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ABSTRACT

CRISPR (Clustered Regularly Interspaced Short
Palindromic Repeat) technology is a powerful tool in
biology and medicine. However, the safety and appli-
cation of this technology is hampered by excessive
activity of CRISPR machinery. It is particularly impor-
tant to develop methods for switching off CRISPR
activity in human cells. The current study demon-
strates the concept of supramolecular CRISPR-OFF
switches by employing host-guest chemistry. We
demonstrate that the CRISPR systems show con-
siderable tolerance to adamantoylation on guide
RNAs (gRNAs), whereas supramolecular complexa-
tion tremendously affects the function of adaman-
toyl gRNAs. Host–guest chemistry is demonstrated
to be novel and effective tools to reduce unwanted
excessive activities of CRISPR complexes in human
cells. This work indicates considerable potential of
supramolecular strategy for controlling and enhanc-
ing CRISPR systems.

INTRODUCTION

Many prokaryotes use Clustered Regularly Interspaced
Short Palindromic Repeat (CRISPR) as an immune mech-
anism of self-defense (1). To date, CRISPR systems were
adapted and widely used in different areas, especially for
gene editing (2–4). For Class 2 CRISPR systems, a sin-
gle CRISPR-associated effector protein (Cas) uses guide
RNAs (gRNAs) to recognize and cleave target sequences
at specific positions (5). CRISPR/Cas9 is an efficient and
versatile tool for genome engineering in many species (6).
In contrast to Cas9, the Cas13a (also known as C2c2) de-
grades foreign RNAs through RNA-guided RNA cleavage
(7–9). However, the reliability and safety of CRISPR tech-
nology is hampered by excessive activity of CRISPR com-

plexes (10–16). This technology can be greatly improved if
the activity of CRISPR complexes can be controlled prop-
erly. Some important studies demonstrated the concept of
stimuli-triggered activation of Cas9 to eliminate the adverse
effects of CRISPR systems (17–19). In these studies, activa-
tion was triggered by specific stimuli to remove the protect-
ing groups at the essential sites on CRISPR complexes. Dif-
ferent external triggers were studied for this purpose (20–
23). However, the adverse effects are mainly caused due to
sequence complementarity and can still happen once the
protecting groups are removed.

An important strategy to battle excessive activity of
CRISPR complexes would be to develop CRISPR-OFF
switches (10). In this respect, the significance of supramolec-
ular chemistry has been overlooked. The specific recogni-
tion of RNA elements is a fundamental challenge in the bi-
ological sciences. Synthetic supramolecular molecules are
creating new opportunities for RNA recognition, which are
orthogonal to classical small molecules (24). Supramolec-
ular science examines intermolecular noncovalent bonding
interactions (25–27). On account of the dynamic and non-
covalent nature of supramolecular interactions, they have
been introduced as temporary switches to construct stimuli-
responsive tools (28,29). Cucurbit[n]uril (CBn) represents
an attractive host due to its ability to encapsulate vari-
ous guests (30,31). Of the known CBn homologues, CB7
molecules have drawn particular attention because of their
remarkable biocompatibility (32,33). They have been widely
used as structural and functional units for high-precision
assemblies (34–36). However, the capability of supramolec-
ular approach has not been extensively studied in nucleic
acid studies by deficiencies in the methods currently avail-
able for supramolecular recognition of RNA elements.

The current study demonstrates the concept of
supramolecular CRISPR-OFF switches by utilizing
host–guest chemistry (Figure 1). This strategy relies on
the use of adamantoyl RNAs (blue strands with purple
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Figure 1. Schematic illustration of the design and workflow. (A) The illustration of supramolecular complexation on adamantoyl RNAs. The post-synthetic
modification approach is used to prepare adamantoyl RNAs. Different ADI compounds were used for installing adamantane moieties to manipulate RNA
functions. (B) The illustration of supramolecular CRISPR-OFF switches. Adamantoyl gRNAs are well tolerated by CRISPR systems, while supramolecular
complexation tremendously affects the CRISPR functions.

moieties in Figure 1A), which are synthesized using a post-
synthetic modification approach. Different adamantane
imidazolides (ADIs in Supplementary Figure S1) are used
to perform adamantoylation of RNAs. The noncovalent
binding of CB7 to adamantoyl RNAs is investigated
(complexed RNAs in Figure 1A), we further demonstrate
that supramolecular complexation can be used to regulate
RNA–protein interactions. The CRISPR systems show
considerable tolerance to adamantoyl gRNAs, whereas
supramolecular complexation tremendously affects the
activity of CRISPR systems (Figure 1B). This is proved to
be applicable to RNA-guided RNA cleavage (Cas13a me-
diated) and RNA-guided DNA cleavage (Cas9 mediated).
We further show that this supramolecular strategy can be
used to switch off CRISPR/Cas9-mediated genome editing
in human cells. This work therefore indicates considerable
potential of supramolecular strategy for controlling and
enhancing CRISPR systems.

MATERIALS AND METHODS

Materials

The sequences of all used oligonucleotides are demon-
strated in Supplementary Table S1. These oligonucleotides
were ordered from TaKaRa company (Dalian, China). Un-
less otherwise specified, all chemicals were purchased from

Shanghai Aladdin Bio-Chem Technology Co., LTD. The
M-MuLV RT (product number: M0253), the Cas9 Nucle-
ase, Streptococcus pyogenes (product# M0646) were pur-
chased from New England Biolabs, Inc. (USA). Transcript
Aid T7 High Yield Transcription kit (product# K0441) and
Glycogen (product# R0561) were purchased from Thermo
Fisher Scientific Inc.

Chemical synthesis. Experimental details for synthesis of
each ADI are demonstrated in Supporting Data.

The preparation of adamantoyl RNAs. For adamantoyla-
tion of RNA, ADI stock solutions (1 M) were prepared by
dissolving powder in dimethyl sulfoxide (DMSO), and fur-
ther dilutions were made in water. The modification reac-
tion was performed in 1 × adamantoylation buffer, which
contained 100 mM HEPES, 6 mM MgCl2, 100 mM NaCl
in 60% DMSO (pH 7.5, 25◦C) (37). The reaction mixture
containing RNA, each ADI and DMAP was incubated at
37◦C for various durations with shaking (speed, 200 r/min).
The final concentration of each component for a typical
10 �l reaction is as follows: 20 �M RNA, 100 mM ADI,
100 mM DMAP. After incubation, 2.0 �l NaOAc (3 M),
75 �l ethanol and 1.0 �l glycogen (5 g/L) were added into
the mixture to quench the reaction. The sample was placed
at −80◦C for 3.0 h and centrifuged at 12 000 g for 1.0 h
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subsequently. The resulting RNA pellet was resuspended in
nuclease-free water.

Supramolecular complexation in unstructured RNA contexts.
For supramolecular complexation assay, RNA with or
without adamantoylation was incubated with 200 �M CB7
for 20 min at room temperature and subjected to native or
denaturing PAGE analysis. The gel was run in 1 × TBE
buffer (89 mM Tris-borate, 2 mM EDTA) in the absence
or presence of 33 �M CB7. The acrylamide concentration
of the separating gel was 20% (19:1 monomer to bis ratio).
About 100 ng of RNA were loaded on the gel. Either dena-
turing or native PAGE analysis was run in a temperature-
controlled vertical electrophoretic apparatus (DYCZ-22A,
Liuyi Instrument Factory, Beijing, China). Electrophore-
sis was run at 10◦C for 4.0 h at 400 V. After electrophore-
sis, the oligomers in the gel were visualized using a Pharos
FX Molecular imager (Bio-Rad, USA) in the fluorescence
mode (�ex = 488 nm or 590 nm).

In vitro transcription and purification of long RNAs. In
vitro transcription with the T7 RNA polymerase was per-
formed to synthesize long RNAs, including the Spinach
RNA, tracrRNA and various sgRNAs. For preparation of
long RNAs, separate shorter overlapping constructs were
ordered as DNA with an appended T7 promoter sequence
(Supplementary Table S1) (21). A brief template-free PCR
was performed to generate a template DNA containing the
target-encoding sequence under the control of a T7 pro-
moter. Transcription reactions were performed at 37 ◦C
for 4.0 h in 1 × Transcript aid reaction buffer containing
100 mM HEPES-KOH (pH 7.9), 20 mM MgCl2, 30 mM
DTT, 2 mM each NTP, 2 mM spermidine, 0.1 mg/ml T7
RNA polymerase and 300 ng PCR fragments. Following
DNA degradation using DNase I at the end of the tran-
scription, the transcribed RNA products were then purified
using the NaOAc/phenol/chloroform method. The purified
long RNAs were resuspended in RNase-free H2O.

Supramolecular complexation in structured RNA contexts.
This study was performed by using long RNA aptamers.
The adamantoylation of Spinach RNA was performed us-
ing the above general protocol. For aptamer folding and flu-
orescence study, the Spinach RNA at a final concentration
of 0.5 �M was incubated with 10 �M DFHBI in 150 �l
folding buffer (40 mM HEPES at pH 7.4, 100 mM KCl, 5
mM MgCl2). After 1 h dark incubation at room temper-
ature, the emission spectrum was collected in wavelength
range 460–600 nm. The excitation wavelength was set to 450
nm and a 1 cm path length cell is used. Fluorescence detec-
tion was performed at room temperature using a F-4600 FL
Spectrophotometer (Hitachi). Slit width: excitation = 5 nm;
emission = 5 nm.

Supramolecular OFF-switches for CRISPR/Cas13a. In
vitro Cas13a cleavage assay was performed in 1 × Cas13a
buffer, which contained 20 mM HEPES, 50 mM KCl, 5 mM
MgCl2 and 5% glycerol at pH 6.8, 25◦C. The gRNAs were
pre-folded by heating to 65◦C for 5 min and then slowly
cooling to room temperature in 1 × Cas13a buffer. Briefly,
gRNAs were complexed with a 2.0 molar excess of protein

in 1 × Cas13a buffer at 37◦C for 10 min, before adding 5’-
FAM labeled RNA targets.

Adamantoyl gRNAs were prepared using the above gen-
eral protocol. For supramolecular complexation assay, the
gRNA (45 nM) with or without adamantoylation was
mixed with the Cas13a (90 nM) and CB7 at different con-
centrations. The reaction was started by rapid mixing of
equal volumes of the Cas13a:gRNA complex with an solu-
tion containing RNA targets (300 nM) in 1 × Cas13a buffer.
The reaction mixture was incubated at 37◦C for 2 h.

Collateral cleavage assay. For this study, the reactions
were started by rapid mixing of equal volumes of the
Cas13a/gRNA preparation with a solution containing tar-
get and reporter RNAs in 1 × Cas13a buffer. Final concen-
tration of all components except CB7 was as following: 45
nM purified LbuCas13a, 22.5 nM gRNA, 22.5 nM target
(Cas13a target1 or target2 in Supplementary Table S1), 125
nM quenched fluorescent RNA reporter (Cas13a reporter
in Supplementary Table S1) and 0.5 U RiboLock RNase
inhibitor. The curve describing fluorescence increase versus
time is determined using the LS55 fluorescence spectrom-
eter (Perkin–Elmer Inc., USA) with the kinetics mode at
room temperature. Reactions were allowed to proceed for
1 h measured every 1 s. The excitation and emission wave-
lengths are set to 496 and 520 nm and a 1 cm path length
cell is used. Slit width: excitation = 5 nm; emission = 5 nm.

EMSA assay using dCas13a. This assay was performed in
1 × EMSA buffer, which contained 20 mM HEPES, 50 mM
KCl, 10 �g/ml BSA, 100 �g/ml yeast tRNA, 0.01% Igepal
CA-630 and 5% glycerol at pH 6.8, 25◦C (7). The gRNA-
Cy3 and target-FAM were incubated with the dCas13a for
10 min at 37◦C. Samples were then resolved by 6% na-
tive PAGE at 4◦C (0.5 × TBE buffer). Electrophoresis was
run at 6◦C for 1 h at 300 V and 1 h at 200 V. After elec-
trophoresis, in gel targets were analyzed using a Pharos
FX Molecular imager (Bio-Rad, USA) in the fluorescence
mode (�ex = 488 and 590 nm).

MB fluorescence assay. The fluorescence of MB probe in
the absence of gRNA was recorded to ensure that fluores-
cence signal does not increase. About 120 nM gRNA with
or without adamantoylation was incubated with 100 nM of
MB in 1 × hybridization buffer (100 mM Tris-HCl, pH 8.0,
25◦C, 100 mM NaCl, 5 mM MgCl2). The CB7 was added
to different concentrations and final volume of 400 �l. The
fluorescence signal was recorded for 1 h and a 1 cm path
length cell was used. MB fluorescence signals were recorded
at �ex = 496 nm and �em = 520 nm at room temperature.
Slit width: excitation = 5 nm; emission = 5 nm.

EMSA assay using dCas9. The Halo domain of dCas9 was
labeled by incubation with fluorescent Halo ligand (G1002
HaloTag® Alexa Fluor® 488 ligand, Promega) at ratio
of 1:10 at room temperature for 30 min, and purified using
40-K MWCO Zeba spin desalting columns (Thermo Scien-
tific). Gel mobility shift assay was carried out in 1 × EMSA
buffer (38). dCas9 protein was preincubated for 10 min with
9 �l of EMSA buffer. Then 1 �L gRNA was added, and the
reaction was incubated at room temperature for 15 min to
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examine the binary complex. Samples were then resolved
by 6% native PAGE at 4◦C (0.5 × TBE buffer). After elec-
trophoresis (100 V, 1.0 h), in gel targets were visualized us-
ing a Pharos FX Molecular imager (Bio-Rad, USA) in the
fluorescence mode (�ex = 488 nm).

Supramolecular OFF-switches for CRISPR/Cas9.
Adamantoyl gRNAs were prepared using the above
general protocol for adamantoylation. Each sgRNA was
designed using an online tool (39). Target DNA fragments
were PCR amplified from genomic DNA (HeLa-OC
cells) using the following PCR primers: t-SLX4IP-F and
t-SLX4IP-R for t-SLX4IP; t-HPRT1-F and t-HPRT1-R
for t-HPRT1; t-HBEGF-F and t-HBEGF-R for t-HBEGF.
In vitro Cas9 cleavage assays were performed in 1 × NEB-
uffer™ 3.1, which contained 100 mM NaCl, 50 mM
Tris-HCl, 10 mM MgCl2 and 100 �g/ml BSA at pH 7.9,
25◦C. Briefly, unmodified or adamantoyl sgRNAs (50
ng) were incubated with CB7 at various concentrations
in the presence of Cas9 (0.2 �M), in 1 × NEBuffer™ 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 × NEBuffer™ 3.1 buffer and subjected to an incubation
at 37◦C for 0.5 h. Reactions were quenched by adding SDS
containing loading dye and loaded onto a 1.5% agarose gel
containing 1.5 × Super GelRed for visualization (100 V,
1.5 h). The GeneRuler 100-bp DNA Ladder was used as
DNA size marker for these experiments.

For the 2-part gRNA study, each crRNA (unmodified or
adamantoyl) and tracrRNA (unmodified or adamantoyl)
were incubated at room temperature for 10 min to form the
gRNA complexes. For supramolecular complexation 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 except that a
11 h incubation at 37◦C was used.

Cellular studies. Human HeLa-OC cell line was a kind
gift from Prof. Wen-Sheng Wei, School of Life Sciences,
Peking University, Beijing, China. Cellular studies were
performed using HeLa-OC cells. HeLa-OC cells were cul-
tured in Dulbecco’s Modified Eagle Medium with high glu-
cose, sodium pyruvate and GlutaMAX supplemented with
10% fetal bovine serum and 1 × penicillin–streptomycin
(Thermo Fisher Scientific). Cells were passaged to main-
tain confluency below 70%. In a 6-well plate, 4 × 105 cells
were seeded a day prior to transfection. About 2.5 �g of
each sgRNA and 5.0 �l of Lipofectamine® 3000 transfec-
tion agent (Thermo Fisher Scientific) were mixed and trans-
fected in accordance with the manufacturer’s protocol.

For initial tests with transfection in the presence of CB7,
the sgRNA:Lipofectamine complexes were incubated with
CB7 at a final concentration of 500 �M. These complexes
were left for 20 min at room temperature before transferring
them to the well containing cells and growth medium. To de-
termine the action time effect of supramolecular complexa-
tion, the CB7 at a final concentration of 500 �M was added
to each well at different times after the addition of transfec-

tion complexes. At the end of the 4 h incubation period, the
transfection medium was then replaced with fresh, complete
medium supplemented with 500 �M CB7. To determine the
effect of supramolecular complexation on transfected sgR-
NAs, the transfection of each sgRNA was performed in the
absence of CB7. After a 4 h incubation, the medium was
replaced with fresh, complete medium that contained CB7
at various concentrations (100, 300 and 500 �M). For cel-
lular studies with the 2-part gRNAs, 0.6 �g of each crRNA
and 2.0 �g of tracrRNA were annealed by heating to 90 ◦C
for 2 min and slow-cooled to room temperature to form the
gRNA complexes. The transfection of 2-part gRNAs was
performed according to the above transfection steps. After a
4 h incubation, the medium was replaced with fresh medium
that contained various concentrations of CB7.

In each of the above studies, transfected cells were further
incubated at 37◦C with 5% CO2 for 24 h. Genomic DNAs
were extracted for mutation detection using Qiagen DNeasy
Blood and Tissue Kit. Subsequently, target fragments con-
taining target sites were amplified from genomic DNA (200
ng) using PrimeSTAR HS DNA Polymerase with the above
primer sets. The amplified DNA products were purified via
Zymo Research DNA Clean and Concentrator Kit. T7 En-
donuclease I digestion of DNA substrates carrying the tar-
get loci (100 ng) was performed according to manufacturer’s
protocol. Reaction was quenched by adding SDS contain-
ing loading dye and loaded onto a 1.5% agarose gel con-
taining 1.5 × Super GelRed for visualization (100 V, 1.5 h).

RESULTS

The design of supramolecular CRISPR-OFF switches

The goal of this study is to establish a chemical strat-
egy to effectively switch off CRISPR systems using small
molecules. It is promising to manipulate CRISPR systems
by perturbing interactions between gRNA and Cas. There
are two general strategies for this purpose: the Cas en-
gineering and gRNA engineering. In contrast to the ex-
tensive studies for the Cas engineering (40–42), very few
studies have been performed for engineering gRNAs. The
feature of host–guest chemistry motivated us to explore a
related gRNA-engineering strategy to deactivate CRISPR
complexes. Our strategy is based on the idea that the steric
bulk of derivative group could be increased by adding bio-
logically inert bulk that simply increased its molecular size
(43,44). The possibility to form large steric complexes with
macrocyclic host molecules (Figure 2) and thereby influence
the activity of gRNAs remains an important application
area of supramolecular interactions (45).

Two major approaches have been used for synthesiz-
ing RNA with new chemical properties. Despite the excit-
ing applications, it is not easy to perform the solid-phase
chemical RNA synthesis with phosphoramidite method.
Moreover, it is difficult to introduce chemical functional-
ity into one of the four primary RNA bases. Given the
significant role of 2’-OH groups of RNA ribose, the post-
synthetic modification of these groups is desired (37,46).
Different ADI molecules are designed and synthesized for
supramolecular functionalization of RNAs (Supplemen-
tary Figure S1). Structure determination of the synthesized
compounds were performed (details in Supporting Data).
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Figure 2. The steric bulk of adamantane group is increased by forming large complexes with macrocyclic CB7 molecules The optimized molecule geometries
and electron density contour surface are demonstrated with isovalue of 0.001. All optimizations were done at M062X/def2-SVP level with Grimme’s D3
empirical dispersion correction (45). MV indicates molecular volume.

Host–guest complexation in both unstructured and structured
RNA contexts

The first step is the adamantoylation of RNAs (Figure
3A). To properly evaluate the efficiency of this modifica-
tion, an unstructured RNA was used (R-32nt in Supple-
mentary Table S1). For our studies, R-32nt was incubated
with each ADI at a specified concentration (100 mM) for
varied periods at room temperature. After quenching, the
reaction products were recovered by cold ethanol precipita-
tion and analyzed with polyacrylamide gel electrophoresis
(PAGE). As we observed, the products show indistinguish-
able smears with a lower mobility than unmodified RNAs
(Figure 3B and Supplementary Figure S2A). This result
clearly demonstrates that each ADI reacts efficiently with
RNAs.

We next studied the host–guest complexation between
CB7 and adamantoyl RNAs (47). For this purpose, a de-
naturing gel retardation assay is designed to be performed
in the presence of CB7. This is based on the expectation
that CB7-bound RNAs migrate more slowly than free RNA
fragments when subjected to electrophoresis. By comparing
the bands in each sample to the same RNA marker, we find
that adamantoyl RNAs are much more retarded in the CB7-
present gel than in the CB7-absent gel (Figure 3B and C).
In the absence of CB7, no additional band was seen with
mobility less than that of the 44 nt marker (lanes 3–7 and
9–13 in Figure 3B), even for the sample with highest modi-
fication level (lanes 7 and 13 in Figure 3B). In the presence
of 200 �M CB7, very slow moving species were usually seen
with mobility less than that of the 44-nt marker (lanes 6–7
and 11–13 in Figure 3C). Additionally, the CB7 treatment
does not affect the migration of unmodified RNAs (lanes
2 and 8 in Figure 3C). We also analyzed supramolecular
interactions between CB7 and adamantoyl RNAs with na-
tive PAGE (Supplementary Figure S2A and S2B). These re-
sults clearly show that CB7 binds specifically to adamantoyl
RNAs in unstructured contexts. We also tested a number of
other RNAs with different lengths and demonstrated the
general applicability of our strategy (Supplementary Fig-
ures S3 and S4).

We further studied supramolecular complexation be-
tween CB7 and adamantoyl RNAs in structured con-
texts. In this study, we examined the Spinach RNAs that
bind and activate the fluorescence of certain fluorophores
(37,48). These light-up aptamers have been exploited as
RNA mimics of Green Fluorescent Protein (GFP). Not sur-
prisingly, unmodified Spinach can bind to 3,5-difluoro-4-
hydroxybenzylidene imidazolinone (DFHBI) and dramat-
ically increase its fluorescence, which was not influenced
by the addition of CB7 (Supplementary Figure S5). Al-
though the adamantoylation step reduced the fluorescence
of the Spinach-DFHBI complexes to some extent, further
CB7 treatment dramatically inhibited the staining of ap-
tamers with DFHBI. This effect became more evident with
increasing modification level of RNAs (Supplementary Fig-
ure S5). We further observed that supramolecular com-
plexation inhibits the Spinach-induced fluorescence signal
in a concentration-dependent manner (Figure 3D). Thus,
supramolecular complexation between CB7 and adaman-
toyl RNAs can be used to control the folding and function
of long structured RNAs.

Encouraged by the above results, we set out to exam-
ine supramolecular interactions between CB7 and adaman-
toyl RNAs in more biological contexts. Here, reverse tran-
scription of RNA templates is used as a model system to
examine RNA-protein interactions. In an initial study, the
Moloney Murine Leukemia Virus reverse transcriptase (M-
MuLV RT) was used as the elongating enzyme. The elonga-
tion scaffold was set up by assembling M-MuLV RT with
the primer/template duplex. We demonstrate that RT en-
zymes do not tolerate adamantoylation of template RNAs
well. Moreover, supramolecular complexation leads to a
substantial decrease in the processivity of M-MuLV RT as
judged from product lengths (Figure 3E and Supplemen-
tary Figure S6). This effect became more evident with in-
creasing modification level of RNAs. Additionally, the CB7
treatment does not influence M-MuLV RT elongation along
unmodified templates. Similar results were also seen using a
second RT (HIV-RT) with the same substrate (Supplemen-
tary Figure S7).
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Figure 3. Supramolecular complexation in RNA contexts. Reactions were carried out as described in the Materials and Methods Section. All samples
were tested in three biological replicates. Image of representative data is shown here. (A) Schematic representation of supramolecular complexation on
adamantoyl RNAs. (B) Denaturing PAGE analysis of RNA strands in the absence of CB7. (C) Denaturing PAGE analysis of RNA strands in the presence
of 33 �M CB7. Supramolecular complexation significantly impedes the movement of adamantoyl RNAs on gel. For (B) and (C), lanes 1, 14: RNA marker
(R-32nt, R-44nt, R-64 nt in Supplementary Table S1); lanes 2, 8: unmodified RNAs; lanes 3–7, 9–13: adamantoyl RNAs with different modification levels.
(D) Supramolecular complexation in structured RNA contexts. In this assay, Spinach RNAs were modified with 100 mM ADI-2 for 55 min at room
temperature. (E) The influence of supramolecular complexation on reverse transcription with M-MuLV RT. Lane 1: no enzyme control; lanes 2, 4, 6, 8,
10: no CB7 control; lanes 3, 5, 7, 9, 11: the 500-�M CB7 treatments; lane 12: RNA marker. Lanes 2–3 contain unmodified RNAs; lanes 4–5, 6–7, 8–9,
10–11 contain adamantoyl RNAs with increasing modification levels. (F) The influence of supramolecular complexation on RNase degradation. Treating
adamantoyl RNAs with CB7 almost completely abolishes RNase I action. Lanes 1, 4, 7, 10, 13: no enzyme control; lanes 2, 5, 8, 11, 14: no CB7 control;
lanes 3, 6, 9, 12, 15: the 500-�M CB7 treatments. Lanes 1–3 contain unmodified RNAs; lanes 4–6, 7–9, 10–12, 13–15 contain adamantoyl RNAs with
increasing modification levels.
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To further test supramolecular complexation in biologi-
cal contexts, a RNase degrading assay was employed using
fluorogenic RNA substrates. We show that RNase I read-
ily degrades the majority of unmodified RNAs in 10 min.
We further demonstrate that the adamantoylation of RNAs
does not reduce the RNase I action (Figure 3F and Sup-
plementary Figure S8A). Importantly, the CB7 treatment
essentially stops the activity of this enzyme. Additionally,
RNase I almost completely degrades unmodified RNAs in
the presence of CB7 after 10 min. Further results show that
supramolecular complexation can inhibit RNase I activity
in a concentration-dependent manner (Supplementary Fig-
ure S8B, S8C). Similar results were also seen with a second
RNase (RNase T1) (Supplementary Figure S9). Overall,
these results demonstrate that supramolecular interactions
can act as a strong mechanism for blocking the recognition
between RNAs and proteins.

Supramolecular OFF-switches for CRISPR/Cas13a

The above studies demonstrate that host–guest chemistry
can be used to switch off RNA functionality. A success-
ful CRISPR application depends greatly on the function
of gRNAs (49). We tend to regulate the Cas13a activity
by disrupting the function of gRNAs. The first step is the
adamantoylation of gRNAs (Supplementary Figure S10).
An important thing is to determine how much steric stress
the gRNAs can tolerate. We demonstrate that the adaman-
toylation of gRNAs is well tolerated by CRISPR/Cas13a
(Figure 4A). We next asked whether host–guest interaction
can be used to turn off the function of CRISPR/Cas13a.
The results demonstrate that supramolecular complexa-
tion reduces the potency of adamantoyl gRNAs to support
Cas13a-mediated RNA cleavage. The degree of reduction
depends on the modification level of adamantoyl gRNAs
(Figure 4A and Supplementary Figure S11A). We further
demonstrate that the addition of CB7 decreased the level of
RNA cleavage in a concentration-dependent manner (Sup-
plementary Figure S11B and S11C). Similar results were
also seen with a second target RNA (Supplementary Fig-
ure S12). As a control, the cleavage reaction using unmod-
ified gRNAs was not influenced in the presence of a rela-
tively high concentration of CB7. These results demonstrate
that the Cas13a gRNA tolerates a certain extent of adaman-
toylation and is much less tolerant to host–guest complexes
with large steric hindrance.

An important and well-known feature of Cas13a is that
it exhibits a ‘collateral effect’ of non-target RNA cleav-
age (7,50). We proceeded to examine supramolecular in-
teractions on adamantoyl gRNAs using this unique fea-
ture of Cas13a. A spectral fluorescence assay was performed
to determine the cleavage ends produced by Cas13a col-
lateral activity. In this study, the Cas13a starts cutting a
quenched RNA reporter once it find a perfect complemen-
tary sequence to its gRNAs (50). The fluorescence intensity
can therefore be largely increased. With adamantoyl gR-
NAs, the sample exhibits a comparable fluorescence com-
pared to that of unmodified control after 100 s. Importantly,
supramolecular complexation inhibited the Cas13a collat-
eral activity in a dose-dependent manner (Figure 4B and
Supplementary Figure S13A). In a kinetic fluorescence as-

say, the characteristic fluorescent signals for reporter RNA
were plotted as a function of reaction time. In agreement
with the above results, the CB7 effectively inhibited fluo-
rescence enhancement of the reaction (Figure 4C and Sup-
plementary Figure S13B). In addition, RNA cleavage in
the control samples was not evidently influenced through
the CB7 treatment. In this respect, supramolecular interac-
tions can function as OFF-switches to terminate Cas13a-
mediated RNA cleavage.

We next investigated how supramolecular complex-
ation affects the functions of gRNAs to regulate
CRISPR/Cas13a. Hence, an electrophoretic mobility
shift assay (EMSA) was performed by using a dCas13a
(LbuCas13a R1079A/K1080A double mutant) and a
fluorescently labeled gRNA (gRNA-Cy3 in Supplementary
Table S1) (7). We observed the dCas13a protein can bind
with adamantoyl gRNAs very well in both absence and
presence of CB7 (Supplementary Figure S14). These results
demonstrate that supramolecular complexation does not
evidently affect the formation of binary gRNA/Cas13a
complexes. We further studied the effects of supramolecular
complexation on the formation of ternary Cas13a RNP.
The results demonstrated that only low interference of
Cas13a RNP formation was provided by supramolecular
complexation (lanes 17–18 in Figure 4D and Supplemen-
tary Figure S15A). However, supramolecular complexation
significantly reduced the binding of adamantoyl gRNA
to its targets (lanes 16, 18 in Figure 4D and Supple-
mentary Figure S15A). In this respect, supramolecular
complexation may play a more important role in inhibiting
proper RNA hybridization and can significantly hinder the
function of CRISPR/Cas13a. It is also possible that the
bulky CB7 interacts with RNP to prevent cleavage but not
binding between Cas and gRNA.

We proceeded to better define the role of supramolecu-
lar complexation on RNA hybridization. To this end, a flu-
orescence assay was performed by incubating gRNA with
a complementary molecular beacon (MB in Supplemen-
tary Table S1) (37). The fluorescence of unhybridized MB
is quenched due to the close proximity between quencher
and fluorophore (black line in Figure 4E and Supplemen-
tary Figure S15B). When unmodified gRNA is added, we
observed a large increase in fluorescence upon the separa-
tion of fluorophore and quencher in MB (red line in Figure
4E and Supplementary Figure S15B). We further show that
adamantoyl gRNA leads to a fluorescent signal compara-
ble to that of unmodified control, indicating that adaman-
toylation does not evidently affect RNA hybridization (at
the modification levels achieved here). Importantly, treat-
ing adamantoyl gRNA with CB7 largely abolished the MB
fluorescence (Figure 4E and Supplementary Figure S15B).
Moreover, the CB7 treatment can inhibit the fluorescence in
a concentration-dependent manner. This study further con-
firms that supramolecular complexation strongly impairs
RNA hybridization.

Supramolecular OFF-switches for CRISPR/Cas9

The above Cas13a studies encouraged us to fabricate
supramolecular OFF-switches for CRISPR/Cas9. It is
known that the Cas9 protein binds its gRNA and this com-
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Figure 4. Supramolecular OFF-switches for CRISPR/Cas13a. Reactions were performed as described in the Materials and Methods section. All samples
were tested in three biological replicates. Image of representative data was shown here. (A) Modification-dependent inhibition of CRISPR/Cas13a upon
supramolecular complexation. In this study, adamantoyl gRNAs and Cas13a were employed to cleave target1 in the absence or presence of 500 �M CB7.
Lane 1: no enzyme control; lanes 2, 4, 6, 8, 10, 12: no CB7 control; lanes 3, 5, 7, 9, 11, 13: the 500 �M CB7 treatments. Lanes 2–3 contain unmodified gRNA;
lanes 4–5, 6–7, 8–9, 10–11, 12–13 contain adamantoyl gRNAs with increasing modification levels. (B) The influence of supramolecular complexation on
the Cas13a collateral cleavage. The fluorescence spectra were measured at room temperature after 100 s incubation at 37◦C. (C) Dose-dependent effect of
supramolecular complexation on inhibiting CRISPR/Cas13a. (D) Effect of supramolecular complexation on the formation of ternary dCas13a-gRNA-
target complexes. Lanes 1–2: target-FAM control; lanes 3–10 contain unmodified gRNA-Cy3; lanes 11–18 contain adamantoyl gRNA-Cy3 (a 60 min
modification with 100 mM ADI-2). (E) Effect of supramolecular complexation on RNA hybridization. This study uses adamantoyl gRNAs (a 40 min
modification with 100 mM ADI-2).
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plex executes cleavage in the presence of target sequences
(51,52). We therefore investigated whether the host-guest in-
teractions can be used to regulate the Cas9–gRNA interac-
tions. For CRISPR/Cas9 study, the gRNA can be provided
using different formats (2). The most frequently used format
is the single chimeric gRNA (sgRNA) (2,3). As a first step,
in vitro transcription using the PCR-product template is
used to produce sgRNAs targeting human genes (the SLX4
interacting protein, SLX4IP gene in Supplementary Figure
S16A, sg-SLX4IP in Supplementary Table S1) (21,53). The
adamantoylation of sg-SLX4IP is demonstrated with the
electrophoresis (Supplementary Figure S17A and S17B). In
the EMSA study, we used an engineered nuclease-deficient
Cas9 (dCas9), which contains a Halo tag at the C-terminus
(38). The fused Halo tag was fluorescently labeled by a
Halo ligand conjugated to a fluorescent dye. It is observed
that adamantoyl sg-SLX4IP is capable of binding to the
dCas9 protein, with comparable efficiency to unmodified
control (lanes 5, 7, 9, 11 and 13 in Figure 5A, Supplemen-
tary Figure S17C). Importantly, supramolecular complex-
ation introduced significant interfering effects to the for-
mation of dCas9/sg-SLX4IP complexes (lanes 6, 8, 10, 12
and 14 in Figure 5A, Supplementary Figure S17C). These
conclusions held true for an additional study using another
sgRNA targeting the GFP gene (sg-GFP in Supplementary
Table S1; results in Supplementary Figures S18 and S19)
(21).

In view of the good efficiency of this supramolecular
strategy in inhibiting Cas9/sgRNA interactions, we pro-
ceeded to investigate the effects of this strategy in con-
trolling the activity of CRISPR/Cas9 complexes. In this
study, we examined the most adopted CRISPR/Cas9 orig-
inating from Streptococcus pyogenes (2,54). For our stud-
ies, the target DNA sequences were amplified by PCR from
human genomic DNA (Supplementary Figure S16A). In
vitro DNA cleavage assay was performed in the absence
or presence of CB7 (21). Although extensive adamantoy-
lation of sg-SLX4IP leads to low levels of Cas9 activ-
ity, moderate adamantoylation is well tolerated for this
sgRNA (Supplementary Figures S20A and S21A). We
demonstrate that supramolecular complexation can in-
hibit the function of adamantoyl sg-SLX4IP. The ob-
served effects of supramolecular complexation on the func-
tion of adamantoyl gRNAs are evident, with greater ef-
fects occurring at higher levels of modification (Figure
5B and Supplementary Figure S20B). The CB7 treatment
leads to inhibition of Cas9-mediated DNA cleavage in a
concentration-dependent manner (Supplementary Figures
S20C and S21B). Further studies were performed to demon-
strate the specificity of supramolecular regulation. Based on
the results, the treatment with other macrocyclic hosts, such
as �-cyclodextrin (�-CD), �-CD and � -CD, produced neg-
ligible inhibition of the DNA cleavage (Supplementary Fig-
ure S21C). It is necessary to mention that other CB deriva-
tives (CB6 and CB8) inhibited the activity of adamantoy-
lated sgRNA, although being less potent than CB7. These
conclusions held true for two additional studies using an-
other two sgRNAs with different target sites, suggesting
a general principle (Hypoxanthine Phosphoribosyltrans-
ferase 1, HPRT1 gene in Supplementary Figure S16B, re-
sults of sg-HPRT1 in Supplementary Figures S22–S24; hep-

arin binding EGF like growth factor, HBEGF gene in Sup-
plementary Figure S16C, results of sg-HBEGF in Supple-
mentary Figures S25 and S26).

Although the sgRNA becomes the most popular format,
the ‘2-part’ system, using a separate CRISPR-RNA (cr-
RNA) and trans-activating crRNA (tracrRNA), has a good
feature due to its facile modularity (55). We tend to ex-
plore the effect of supramolecular CRISPR-OFF switches
for turning off CRISPR/Cas9 with the ‘2-part’ gRNAs.
In this study, the crRNA was chemically synthesized and
the tracrRNA was prepared using in vitro transcription.
The adamantoylation of cr-SLX4IP was then examined
(Supplementary Figure S27). Following DNA cleavage as-
say demonstrated that the activity of CRISPR/Cas9 was
not significantly influenced by adamantoylation of crRNAs
(left half in Supplementary Figures S28A and S29A). It
is observed that the CB7 treatment of adamantoyl cr-
SLX4IP reduces its potency to support Cas9-mediated
DNA cleavage and that the degree of reduction depends
on the level of adamantoylation (lanes 4–11 in Figure 5C
and Supplementary Figure S28B). We further demonstrate
that supramolecular complexation inhibited the function of
adamantoyl crRNAs in a concentration-dependent manner
(left half in Supplementary Figures S28C and S29B).

We next investigated the use of supramolecular strat-
egy to control the function of tracrRNAs. In this study,
adamantoyl tracrRNAs were complexed with unmodified
crRNAs and Cas9 to cut target DNAs. We demonstrate that
supramolecular complexation efficiently inhibited the ac-
tivity of adamantoyl tracrRNAs to support Cas9-catalyzed
DNA cleavage (lanes 12–17 in Figure 5C and Supplemen-
tary Figure S28B). In addition to the case when both cr-
RNA and tracrRNA are modified with adamantoyl moiety,
the CB7 treatment effectively inhibits the activity of Cas9
for cleaving target DNAs (Figure 5D, Supplementary Fig-
ure S30). An additional study was performed by using cr-
HPRT1 in complexation with a same tracrRNA (results in
Supplementary Figures S31–S35). These results are consis-
tent with the above assay using sgRNAs.

Supramolecular control of gene editing in human cells

Having demonstrated the effectiveness of supramolecular
CRISPR-OFF switches in test tubes, we became interested
in exploring the application of this strategy in human cells.
The Cas9-expressing stable cell lines are used for our stud-
ies (HeLa-OC cells) (56). This study includes the editing
of three endogenous genes, including the HBEGF, SLX4IP
and HPRT1 (Supplementary Figure S16) (53,56,57). Before
testing supramolecular interactions in cells, we determined
the tolerance of HeLa-OC cells to CB7. We observed that
500 �M CB7 did not have an evident effect on cell via-
bility (Supplementary Figure S36). Next, the gRNAs with
or without adamantoylation were delivered into HeLa-OC
cells using Lipofectamine reagents (56). The transfection
step can require a few hours for the complexes to reach
the perinuclear region. For our studies, 4 h of incubation
is used for transfecting gRNAs. Transfected cells were fur-
ther cultured for 24 h at 37◦C. Followingly, a T7E1 nucle-
ase assay was performed to measure the percentage of in-
del (insertion/deletion mutation) (56). We demonstrate that
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Figure 5. Supramolecular OFF-switches for CRISPR/Cas9. Reactions were performed as described in the Materials and Methods section. All samples were
tested in three biological replicates. Image of representative data was shown here. (A) Supramolecular control of the complex formation of Cas9/sgRNA.
EMSA analysis of fluorescently labeled dCas9 is demonstrated. Lanes 1–2: no sgRNA control; lanes 3–4 contain unmodified sg-SLX4IP; lanes 5–6,
7–8, 9–10, 11–12, 13–14 contain adamantoyl sg-SLX4IP with increasing modification levels. (B) Modification-dependent inhibition of CRISPR/Cas9
upon supramolecular complexation. Lane 1: target control; lanes 2–3 contain unmodified sg-SLX4IP; lanes 4–5, 6–7, 8–9, 10–11, 12–13, 14–15 contain
adamantoyl sg-SLX4IP with increasing modification levels; lane 16: DNA marker (GeneRuler 100-bp DNA Ladder). (C) Modification-dependent inhi-
bition of CRISPR/Cas9 with adamantoyl cr-SLX4IP or adamantoyl tracrRNA. Lane 1: no Cas9 control; lanes 2–3 contain unmodified cr-SLX4IP and
unmodified tracrRNA; lanes 4–11 contain unmodified tracrRNA and adamantoyl cr-SLX4IP with increasing modification levels; lanes 12–19 contain un-
modified cr-SLX4IP and adamantoyl tracrRNA with increasing modification levels; lane 20: DNA marker. (D) Influence of supramolecular complexation
on CRISPR/Cas9 with a separate crRNA and tracrRNA. Lane 1: no Cas9 control; lanes 2–3 contain unmodified cr-SLX4IP and tracrRNA; lanes 4–21
contain adamantoyl cr-SLX4IP and tracrRNA with increasing modification levels; lane 22: DNA marker.
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the transfection of adamantoyl gRNAs could induce tar-
geted indels in HeLa-OC cells, although with a lower activ-
ity (Supplementary Figures S37 and S38). Hence, adaman-
toyl gRNAs can be fully used for genome editing.

Having shown efficient genome editing using adaman-
toyl gRNAs in HeLa-OC cells, we tested whether host–
guest interations can be used to inhibit in-cell CRISPR
functions. Four hours after complex administration, the
lipofectamine-containing medium is replaced to a fresh,
complete medium containing CB7. A series of experiments
were carried out by treating cells with CB7 at various times
after the addition of gRNA:lipofectamine complexes. We
observed that targeted indel frequencies decreased in a
time-dependent manner (Supplementary Figures S37A and
S38A). These results are expected, since the presence of CB7
in an individual transfection may interfere with the uptake
of adamantoyl gRNAs by cells. Our major aim was investi-
gating the effect of supramolecular complexation on func-
tions of transfected gRNAs. To our delight, evident inhi-
bition of indel generation was observed when the CB7 was
added at 4 h postinitiation of transfection and incubated
with cells (lanes 11, 17 in Supplementary Figures S37A
and S38A). We further demonstrate that although the CB7
treatment of gRNA:lipofectamine complexes can greatly in-
hibit the indel formation, complete abolishment would be
still difficult in the presence of 500 �M CB7 (Supplemen-
tary Figures S37B and S38B).

We next systematically investigated the effect of
supramolecular complexation after the transfection step.
The adamantoyl gRNAs were delivered into cells as above
before increasing amounts of CB7 were added. The results
demonstrate that the CB7 treatment evidently decreased
the ability of adamantoyl sgRNAs to create genome lesions
in HeLa-OC cells. This effect was found to be more evident
upon increasing the modification levels of adamantoyl
gRNAs (Figure 6A; Supplementary Figures S39A, S40A
and S41A). We further demonstrate that the CB7 treat-
ment decreases the function of adamantoyl sgRNAs in a
concentration-dependent manner (Supplementary Figures
S40B and S41B).

We further pursued to achieve supramolecular control of
2-part gRNAs in living cells. In this study, we determined
the efficiency of genome editing by crRNA:tracrRNA co-
transfection at 24 h post-transfection. We demonstrate
that the transfection of adamantoyl crRNA and unmodi-
fied tracrRNA produces efficient genome editing in HeLa-
OC cells with predictable banding patterns. To our de-
light, an evident inhibition of this process can be achieved
through supramolecular complexation (lanes 6–13 in Fig-
ure 6B and Supplementary Figure S42, left half in S39B).
We then transfected the cells with unmodified crRNAs and
an adamantoyl tracrRNA, and took the same concentra-
tion of unmodified crRNA:tracrRNA as control. An anal-
ogous pattern of CB7-responsible inhibition was evident
(lanes 14–21 in Figure 6B and Supplementary Figure S42,
right half in Supplementary Figure S39B).

Many biological studies require targeting distinct ge-
nomic locations simultaneously to study complex gene
regulatory networks (58). We are interested in whether
supramolecular CRISPR-OFF switches could support con-
trol of specific gRNAs while other gRNAs remain unaf-

fected. In this study, we examined the transfection of two
sgRNAs targeting different genes at the same time. In ad-
dition to sgRNAs targeting HPRT1, we included sgRNAs
that target the SLX4IP. We transfected each sgRNA either
alone or in combination and analyzed the indel formation
of target genes at 24 h post-transfection. Initial studies were
performed by transfecting HeLa-OC cells with adaman-
toyl sg-HPRT1 and unmodified sg-SLX4IP. We demon-
strate that the CB7 treatment selectively inhibited the edit-
ing of the HPRT1 gene (lanes 14–15 in Figure 6C). Next,
adamantoyl sg-SLX4IP and unmodified sg-HPRT1 were
transfected into HeLa-OC cells at the same time. Strong in-
hibition of the analyzed gene was observed when adaman-
toyl sgRNA was used but not with unmodified sgRNA or
under CB7-free conditions (Figure 6C and Supplementary
Figure S39C).

In addition to the control of multiple sgRNAs, we also
tested the genome editing by transfecting tracrRNAs along
with multiple crRNAs into HeLa-OC cells. We demonstrate
that the CB7 treatment does not evidently influence the
activity of unmodified crRNAs in HeLa-OC cells (lanes
8–9 in Figure 6D). We next transfected unmodified tracr-
RNA along with adamantoyl cr-SLX4IP and unmodified
cr-HBEGF into HeLa-OC cells. Upon the CB7 treatment,
the editing of SLX4IP gene was selectively inhibited, while
the editing of HBEGF gene was not influenced (lanes 14–15
in Figure 6D). We also transfected adamantoyl cr-HBEGF
and unmodified cr-SLX4IP into HeLa-OC cells at the same
time. In this case, the CB7 treatment leads to selective inhi-
bition of editing targeting the HBEGF gene, while the edit-
ing of SLX4IP gene was not influenced (Figure 6D and Sup-
plementary Figure S39D). These results demonstrate that
the manipulation of specific gRNAs offers a relatively quick
and easy way to manipulate specific genes in cells.

DISCUSSION

The current study demonstrates a supramolecular strategy
for the construction of CRISPR-OFF switches. The idea
of the current study is simply to divide the manipulation
into two steps. Step 1 is adamantoylation of gRNA by post-
synthetic modifications, and step 2 is the anchoring of CB7
molecules onto the gRNA molecules through supramolec-
ular interactions (30). To date, very little is known about
the tolerance level of gRNAs to non-natural modifications.
It is uncertain if the gRNA tolerates chemical modifica-
tions that are structurally unrelated to its ribonucleotide
monomers, and how big these moieties can be without af-
fecting the functionality of Cas endonuclease. We used dif-
ferent methods to examine the tolerance level of RNAs
to adamantoylation. We demonstrate that both Cas9 and
Cas13a well tolerate the ribose adamantoylations to their
gRNAs. The adamantoyl groups do not seem to affect the
activity of gRNAs to support Cas-mediated target cleav-
age, whereas larger host–guest complexes were more per-
turbing. We demonstrate that supramolecular manipula-
tion of gRNAs can be used as a promising tool for control-
ling CRISPR systems.

A variety of side effects can occur when the CRISPR
complexes are constitutively active. To date, there are cur-
rently limited means to control excessive Cas9 activity once
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Figure 6. Supramolecular control of CRISPR/Cas9 in human cells. Cellular studies were performed as described in the Materials and Methods section.
The gRNAs were delivered into HeLa-OC cells before CB7 was added. 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) Supramolecular control of editing of a single gene using
sgRNAs. Lane 1: target control; lanes 2–3: no sgRNA control; lanes 4–5 contain unmodified sg-HBEGF; lanes 6–7, 8–9, 10–11, 12–13 contain adamantoyl
sg-HBEGF with increasing modification levels; lane 14: DNA marker (GeneRuler 100 bp DNA Ladder). (B) Supramolecular control of editing of a single
gene using the 2-part gRNAs. Lane 1: target control; lanes 2–3: no gRNA control; lanes 4–5 contain unmodified cr-HBEGF and unmodified tracrRNA;
lanes 6–13 contain unmodified tracrRNA and adamantoyl cr-HBEGF with increasing modification levels; lanes 14–21 contain unmodified cr-HBEGF and
adamantoyl tracrRNA with increasing modification levels; lane 22: DNA marker. (C) Supramolecular control of sgRNA combination. Upper panel: the
editing of HPRT1 gene. Lower panel: the editing of SLX4IP gene. Lane 1: target control; lanes 2–3: no sgRNA control; lanes 4–5 contain unmodified sg-
HPRT1; lanes 6–7 contain unmodified sg-SLX4IP; lanes 8–9 contain unmodified sg-HPRT1 and unmodified sg-SLX4IP; lanes 10–11 contain adamantoyl
sg-HPRT1; lanes 12–13 contain adamantoyl sg-SLX4IP; lanes 14–15 contain adamantoyl sg-HPRT1 and unmodified sg-SLX4IP; lanes 16–17 contain
adamantoyl sg-SLX4IP and unmodified sg-HPRT1; lanes 18–19 contain adamantoyl sg-HPRT1 and adamantoyl sg-SLX4IP; lane 20: DNA marker. (D)
Supramolecular control of the 2-part gRNA combination. In this study, cells were transfected with crRNA:tracrRNA complexes with different treatments.
Upper panel: the editing of SLX4IP gene. Lower panel: the editing of HBEGF gene. Lane 1: target control; lanes 2–3: no gRNA control; lanes 4–5 contain
unmodified cr-SLX4IP; lanes 6–7 contain unmodified cr-HBEGF; lanes 8–9 contain unmodified cr-SLX4IP and unmodified cr-HBEGF; lanes 10–11
contain adamantoyl cr-SLX4IP; lanes 12–13 contain adamantoyl cr-HBEGF; lanes 14–15 contain adamantoyl cr-SLX4IP and unmodified cr-HBEGF;
lanes 16–17 contain adamantoyl cr-HBEGF and unmodified cr-SLX4IP; lanes 18–19 contain adamantoyl cr-SLX4IP and adamantoyl cr-HBEGF; lane
20: DNA marker. For (C) and (D), the separate panels come from the same experiment.
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it has been delivered or activated (13). One available method
to achieve this goal is to use anti-CRISPRs (10,15,16).
However, the development of anti-CRISPRs is challenging.
Supramolecular control of CRISPR systems would be use-
ful for restricting gene editing to desired times and places.
Our strategy has multiple advantages. First, the adaman-
toylation of gRNAs is simple and easily prepared, and it
is not necessarily to identify the essential sites of gRNA
for CRISPR functions. Another feature of this method is
that adamantoyl gRNAs exhibit an evidently higher stabil-
ity compared to unmodified ones. Third, our method of-
fers a unique and complementary approach to the current
strategy to deactivate the activity of Cas9 protein using anti-
CRISPRs (10).

In the current study, the control of gene editing in live
cells is accomplished through supramolecular complexa-
tion on adamantoyl gRNAs. This supramolecular strategy
utilizes inexpensive reagents, functions both with chemi-
cally synthesized or transcribed gRNAs and requires no Cas
engineering. We believe this strategy will make CRISPR-
based gene editing much safer. It is worth mentioning that
supramolecular inhibition of gene editing in cells is not
complete even at high CB7 concentrations. There are a num-
ber of possible reasons for this result. Our study and re-
search by others show that CB7 molecules can cross the
cell membrane (59). From a structural point of view, the
CB7 molecules act as large steric hindrance to interfere with
the CRISPR functions. Hence, the large size of the CB7
molecules is preferable for this purpose. However, at this
point CB7 tends to encounter barrier when crossing the cell
membrane than other small molecules. On the other hand,
because of the noncovalent nature of CB7–adamantane in-
teraction, we believe that some CB7 caps could be pulled
away from adamantoyl gRNAs in cellular environments.
The possible dissociation will leave behind a leak of the
CRISPR activities. We are currently pursuing improve-
ments of the CB7 activity through chemical engineering.
Our study provides proof of principle for establishing tem-
poral control over potentially any RNA-guided enzymatic
reactions, using methods similar to those described here.

CONCLUSION

Overall, the current study establishes the use of host–
guest chemistry to develop supramolecular CRISPR-OFF
switches. We also demonstrates considerable potential of
supramolecular strategy for controlling and enhancing
CRISPR systems.

SUPPLEMENTARY DATA

Supplementary Data are available at NAR Online.
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