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A general approach to identify 
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George M. Church    5,6 & Amit Choudhary    1,2,3 

The need to control the activity and fidelity of CRISPR-associated 
nucleases has resulted in a demand for inhibitory anti-CRISPR molecules. 
The small-molecule inhibitor discovery platforms available at present 
are not generalizable to multiple nuclease classes, only target the initial 
step in the catalytic activity and require high concentrations of nuclease, 
resulting in inhibitors with suboptimal attributes, including poor potency. 
Here we report a high-throughput discovery pipeline consisting of a 
fluorescence resonance energy transfer-based assay that is generalizable 
to contemporary and emerging nucleases, operates at low nuclease 
concentrations and targets all catalytic steps. We applied this pipeline to 
identify BRD7586, a cell-permeable small-molecule inhibitor of SpCas9 that 
is twofold more potent than other inhibitors identified to date. Furthermore, 
unlike the reported inhibitors, BRD7586 enhanced SpCas9 specificity  
and its activity was independent of the genomic loci, DNA-repair pathway  
or mode of nuclease delivery. Overall, these studies describe a 
general pipeline to identify inhibitors of contemporary and emerging 
CRISPR-associated nucleases.

Clustered regularly interspaced short palindromic repeats 
(CRISPR)-associated nucleases (for example, Streptococcus pyogenes 
Cas9 (SpCas9), Staphylococcus aureus Cas9 (SaCas9) and Cas12) are 
programmable RNA-guided endonucleases used to induce site-specific 

DNA-strand breaks but their non-specific or excessive activity can have 
deleterious consequences1–5. As the specificity of such strand breaks can 
depend on extrinsic factors, such as nuclease concentration and activity 
duration, the need to control these factors has propelled the discovery 
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oligonucleotide and SpCas9 charged with a non-targeting gRNA17. 
This assay permitted screening for small molecules that interfered 
with the early steps of the SpCas9 catalytic mechanism—that is, bind-
ing of SpCas9 and the relatively low-affinity NGG PAM DNA sequence. 
However, this assay failed to identify molecules that block the cutting 
activity of the nuclease domains of SpCas9 and could not be applied 
for Cas12a as the enzyme bound to the DNA in a PAM-independent 
fashion (Extended Data Fig. 1a–d). A high-throughput assay to monitor 
the nuclease activity of SpCas9 was reported but did not produce ideal 
chemical matter in terms of toxicity, potency and on-target specificity19. 
To address these issues, we sought to develop an assay that cumulatively 
reports on all steps in the catalytic cycle of these nucleases.

We based our assay on the observation that while Cas9 is bound 
to the DNA substrate following the double-strand break, the 5′ distal 
non-target DNA strand is only weakly held by Cas9 and this strand 
can be displaced following the addition of excess complementary 
single-stranded DNA (ssDNA)14, analogous to toe-hold-mediated 
strand displacement20,21. Therefore, we designed a FRET-based assay 
wherein the 5′ end of the non-target strand in the substrate was labelled 
with a fluorophore. The 3′ end of the displacing ssDNA was labelled 
with a quencher. Following nuclease cleavage of the substrate, the 
3′-labelled quenching DNA strand (present in excess) could outcom-
pete the weakly held 3′ strand to anneal to the 5′ strand. The resulting 
FRET fluorescence quenching provides an optical readout for nuclease 
activity (Fig. 1a).

When we tested this CAA, loss of fluorescence was indeed only 
observed when active SpCas9:gRNA was added to a mixture of both 
the substrate and quencher. When all components were present, the 
quenching efficiency was similar to the control when the quencher 
was directly added to the complementary fluorophore-labelled 
single-strand oligonucleotide (Fig. 1b). We validated that the loss of 
fluorescence depended on the presence of an NGG PAM (Fig. 1c) and 
confirmed the activity correlation between the CAA and that observed 
using gel electrophoresis on the same assay (Fig. 1d). Importantly, CAA 
can recapitulate concentration-dependent inhibition of SpCas9 by 
anti-CRISPR proteins that operate through different mechanisms (Fig. 1e  
and Extended Data Fig. 1e). For example, AcrIIA4 disrupts the PAM  
recognition by the SpCas9:gRNA complex, whereas AcrIIA11 inhibits 
DNA cleavage by trapping SpCas9:gRNA at the PAM-rich sites7,22–25. 
However, CAA cannot distinguish between various inhibitory mecha-
nisms, for which additional assays will be required.

Generalization of CAA to other Cas nucleases
We sought to generalize our CAA to other CRISPR-associated nucle-
ases, including SaCas9. Given the similarities between the modes  
of DNA-substrate binding and protein folding of SaCas9 and SpCas9 
(refs. 26,27), we hypothesized that SaCas9-induced strand displacement 
could be similarly measured. Fluorescence quenching indeed cor-
related with substrate cleavage in our CAA with active SaCas9:gRNA 
and an ACGGGT PAM sequence, which was validated using gel electro-
phoresis (Fig. 1f,g and Extended Data Fig. 1f).

Next, we adapted the assay for other Cas-family enzymes, starting 
with Cas12a. There are several mechanistic differences between the Cas9 
and Cas12a families, including the number of nuclease domains (Cas9 
has two and Cas12a has one), orientation of substrate binding (Cas9 
recognizes a 3′ PAM and Cas12a recognizes a 5′ PAM), and additional 
enzymatic functionalities (Cas12a undergo non-specific collateral 
DNase and RNase activity; Fig. 2a)13,28–30. To address these differences, 
we prepared Cas12a substrates containing a 3′ fluorophore on either 
the non-targeting (NTS-Fluor) or targeting strand (TS-Fluor; Fig. 2a).  
The NTS-Fluor substrate showed higher PAM-dependent quenching 
than the TS-Fluor substrate (Fig. 2b,c and Extended Data Fig. 2a,b), 
with the PAM-dependent cleavage observed in the CAA mirroring the 
gel electrophoresis results (Fig. 2d and Extended Data Fig. 2c). The CAA 
was able to report on concentration-dependent inhibition by AcrVA1 

of anti-CRISPR molecules that can fine-tune nuclease activity over dose 
and time6–8. Ideal anti-CRISPR molecules should be: (1) cell-permeable 
for facile delivery, precise dosing and temporal control of the nuclease 
activity; (2) non-immunogenic and stable in circulation for in vivo use; 
(3) fast-acting to ensure rapid modulation of nuclease activity and 
specificity and (4) easy to use and inexpensive. Precision control of 
intracellular enzymes is nearly always accomplished using small mol-
ecules, which generally possess these desired attributes9–11. However, 
the identification of small-molecule inhibitors of CRISPR-associated 
nucleases requires a suite of robust, high-throughput, orthogonal, sen-
sitive and inexpensive activity assays, which are currently unavailable. It 
is challenging to develop such assays because these nucleases operate 
via different mechanisms12,13 and their tight binding to DNA yields a 
single turnover enzyme, preventing signal amplification via multiple 
catalytic cycles14,15. In addition, Cas nucleases possess two nuclease 
domains that would need to be inactivated and are DNA-binding pro-
teins12,16 that are often deemed chemically intractable. Finally, novel 
protein folds and massive conformational changes during the catalytic 
cycle complicate rational structure-guided design approaches12,15,16.

We previously developed an assay to probe small molecules that 
disrupt the SpCas9–protospacer adjacent motif (PAM) interaction 
and discovered BRD0539, a first-generation SpCas9 inhibitor17. This 
small-molecule screening assay based on PAM recognition by SpCas9, 
the initial step in the catalytic process, overlooks other modes of inhibi-
tion (for example, nuclease activity) and requires high concentrations 
of SpCas9:guide RNA (gRNA) complex, both of which lower the chances 
of inhibitor discovery. Historically, assays that monitor protein:DNA 
interactions have not furnished potent small-molecule inhibitors18. In 
addition, different Cas nucleases recognize different PAM sequences, 
thereby preventing this assay from being generalizable to other Cas9 
orthologues. Despite examining approximately 1,000 analogues, 
BRD0539 had poor potency, was unable to enhance SpCas9 specificity 
and its inhibitory activity depended on the genomic loci or mode of 
SpCas9 delivery (for example, plasmid or as a ribonucleoprotein (RNP) 
complex). Finally, BRD0539 synthesis is cumbersome (eight steps from 
commercially available materials) and low-yielding, which prohibits its 
optimization and large-scale production17.

We hypothesized that small-molecule screening using an assay 
that cumulatively reports all steps of the catalytic cycle could fur-
nish improved inhibitors. Here we describe such a fluorescence reso-
nance energy transfer (FRET)-based cumulative activity assay (CAA) 
that reports on all of the catalytic activity steps, requires tenfold less 
SpCas9:gRNA complex compared with the PAM-binding assay and 
is broadly applicable across CRISPR nuclease families. Leveraging 
the high-throughput nature of the CAA, we screened 122,409 small 
molecules, followed by triaging with a suite of orthogonal cellular 
secondary assays. Using this pipeline, we discovered BRD7586, which 
is approximately twofold more potent than BRD0539 and inhibits 
SpCas9 at multiple genomic loci irrespective of the mode of SpCas9 
delivery. We demonstrate that BRD7586 specifically engages SpCas9 
but not Cas12a in cells and enhances SpCas9 specificity at multiple 
loci. With a molecular weight of 408 Da, BRD7586 is the smallest known 
anti-CRISPR and can be synthesized on a large scale in a single step from 
commercially available starting materials. Finally, based on structure–
activity relationship studies, we have identified an inactive analogue of 
BRD7586. Overall, we present a general, inexpensive, high-throughput 
and ready-to-implement suite of assays to rapidly identify synthetic, 
miniature and cell-permeable inhibitors of CRISPR-associated nucle-
ases and demonstrate the utility of the identified inhibitors to improve 
genome-editing specificity.

Results
Development of a CAA for SpCas9
We previously reported an assay that uses fluorescence polarization 
to monitor the binding between a fluorophore-labelled poly-PAM DNA 
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but not AcrIIA4 (Fig. 2e), as reported previously31. Overall, these studies 
indicate the relative ease of generalizing CAA for different and emerg-
ing CRISPR-associated nucleases.

Optimization of CAA for high-throughput screening
To apply our CAA to high-throughput screening, it would need to 
sensitively detect SpCas9 activity within a reasonable time window. 

To minimize the interference from compound autofluorescence, we 
used a red-shifted Alexa Fluor 647-labelled double-stranded substrate 
(dsAF647) for assay development. The dsAF647 was readily detectable 
to as low as 1 nM and could be efficiently quenched by the complemen-
tary strand bearing the quencher (Disp-Q; Fig. 3a). We separately opti-
mized the ratio of Disp-Q to 1 nM of dsAF647 and SpCas9:gRNA to 1 nM 
of dsAF647, and found that a fivefold excess of each reagent relative to 
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Fig. 1 | Development of the CAA. a, Schematic of the CAA . A double-stranded 
oligonucleotide containing a fluorophore (F) is cleaved by SpCas9. Following 
cleavage, the non-fluorophore-containing strand of the oligonucleotide 
substrate is displaced by a quencher (Q)-bearing oligonucleotide, decreasing the 
fluorescence signal through FRET. TS, targeting strand; and NTS, non-targeting 
strand. b, Demonstration of the SpCas9 CAA. The fluorescence of the 
SpCas9-specific substrate is not quenched in the presence of quencher unless  
the substrate is cleaved via an active SpCas9:gRNA complex. Fluorophore- 
tagged ssDNA can be completely quenched in the absence of an unlabelled 
complementary strand. Data are the mean ± s.d. of seven independent replicates. 
P = 3.3 × 10−10 for SpCas9:gRNA (4th bar) versus SpCas9 only (3rd bar); unpaired 
t-test, two-tailed. c, SpCas9 CAA with varying PAM sequences to demonstrate 
the assay specificity. For SpCas9:gRNA versus SpCas9, P = 3.8 × 10−18 (TGG 
PAM), 3.1 × 10−6 (TGC PAM) and 6.0 × 10−7 (ACC PAM); unpaired t-test, two-tailed. 

d, Gel-monitored cleavage of FAM-labelled oligonucleotides (20 nM) by the 
SpCas9:gRNA complex (100 nM) in a PAM-dependent manner. e, Inhibition of 
SpCas9 by AcrIIA4 at different concentrations, [AcrIIA4], monitored using the 
CAA . Data are the mean ± s.d. of three independent replicates. P = 2.2 × 10−5 
for AcrIIA4 at 10 µM versus buffer only; unpaired t-test, two-tailed. f, SaCas9 
CAA with varying PAM sequences to demonstrate the assay specificity. For 
SaCas9:gRNA versus SaCas9, P = 3.9 × 10−20 (ACGGGT PAM), 7.1 × 10−14 (ACGGTT 
PAM) and 8.5 × 10−5 (TGCCCA PAM); unpaired t-test, two-tailed. c,f, The light grey 
bars show results with SpCas9 only and the dark grey bars show results with the 
SpCas9:gRNA complex. Data are the mean ± s.d. of eight independent replicates. 
g, Gel-monitored cleavage of FAM-labelled oligonucleotides (20 nM) by the 
SaCas9:gRNA complex (100 nM) in a PAM-dependent manner. r.f.u., relative 
fluorescence units; dsDNA, double-stranded DNA.

http://www.nature.com/naturecellbiology


Nature Cell Biology

Technical Report https://doi.org/10.1038/s41556-022-01005-8

dsAF647 yielded maximum quenching (Fig. 3b,c). A time-course study 
of fluorescence quenching at various SpCas9:gRNA and dsAF647 ratios 
revealed that the reaction was effectively completed after 2.5 h (Fig. 3d).  
After adapting the assay for liquid handling systems to enable 
high-throughput screening, we were able to detect 5 nM SpCas9 using 
0.5 nM dsAF647 with a Z′ factor (reports on the degree of separation 
between positive and negative control32) of 0.72 (Fig. 3e).

Primary and secondary screening
Our primary screen assayed a selection of unique chemical scaffolds 
derived from commercially available compounds and known bioactive 
molecular libraries (Supplementary Table 1). Autofluorescent com-
pounds were removed by a counter screen. Overall, the CAA was used 
to assay 122,409 small molecules with over 2,500 unique chemical 
scaffolds (Fig. 3f and Supplementary Table 1). Of these compounds, 
547 were selected as hits (Z score > 3 in both replicates) for testing in 
orthogonal cell-based secondary assays. These hits were tested in dupli-
cate in an eGFP-disruption assay, wherein U2OS.eGFP.PEST cells33 trans-
fected with SpCas9 plasmid and eGFP-targeting gRNA plasmid were 
incubated with 20 µM of the compounds. In this assay, any compound 
that inhibited SpCas9 would rescue the loss of eGFP fluorescence. 
Here toxic and autofluorescent compounds with a high GFP signal in 
cells were removed as false positives. Of the 547 compounds tested in 
cellular assays, 15 had a Z score of >2 and 11 had a Z score of >3 in two 
independent screens (Fig. 3g). Next, we tested the 15 compounds in a 
luminescence-based gain-of-signal HiBiT-knock-in assay, which involves 
SpCas9-mediated homology-directed tagging of GAPDH with a short 

peptide that luminesces on complementation with a subunit derived 
from nanoluciferase34. Complementarily, the eGFP-disruption assay is 
fluorescence-based and involves error-prone DNA repair. As a counter 
screen to remove false positives caused by cell death (viability < 80%), 
the cell viability was measured after incubation. Interestingly, the 
top three-performing compounds had a similar core structure, so we 
selected BRD7586 for further studies. Furthermore, BRD7586 exhibited 
higher potency than BRD0539 in the HiBiT-knock-in assay (Fig. 3h,i and 
Extended Data Fig. 3a), and we confirmed dose-dependent inhibition 
of SpCas9 by BRD7586 in CAA (Extended Data Fig. 3b) and in vitro DNA 
cleavage (Extended Data Fig. 3c,d) assays.

Cellular activities of BRD7586
We next confirmed dose-dependent inhibition of SpCas9 by BRD7586 
in multiple assays with an orthogonal readout (for example, fluores-
cence, luminescence and next-generation sequencing) and at multiple 
genomic loci. The half maximal effective concentrations of BRD7586 
in the eGFP-disruption and HiBiT-knock-in assays (three independ-
ent experiments) were 6.2 ± 1.2 µM and 5.7 ± 0.36 µM, respectively, 
which are lower than our first-generation inhibitor BRD0539 at approxi-
mately 12 µM (Fig. 4a–c). More importantly, BRD7586 inhibited the 
indel activity of SpCas9 at multiple genomic loci, as determined using 
next-generation sequencing (Fig. 4d,e and Extended Data Fig. 4a,b). Fur-
thermore, BRD7586 enhanced the specificity of SpCas9. HEK293T cells 
were transfected with SpCas9 and gRNA plasmids targeting the genes 
EMX1, FANCF or VEGFA and then incubated with BRD7586 for 48 h. Here 
we observed the enhanced on-target versus off-target ratio with an 
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Fig. 2 | Generalization of the CAA to different Cas systems. a, Schematic 
of the substrate recognition by SpCas9 (left) and Francisella novicida Cas12a 
(FnCas12a; right). Cas12a enzymes bind DNA in a reverse orientation compared 
with Cas9. Generalization of the CAA to Cas12a enzymes requires optimization 
of the location of the fluorophore on either the non-targeting (NTS) or targeting 
(TS) strand. crRNA, crispr RNA. b, FnCas12a CAA with varying PAM sequences 
using an NTS-labelled fluorophore. For FnCas12a:gRNA versus FnCas12a, 
P = 2.8 × 10−7 (TTTC PAM), 6.4 × 10−4 (TTGC PAM) and 0.15 (AAAG PAM); unpaired 
t-test, two-tailed. c, FnCas12a CAA with varying PAM sequences using TS-Fluor. 
For FnCas12a:gRNA versus FnCas12a, P = 4.5 × 10−5 (TTTC PAM), 0.030 (TTGC 

PAM) and 0.19 (AAAG PAM); unpaired t-test, two-tailed. b,c, The light grey 
bars show results with FnCas12a only and the dark grey bars show results with 
the FnCas12a:gRNA complex. d, Gel-monitored cleavage of the FAM-labelled 
oligonucleotides NTS-Fluor and TS-Fluor (100 nM) by FnCas12a (500 nM). 
e, Inhibition of FnCas12a by two anti-CRISPR proteins, AcrIIA4 and AcrVA1, 
monitored using the CAA. P = 5.4 × 10−6 (AcrVA1 at 5 µM compared with buffer 
only) and 0.16 (AcrIIA4 at 5 µM compared with buffer only); unpaired t-test,  
two-tailed. b,c,e, Data are the mean ± s.d. of three independent replicates;  
r.f.u., relative fluorescence units.
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increasing amount of inhibitor (Fig. 4f). Moreover, BRD7586 exhib-
ited substantially improved activity compared with first-generation 
BRD0539 (ref. 17) in the eGFP-disruption and HiBiT-knock-in assays 
(Extended Data Fig. 4c,d).

BRD7586 inhibited SpCas9 in both HEK293T and U2OS.eGFP.
PEST cells without altering its expression (Fig. 4g and Extended Data 
Fig. 5a,b), introducing cytotoxicity (Fig. 4h) or affecting the eGFP 
expression in U2OS.eGFP.PEST cells in the absence of SpCas9:gRNA 
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with varying amounts of SpCas9:gRNA and fixed dsAF647 (1 nM). Data are 
the mean ± s.d. of three independent replicates. P = 0.0128 for 150 min versus 
0 min for a substrate-to-SpCas9 RNP ratio of 1:5; unpaired t-test, two-tailed. 

e, High-throughput validation of the CAA using 10 nM SpCas9:gRNA (1:1.2) or 
10 nM SpCas9 (25 µl) distributed in a 384-well plate, followed by the addition 
of 1 nM dsAF647 and 5 nM Disp-Q (25 µl). f, High-throughput screening against 
122,409 compounds performed in duplicate. To compare results from different 
screening plates, the Z scores from each compound were normalized by setting 
the dimethylsulfoxide (DMSO) control as zero and SpCas9 without gRNA as one. 
g, Secondary screening of 547 hit compounds using an eGFP-disruption assay. 
The screen was performed in duplicate and normalized as in f. Blue dots at the 
right and above of the grey lines are for compounds with a Z score of >3 in both 
independent experiments. h, SpCas9 inhibition by hit compounds in a tertiary 
HiBiT-knock-in assay. The empty box represents the BRD0539 positive control, 
the coloured boxes represent hit compounds. i, Structures of BRD7586 (bottom) 
and the reported SpCas9 inhibitor BRD0539 (top).
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(Extended Data Fig. 5c). Although BRD7586 inhibited SpCas9, it did 
not affect the activity of structurally distinct Cas12a from Lachno-
spiraceae bacterium (LbCas12a), demonstrating its nuclease-selective 
activity (Extended Data Fig. 5d). Finally, BRD7586 was 40% stable in  
mouse plasma.

Structure–activity relationship studies of BRD7586
To identify the pharmacophore of the molecular scaffold, we performed 
structure–activity relationship (SAR) studies of BRD7586. We assem-
bled analogues by individually substituting the R1 and R2 positions 
with different chemical functional groups (Fig. 5a) and tested these 
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and 1.9 × 10−7 (RNP delivery); unpaired t-test, two-tailed. b, Inhibition of eGFP-
targeting SpCas9 by BRD7586 in U2OS.eGFP.PEST cells nucleofected with RNP 
(24 h). c, Dose-dependent SpCas9 inhibition by BRD7586 in the HiBiT-knock-in 
assay in HEK293T cells (24 h). For 20 µM BRD7586 versus DMSO, P = 6.2 × 10−12 
(plasmid delivery) and 9.0 × 10−10 (RNP delivery). a,c, Data are the mean ± s.d. 
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nucleofected with plasmids or RNP and incubated with BRD7586 (24 h). Data 
are the mean ± s.d. of four independent replicates. For 20 µM BRD7586 versus 
DMSO, P = 4.3 × 10−6 (plasmid) and 3.7 × 10−4 (RNP). e, Dose-dependent inhibition 
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versus DMSO, P = 3.9 × 10−10 (EMX1), 1.7 × 10−8 (FANCF) and 3.8 × 10−8 (VEGFA).  
f, Effect of BRD7586 on the specificity of SpCas9. HEK293T cells were transfected 
with plasmids and incubated with BRD7586 (48 h). Data are the mean ± s.d. of 
seven independent replicates. Specificity was calculated as a ratio of normalized 
indel frequencies. For 20 µM BRD7586 versus DMSO, P = 9.1 × 10−6 (EMX1), 0.0019 
(FANCF) and 0.0019 (VEGFA). g, Immunoblots to assess SpCas9 expression in  
cells transfected with SpCas9 plasmid and incubated with BRD7586 (24 h).  
h, Viability of cells incubated with BRD7586, measured using CellTiter-Glo (24 h). 
Data are the mean ± s.d. of three independent replicates. For 20 µM BRD7586 
versus DMSO, P = 0.062 (HEK293T cells) and 0.17 (U2OS.eGFP.PEST). [BRD7586], 
concentration of BRD7586.

http://www.nature.com/naturecellbiology


Nature Cell Biology

Technical Report https://doi.org/10.1038/s41556-022-01005-8

analogues in both eGFP-disruption (Fig. 5b) and HiBiT-knock-in (Fig. 5c)  
assays. Keeping R1 = Cl and varying R2 substantially changed the 
SpCas9 activity from the eGFP-disruption assay. First, replacement 
of the pyridyl group (R2 = 6, 7) with phenyl rings (R2 = 4a, 4b, 4c, 4d, 
4g), a 2-thienyl group (R2 = 5) or smaller substituents such as hydro-
gen (R2 = 1) or a methyl group (R2 = 2) greatly decreased the activity. 
Instead, replacement of the pyridyl ring with a tert-butyl group (R2 = 3) 
only slightly decreased the activity. Keeping R2 = 7 and varying R1 only 
slightly impacted the activity, with the exception of the hydroxyl sub-
stitution. These compounds were tested in the HiBiT-knock-in assay 
by incubating 15 µM of each analogue with HEK293T cells transfected 
with SpCas9:gRNA ribonucleoprotein (RNP) for 24 h (Fig. 5c). Similar 
trends were observed in this orthogonal assay, except that a higher 
apparent activity was observed in a few compounds that also exhibited 
slight toxicity in this assay.

In addition to single modifications, we examined double 
modifications of BRD7586. These analogues were also tested using 
eGFP-disruption (Fig. 5d) and HiBiT-knock-in (Fig. 5e) assays and dem-
onstrated similar trends to the individual substitutions, indicating 
that the opposite handles of the compound act to stabilize the pocket 
independently. Once again, the HiBiT-knock-in assay displayed higher 
inhibition than observed in the eGFP-disruption assay, although we 
observed some toxicity that resulted in a higher apparent activity.

Biochemical activity of BRD7586
Similar to the cellular studies, we characterized the activity and bind-
ing of BRD7586 to SpCas9 using orthogonal readouts (for example, 
NMR and biolayer interferometry). We used saturation transfer dif-
ference (STD) NMR to probe the binding of 20 µM BRD7586 to 5 µM 
of the SpCas9:gRNA complex. We observed STD NMR signal from 
marked protons, suggesting that these are directly involved in binding 

to the SpCas9 complex (Fig. 6a). The same STD NMR experiment in 
the absence of protein did not display a STD NMR signal, suggesting 
that the signal does not arise from aggregation or other artefacts. The 
STD NMR suggests that there is an interaction between SpCas9 and the 
phenyl-group protons, the thiazole proton and the protons adjacent to 
the nitrogen on the pyridyl ring but not with the other protons.

Based on the SAR and STD NMR studies, we identified the para 
position of the phenyl ring as a probable tolerable linker attachment 
site on BRD7586 (Fig. 5). In addition, the STD NMR and SAR studies 
indicated that the pyridine group was involved in the binding and 
would thus not tolerate any substitutions. We attached a biotin-PEG3 
to the para position of the phenyl ring to synthesize biotin-BRD7586 
(Extended Data Fig. 6a). Biolayer interferometry studies using 1 µM 
biotin-BRD7586 with SpCas9:gRNA complex suggested a dissociation 
constant of 0.52 µM (Fig. 6b,c). No detectable binding was observed 
when the SpCas9:gRNA complex was added to biotin-PEG3-azide in 
the absence of the BRD7586 parent scaffold (Extended Data Fig. 6b).

Target engagement and design of inactive analogue
We used a photo-affinity labelling strategy to demonstrate target 
engagement in cells via a diazirine-based BRD7586 (Fig. 7a)35–37. Based 
on the SAR studies, we designed and synthesized a photo-crosslinking 
probe (diazirine-BRD7586) bearing a minimalist tag containing a photo-
reactive diazirine moiety and alkyne handle. The probe inhibited 
SpCas9 in cells, in accordance with the SAR results (Extended Data 
Fig. 7a). To establish crosslinking of diazirine-BRD7586 to its target, 
SpCas9:gRNA complex was incubated with diazirine-BRD7586 and 
the mixture was photo-irradiated. Click chemistry with TAMRA-azide 
allowed the visualization of the crosslinking product through in-gel 
fluorescence analysis. We demonstrated successful covalent con-
jugation of the probe to SpCas9. Furthermore, the crosslinking was 
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selective, as demonstrated via competition with BRD7586 (Fig. 7b). We 
then validated target engagement of BRD7586 via photo-irradiation in 
live cells treated with diazirine-BRD7586 in the presence and absence 
of BRD7586. After cell lysis and click chemistry with biotin-azide, 
the crosslinked proteins were enriched using streptavidin pulldown 
and immunoblotting to reveal the formation of crosslinks between 
diazirine-BRD7586 and SpCas9 (Extended Data Fig. 7b). This binding 
was abolished in the presence of BRD7586 as a competitor, demonstrat-
ing target engagement in live cells (Fig. 7c).

Based on SAR studies, we designed an inactive analogue of 
BRD7586 containing a bulky bromophenyl group and thioether that 
can serve as a control. This analogue (BRD0033) was inactive in both 
the eGFP-disruption and HiBiT-knock-in assays (Fig. 7a,d,e). In addi-
tion, another analogue (F2537-0908) containing a thioether linkage 
instead of the sulfonyl group, but with the other substituent unchanged 
from BRD7586, had substantially lower inhibitory activity in both the 
eGFP-disruption and HiBiT-knock-in assays (Extended Data Fig. 8a–c).

Finally, we performed early studies towards understanding 
the molecular mechanism of inhibition. Our previously reported 
SpCas9:PAM interaction assay17 showed that BRD7586 does not inhibit 
binding between the SpCas9:gRNA complex and DNA (Extended 
Data Fig. 8d), further suggesting that BRD7586 potentially disrupts 
SpCas9 catalysis. We also performed early studies towards binding 
pocket identification using photo-crosslinked SpCas9:gRNA and 
diazirine-BRD7586, after which an acid-cleavable and isotope-coded 
biotin-azide (Extended Data Fig. 7c) was appended to the conjugate 

via click chemistry (Extended Data Fig. 7b). Streptavidin pulldown, 
followed by tryptic digestion left only the crosslinked peptides on the 
bead surface and acid-mediated cleavage released the crosslinked 
peptides with the unique isotope tag identified using mass spectrom-
etry (Extended Data Fig. 7d). After confirming the isotope patterns 
using mass spectrometry, we identified peptides that crosslinked with 
BRD7586 (Extended Data Fig. 7e,f and Supplementary Table 8). We 
also performed docking studies using Schrödinger Maestro v12.1 in 
the region of the photo-crosslinked sites (Protein Data Bank, 5F9R)38. 
These results suggest that the inhibitor may bind between the HNH 
nuclease and the helical recognition domains (Extended Data Fig. 7g), 
although additional studies are needed to experimentally confirm 
these computational results.

Discussion
Here we report a universal platform to identify inhibitors of 
CRISPR-associated nucleases and demonstrate its usefulness by iden-
tifying a potent small-molecule inhibitor of SpCas9. Addressing issues 
in previous assay formats that bottlenecked the inhibitor discovery 
process, our platform is broadly applicable across multiple nuclease 
families and can report on the inhibition of any stage in the catalytic 
process. For example, our CAA for CRISPR-associated nucleases ena-
bled the interrogation of all aspects of catalysis such as DNA binding, 
protein conformational changes and DNA cleavage, allowing a higher 
chance of inhibitor discovery. Furthermore, CAA can be used for both 
Cas9 and Cas12a despite the fact that they have a relatively different 
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mode of catalysis, and we expect that CAA would be readily adapted 
for emerging CRISPR-associated nucleases. Logical computation capa-
bilities can be added to the CAA set-up using DNA logic circuits39,40. 
We also demonstrate a robust and rapid workflow to verify cellular 
activities of numerous hits from the CAA, which involves a fluores-
cence imaging-based eGFP-disruption assay and a luminescence-based 
HiBiT-knock-in assay. Because these high-throughput assays are com-
pletely orthogonal, our platform allows for reliable identification of 
the final lead compound with minimal resources and time.

A potent small-molecule inhibitor of SpCas9 identified from 
our workflow, BRD7586, exhibited inhibitory activity in all explored 
genome-editing scenarios. In particular, BRD7586 inhibited genome 
editing at diverse endogenous loci regardless of the delivery methods 
of the genome-editing machinery (that is, plasmid or RNP). Moreover, 
treatment with BRD7586 improved the specificity of genome editing 
at diverse genomic loci, demonstrating its immediate usefulness for 
precise genome editing. As small molecules are readily cell-permeable, 
BRD7586 will complement anti-CRISPR proteins in therapeutic genome 
editing. The specific nature of the interaction between BRD7586 and the 
SpCas9 RNP complex was demonstrated using SAR studies. Whereas 
BRD0539 possesses a complex tetrahydroquinoline core requiring 
eight synthetic steps, several of which are challenging17, BRD7586 
possesses a simple core that can be accessed in a single step from com-
mercially available materials. Owing to ease of synthesis, we envision 
that BRD7586 could serve as a starting point for more potent inhibitors 
and degraders of SpCas9 (refs.41,42). For example, proteolysis-targeting 
chimaeras41,42 could be generated by joining our inhibitor to the ubiq-
uitin ligase binder to cause the degradation of SpCas9. Overall, our 
reported anti-CRISPR molecules highlight that chemical approaches 
can control and enhance the capabilities of CRISPR-based technologies 

and are an important step towards their dose and temporal control. 
These studies have the potential to impact wide-ranging areas in basic 
and biomedical sciences and biotechnology.
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Methods
In vitro transcription of gRNA
Linear DNA fragments containing the T7 promoter sequence upstream 
of the desired gRNA protospacer and the gRNA backbone were gener-
ated by PCR (Q5 Hot Start MasterMix, New England Biolabs) using the 
primers listed in Supplementary Table 4. The fragments were concen-
trated on MinElute columns (Qiagen). The gRNA was transcribed using 
a HiScribe T7 high yield RNA synthesis kit (New England Biolabs) at 
37 °C for 14–16 h with 400 ng of linear template per 30 µl of reaction. 
The gRNA was purified using a MEGAClear transcription clean-up kit 
(ThermoFisher) according to the manufacturer’s instructions. Purified 
gRNAs were stored in aliquots at −80 °C.

Generation of CAA substrates
Oligonucleotide-annealing solutions were prepared by mixing com-
plementary strands (10 µM final concentration) together in 1×Cas9 
assay buffer (20 mM Tris–HCl, pH 7.5, 100 mM KCl and 5 mM MgCl2). 
The oligonucleotides were annealed by heating to 95 °C for 5 min, 
followed by slow cooling to 25 °C at a rate of 0.1 °C s−1 to produce a 
double-stranded oligonucleotide. Complementary strands were  
purchased from Integrated DNA Technologies.

Fluorescence polarization assay for optimization of 
substrates of SaCas9 and FnCas12a
The fluorescence polarization assay for SaCas9 and FnCas12a (Extended 
Data Fig. 1b–d) was performed using a previously reported method with 
the substrates mentioned in Supplementary Table 2 (ref. 17).

Optimization of the CAA
First, we optimized various components and conditions of the CAA 
for Cas enzyme activity and generality with different Cas enzymes, 
such as SpCas9 (Fig. 1b), SaCas9 (Extended Data Fig. 1f) and FnCas12a 
(Extended Data Fig. 2a,b). Typically, SpCas9:gRNA (1:1.2) RNP was 
pre-formed at 1 µM in Cas9 assay buffer for 5 min at 4 °C before dilu-
tion to 10 nM in Cas9 assay buffer (2× final concentration). The 2×Cas9 
stock (25 µl aliquots) was manually dispensed to a black 384-well 
plate (Corning, 3575) using an electronic pipette. Apo SpCas9 (with-
out gRNA) was used at the same concentration as a control for no 
activity (mock inhibition). Following this pre-annealed Alexa Fluor 
647-labelled substrate and quencher were also diluted to 1 nM and 
5 nM, respectively, in Cas9 assay buffer (2×stock solution). Next, 25 µl 
of the substrate/quencher solution was added manually to each well 
of the Cas9-containing 384-well plates using an electronic pipette and 
incubated at 37 °C for 2.5 h. The fluorescence signals were read with the 
microplate reader set to read Alexa Fluor 647 fluorescence. The assay 
was performed similarly with SaCas9 and FnCas12a using the respec-
tive enzyme, gRNA, and substrate and quencher oligonucleotides. 
We similarly divulged the effect of PAM sequences of dsDNA on its 
assay specificity using TGG, TGC and AAC PAM-containing substrates 
for SpCas9 (Fig. 1c); ACGGGT, ACGGTT and TGCCCA PAM substrate  
for SaCas9 (Fig. 1f); and TTTC, TTGC, AAAG PAM substrates for 
FnCpf1 (Fig. 2b,c). We also optimized the effective concentration 
of dsAF647 and ssAF647 fluorophores (Fig. 3a), double-stranded 
substrate-to-SpCas9 RNP ratio (Fig. 3b) and substrate-to-quencher 
ratio (Fig. 3c) on assay performance. Similarly, we performed a time- 
course experiment to establish the time required for maximum comple-
tion of the reaction at various substrate-to-SpCas9 RNP ratios (Fig. 3d).

Validation of the CAA
We further validated the CAA using protein inhibitors, such as AcrIIA4 
(Fig. 1e), AcrIIA11 (Extended Data Fig. 1e) and AcrVA1 (Fig. 2e), that 
inhibit Cas enzymes through different mechanisms. Typically, active 
SpCas9:gRNA (1:1.2) RNP was pre-formed at 1 µM in Cas9 assay buffer 
for 5 min at 4 °C before dilution to 50 nM in Cas9 assay buffer (10× final 
concentration). The 2×Cas9 stock (25 µl) was manually dispensed to a 

black 384-well plate (Corning, 3575) using an electronic pipette. Apo 
SpCas9 was used at the same concentration as a control for no activity. 
Various concentrations (final concentration of 0–10 µM) of 10× AcrIIA4 
or AcrIIA11 were manually added using an electronic pipette and incu-
bated with SpCas9 for at least 30 min at room temperature. Following 
this, pre-annealed Alexa Fluor 647-labelled substrate and quencher 
were also diluted to 10 nM and 50 nM, respectively, in Cas9 assay buffer 
(10×stock solution). Next, 25 µl of the substrate/quencher solution was 
added manually to each well of the Cas9-containing 384-well plates 
using an electronic pipette and incubated at 37 °C for 2.5 h. The fluo-
rescence signals were read with the microplate reader set to read Alexa 
Fluor 647 fluorescence. Similarly, CAA for FnCas12a was validated using 
its protein inhibitor AcrVA1.

CAA
High-throughput screening with the CAA was performed as follows. 
Active SpCas9:gRNA (1:1.2) RNP was pre-formed at 1 µM in Cas9 assay 
buffer for 5 min at 4 °C before dilution to 10 nM in Cas9 assay buffer 
(2× final concentration). Using a liquid handling dispenser, 25 µl of 
the 2×Cas9 stock was dispensed to a black 384-well plate (Corning, 
3575). Apo SpCas9 was used at the same concentration as a control 
for no activity. Compound libraries and DMSO controls were added 
via pin transfer of 100 nl from 10 mM or 5 mg ml−1 stocks in DMSO and 
incubated with SpCas9 for at least 30 min at room temperature. Com-
pound autofluorescence was measured at this time using a microplate 
reader (Envision operated by Envision Manager 1.13, PerkinElmer) 
set to read Alexa Fluor 647 fluorescence. Pre-annealed Alexa Fluor 
647-labelled substrate and quencher were then also diluted to 1 nM 
and 5 nM, respectively, in Cas9 assay buffer (2×stock solution). Next, 
25 µl of the substrate/quencher solution was added to each well of the 
Cas9-containing 384-well plates using a liquid handling dispenser and 
incubated at 37 °C for 2.5 h. The fluorescence signals from Alexa Fluor 
647 were read with the microplate reader. Compounds were screened 
in duplicate. Data were processed to calculate the Z-score ((x − µ) / σ) 
values, where x is the signal from the sample, and µ and σ are the aver-
age and s.d., respectively, from the negative controls. Potential hit 
compounds (Z score > 3) were prioritized for further screening. Some 
compounds exhibited normalized inhibition of less than zero (Fig. 3f), 
which arises from the quenching of the Alexa Fluor 647 fluorescence, 
as measured from the abovementioned counter screening. Those 
compounds were excluded from further testing. The detailed protocol 
for can be found at Protocol Exchange43.

Gel-monitored cleavage assays with FAM oligonucleotides
For SpCas9, RNP complex was formed by mixing SpCas9 and 
Spinach-targeting gRNA at room temperature for 15 min at a 1:1.2 ratio. 
Next, FAM-labelled dsDNA substrates were added to the mixture to 
a final concentration of 20 nM FAM-dsDNA with 100 nM SpCas9 and 
120 nM gRNA in 30 µl. The mixture was incubated at 37 °C for 3 h, 
resolved on a 4–20% acrylamide gel and imaged on an Azure 600 sys-
tem (Azure Biosystem) under the blue fluorescence channel. The same 
reaction conditions were used for SaCas9. For AsCas12, LbCas12a and 
FnCas12a, 100 nM FAM-dsDNA, 500 nM nuclease and 600 nM gRNA 
were used. Native acrylamide gel electrophoresis (Fig. 1d) or urea-based 
denaturing gel electrophoresis (Figs. 1g, 2d and Extended Data Fig. 2c) 
were performed for resolving the reaction mixtures.

Cell culture
U2OS.eGFP.PEST cells (gift from J. K. Joung’s laboratory) and 
HEK293T cells (American Type Culture Collection, CRL-3216) were 
maintained in Dulbecco’s modified eagle medium supplemented with 
10% fetal bovine serum, 1×penicillin–streptomycin and 1 mM pyruvate.  
The cells were routinely tested for mycoplasma contamination  
using a Universal mycoplasma detection kit (American Type Culture 
Collection, 30-1012K). None of the cell lines were authenticated.
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eGFP-disruption assay
For the SAR and dose-response studies, 300,000 U2OS.eGFP.PEST cells 
were nucleofected with 300 ng SpCas9 plasmid (Addgene, 43861) and 
30 ng eGFP-targeting gRNA plasmid (Addgene, 47511)33 using an SE cell 
line 4D-Nucleofector X kit (Lonza) following the pulse program DN-100. 
For RNP-based genome editing, 10 pmol SpCas9 (GenScript, Z03385) and 
12 pmol gRNA were mixed and incubated for 5 min. For RNP-based genome 
editing with LbCas12a, 15 pmol LbCas12a (New England Biolabs, M0653T) 
and 20 pmol crispr RNA (spacer: 5′-CGTCGCCGTCCAGCTCGACC-3′) were 
used due to its lower basal activity. Cells were nucleofected with the result-
ing RNP complex using the same pulse program. The cells were trans-
ferred to a 96-well plate at a density of 25,000 cells per well and incubated 
with the indicated amount of compound for 24 h. The cells were then 
fixed with 4% paraformaldehyde solution in PBS and nuclei were stained 
using HCS NuclearMask blue stain (Invitrogen). Imaging was performed 
using an ImageXpress micro high-content analysis system (Molecular 
Devices) or an Operetta CLS high-content analysis system (PerkinElmer).  
Data analysis was performed using MetaXpress (Molecular Devices) 
or Operetta Harmony 4.8 (PerkinElmer). For the secondary screen-
ing assay, compounds were first dispensed to a 384-well plate using  
a Hewlett Packard D300e and resuspended in 25 µl medium. Nucleo-
fected cells (5,000) were then added to each well (in duplicate) to  
yield a final compound concentration of 20 µM. The cells were  
incubated for 24 h and imaging was performed. Transfection with 
SpCas9 plasmid only served as a positive control representing  
100% inhibition, and transfection with SpCas9 and gRNA plasmids and 
treatment with DMSO served as a negative control. The Z scores were 
calculated for each compound and compounds with a Z score of >2 were 
selected and validated in additional orthogonal cellular assays.

HiBiT-knock-in assay
Approximately 400,000 HEK293T cells were nucleofected with 
400 ng SpCas9 plasmid, 40 ng GAPDH-targeting gRNA plasmid and 
40 pmol single-stranded oligodeoxynucleotide using a SF cell line 
4D-Nucleofector X kit (Lonza) following the pulse program DS-150. 
For RNP-based genome editing, 10 pmol Cas9 and 12 pmol gRNA were 
mixed and incubated for 5 min. Next, 20 pmol single-stranded oligo-
deoxynucleotide was added. The cells were nucleofected with the 
resulting mixture using the same pulse program. The cells were then 
transferred to a 96-well plate at a density of 35,000 cells per well and 
incubated with the indicated amount of compounds for 24 h. Cell 
viability was measured using PrestoBlue reagent (Thermo) with a Spec-
traMax M5 reader operated by SoftMax Pro 7.0 (Molecular Devices) at 
excitation and emission wavelengths of 544 and 590 nm, respectively. 
Luminescence measurements were then performed using a Nano-Glo 
HiBiT lytic detection system (Promega) according to the manufac-
turer’s protocol with an EnVision multilabel plate reader (PerkinElmer) 
at an integration time of 0.5 s per well. The resulting luminescence 
signals were normalized based on the cell viability34.

Compound‒SpCas9 interaction in BLI
The experiments were performed in a 96-well format with a 180-µl 
reaction volume using biotin-BRD7586 and streptavidin sensors. To 
start, 1 µM of the biotinylated compound was loaded onto the sensors 
for 180 s in 20 mM Tris buffer (100 mM KCl, 5 mM MgCl2, 1 mM DTT and 
0.01% Tween, pH 7.4). The compound-loaded sensors were then allowed 
to associate with different concentrations of the SpCas9:gRNA complex 
(0.015–1 µM) for 300 s, followed by dissociation in reaction buffer. The 
reference sensor was loaded with compound and allowed to associate 
and dissociate in reaction buffer alone. Response curves were fitted 
with a 2:1 stoichiometric model and a global-fit steady-state analysis was 
performed using the manufacturer’s protocol. The experiments were 
performed in triplicate. Control experiments were performed using a 
biotin-PEG3-azide. In this experiment, streptavidin sensors were asso-
ciated with 1 µM biotin-PEG3-azide, 1 µM biotin-BRD7586 or reaction 

buffer alone. The sensors were then allowed to associate with different 
concentrations of SpCas9:gRNA complex (0.015–1 µM) or buffer alone.

STD NMR binding assay
All samples were prepared with 20 µM BRD7586 in a 20 mM Tris-d11 
buffer (pH 7.4) in D2O with or without 5 µM SpCas9:gRNA in a 3-mm 
NMR tube. Experiments were performed on a 600 MHz (19F: 564.71 MHz) 
Bruker AVANCE III NMR spectrometer equipped with a 5-mm QCI-F 
CryoProbe and a SampleJet for automated sample handling. To acquire 
the spectra, a standard one-pulse STD experiment with WALTZ-16 for 
proton decoupling during acquisition, a recycle delay of 5 s and 256 
scans were used. All spectra were recorded at 280 K. The NMR data 
were apodized with a 1-Hz exponential function before Fourier trans-
formation. All spectra were baseline corrected, and peak widths and 
intensities were extracted using the automated line-fitting feature 
provided with the MNova software package.

Cell viability assay
HEK293T or U2OS.eGFP.PEST cells were plated in a 96-well plate at a 
density of 30,000 or 20,000 cells per well, respectively. The following 
day, the cells were treated with the indicated amount of compounds 
for 24 h. Cellular ATP levels were then measured using a CellTiter-Glo 
luminescent cell viability assay (Promega) with an EnVision multilabel 
plate reader (PerkinElmer) and an integration time of 0.5 s per well.

Targeted deep sequencing to detect indels at endogenous loci
U2OS.eGFP.PEST cells were nucleofected as described earlier for the 
eGFP-disruption assay, plated in a 24-well plate at a density of 150,000 
cells per well and incubated with BRD7586 for 24 h. Next, the genomic 
DNA was extracted using a DNeasy blood and tissue kit (Qiagen). 
HEK293T cells were plated in a 24-well plate at a density of 100,000 
cells per well. The cells were transfected with 500 ng SpCas9 plas-
mid and 250 ng of EMX1-, VEGFA- or FANCF-targeting gRNA plasmid 
using Lipofectamine 3000 (Invitrogen) the following day. The indi-
cated amount of compound was added at the time of transfection, the 
cells were incubated for 24 or 48 h and genomic DNA was extracted. 
Next-generation-sequencing samples were prepared using a two-step 
PCR protocol. The next-generation-sequencing libraries were quanti-
fied using a KAPA library quantification kit (Roche) and diluted to 4 nM. 
Sequencing of the pooled library was performed using MiSeq reagent 
kit v2 and a MiSeq System operated by the MiSeq Control Software (Illu-
mina). The percentage of indels in the demultiplexed sequence files was 
analysed using the CRISPResso2 software from the Pinello laboratory44.

Immunoblotting
Approximately 500,000 U2OS.eGFP.PEST cells were nucleofected with 
500 ng of SpCas9 plasmid as described earlier. The cells were then plated 
in a 12-well plate with the indicated amount of compound and incubated 
for 24 h. HEK293T cells were transfected with 500 ng SpCas9 plasmid as 
described earlier and incubated with the compound in a 24-well plate 
for 24 h. The cells were harvested and lysed using RIPA buffer containing 
Protease inhibitor cocktail (Roche). The lysate was cleared by centrifu-
gation at 20,000g in 4 °C and the supernatant was taken to measure 
the protein concentration using a BCA assay. Approximately 10−20 µg 
of the total protein was used for immunoblotting. Rabbit anti-SpCas9 
(Abcam, 89380; 1:1,000 dilution) and mouse anti-α-tubulin (CST, 3873; 
1:2,000 dilution) were used as primary antibodies. IRDye 680RD donkey 
anti-rabbit IgG (LI-COR, 925-68073; 1:10,000 dilution) and IRDye 800CW 
donkey anti-mouse IgG (LI-COR, 925-32212; 1:10,000 dilution) were used 
as secondary antibodies. The fluorescence signals were detected using 
LI-COR Odyssey operated by LI-COR Image Studio.

Plasma stability assay
The stability of the compound in mouse plasma was assessed following 
a reported protocol45. BRD7586 (2 µM) was incubated with 50% mouse 
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plasma (K2 EDTA, BioIVT) in PBS for 2 h in duplicate. Propantheline was 
included as a control.

In vitro DNA cleavage assay
Inhibition of SpCas9 nuclease activity was assessed in an in vitro 
DNA cleavage assay 50-µl reaction volume in PBS buffer with 10 mM 
MgCl2·6H2O. First, Cas9:gRNA complex (30 nM Cas9 (New England 
Biolabs) and 36 nM eGFP-targeting gRNA) was formed by mixing each 
component at a 1:1.2 (Cas9:gRNA) molar ratio with incubation at room 
temperature for 10 min. BRD7586 at doses of 0, 5, 10, 20, 30 and 40 µM 
were incubated with the Cas9:gRNA complex at 37 °C and 700 r.p.m. for 
30 min. PCR-amplified target eGFP DNA (2 nM) was added after 30 min 
of compound incubation and the mixture was incubated at 37 °C and 
700 r.p.m. for 30 min. Proteinase K (5 µl) was added and the samples 
were incubated at 37 °C and 700 r.p.m for 30 min to digest the Cas9. The 
resulting mixtures were purified using a MinElute PCR purification kit 
(Qiagen) and the eluted DNA was quantified using the Qubit HS DNA 
quantification method. Equal amounts of DNA samples were run on 
a 1% agarose E-gel (Invitrogen) for 7 min. Images were obtained using 
an Azure 600 system (Azure Biosystem) and quantification of band 
intensities was performed using ImageJ 1.52a.

Photo-crosslinking
Cas9 RNP complex was formed by mixing Cas9 (1 µM) and the 
eGFP-targeting gRNA (1 µM) in a binding buffer (HEPES 20 mM and 
KCl 100 mM, pH 7.6) for 15 min. Next, BRD7586 (5 µM) was added to the 
mixture when competition was required (the last lane of Fig. 7b). Finally, 
diazirine-BRD7586 was added (1 µM) and the mixture was incubated in a 
final reaction volume of 20 µl in a PCR tube for 20 min at room tempera-
ture. The mixture was irradiated with UV (365 nm) for 5 min on ice and 
then 2.5 µl of 10% RapiGest SF solution in PBS was added. Click chem-
istry was initiated by adding 100 µM TAMRA-azide (Sigma, 760757), 
350 µM Cu-TBTA and 1.5 mM ascorbate in a final reaction volume of 27 µl.  
The reaction was conducted for 1 h at 30 °C, followed immediately by 
SDS–PAGE. The fluorescence gel scanning was conducted using an 
Azure 600 system (Azure Biosystem) to detect the TAMRA fluorescence.

Validation of target engagement in live cells
HEK293T cells were plated in a six-well plate (400,000 cells per well). 
The following day, the cells were transfected with 2 µg Cas9 expression 
plasmid (pX330; Addgene, 42230)46 using Lipofectamine 3000 (Invit-
rogen). Eight hours after transfection, the cells were split into four wells 
of a 12-well plate. After transfection for 24 h, the cells were treated with 
DMSO, diazirine-BRD7586 (20 µM) or diazirine-BRD7586 with BRD7586 
(both at 20 µM) for 2 h. The cells were washed once with PBS and 500 µl 
fresh PBS was added to each well. The plate was placed on ice and the 
cells were irradiated with UV (365 nm) for 15 min. After the removal 
of PBS, the cells were stored at −80 °C until further analysis. Thawed 
cells were resuspended in a lysis buffer (25 mM HEPES, 50 mM KCl, 1% 
Triton X-100 and 1×protease inhibitor cocktail, pH 7.4; 200 µl per well) 
and a brief sonication was performed to ensure cell lysis. Next, click 
chemistry was performed with 100 µM biotin-azide, 350 µM Cu-TBTA 
and 1.5 mM ascorbate. The reaction was allowed to proceed for 2 h at 
room temperature with mild rotation, after which the proteins were 
precipitated by the addition of cold methanol (fivefold volume of the 
reaction mixture) to the mixture and refrigeration at −80 °C for >2 h. 
A protein pellet was obtained by centrifugation for 10 min at 16,000g 
and 4 °C. The pellet was washed with cold PBS:methanol (1:5 vol/vol), 
air-dried for 10 min and resuspended in 100 µl of 1.2% SDS solution in 
PBS. Heating at 37 °C was required for complete solubilization of the 
pellet. An aliquot of the solution (10 µl) was reserved for future analysis 
as an input. The remaining 90 µl were diluted with PBS and incubated 
with 40 µl of Streptavidin magnetic beads (Thermo, 88816) in a final 
volume of 720 µl. The mixture was incubated for several hours at room 
temperature with mild rotation. The beads were then washed four times 

with 0.2% SDS solution in PBS (600 µl each). Finally, the proteins were 
eluted from the beads by heating in an SDS–PAGE buffer. Immunoblot-
ting was performed using mouse anti-SpCas9 (Abcam, 191468; 1:1,000 
dilution) and anti-mouse HRP (CST, 7076; 1:5,000 dilution).

Protein purification, binding-site identification and chemical 
synthesis
The methods used for the purification of Cas nucleases, identification 
of BRD7586-binding sites and chemical synthesis are described in the 
Supplementary Information.

Statistics and reproducibility
Two-tailed and unpaired t-tests were performed using Microsoft Excel 
2016 to compare the means of two samples and P values from the tests 
are presented in the figure legends. Data were analysed and plotted 
using Prism 8 (GraphPad). Independent experiments reported here 
were performed by different researchers using independently prepared 
biochemical reagents, or independent splits of the mammalian cell 
types were used. Representative images from two independent repli-
cates are shown in Figs. 1d and 7b,c. Images from a single experiment are 
shown for Figs. 1g, 2d and Extended Data Fig. 2c. Representative images 
from six independent replicates are shown for Fig. 4b. Representative 
images from two (HEK293T) or three (U2OS.eGFP.PEST) independ-
ent replicates are shown for Fig. 4g. Images from four independent 
replicates are shown for Extended Data Fig. 3c. Representative images 
from two independent experiments are shown for Extended Data  
Figs. 4a,b and 7a.

Reporting summary
Further information on research design is available in the Nature 
Research Reporting Summary linked to this article.

Data availability
Data generated in this study are provided in the manuscript, Sup-
plementary Information and Source Data. Plasmids from Addgene 
(plasmids 43861, https://www.addgene.org/43861; 47511, https://www.
addgene.org/47511; and 42230, https://www.addgene.org/42230) were 
used in this study. Structural information from Protein Data Bank (ID: 
5F9R) was used in this study. High-throughput sequencing data have 
been deposited at the NCBI Sequence Read Archive database under 
accession number PRJNA862731. Source data are provided with this 
paper. All other data supporting the findings of this study are available 
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Extended Data Fig. 1 | Validation of the CAA. (a) Schematic of the differently 
labelled PAM fluorescence polarization substrates. (b) Fluorescence polarization 
assay comparing 0-PAM and 12-PAM substrates with SaCas9 at multiple 
concentrations of unlabelled ligand. Substrates were labelled with FAM on the 
3′ end. SaCas9 showed specificity for the 12-PAM substrate that decreased with 
increasing amounts of unlabelled competitor. Error bars represent mean ± SD 
from 3 independent replicates. For ‘0x UL’ compared to ‘No SaCas9’, p = 0.061 
with the 0-PAM DNA and p = 1.1 × 10−4 with the 12-PAM DNA (unpaired t-test, 
two-tailed). (c) Fluorescence polarization assay comparing 0-PAM and 12-PAM 
substrates with FnCas12a at multiple concentrations of unlabelled ligand. 
Substrates were labelled with FAM on the 3′ end. FnCas12a showed no specificity 
dependent upon the presence of PAM-binding sites. Error bars represent mean ± 
SD from 3 independent replicates. For ‘0x UL’ compared to ‘No FnCas12a’,  
p = 3.5 × 10−5 with the 0-PAM and p = 7.4 × 10−7 with the 12-PAM DNA (unpaired 
t-test, two-tailed). (d) Fluorescence polarization assay comparing 0-PAM and 

12-PAM substrates with FnCas12a at multiple concentrations of unlabelled ligand. 
Substrates were labelled with FAM on the 5′ end. FnCas12a showed no specificity 
dependent upon the presence of PAM-binding sites. Error bars represent mean 
± SD from 3 independent replicates. For ‘0x UL’ compared to ‘No FnCas12a’, p = 
6.2 × 10−4 with the 0-PAM and p = 6.2 × 10−5 with the 12-PAM DNA (unpaired t-test, 
two-tailed). (e) Inhibition of SpCas9 by AcrIIA11 monitored by the CAA. Error 
bars represent mean ± SD from 4 independent replicates. For 10 µM AcrIIA11 
compared to buffer only, p = 1.6 × 10−7 (unpaired t-test, two-tailed). (f ) The 
fluorescence of the SaCas9-specific substrate is not quenched in the presence of 
quencher unless the duplex is disrupted by cleavage via an active SaCas9:gRNA 
complex. A single DNA strand containing the fluorophore (SS-DNA) can be 
completely quenched in the absence of an unlabelled complementary strand. 
Error bars represent mean ± SD from 4 independent replicates. For SaCas9:gRNA 
(4th bar) compared to SaCas9 only (3rd bar). p = 1.1 × 10−8 (unpaired t-test, two-
tailed).
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Extended Data Fig. 2 | Generalization of the CAA. (a) Demonstration of 
FnCas12a CAA. The fluorescence of the FnCas12a-specific substrate labelled 
on the non-targeting strand (NTS) is not quenched in the presence of quencher 
unless the duplex is disrupted by cleavage via an active FnCas12a:gRNA complex. 
A single DNA strand containing the fluorophore (SS-DNA) can be completely 
quenched in the absence of an unlabelled complementary strand. Error bars 
represent mean ± SD from 4 independent replicates. For FnCas12a:gRNA (4th bar) 
compared to FnCas12a only (3rd bar), p = 1.5 × 10−7 (unpaired t-test, two-tailed). 

(b) Demonstration of FnCas12a CAA. The fluorescence of the FnCas12a-specific 
substrate labelled on the targeting strand (TS) is quenched poorly even in the 
presence of active FnCas12a:gRNA complex. Error bars represent mean ± SD from 
4 independent replicates. For FnCas12a:gRNA (4th bar) compared to FnCas12a 
only (3rd bar), p = 3.3 × 10−5 (unpaired t-test, two-tailed). (c) Gel-monitored 
cleavage of FAM-labelled oligos (20 nM) by AsCas12a (100 nM), LbCas12a (100 
nM), and FnCas12a (100 nM) in a PAM-dependent manner.

http://www.nature.com/naturecellbiology
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Extended Data Fig. 3 | Biochemical validation of BRD7586. (a) Hit compounds 
(Z score > 3σ) identified in both the primary screen and secondary screens. 
Compounds were compared to BRD0539, a compound previously identified 
as an SpCas9 DNA-binding inhibitor. (b) Dose-dependent inhibition of SpCas9 
by BRD7586 in the CAA. Error bars represent mean ± SD from 3 independent 
replicates. For 30 µM of BRD7586 compared to DMSO, p = 0.020 (unpaired 

t-test, two-tailed). (c) Gel electrophoresis-based monitoring of dose-dependent 
inhibition of SpCas9 by BRD7586 from in vitro DNA cleavage assay. Images from 
4 independent replicates are shown. (d) Quantification of the inhibition from 
the above in vitro DNA cleavage assay. Error bars represent mean ± SD from 4 
biological replicates. For 40 µM (6th bar) compared to DMSO (1st bar), p = 1.3 × 
10−7 (unpaired t-test, two-tailed).
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Extended Data Fig. 4 | Validation of BRD7586 in cells. (a, b) T7E1 assay for 
detecting indels at the eGFP gene. U2OS.eGFP.PEST cells were nucleofected with 
(a) plasmid or (b) RNP, and incubated with BRD7586 for 24 h. Blue arrowheads 
indicate uncleaved DNA and black arrowheads indicate cleaved DNA. (c) 
Inhibition of SpCas9 by BRD0539 and BRD7586 in the eGFP disruption assay 
using plasmid delivery method (left) and RNP delivery method (right) (U2OS.
eGFP.PEST cells, 24 h). Error bars represent mean ± SD from 3 (5th bar in plasmid 
delivery) or 4 (1st to 4th bars in plasmid delivery and all bars in RNP delivery) 
independent replicates. For the plasmid-based assay, p = 3.5 × 10−7 for BRD0539 

and p = 1.2 × 10−5 for BRD7586 at 15 µM compared to DMSO. For the RNP-based 
assay, p = 4.1 × 10−4 for BRD0539 and p = 3.6 × 10−6 for BRD7586 at 15 µM compared 
to DMSO (unpaired t-test, two-tailed). (d) Inhibition of SpCas9 by BRD0539 and 
BRD7568 in the HiBiT knock-in assay using plasmid delivery method (left) and 
RNP delivery method (right) in HEK293T cells (48 h). Error bars represent mean ± 
SD from 3 independent replicates for the plasmid delivery. Data represents mean 
from 2 independent replicates for the RNP delivery. For the plasmid delivery, p = 
7.8 × 10−4 for BRD0539 at 15 µM compared to DMSO, and p = 4.9 × 10−5 for BRD7586 
at 15 µM compared to DMSO (unpaired t-test, two-tailed).

http://www.nature.com/naturecellbiology
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Extended Data Fig. 5 | Counter assays to validate BRD7586 in cells. (a, b) 
Immunoblotting analysis of SpCas9 expression in (a) HEK293T cells (data 
represent mean from 2 independent experiments) or (b) U2OS.eGFP.PEST cells 
(error bars represent mean ± SD from 3 independent experiments) transfected 
with SpCas9 plasmid and incubated with BRD7586 for 24 h. For BRD7586 
at 20 µM compared to DMSO in U2OS.eGFP.PEST cells, p = 0.49 (unpaired 
t-test, two-tailed). (c) Changes in the fluorescence intensity from U2OS.eGFP.
PEST cells in the presence of BRD7586. Cells were treated with the compound 
for 24 h, and the fluorescence intensity was measured to calculate the fraction of 

eGFP-positive populations. Means from 3 independent experiments are shown. 
Due to the low SD, error bars cannot be shown. For BRD7586 at 20 µM compared 
to DMSO, p = 0.14 (unpaired t-test, two-tailed). (d) Dose-dependent inhibition of 
SpCas9 or LbCas12a by BRD7586 in the eGFP disruption assay using RNP delivery 
methods (U2OS.eGFP.PEST cells, 24 h). Error bars represent mean ± SD from 
3 independent experiments. For SpCas9, p = 8.3 × 10−5 with BRD7586 at 15 µM 
compared to DMSO. For LbCas12a, p = 0.023 with BRD7586 at 15 µM compared to 
DMSO (unpaired t-test, two-tailed).
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Extended Data Fig. 6 | Validation of the binding between BRD7586 and 
SpCas9. (a) Structure of Biotin-BRD7586 and Biotin-PEG3-Azide control.  
(b) Control BLI binding plot for Biotin-PEG3-azide and SpCas9:gRNA complex. 
BLI experiment was performed using 1 µM of Biotin-PEG3-azide on streptavidin 

sensors followed by association with different concentrations of SpCas9:gRNA 
complex and subsequent dissociation. BLI signal of biotin-BRD7586 and 1 µM 
SpCas9:gRNA complex is marked in red for comparison.
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Extended Data Fig. 7 | See next page for caption.
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Extended Data Fig. 7 | Mechanism-of-action studies of BRD7586. (a) T7E1 assay 
for measuring the activity of Diazirine-BRD7586. U2OS.eGFP.PEST cells were 
nucleofected with Cas9 plasmid and eGFP-targeting plasmid, and the cells were 
incubated with the compounds for 24 h. Blue arrowheads indicate uncleaved 
DNA while black arrowheads indicate cleaved DNA from the T7E1 reaction.  
(b) Workflow of the chemoproteomics experiments using the diazirine-based 
photo-crosslinking probe to identify binding sites of BRD7586 on SpCas9.  
(c) Chemical structure of the acid-cleavable and isotope-coded biotin-azide used 
for chemoproteomics experiments. (d) Structure of the peptide-compound 

conjugates to be detected from the mass spectrometry. Note the 3:1 ratio of the 
isotope tag that allows reliable identification of the conjugates. (E-F) Examples 
of the mass spectra obtained from the chemoproteomics experiments. For the 
detailed information of identified peptides, see Supplementary Table 8. The 
isotope patterns are shown in MS1 spectra. The probe-conjugated residues are 
shown as green labels in MS2 spectra. (g) Proposed binding pocket of BRD7586 
on SpCas9. BRD7586 was docked to SpCas9 at the HNH-nuclease and helical 
recognition domains.
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Extended Data Fig. 8 | Mechanism of action studies of BRD7586. (a) Structure 
of BRD7586 and F2537-0908. (b) Activity of BRD7586 and F2537-0908 in the  
eGFP disruption assay. Results from 2 independent experiments are shown.  
(c) Activity of BRD7586 and F2537-0908 in the HiBiT knock-in assay. Results 
from 2 independent replicates are shown. (d) Fluorescence polarization assay 

to detect Cas9−DNA interactions. f-DNA indicates FITC-labelled, SpCas9 PAM-
containing DNA. Error bars represent mean ± SD from 3 independent replicates. 
For BRD0539 at 5 µM compared to DMSO, p = 0.0026 (unpaired t-test,  
two-tailed).
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