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Abstract

CRISPR-Cas12a (Cpfl) proteins are RNA-guided DNA targeting enzymes that bind and cut DNA
as components of bacterial adaptive immune systems. Like CRISPR-Cas9, Casl2a can be used as
a powerful genome editing tool based on its ability to induce genetic changes in cells at sites of
double-stranded DNA (dsDNA) cuts. Here we show that RNA-guided DNA binding unleashes
robust, indiscriminate single-stranded DNA (ssDNA) cleavage activity in Cas12a sufficient to
completely degrade both linear and circular ssDNA molecules. This target-activated non-specific
ssDNase activity, catalyzed by the same active site responsible for site-specific dSDNA cutting, is
also a fundamental property of other type V CRISPR-Cas12 enzymes. Activation of ssDNA
cutting requires faithful recognition of a DNA target sequence matching the 20-nucleotide guide
RNA sequence with specificity capable of distinguishing closely related DNA sequences. We
combined target-dependent Cas12a ssDNase activation with isothermal amplification with target-
dependent Cas12a ssDNase activation to create a method termed DNA Endonuclease Targeted
CRISPR Trans Reporter (DETECTR), which achieves attomolar sensitivity for nucleic acid
detection. We demonstrate that DETECTR enables rapid and specific detection of HPV in human
patient samples, thereby providing a simple platform for nucleic acid-based, point-of-care
diagnostics.

One Sentence Summary:
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Casl2a (Cpfl) and related type V CRISPR interference proteins unleash non-specific, single-
stranded DNase activity upon guide RNA-dependent DNA binding, which can be harnessed for
rapid and specific nucleic acid detection.

CRISPR-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) based on the precision of double-
stranded DNA (dsDNA) cleavage induced by two catalytic domains, RuvC and HNH, at
sequences complementary to a guide RNA sequence (6, 7). A second family of enzymes,
CRISPR-Cas12a (Cpfl), uses a single RuvC catalytic domain for guide RNA-directed
dsDNA cleavage (8-13) (Fig. 1A). Distinct from Cas9, Cas12a enzymes recognize a T-rich
protospacer adjacent motif (PAM) (8), catalyze their own guide RNA (crRNA) maturation
(14) and generate a PAM-distal dsDNA break with staggered 5’ and 3’ ends (8), features that
have attracted interest for gene editing applications (15-17). However, the substrate
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 (18, 19). Purified
LbCasl12a 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 degradation of
M13 by a cleavage mechanism that could not be explained by sequence-specific DNA
cutting (Fig. 1B). This ssDNA shredding activity, not observed using an LbCas12a protein
containing an inactivating mutation in the RuvC catalytic domain (D832A), raised the
possibility that a target-bound LbCas12a could degrade any ssDNA, regardless of
complementarity to the guide RNA. To test this idea, we assembled LbCas12a or SpCas9
with a different guide RNA and its complementary ssDNA that has no sequence homology
to M13 phage genome sequence, and added single-stranded M13 DNA to the reaction.
Remarkably, LbCas12a catalyzed M13 degradation only in the presence of this
complementary ssDNA “activator”, an activity not observed for SpCas9 (Fig. 1C). These
findings reveal that binding of the LbCas12a-crRNA complex to a guide-complementary
ssDNA unleashes robust, non-specific ssDNA trans-cleavage activity.

We next investigated the requirements for LbCas12a-catalyzed frans-cleavage activity. Using
a fluorophore quencher (FQ)-labeled reporter assay (20, 21), we assembled LbCas12a with
its crRNA and either a complementary ssSDNA, dsDNA or single-stranded RNA (sSRNA),
and introduced an unrelated ssDNA- or sSRNA-FQ reporter in frans (fig. S2). Both the
crRNA-complementary sSDNA or dsDNA (the activator) triggered LbCas12a to cleave the
ssDNA-FQ reporter substrate (fig. S2A). However, ssSRNA was neither capable of activating
trans-cleavage nor susceptible to degradation by LbCas12a (fig. S2B), confirming that
LbCas12a harbors a DNA-activated general DNase activity.

To determine how LbCasl12a-catalyzed ssDNA cleavage activity relates to site-specific
dsDNA cutting, we tested the length requirements of both the target strand (TS) and non-
target strand (NTS) for LbCas12a activation using radiolabeled oligonucleotides. Although
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TS cutting occurred irrespective of the NTS length (fig. S3A), NTS cleavage occurred only
when the TS contained at least 15 nucleotides (nt) of complementarity with the crRNA (fig.
S3B). This showed that TS recognition is a prerequisite for NTS cutting. To test whether
LbCas12a remains active for non-specific SSDNA cleavage after sequence-specific binding
and cleavage of a dsDNA substrate, we first cut a dsDNA plasmid with an LbCas12a-crRNA
complex, and then added an unrelated dsDNA or ssDNA to the reaction (Fig. 2A). Whereas
the non-specific dSDNA substrate remained intact, the sSSDNA was rapidly degraded in a
RuvC-domain dependent manner (Fig. 2A; figs. S4, S5). Using truncated activators that are
too short to be cleaved, we next determined that only target DNA binding is required to
activate frans-ssDNA cleavage (fig. S6). Together, these results show that RNA-guided DNA
binding activates LbCas12a for both site-specific dSDNA cutting and non-specific sSSDNA
trans-cleavage.

The rapid degradation of a #rans substrate suggested that the kinetics of LbCas12a-catalyzed
site-specific dSDNA (cis-) cleavage and non-specific sSDNA (#rans-) cleavage are
fundamentally different. Stoichiometric titration experiments showed that c/s-cleavage is
single-turnover (22) (Fig. 2B), whereas trans-cleavage is multiple-turnover (Fig. 2C).
Although the Cas12a-crRNA complex remains bound to the dsDNA target following c/s-
cleavage, the complex releases its PAM-distal cleavage products from the RuvC active site
(22), enabling ssDNA substrate access and turnover. Using the FQ assay, we found that
LbCas12a-crRNA bound to a ssDNA activator molecule catalyzed #rans-ssDNA cleavage at
a rate of ~250 per second and a catalytic efficiency (k! Kiy) of 5.1x108 s71 M~1. When
bound to a dsDNA activator, LbCas12a-crRNA catalyzed ~1250 turnovers per second with a
catalytic efficiency approaching the rate of diffusion (23) with a Agai/ Kpy of 1.7x10% s71 M1
(Fig. 2D; fig. S7). These differences suggest that the NTS of the dsDNA activator helps
stabilize the Cas12a complex in an optimal conformation for frans-ssDNA cutting.

We next tested the specificity of #rans-cleavage activation using either a sSDNA or dsDNA
activator. We found that the PAM sequence required for dsDNA binding by CRISPRCas12a
(22) is critical for catalytic activation by a crRNA-complementary dsDNA (9, 24), but not
for a crRNA-complementary ssSDNA (Fig. 3A). Two base-pair (bp) mismatches introduced
along the crRNA-complementary sequence of either a sSSDNA or dsDNA activator molecule
slowed the frans-cleavage rate of a ssSDNA-FQ reporter by up to ~100 fold, depending on the
mismatch position. For only the dsDNA activator, alterations to the PAM sequence or
mismatches between the crRNA and PAM-adjacent “seed region” also had large inhibitory
effects on trans-ssDNA cleavage activity (Fig. 3B; fig. S8), similar to the mismatch tolerance
pattern observed in Casl12a off-target studies (25-27). Together, these data are consistent
with PAM-mediated dsDNA target binding and the role of base pairing between the crRNA
and the target strand to activate frans-ssDNA cutting.

We wondered if this frans-ssDNA cutting activity might be a property shared by other
Casl12a enzymes, and perhaps more evolutionarily distinct type V CRISPR effector proteins,
considering that all type V effectors contain a single RuvC nuclease domain (3, 28).
Consistent with this possibility, purified Cas12a orthologs from Acidaminococcus sp.
(AsCasl2a) and Francisella novicida (FnCas12a), as well as a Cas12b protein from
Alicyclobacillus acidoterrestris (AaCas12b), all catalyzed non-specific ssDNase cleavage
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when assembled with crRNA and a complementary ssDNA activator (Fig. 3C; fig. S9). In
contrast, none of the type Il CRISPR-Cas9 proteins tested showed evidence for frans-ssDNA
cleavage (Fig. 3C; fig. S9), suggesting that target-dependent activation of non-specific
ssDNA cleavage is a fundamental feature of all type V CRISPR-Cas12 proteins. These
results reveal the unexpected functional convergence of Cas12 enzymes with the type 111
CRISPR-Csm/Cmr and type VI CRISPR-Cas13 effectors, which also exhibit target-
activated, non-specific ssDNase or ssRNase activity, respectively (29, 30).

We next explored whether LbCas12a could be repurposed as a DNA detection platform for
use in clinical specimens, based on its ability to induce a fluorescent readout in response to a
specific dSDNA sequence. In particular, accurate and rapid identification of human
papillomavirus (HPV) is critical for identification of those at risk of HPV-related pre-cancer
and cancer, with types 16 (HPV16) and 18 (HPV18) accounting for the majority of
precancerous lesions (31). To test if LbCasl12a-catalyzed frans-ssDNA cleavage can
distinguish between these two dsDNA viruses, we selected a 20 nt target sequence located
next to a TTTA PAM that varied by only six base pairs between the two HPV genotypes (fig.
S10). Plasmids containing a ~500 bp fragment of the HPV16 or HPV18 genome, including
the target sequence, were incubated with the LbCas12a-crRNA complex targeting either the
HPV16 or HPV18 fragment and a quenched-fluorescent ssSDNA reporter. After one hour,
LbCas12a produced a robust fluorescent signal only in the presence of the cognate HPV
target, whose identity could be distinguished down to ~10 pM of plasmid (fig. S10). To
enhance assay sensitivity, we coupled isothermal amplification by Recombinase Polymerase
Amplification (RPA) with LbCas12a to develop a rapid one-pot detection method termed
DNA Endonuclease Targeted CRISPR 7rans Reporter (DETECTR) (fig. S11A). When
programmed to recognize its cognate plasmid, DETECTR was able to identify targets with
attomolar sensitivity (fig. S11B).

To assess whether we could detect HPV in more complex mixtures, DNA extracted from
cultured human cells infected with HPV types 16 (SiHa), 18 (HeLa), or without HPV
(BJAB) was added to LbCas12a complexed with a crRNA targeting the hypervariable loop
V of the L1 gene within HPV16 or HPV18 (Fig. 4A) (32). Whereas LbCas12a-crRNA alone
was not sensitive enough to detect HPV, DETECTR unambiguously identified HPV types 16
and 18 only in SiHa and HeLa cells, respectively (Fig. 4B; fig. S12A, B). To investigate the
utility of DETECTR on patient samples, we tested crude DNA extractions from 25 human
anal swabs previously analyzed by a PCR-based method for HPV infection (fig. S13) (33).
Within one hour, DETECTR accurately identified the presence or absence of HPV16 (25/25
agreement) and HPV18 (23/25 agreement) in 25 patient samples containing a heterogeneous
mixture of HPV types, with good correlation between the PCR-based intensity and
DETECTR signal (Fig. 4C, D; figs. S12C, D; S13). Furthermore, the absence of
fluorescence signal in specimens that were not infected with HPV types 16 or 18, but did
contain other HPV types, was an indicator of good specificity by DETECTR. These results
demonstrate a new platform for CRISPR-based diagnostics, and suggest that DETECTR
could in principle be extended to rapidly detect any DNA sequence of interest with high
sensitivity and specificity.
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Together, these findings support a unifying 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 (ssSDNA) manner (Fig. 5). 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 (34). In a genome-editing context, target-activated SSDNA
cutting by Cas12a may be a rare event, but it has the potential to cleave transiently exposed
ssDNA at replication forks (35), R-loops (36) and transcription bubbles (37), or sSDNA
templates used for homology-directed repair (38). Finally, unleashing the ssDNase activity
of Cas12 proteins offers a new strategy to improve the speed, sensitivity and specificity of
nucleic acid detection for point-of-care diagnostic applications.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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with purified LbCas12a (left) and SpCas9 (right) complexed with a (B) guide RNA
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with no sequence homology to M13 phage.
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Michaelis-Menten plot for LbCas12a-catalyzed ssDNA #rans-cleavage using a dsDNA or
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Science. Author manuscript; available in PMC 2019 July 15.



1duosnuey Joyiny [INHH 1duosnuey Joyiny [INHH

1duosnuely Joyiny IINHH

Page 10

A B Activator
Activator I ssDNA [ dsDNA
=123 .. P

- - (s T w204 1. .20 4
o 1
©
& 014
ST
= £
= £ 0.01-

-« P 9
& 0.0011
1 dsDNA+ PAM
w . 0.0001

2 dsDNA- PAM & & DL o P AR q@ \:\‘L ‘b',\v @\b /\;\Qw qf,/c
sSDNA & N X X N N
3 e SRR e € Mismatch position
C Type V Type Il
LbCas12a FnCas12a SpCas9 NmCas9
i s 2 $ 2 3

g« << << <<

EZ2 2 9 EZ22 93 9 €22 % @ E£E22 3 9

O S O N e O G O S N R 4 O R G

§v9o 2 28 oo 2 2 §vd 2 2 Fva 2 2

co2® f ¥ oc0u 8 & o606 § T o000 g O

c OO0 _= = c OO0 _= = c G Q= = cC OO _= =
Activator: = = = = F =& = = = = = d = = o o od == = ok

~ o s e - - - .. -y e | < S

. -
-
X
P
-
‘- o

Fig. 3. Specificity and conservation of trans-cleavage activation.
(A) LbCas12a-crRNA in the absence or presence of indicated activator, incubated with a

radiolabeled non-specific sSDNA substrate (S) for 30 min at 37°C; products (P) resolved by
denaturing PAGE. (B) Observed trans-cleavage rates for LbCas12a using a ssSDNA or
dsDNA activator with indicated mismatches; rates represent the average of three different
targets measured in triplicate, and error bars represent mean * s.d., where 7= 9 (three
replicates for three independent targets). (C) Radiolabeled cis (complementary) or trans
(non-complementary) substrates were incubated with Cas12a-crRNA or Cas9-sgRNA in the
presence or absence of a sSSDNA activator for 30 min at 37°C; a ¢/s-dsDNA substrate was
used in the “no enzyme” lanes. Substrate (S) and nucleotide products (P) were resolved by
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Fig. 4. Rapid identification of HPV types 16 and 18 in human samplesby DETECTR.
(A) Diagram of HPV16 and HPV18 sequences within the hypervariable loop V of the L1

gene targeted by Cas12a; highlighted bases indicate 5 PAM sequence. (B) Heatmap
represents normalized mean fluorescence values of HPV types 16 and 18 detected in human
cell lines by DETECTR; normalized scale represented in (D). (C) Schematic outlining DNA
extraction from human anal samples to HPV identification by DETECTR. (D) Identification
of HPV types 16 and 18 in 25 patient samples by PCR (left) and DETECTR (right);
DETECTR heatmap represents normalized mean fluorescence values.
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Fig. 5. Model for PAM-dependent and PAM -independent activation of cis and trans-cleavage by
Casl2a.

The Cas12a-crRNA complex binds to a complementary dsDNA in a PAM-dependent
manner (top) or ssSDNA in a PAM-independent manner (bottom), which is sufficient to
unleash indiscriminate ssDNase activity by the RuvC nuclease. Cas12a can also release its
PAM-distal cleavage products, which exposes the RuvC active site for multiple rounds of
non-specific ssSDNA degradation.
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