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CRISPR-Cas12a target binding
unleashes indiscriminate
single-stranded DNase activity
Janice S. Chen,1* Enbo Ma,1* Lucas B. Harrington,1* Maria Da Costa,2 Xinran Tian,3

Joel M. Palefsky,2 Jennifer A. Doudna1,3,4,5,6†

CRISPR-Cas12a (Cpf1) proteins are RNA-guided enzymes that bind and cut DNA as
components of bacterial adaptive immune systems. Like CRISPR-Cas9, Cas12a has been
harnessed for genome editing on the basis of its ability to generate targeted, double-
stranded DNA breaks. Here we show that RNA-guided DNA binding unleashes
indiscriminate single-stranded DNA (ssDNA) cleavage activity by Cas12a that completely
degrades ssDNA molecules. We find that target-activated, nonspecific single-stranded
deoxyribonuclease (ssDNase) cleavage is also a property of other type V CRISPR-Cas12
enzymes. By combining Cas12a ssDNase activation with isothermal amplification, we
create a method termed DNA endonuclease-targeted CRISPR trans reporter (DETECTR),
which achieves attomolar sensitivity for DNA detection. DETECTR enables rapid and
specific detection of human papillomavirus in patient samples, thereby providing a simple
platform for molecular diagnostics.

C
RISPR-Cas adaptive immunity in bacteria
and archaea uses RNA-guided nucleases to
target and degrade foreign nucleic acids
(1–3). The CRISPR-Cas9 family of proteins
has been widely deployed for gene-editing

applications (4, 5) because of the precision of
double-strandedDNA (dsDNA) cleavage induced
by two catalytic domains, RuvC and HNH, at
sequences complementary to a guide RNA (6, 7 ).
A second family of enzymes, CRISPR-Cas12a (Cpf1),
uses a single RuvC catalytic domain for guide
RNA–directed dsDNA cleavage (8–13) (Fig. 1A).
Distinct from Cas9, Cas12a enzymes recognize
a T nucleotide–rich protospacer-adjacent motif
(PAM) (8), catalyze their own guide CRISPRRNA
(crRNA) maturation (14), and generate a PAM-
distal dsDNA breakwith staggered 5′ and 3′ ends
(8), features that have attracted interest for gene-
editing applications (15, 16). However, the sub-
strate specificity and DNA cleavage mechanism
of Cas12a remain to be fully elucidated.
While investigating substrate requirements

for Cas12a activation, we tested Lachnospiraceae
bacterium ND2006 Cas12a (LbCas12a) for guide
RNA–directed single-stranded DNA (ssDNA)
cleavage, a capability of diverse CRISPR-Cas9
orthologs (17, 18). Purified LbCas12a or Streptococcus
pyogenes Cas9 (SpCas9) proteins (fig. S1) were

assembled with guide RNA sequences targeting
a circular, single-stranded M13 DNA phage. In
contrast to SpCas9, we were surprised to find that
LbCas12a induced rapid and complete degrada-
tion of M13 by a cleavage mechanism that could
not be explained by sequence-specific DNA cutting
(Fig. 1B). This ssDNA shredding activity, not
observed with a catalytically inactive LbCas12a
(D832A, with an Asp832→Ala substitution), raised

the possibility that a target-bound LbCas12a
could degrade any ssDNA sequence. Remarkably,
LbCas12a also catalyzed M13 degradation in the
presence of a different guide RNA and its comple-
mentary ssDNA “activator” that have no sequence
homology to the M13 phage genome (Fig. 1C).
These findings reveal that binding of the LbCas12a-
crRNA complex to a guide-complementary ssDNA
unleashes robust, nonspecific ssDNA trans-cleavage
activity.
We next investigated the requirements for

LbCas12a-catalyzed trans-cleavage activity. Using
a fluorophore quencher (FQ)–labeled reporter
assay (19), we assembled LbCas12a with its crRNA
and either a complementary ssDNA, dsDNA, or
single-stranded RNA (ssRNA) and introduced an
unrelated ssDNA- or ssRNA-FQ reporter in trans
(fig. S2). Both the crRNA-complementary ssDNA
or dsDNA (the activator) triggered LbCas12a to
cleave the ssDNA-FQ reporter substrate (fig. S2A).
However, ssRNA was neither capable of activat-
ing trans cleavage nor susceptible to degradation
by LbCas12a (fig. S2B), confirming that LbCas12a
harbors DNA-activated general deoxyribonuclease
(DNase) activity.
To determine how LbCas12a-catalyzed ssDNA

cleavage relates to site-specific dsDNA cutting,we
tested the target strand (TS) and nontarget strand
(NTS) requirements for LbCas12a activation. Al-
though TS cutting occurred irrespective of the
NTS length (fig. S3A), NTS cleavage occurred
onlywhen the TS contained at least 15 nucleotides
of complementarity with the crRNA (fig. S3B).
This shows that TS recognition is a prerequisite
for NTS cutting. To test whether LbCas12a re-
mains active for nonspecific ssDNA cleavage after
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Fig. 1. Cas12a target recognition
activates nonspecific ssDNA cleav-
age. (A) Cas12a-crRNA complex
binds a dsDNA substrate and gener-
ates a 5′-overhang staggered cut by
using a single RuvC nuclease. (B and
C) Representative M13 ssDNA cleav-
age time courses with purified
LbCas12a (left) and SpCas9 (right)
complexed with (B) a guide RNA
complementary toM13phageor (C)a
guide RNA and complementary
ssDNA activator with no sequence
homology toM13phage.bp,basepair;
Eco RI, a restriction endonuclease;
dCas12aanddCas9,deadvariants;bp,
base pair; sgRNA, single-guide RNA.
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dsDNA target cleavage, we first cut a dsDNA plas-
mid with LbCas12a-crRNA and then added an
unrelateddsDNAor ssDNAto the reaction (Fig. 2A).
Whereas the nonspecific dsDNA substrate re-
mained intact, the ssDNA was rapidly degraded
in a RuvC domain–dependent manner (Fig. 2A
and figs. S4 and S5). Using truncated activators
that are too short to be cleaved, we determined
that only target-DNA binding is required to ac-
tivate trans-ssDNA cleavage (fig. S6). Together,
these results show that RNA-guided DNA bind-
ing activates LbCas12a for both site-specific
dsDNA cutting and nonspecific ssDNA trans
cleavage.
The rapid degradation of a trans substrate

suggested that the kinetics of LbCas12a-catalyzed
site-specific dsDNA (cis) cleavage and nonspecific
ssDNA (trans) cleavage are fundamentally differ-
ent. Stoichiometric titration experiments showed

that cis cleavage is single turnover (20) (Fig. 2B),
whereas trans cleavage is multiple turnover (Fig.
2C). Although the LbCas12a-crRNA complex re-
mains bound to the dsDNA target after cis cleav-
age, the complex releases its PAM-distal cleavage
products from the RuvC active site (20), enabling
ssDNA substrate access and turnover. We found
that LbCas12a-crRNA bound to a ssDNA activator
molecule catalyzed trans-ssDNA cleavage at a rate
of ~250 turnovers per second and a catalytic ef-
ficiency (kcat/Km) of 5.1 × 108 s−1M−1.When bound
to a dsDNA activator, LbCas12a-crRNA catalyzed
~1250 turnovers per second with a catalytic ef-
ficiency approaching the rate of diffusion (21), a
kcat/Km of 1.7 × 109 s−1 M−1 (Fig. 2D and fig. S7).
These differences suggest that the NTS of the
dsDNA activator helps stabilize the Cas12a com-
plex in an optimal conformation for trans-ssDNA
cutting.

We next tested the specificity of trans-cleavage
activation using either a ssDNA or dsDNA activa-
tor.We found that the PAM sequence required for
dsDNA binding by CRISPR-Cas12a (20) is critical
for catalytic activation by a crRNA-complementary
dsDNA (9) but not for a crRNA-complementary
ssDNA (Fig. 3A). Mismatches between the crRNA
and activator slowed the trans-cleavage rate, with
PAMmutationsormismatches in thePAM-adjacent
“seed region” inhibiting trans-ssDNA cleavage
only for a dsDNA activator (Fig. 3B and fig. S8).
Consistent with the mismatch tolerance pattern
observed in Cas12a off-target studies (22, 23),
these data corroborate PAM-mediated target-
dsDNA binding and the role of base pairing be-
tween the crRNA and target strand to activate
trans-ssDNA cutting.
We wondered if this trans-ssDNA–cutting

activity might be a property shared by type V
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Fig. 2. Kinetics of Cas12a ssDNA trans cleavage. (A) Sequence-specific
plasmid DNA cleavage reactions by LbCas12a-crRNA complex (top) were
introduced to a separate radiolabeled dsDNA or ssDNA substrate of
unrelated sequence (bottom); time course represented in minutes.
Substrate (S) and nucleotide products (P) were resolved by agarose gel
electrophoresis (top) or denaturing polyacrylamide gel electrophoresis
(PAGE) (bottom). (B) Target dsDNA or (C) nonspecific ssDNA incubated
with molar ratios of LbCas12a-crRNA, as indicated. Each point represents

the mean quantified percent cleavage after 30 min at 37°C, at which time
the reaction was at completion. Error bars represent mean ± SD, where
n = 3 replicates. Yellow coloring indicates PAM. Arrowheads indicate
cleavage sites. (D) Representative Michaelis-Menten plot for LbCas12a-
catalyzed ssDNA trans cleavage using a dsDNA or ssDNA activator.
Measured kcat/Km values reported as mean ± SD, where n = 3 Michaelis-
Menten fits. V0, rate of catalysis. Color scheme in (B) and (C) is the
same as for (D). In (C), blue indicates nonspecific DNA.

- +

tr
an

s-
ss

D
N

A

ci
s-

ss
D

N
A

-

ci
s-

ds
D

N
A

--

no
 e

nz
ym

e

+-

tr
an

s-
ds

D
N

A

FnCas12a

- +

tr
an

s-
ss

D
N

A

ci
s-

ss
D

N
A

-

ci
s-

ds
D

N
A

--

no
 e

nz
ym

e

+-

tr
an

s-
ds

D
N

A

SpCas9

Activator:

LbCas12a

- +

tr
an

s-
ss

D
N

A

ci
s-

ss
D

N
A

-

ci
s-

ds
D

N
A

--

no
 e

nz
ym

e

+-

tr
an

s-
ds

D
N

A

S

P

- +

tr
an

s-
ss

D
N

A

ci
s-

ss
D

N
A

-

ci
s-

ds
D

N
A

--

no
 e

nz
ym

e

+-

tr
an

s-
ds

D
N

A
NmCas9

A B

PT

m
ut

 P
AM 1-

2
3-

4
5-

6
7-

8
9-

10
11

-1
2

13
-1

4
15

-1
6

17
-1

8
19

-2
0

0.0001

0.001

0.01

0.1

1

Activator

S

P

1 2 3-

1

2 dsDNA - PAM

3 ssDNA

dsDNA + PAM

Mismatch position

ssDNAssDNA

1... ...20

dsDNAdsDNA

1... ...20

Activator

tr
an

s-
cl

ea
va

ge
 r

at
e

(m
in

-1
)

C Type V Type II

Fig. 3. Specificity and conservation of trans-cleavage activation.
(A) LbCas12a-crRNA in the absence or presence of indicated activator,
incubated with a radiolabeled nonspecific ssDNA substrate (S) for 30 min
at 37°C; products (P) resolved by denaturing PAGE. (B) Observed trans-
cleavage rates for LbCas12a using a ssDNA or dsDNA activator with
indicated mismatches; rates represent the average of three different
targets measured in triplicate, and error bars represent mean + SD, where

n = 9 (three replicates for three independent targets). PT, perfect target;
mut PAM, mutated PAM. (C) Radiolabeled cis (complementary) or trans
(noncomplementary) substrates were incubated with Cas12a-crRNA or
Cas9-sgRNA in the presence or absence of a ssDNA activator for 30 min at
37°C; a cis-dsDNA substrate was used in the “no enzyme” lanes. Substrate
(S) and nucleotide products (P) were resolved by denaturing PAGE.
NmCas9 is Neisseria meningitidis Cas9.
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CRISPR effector proteins, considering that all
Cas12 proteins contain a single RuvC nuclease
domain (3, 24). Consistent with this possibility,
purified Cas12a orthologs from Acidaminococcus
sp. (AsCas12a) and Francisella novicida (FnCas12a),
as well as a Cas12b protein from Alicyclobacillus
acidoterrestris (AaCas12b), all catalyzed non-
specific ssDNA cleavage when assembled with a
crRNA and complementary ssDNA activator (Fig.
3C and fig. S9). By contrast, none of the type II
CRISPR-Cas9 proteins tested showed evidence for
trans cleavage (Fig. 3C and fig. S9). These results
reveal the unexpected functional convergence of
Cas12 enzymes with the type III CRISPR-Csm/
Cmr and type VI CRISPR-Cas13 effectors, which
also exhibit target-activated, nonspecific ssDNase
or single-stranded ribonuclease (ssRNase) activ-
ity, respectively (25, 26).
We next explored whether LbCas12a could be

repurposed as a DNA-detection platform. In par-
ticular, accurate and rapid detection of human
papillomavirus (HPV) is critical for identifying
those at risk of HPV-related cancers, with types
16 (HPV16) and 18 (HPV18) accounting for most
precancerous lesions (27). To test if LbCas12a
could distinguish between these two dsDNA
viruses, we selected a target sequence next to a
TTTA PAM that varied by six base pairs between
the two HPV genotypes (fig. S10). HPV16- or

HPV18-containing plasmidswere incubatedwith
LbCas12a-crRNA that targeted either the HPV16
or HPV18 fragment and a ssDNA-FQ reporter,
which produced a signal only in the presence of
the cognate target (fig. S10). To enhance sensi-
tivity, we coupled isothermal amplification by
recombinase polymerase amplification with
LbCas12a to develop a one-pot detection method
termedDNA endonuclease-targeted CRISPR trans
reporter (DETECTR) (fig. S11A).Whenprogrammed
to its cognate plasmid, DETECTR identified tar-
gets with attomolar sensitivity (fig. S11B).
To assess whether we could detect HPV in

complex mixtures, DNA extracted from cultured
human cells infected with HPV16 (SiHa cells) or
HPV18 (HeLa cells) or without HPV (BJAB cells)
was added to LbCas12a-crRNA targeting the
hypervariable loop V of the L1-encoding gene
within HPV16 or HPV18 (Fig. 4A). Whereas
LbCas12a-crRNA alone lacked the sensitivity to
detect HPV, DETECTR unambiguously identified
HPV16 and HPV18 only in SiHa and HeLa cells,
respectively (Fig. 4B and fig. S12, A and B). To
investigate the utility of DETECTR for analyzing
patient samples, we tested crudeDNAextractions
from 25 human anal swabs previously analyzed
by a polymerase chain reaction (PCR)–based
method for HPV infection (fig. S13) (28). Within
1 hour, DETECTR accurately identified HPV16

(25/25 agreement) and HPV18 (23/25 agreement)
in patient samples containing a heterogeneous
mixture of HPV types, with good correlation be-
tween the PCR-based intensity and DETECTR
signal (Fig. 4, C and D, and figs. S12, C and D, and
S13). These results demonstrate a new platform
for CRISPR-based diagnostics, similar to that
developed for RNA detection using CRISPR-
Cas13a (19, 29), and suggest that DETECTR could,
in principle, detect any DNA sequence with high
sensitivity and specificity (fig. S14).
Together, these findings support a mechanism

of target interference that begins with the Cas12a–
guide RNA complex binding to a complementary
DNA sequence in a PAM-dependent (dsDNA) or
PAM-independent (ssDNA) manner (fig. S15).
Within a host bacterium, such enzyme activation
could provide simultaneous protection from both
dsDNA and ssDNA phages and could also target
ssDNA sequences that arise temporarily during
phage replication or transcription (30). In a
genome-editing context, target-activated ssDNA
cutting by Cas12a has the potential to cleave
transiently exposed ssDNA at replication forks
(31), R-loops (32), and transcription bubbles (33)
or ssDNA templates used for homology-directed
repair (34). Finally, unleashing the ssDNase ac-
tivity of Cas12 proteins offers a new strategy to
improve the speed, sensitivity, and specificity of
molecular diagnostic applications.
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Fig. 4. Rapid identification
of HPV16 and HPV18 in
human samples by
DETECTR. (A) Diagram of
HPV16 and HPV18 sequences
within the hypervariable loop
V of the L1-encoding gene
targeted by Cas12a; yellow
highlighted bases indicate
5′ PAM sequence. (B) Heatmap
represents normalized mean
fluorescence values of HPV16
and HPV18 detected in
human cell lines by DETECTR;
normalized scale shown
in (D). (C) Schematic outlin-
ing DNA extraction from
human anal samples to HPV
identification by DETECTR.
RPA, recombinase polymer-
ase amplification; F, fluoro-
phore; Q, quencher.
(D) Identification of HPV16
and HPV18 in 25 patient
samples by PCR (left)
and DETECTR (right).
DETECTR heatmap repre-
sents normalized mean
fluorescence values.
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et al.by Chertow). Taking advantages of the distinctive enzymatic properties of CRISPR enzymes, Gootenberg 
CRISPR techniques are allowing the development of technologies for nucleic acid detection (see the Perspective

Taking CRISPR technology further

ARTICLE TOOLS http://science.sciencemag.org/content/360/6387/436

MATERIALS
SUPPLEMENTARY http://science.sciencemag.org/content/suppl/2018/02/14/science.aar6245.DC1

CONTENT
RELATED 

file:/content
http://stm.sciencemag.org/content/scitransmed/8/360/360ra134.full
http://stm.sciencemag.org/content/scitransmed/9/418/eaan8081.full
http://stm.sciencemag.org/content/scitransmed/9/372/eaah3480.full
http://science.sciencemag.org/content/sci/360/6387/444.full
http://science.sciencemag.org/content/sci/360/6387/381.full
http://science.sciencemag.org/content/sci/360/6387/439.full

REFERENCES

http://science.sciencemag.org/content/360/6387/436#BIBL
This article cites 36 articles, 11 of which you can access for free

PERMISSIONS http://www.sciencemag.org/help/reprints-and-permissions

Terms of ServiceUse of this article is subject to the 

 is a registered trademark of AAAS.Science
licensee American Association for the Advancement of Science. No claim to original U.S. Government Works. The title 
Science, 1200 New York Avenue NW, Washington, DC 20005. 2017 © The Authors, some rights reserved; exclusive 

(print ISSN 0036-8075; online ISSN 1095-9203) is published by the American Association for the Advancement ofScience 

on S
eptem

ber 3, 2018
 

http://science.sciencem
ag.org/

D
ow

nloaded from
 

http://science.sciencemag.org/content/360/6387/436
http://science.sciencemag.org/content/suppl/2018/02/14/science.aar6245.DC1
http://science.sciencemag.org/content/sci/360/6387/439.full
http://science.sciencemag.org/content/sci/360/6387/381.full
http://science.sciencemag.org/content/sci/360/6387/444.full
http://stm.sciencemag.org/content/scitransmed/9/372/eaah3480.full
http://stm.sciencemag.org/content/scitransmed/9/418/eaan8081.full
http://stm.sciencemag.org/content/scitransmed/8/360/360ra134.full
http://science.sciencemag.org/content/360/6387/436#BIBL
http://www.sciencemag.org/help/reprints-and-permissions
http://www.sciencemag.org/about/terms-service
http://science.sciencemag.org/

