineering of a widely used all-in-one plasmid (PX459).
Hence, in-fusion cloning technology was adopted to engi-
neer the sgRNA expression cassette. Because of the better
performance of the ‘stem—loop 3’ multi-nucleotide variant
of sgRNA, this sgRNA-expression cassette was used for our
studies. Sanger sequencing was performed to confirm the
correct engineering of PX459. The correctly constructed de-
signer plasmid is named as PX459-S2c.

Itis necessary to validate the activity of designer plasmids
for gene editing in human cells. We therefore designed differ-
ent pairs of oligonucleotide corresponding to SLX4/P and
HBEGF genes, respectively (Oligo-SLX4IP-F and Oligo-
SLX4IP-R; Oligo-HBEGF-F and Oligo-HBEGF-R in Sup-
plementary Table S1). The cloning site of each plasmid
(PX459 or PX459-S2¢) was digested with BbslI for accept-
ing two annealed oligonucleotides containing the spacer
of the gRNA. We next delivered the complete plasmids
into HeLa cells to perform gene editing. Upon 24 h post-
transfection, the cells were harvested to analyze the indel
formation by using T7E1 assay. We demonstrate that the
transfection of designer complete plasmid had comparable
gene editing efficacy to that of original PX459 (lanes 4, 6 in
Figure 7C).

We next investigated the effect of NCD after the transfec-
tion of each complete plasmid targeting the SLX4IP gene.
We demonstrate that NCD effectively inhibits the indel for-
mation in HeLa cells receiving the designer plasmid bear-
ing the MBL-binding units, whereas its effect on HeLa cells
receiving original plasmid is much less pronounced (Fig-
ure 7C, D). These results were replicated using designer

complete plasmid targeting the HBEGF gene (PX459-S2¢-
HBEGF in Supplementary Figure S32).

DISCUSSION

RNA structures and their interactions with small
molecules are generally less well elucidated than their
protein counterparts (44). Currently, the chemistry-based
approaches have been hindered by difficulties in the design
of small-molecule ligands that binds to RNA molecules
(27,55-57). The present study marked the first step toward
the generation of designer gRNAs by using a rational
design of small molecules that bind to the predetermined
RNA sequences. Using existing structural data and the
principles of RNA folding and small molecule interac-
tion (25,35), we develop an original and useful strategy
to reprogram gRNAs that are capable of higher order
structures in response to small synthetic molecules. The
introduction of MBL-binding units into gRNAs offers a
great potential for small-molecule interventions. In the
current study, we have surveyed the tolerated sequence
diversity of different MBL-binding motifs to assess their
utility as a scaffold for gRNA engineering. We demonstrate
that a ligand—-RNA pair is an essential element in the
creation of our designer gRNAs. Although the ‘stem-loop
I’ variants of sgRNA induced variable cleavage activity
for different target sequences, all ‘stem—loop 3’ variants
of sgRNA are well tolerated for CRISPR/Cas9 across
different target sequences. Both NCD and Z-NCTS, are
basically derivatives of the same naphthyridine-based
molecules but still show such significant differences in their
specificity. The comparison of the structures of these two
molecules demonstrates that Z-NCTS has linker moieties
with restricted conformational flexibility. The (Z)-stilbene
linker in Z-NCTS may cause unintended interactions
leading to reduced specificity.

The present study seeks to develop a general method to
identify lead ligands that bind to highly structured RNA
targets and modulate their activities. Ligand control of de-
signer gRNAs will likely be a promising alternative to con-
ventional anti-CRISPR approaches (22). The engineering
of gRNA sequence could also become a complementary ap-
proach to directed evolution of Cas9 proteins in an attempt
to strengthen CRISPR/Cas9 (9,12). The understanding
from the current study will hopefully help guide the devel-
opment of future generations of designer gRNAs with de-
sired properties for small molecule intervention. Challenges
also remain to improve the potency and selectivity of cur-
rently used compounds. NCD was known to bind to gua-
nine residues present both in DNA and RNA biomolecules.
These possible binding events at genome wide scale will
leave behind some toxic side effects. This study takes NCD
as a starting compound and further structural optimization
is required to propose new molecules with more desirable
properties.

In the current study, a genetically encodable MBL-
operated module is introduced to put chemical brakes on
genome editing. Our system enables chemogenetic con-
trol of gene editing by using small molecules. These small
molecules are not designed in a target agnostic fashion but
rather focus on modulating specific targets with a known
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Figure 7. Ligand control of plasmid-based gene editing in human cells Cellular studies were performed as described in the Experimental Section. The
plasmids and/or sgRNAs were delivered into HeLa cells before the treatment with NCD. Hela cells were exposed to the NCD ligand for 24 h before being
harvested for DNA cleaving activity assessments. All samples were tested in three biological replicates. Image of representative data is shown here. (A)
Ligand control of the hybrid system with IVT sgRNAs and Cas9-only plasmids. Lane 1: target control; lanes 2-3: no sgRNA control; lanes 4-5 contain
PX165 and sg-SLX4IP; lanes 6-9 contain PX165 and sg-SLX4IP-S1b; lanes 10-13 contain PX165 and sg-SLX4IP-Slc; lanes 14-17 contain PX165 and
sg-SLX41P-S2c¢; lane 18: DNA marker (GeneRuler 100-bp DNA Ladder). (B) Bar graph shows the effect of NCD on the function of the hybrid system
(IVT sgRNAs and PX165). (C) Ligand control of all-in-one plasmids with MBL-binding units. Lane 1: target control; lanes 2-3: no plasmid control; lanes
4-5 contain PX459-SLX4IP; lanes 6-9 contain PX459-S2¢c-SLX4IP; lane 10: DNA marker. (D) Bar graph shows the effect of NCD on the function of
all-in-one plasmids. For (A) and (C), uncleaved SLX4IP DNA (773 bp) cut to shorter cleavage fragments (441 bp and 332 bp) are demonstrated. For (B)
and (D), the data are presented as the means + SEM from three independent experiments. In each group, the indel formation of NCD-treated cells were

compared to that of mock-treated cells. P values less than 0.05 are given one asterisk, P values <0.01 are given two asterisks, and P values <0.001 are given
three asterisks.
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structure. We have established the control of three differ-
ent CRISPR /Cas9 systems in human cells to perform con-
ditional gene editing: (i) the plasmid-free system, (ii) the
plasmid-based system, and (iii) the hybrid system (a Cas9-
only plasmid and IVT sgRNAs). For the plasmid-based
strategy, the endogenous U6 small nuclear RNA promoter
in human cells was used to express designer sgRNAs. For
the hybrid system, a combination of Cas9-only plasmids
and IVT sgRNAs is employed. Desirable advantages of the
current strategy therefore include (i) the easy accessibility
of small molecules, (ii) a single-component system without
the introduction of extra RNA units, (iii) excellent compat-
ibility with other tools. These desirable features may pave
the way for further application of the designer IVT sgRNAs
and designer all-in-one plasmids in chemistry and biology.
It is likely that this approach can be applied to other RNA-
based systems.

CONCLUSIONS

Overall, the present study describes an efficient strategy to
reprogram gRNA and CRISPR/Cas9 in response to small
molecules. This study will extend our strategic choices for
the modulation of structured RNA functions using small
molecules.

SUPPLEMENTARY DATA
Supplementary Data are available at NAR Online.
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