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Abstract

Type 1l CRISPR systems defend against invasive DNA by using Cas9 as an RNA-guided nuclease
that creates double-stranded DNA breaks. Dual RNAs [CRISPR RNA (crRNA) and tracrRNA] are
required for Cas9’s targeting activities observed to date. Targeting requires a protospacer adjacent
motif (PAM) and crRNA-DNA complementarity. Cas9 orthologues [including Neisseria
meningitidis Cas9 (NmeCas9)] have also been adopted for genome engineering. Here we examine
the DNA cleavage activities and substrate requirements of NmeCas9, including a set of unusually
complex PAM recognition patterns. Unexpectedly, NmeCas9 cleaves single-stranded DNASs in a
manner that is RNA-guided but PAM- and tracrRNA-independent. Beyond the need for guide-
target pairing, this “DNase H” activity has no apparent sequence requirements, and the cleavage
sites are measured from the 5’ end of the DNA substrate’s RNA-paired region. These results
indicate that tracrRNA is not strictly required for NmeCas9 enzymatic activation, and expand the
list of targeting activities of Cas9 endonucleases.
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INTRODUCTION

CRISPR (clustered, regularly interspaced, short palindromic repeats) loci and CRISPR-
associated (Cas) proteins provide an RNA-guided adaptive immune system for bacteria and
archaea (Barrangou and Marraffini, 2014; van der Oost et al., 2014; Sontheimer and
Barrangou, 2015). CRISPRs consist of ~24-48 base pair (bp) repeats separated by similarly
sized, non-repetitive spacers, which often match sequences from phage genomes or plasmids
(Bolotin et al., 2005; Mojica et al., 2005; Pourcel et al., 2005). Genetic interference specified
by CRISPR-Cas pathways can protect against phage infection (Barrangou et al., 2007), and
can also limit horizontal gene transfer (Marraffini and Sontheimer, 2008; Bikard et al., 2012;
Zhang et al., 2013). CRISPR RNAs (crRNAs) (Brouns et al., 2008; Hale et al., 2008) are
usually processed from a longer crRNA precursor (pre-crRNA). Each crRNA associates
with one or more Cas proteins to form an interference complex that locates complementary
“protospacer” regions in the foreign nucleic acids, and makes sequence-specific cuts in the
invasive genetic element, preventing its establishment or expression (Barrangou and
Marraffini, 2014; van der Oost et al., 2014; Sontheimer and Barrangou, 2015).

CRISPR-Cas systems are classified into five major types (I-V), based primarily on the
identities of the Cas proteins (Makarova et al., 2015). Type Il systems are distinguished
partially by the involvement of a single protein (Cas9), which includes RuvC and HNH
nuclease domains, for interference (Sapranauskas et al., 2011; Gasiunas et al., 2012; Jinek et
al., 2012), along with a trans-activating CRISPR RNA (tracrRNA) that functions in pre-
crRNA processing (Deltcheva et al., 2011), interference (Jinek et al., 2012; Zhang et al.,
2013), and new spacer acquisition (Heler et al., 2015). The type Il systems are further
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divided into subtypes 11-A, -B, and -C, based in part on the presence or absence of additional
spacer acquisition factors Csn2 and Cas4 (Makarova et al., 2015).

Interest in type 1l CRISPR-Cas systems has increased dramatically due to its adoption as an
RNA-guided, locus-specific, genome editing and DNA binding platform (Doudna and
Charpentier, 2014; Hsu et al., 2014). Cas9 functions as an RNA-programmable DNA
endonuclease using the HNH and RuvC nuclease domains to cleave the crRNA-
complementary and non-complementary strands, respectively (Gasiunas et al., 2012; Jinek et
al., 2012). The crRNA and tracrRNA cofactors can be fused into a single-guide RNA
(sgRNA) without loss of activity (Jinek et al., 2012). Target cleavage by Cas9 requires the
presence of a short protospacer adjacent motif (PAM) that flanks the target region (Deveau
et al., 2008; Garneau et al., 2010; Gasiunas et al., 2012; Jinek et al., 2012), and the PAM
sequence varies among Cas9 orthologs. CrRNA/target complementarity must be nearly
perfect in the 7-12 nt “seed” region proximal to the PAM (Sapranauskas et al., 2011;
Gasiunas et al., 2012; Jinek et al., 2012).

The application of CRISPR/Cas9 in genome editing has sparked interest in characterizing
different type Il systems to identify Cas9 orthologs with distinct and perhaps improved
genome targeting capabilities. To date, the editing functions of Cas9s from Streptococcus
pyogenes (SpyCas9, Type I1-A) (Jinek et al., 2012; Cho et al., 2013; Cong et al., 2013;
Hwang et al., 2013; Jiang et al., 2013; Jinek et al., 2013; Mali et al., 2013), Streptococcus
thermophilus (Sth1Cas9 and Sth3Cas9, both Type I11-A) (Gasiunas et al., 2012; Cong et al.,
2013; Esvelt et al., 2013; Chen et al., 2014), and N. meningitidis (NmeCas9, Type 1I-C)
(Esvelt et al., 2013; Hou et al., 2013) are best characterized. NmeCas9 (Zhang et al., 2013)
is of interest because it is almost 300 amino acids smaller than the commonly used SpyCas9,
and this reduced size may facilitate its delivery via virus- or mMRNA-based vectors. More
recently, a second Cas9 in this smaller size range from Staphyl ococcus aureus (SauCas9,
Type 11-A) has also been adopted for genome editing (Ran et al., 2015). Certain pairs of
Cas9 proteins and their respective guide RNAs are orthogonal (i.e., a guide RNA loads into
the intended cognate Cas9 but not into the orthologous Cas9) (Esvelt et al., 2013; Briner et
al., 2014; Fonfara et al., 2014), facilitating multiplexed applications. The structures of apo
SpyCas9 (Jinek et al., 2014), and its complexes with an sgRNA (Jiang et al., 2015) or an
sgRNA and a single-stranded (ss) DNA target (Nishimasu et al., 2014), show that the protein
consists of a recognition lobe and a nuclease lobe, and that the RNA-DNA heteroduplex is
bound at the interface of the two lobes. The structure of SpyCas9 with an sgRNA and a
partially duplexed target DNA revealed the molecular basis for SpyCas9’s recognition of its
5-NGG-3’ PAM (Anders et al., 2014). The structure of a more compact type 11-C Cas9 from
Actinomyces naeslundii (AnaCas9) has been reported (Jinek et al., 2014), but relevant
functional information for that protein (e.g. editing efficiency and PAM specificity) is
limited. Accordingly, there is a significant need to understand better the properties of the
more compact Cas9s such as NmeCas9 and others from Type I1-C.

Here we have defined mechanistic requirements and features of NmeCas9 for target DNA
cleavage and cellular interference. Our results show that NmeCas9 has many characteristics
in common with SpyCas9, Sth1Cas9, Sth3Cas9, and SauCas9, including cleavage site
specificity, mismatch sensitivity, and protospacer-PAM linker length dependence. In
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contrast, NmeCas9 differs from SpyCas9 in that mutation of either strand of the target PAM
inhibits double-stranded (ds) DNA target cleavage. Most strikingly, even in the absence of
its tracrRNA cofactor, NmeCas9 can efficiently cleave sSDNA in an RNA-guided fashion,
and this “DNase H-like” activity depends upon an intact HNH domain. Thus, NmeCas9 has
target recognition capabilities that have not been observed previously in other orthologs and
that could be useful for engineering applications.

Double-stranded DNA cleavage activity of NmeCas9 in vitro

To define the biochemical properties of NmeCas9, we purified the protein from E. coli (Fig.
1A). We generated tracrRNA and a crRNA containing spacer 9 (sp 9) via in vitro
transcription to complex with target DNA (see Fig. 1B). Plasmid cleavage assays showed
that NmeCas9 cleaves dsDNA containing the matched protospacer and the reaction requires
the cognate crRNA, tracrRNA, and magnesium (Fig. 1C). Cleavage occurred primarily
between the 3"d and 41" nts of the protospacer (counting from the PAM-proximal end) (Fig.
1D). Plasmid cleavage is substantially complete after 5 min of incubation (Fig. S1A).
NmeCas9 is most active when salt (KCI) concentration is lower than 300 nM (Fig. S1B).
Divalent metals such as Mg2*, Mn?*, Co2*, and Ni2* support cleavage of both strands,
whereas Ca2* and Ba2* only support plasmid nicking, suggesting that they can function with
only one of the endonuclease domains. Other metals such as Cu?*, Zn%* and Cd2* support
little or no NmeCas9 cleavage (Fig. 1E).

Residues D16 (in the RuvC-1 domain) and H588 (in the HNH domain) of NmeCas9 (Fig.
2A) are required for cellular DNA targeting (Esvelt et al., 2013; Zhang et al., 2013). To test
the involvement of these residues in NmeCas9 catalytic activity in vitro, mutant proteins
D16A, H588A, and the double mutant (D16A, H588A) were expressed and purified (Fig.
1A). Plasmid cleavage assays showed that D16A and H588A mutants could each nick the
plasmid, whereas the double mutant was inactive (Fig. 2B). Mg2* supported the activity of
both RuvC and HNH domains, but divalent metals such as Ca?* and Ba2* only supported
the catalytic activity of the HNH domain (Fig. 2B). To determine the strand specificities of
the catalytic domains, we radioactively labeled either the crRNA-complementary or non-
complementary strand of another target duplex (sp 25). The D16A mutant only cleaved the
complementary strand, whereas the H588A mutant only cleaved the non-complementary
strand (Fig. 2C).

Collectively, these experiments confirm that NmeCas9, like all other Cas9 orthologs studied
to date, is an RNA-guided DNA endonuclease that requires a tracrRNA, a cognate crRNA,
and a divalent metal ion. The HNH and the RuvC domains each cleave the crRNA-
complementary and non-complementary DNA strands, respectively, targeting 3—4 bp into
the protospacer, and each domain has different metal cofactor requirements.

NmeCas9 cleaves ssDNA in an RNA-programmed but tracrRNA-independent fashion

NmeCas9 requires both crRNA and tracrRNA to cleave either a plasmid DNA (Fig. 1C) or
alternatively a dsDNA oligonucleotide substrate (Fig. 3A). No cleavage was observed on
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either strand when NmeCas9, tracrRNA, or cognate crRNA (sp 25) was omitted from the
reaction (Fig. 3B and Fig. S2).

When using the complementary strand ssDNA substrate, NmeCas9 also catalysed cleavage
(primarily between the third and fourth nts of the protospacer) when programmed with both
cognate crRNA (sp 25) and tracrRNA (Fig. 3B). Surprisingly, the complementary strand
was also robustly cleaved when NmeCas9 was programmed with the cognate crRNA alone
(Fig. 3B). This tracrRNA-independent mode of ssDNA cleavage depended on the
complementary crRNA spacer, since cleavage was not observed when a hon-cognate crRNA
(sp 9) or no crRNA was present (Fig. 3B). Interestingly, the cleavage pattern of the “no
tracrRNA” reaction differed from the pattern observed when the tracrRNA was included in
the reaction (Fig. 3B). In the former case, we observed several 22-26 nt products, with the
24 nt form dominating, whereas in the latter case we observe 24-26 nt products with the 25
nt form dominating. This cleavage pattern reflects a 1-nt shift of the primary cut site (Fig.
3A-B) in the PAM-proximal direction.

We used gel shift assays to investigate whether both RNAs were required for stable sSDNA
binding by NmeCas9. All divalent metal ions were omitted to render NmeCas9 catalytically
inactive. As expected, a 50-nt, fluorescently labelled, sSDNA (containing ps 25 and the
PAM) was bound by NmeCas9 when a cognate crRNA (sp 25) and the tracrRNA were both
present, but not when a non-cognate crRNA (sp 23) was used instead (Fig. 3C). Importantly,
robust ssDNA target binding occurred when NmeCas9 was programmed with a cognate
crRNA alone, but not with the tracrRNA alone, or with a non-cognate crRNA alone (Fig.
3C). These results indicate that sequence-specific binding of an ssDNA target by NmeCas9
can occur in a tracrRNA-independent manner. RNA binding studies demonstrated NmeCas9
binding to a variety of RNA substrates (e.g, crRNA, tracrRNA and even CRISPR-unrelated
RNAs), showing that NmeCas9 has non-specific RNA-binding activity (Fig. S3). However,
the tracrRNA-independent, crRNA-guided ssDNA cleavage (Fig. 3B) shows that crRNA is
sufficient to engage NmeCas9 in an enzymatically productive fashion.

To investigate which of the two nuclease motifs is responsible for cleaving ssDNA in a
tracrRNA-independent manner, we tested the D16A and H588A “nickases” in the sSDNA
cleavage assay. Both modes of sSDNA cleavage, regardless of tracrRNA presence, were
retained in the D16A nickase mutant but absent in the H588A nickase mutant and the D16A
+H588A double mutant (Fig. 3D). These results indicate that NmeCas9 uses the HNH
domain to cut the sSDNA targets.

Cleavage site selection and RNA guide requirements for ssDNA cleavage

The mature crRNAs for NmeCas9 contain a 24 nt sequence derived from CRISPR spacers
and a 24 nt sequence derived from the CRISPR repeats (Zhang et al., 2013) (Fig. 3A). To
define the minimal region of CRISPR repeats required for tracrRNA-independent, SSDNA
cleavage, we created serial 3’ deletions of the crRNA repeat and tested the abilities of these
guides to cleave ssDNA, with or without tracrRNA (Fig. 4A). Surprisingly, in the absence of
tracrRNA, the cleavage pattern of the sSSDNA target was not affected by the repeat
truncations, nor by replacement of the N. meningitidis repeat with a 20 nt S. pyogenes repeat
(Fig. 4A). These results show that the CRISPR repeat is dispensable for the tracrRNA-

Mol Cell. Author manuscript; available in PMC 2016 October 15.



1duosnuen Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Zhang et al.

Page 6

independent ssDNA cleavage by NmeCas9. The sp 25-containing target was not cleaved by
NmeCas9 with a non-cognate crRNA, and a truncated sp 25 guide failed to direct NmeCas9
cleavage of a non-cognate ssDNA target (Fig. 4A). These observations indicate that a base-
paired RNA-DNA hybrid is necessary for the tracrRNA-independent activity of NmeCas9.
This activity is reminiscent of the RNase H activity that cleaves the RNA strand of an RNA-
DNA hybrid duplex (with little or no sequence preference) (Tadokoro and Kanaya, 2009),
except that NmeCas9’s activity has the opposite nucleic acid specificity (i.e. it cleaves the
DNA strand), and it cleaves at specific locations. Accordingly, we refer to this tracrRNA-
independent, RNA-guided ssDNA cleavage activity as DNase H-like.

In contrast to the tracrRNA-independent activity, progressive truncations of the CRISPR
repeat in the presence of the tracrRNA lead to marked changes in the cleavage pattern. 3’
deletion of 12—16 nts of the repeat caused a shift from a pattern with one dominating product
(indicating cleavage between the 3 and 4! nts of the protospacer) to a pattern with three to
four species (25-28 nts) (Fig. 4A). Further shortening of the repeat, or replacement by the S.
pyogenes repeat, resulted in a pattern identical to that of the tracrRNA-independent cleavage
(Fig. 4A). These data suggest that the repeat/anti-repeat pairing within a crRNA/tracrRNA
duplex is important for tracrRNA influence on ssDNA cleavage site selection by NmeCas9.

To determine whether NmeCas9’s DNase H activity requires a pre-loaded guide RNA, we
tested whether it can cleave the ssSDNA in an RNA-DNA hybrid that was pre-formed in
solution, in the absence of the enzyme. We assayed tracrRNA-independent ssDNA cleavage
using guide RNAs that were either pre-annealed with the sSDNA target before the addition
of NmeCas9 (Fig. 4B, right), or pre-incubated with NmeCas9 before the addition of sSDNA
target (Fig. 4B, left). The cleavage patterns were similar under these two conditions (Fig.
4B), reinforcing the idea that NmeCas9 has a DNase H activity that cleaves the DNA strand
of a RNA-DNA hybrid.

We next investigated the rules governing DNase H cleavage site selection. We assayed a
panel of RNA guides with extensions or truncations compared to the sp 25 guide that lacks
all repeat residues (0 nt R) (Fig. 4C). We found that the cleavage sites move in concert with
the 5’ end of the ssSDNA’s RNA-paired region (Fig. 4C, compare substrates 4 and 5 vs. 6 and
7, and vs. 8), but not with the 3’ end of the RNA-paired region (Fig. 4C, compare substrates
4 vs. 5, and 6 vs. 7). This indicates that the cleavage sites of NmeCas9’s DNase H activity
are set by a ruler mechanism that measures from the 5’ end of the ssDNA’s RNA-paired
region. This activity requires a minimum of 17-18 bps of RNA-DNA hybrid duplex, since
the activity was lost when a 16 nt guide RNA was used (Fig. 4C, compare substrates 3, 4,
and 5). A DNA guide that contains sequences identical to the sp 25 crRNA did not support
cleavage, regardless of the tracrRNA’s presence (Fig. 4D, substrate 2). Finally, when the
nucleic acid identities of the guide and the target were reversed (i.e. with a crDNA “guide”
and a ps 25-containing ssSRNA “target”), it was the crDNA that was cleaved, at positions
close to the 5’ end of the RNA-paired region (Fig. 4D, substrate 3). Our results reveal an
RNA-directed ssDNA cleavage activity of NmeCas9 that does not depend upon tracrRNA,
or on any guide sequences that are specific to the N. meningitidis crRNAs (Fig. 4E).
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Meningococcal cells are constitutively competent for natural transformation, which requires
the degradation of one of the two DNA strands during uptake into the cytoplasm (Rotman
and Seifert, 2014). The internalized ssDNA is then thought to associate with RecA protein,
single-strand binding protein (SSB), or both (Johnston et al., 2014). We demonstrated that
meningococcal transformation is subject to CRISPR interference (Zhang et al., 2013),
though our tests have not addressed the question of whether DNA targeting occurred during
uptake, during or after recombination into the chromosome, or some combination of these.
To determine whether ssDNA bound by SSB or RecA can serve as a substrate for DNase H
activity, we added increasing amounts of SSB (Fig. S4A) or RecA (Fig. S4B) to the
reactions. We observed no inhibition of cleavage by the RecA protein at any concentration
(Fig. S4B), and only modest inhibition of cleavage at the highest concentration of SSB (Fig.
S4A). Gel shifts confirmed that the sSDNA was bound by both SSB and RecA proteins
under these conditions (Fig. S4C). These results suggest that tracrRNA-independent,
crRNA-guided cleavage can proceed with substrates that more closely approximate the
protein-bound ssDNAs thought to exist within cells.

NmeCas9 PAM Specificity

Previously, we used bioinformatics to define the PAM for NmeCas9 as 5-NNNNGATT-3’
(e.g. in Fig. 1B) and showed that a double mutation (GATT to GTAT) caused a partial loss
of interference during transformation (Zhang et al., 2013). We also observed that a single A-
to-C mutation (GATT to GCTT) is well tolerated for NmeCas9-mediated genome editing in
human ES cells (Hou et al., 2013). Furthermore, a library depletion experiment in E. coli
indicated that the NmeCas9 PAM has a very strong preference for guanine at the first
position (Esvelt et al., 2013).

To understand better the rules governing NmeCas9 PAM specificity, we engineered and
tested variant PAMs using both in vitro and cellular approaches. First, we mutated each
single nt of the GATT PAM to its Watson-Crick complement in the context of a ps 9
plasmid (Fig. 5A), and assayed cleavage in vitro. The 2A to 2T and 4T to 4A mutations
were readily cleaved, while the 1G to 1C and 3T to 3A mutations abolished cleavage (Fig.
5A). The 2A3T to 2T3A partial cleavage defect is in agreement with the partial loss of
cellular interference observed previously (Zhang et al., 2013) (and confirmed below),
indicating that our in vitro and cellular results are consistent. Next, we turned to cellular
transformation interference to study all possible 1 nt PAM variants in the context of ps 25.
The ps 25 plasmid with the wild-type PAM elicited interference, as reflected by the
complete loss of transformants compared to the empty plasmid (Fig. 5B, upper panel). All
three variants at the first guanine of the PAM led to major interference defects. In contrast,
eight of the nine single-nt mutations in the other PAM nts were permissive for interference.
Only the T-to-A mutation at position 3 exhibited a modest defect (Fig. 5B, upper panel).
These results are largely consistent with our in vitro cleavage assay in Fig. 5A and confirm
that NmeCas9 has a stringent preference for the guanine within the GATT PAM, and a high
degree of tolerance for most single-nt variants at the 2"d, 3/ and 4™ PAM positions. The
same series of PAM variants in the context of a different protospacer (ps 24) yielded similar
results (Fig. S5).
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Although the guanine in the GATT PAM is clearly the most important nt, additional tests
revealed some dependence on the other positions. We constructed all 27 possible 2-nt
variants in the other three PAM nts, and assayed their abilities to license CRISPR
interference of transformation. Interestingly, two-thirds (18/27) of these 2-nt variants
exhibited intermediate to severe interference defects (Fig. 5B, lower panel). In contrast, 6/27
(GCCT, GTTA, GACC, GTCT, GCTA and GACG) double mutants are fully functional, and
three more (GTTG, GACA, GAGA) exhibited a partial decrease in transformation efficiency
(Fig. 5B, lower panel). All three representative triple mutants that we generated (GGGG,
GTAA, and GCCC) displayed severe defects (Fig. 5B, lower panel). All ps 25 plasmids
tested efficiently transformed an isogenic strain carrying a disruption of cas9 (Fig. S6)
(Zhang et al., 2013), indicating that the PAM variations affect interference, not
transformation itself. Previously, the functional PAM specificities derived from a library
depletion approach proved to be complex (GANN, GTTN, GNNT > GTNN, GNTN) (Esvelt
et al., 2013). Our individual tests help to reinforce most of these previously defined PAM
specificities and also reveal further complexities, as some PAM variants that match one of
those motifs (e.g. GAAG, GAAC, and GAGC) are completely defective.

Extensive biochemical and structural studies of SpyCas9 revealed that its PAM is required
only on the crRNA-noncomplementary strand of dsDNA targets (Jinek et al., 2012; Anders
et al., 2014; Sternberg et al., 2014). To address the strand specificity of PAM recognition by
NmeCas9, we tested three DNA duplexes where all 4 nts of the PAM were mutated in the
complementary strand, the non-complementary strand, or both (Fig. 5C). Cleavage of either
strand was lost or greatly diminished when the PAM was disrupted on either target strand, or
on both (Fig. 5C). This observation demonstrated that, unlike SpyCas9, NmeCas9 requires
the PAM element on both strands of the duplex DNA, or that recognition elements on one
strand or the other can only be engaged in the context of a base-paired configuration.

To address the PAM requirement for sSSDNA target recognition, we compared ssSDNA
cleavage using two substrates, one with a wildtype PAM and the other with no PAM (Fig.
5D). The “No PAM” substrate was cleaved as efficiently by NmeCas9 as the wildtype
counterpart, regardless of whether the tracrRNA is present (Fig. 5D). This observation
suggests that the PAM is not necessary for NmeCas9-mediated ssDNA cleavage, in line
with previous reports for SpyCas9 and SthCas9 (Gasiunas et al., 2012; Jinek et al., 2012;
Nishimasu et al., 2014).

Limited tolerance for protospacer/PAM linker length variation for NmeCas9

A short (1-4 nts), non-conserved linker usually separates the PAM and the adjacent
protospacer (Deveau et al., 2008; Gasiunas et al., 2012; Jinek et al., 2012; Esvelt et al.,
2013; Zhang et al., 2013; Chen et al., 2014; Fonfara et al., 2014; Ran et al., 2015). The
length of this linker varies among individual Cas9 orthologs. So far there have been only
two examples of flexibility of linker length in vivo — Sth1Cas9 of strain DGCC7710 (Briner
etal., 2014; Ran et al., 2015) and SthCas9 of strain LMG18311 (Chen et al., 2014) tolerate
extension from 2 nt to 3 nt. We tested whether NmeCas?9 tolerates linker length variations
during interference in N. meningitidis. First, a target for sp 23 of MC8013 was constructed
in which the PAM and ps 23 were separated by a 4 nt “ATAT” linker (Fig. 6A, right panel).
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Then we varied the alternating A/T linker to separate the PAM from the protospacer by 1-8
nts (Fig. 6A, right panel). Because the first nt of the GATT PAM is especially critical, the
lack of guanine in the linker ensures that the linker variants are all deprived of any potential
functional PAM variants. All of the mutant plasmids transformed the cells as efficiently as
the empty plasmid, indicating that they were unable to elicit NmeCas9-mediated
interference (Fig. 6A, left panel). We conclude that cellular interference by NmeCas9
stringently requires a 4 nt linker.

To determine whether linker length variations affect in vitro plasmid cleavage by NmeCas?9,
we analysed the same set of linker mutant plasmids. The 4 nt linker allowed efficient
cleavage, as did the 5 nt linker (Fig. 6B). The remaining linker mutants permitted only weak
(3, 6 nt) or background (1, 2, 7, 8 nt) cleavage (Fig. 6B). This observation suggests that the
stringent 4 nt linker length requirement observed during cellular interference is not an
intrinsic feature of NmeCas9’s target recognition activity in vitro.

The HNH and RuvC nuclease domains from the Type I1-A SthCas9 (from strain
LMG18311) use different mechanisms to determine their cleavage sites on the two strands:
the RuvC cut is measured from the PAM, whereas the HNH cut is at a fixed position within
the protospacer, without reference to the PAM (Chen et al., 2014). To determine whether the
Type 11-C NmeCas9 employs a similar mechanism, we mapped the cleavage sites with
strand-specific end-labelled oligonucleotide substrates bearing ps 25 and its GATT PAM,
separated by different linker lengths (2—6 bp). When the label was on the non-
complementary strand, the RuvC domain efficiently cleaved the 4 bp linker substrate (Fig.
6C). Although cleavage efficiency was much lower with the other variants, the RuvC
cleavage site moved in concert (Fig. 6C). These results revealed that the RuvC domain of
NmeCas9 determines the cleavage site on the non-complementary strand by a “ruler”
mechanism, cutting primarily between the 7t and 8! nts 5’ of the GATT PAM.

To study the HNH domain, we used radiolabeled, ssDNA oligonucleotides corresponding to
the complementary strand of sp 25 (with 2—6 nt linkers) as substrates. For the dual RNA-
mediated reactions, the most prominent products are consistently 25 nt (Fig. 6D), suggesting
that neither extension nor shortening of the 4-nt linker altered the HNH domain cleavage
site. The same holds true for the tracrRNA-independent mode of sSDNA cleavage, since the
dominant products were consistently 24 nt for all substrates (Fig. 6D). We also observed
several smaller products, potentially reflecting minor cleavage events 5 of the predominant
sites. Intriguingly, as the length of the linker increases, the sizes of these minor products
decrease accordingly (Fig. 6D).

Targeting by NmeCas9 has relaxed stringency for seed complementarity in vitro and in

bacteria

SpyCas9 requires near-perfect complementarity in the seed region for CRISPR interference
and efficient genome editing (Jinek et al., 2012; Cho et al., 2013; Cong et al., 2013; Hwang
etal., 2013; Jiang et al., 2013; Jinek et al., 2013; Mali et al., 2013). Our previous work
showed that a 2-nt mismatch at the cleavage site of a ps abrogated interference, while a 2-nt
mismatch further from the PAM (outside the seed) did not (Zhang et al., 2013). We also
observed a strong requirement for perfect seed complementarity during NmeCas9-catalyzed
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genome editing in human ES cells (Hou et al., 2013). To understand better NmeCas9
targeting requirements in the seed region, we created serial, single-nt mutations in the 12 nt
seed in the context of ps 9 (Fig. S6A). Plasmids containing these mutant protospacers were
transformed into N. meningitidis and assayed for CRISPR interference. Unexpectedly, the
majority (11/12) of these seed mutations had minimal impact on interference, while only one
seed mutation (in the fourth bp, counting from the PAM-proximal end) exhibited an
intermediate interference defect (Fig. S6B, upper panel). This same set of mutant plasmids
was also subjected to in vitro NmeCas9 cleavage. Corroborating the in vivo results, only the
seed mutation at the fourth bp of the protospacer led to a significant cleavage defect (Fig.
S6C, “27"). To further investigate seed requirements, eleven double seed mutants (Fig. S6A)
were tested by both the natural transformation assay and in vitro plasmid cleavage. The
majority (8/11) of them resulted in loss of interference (Fig. S6B, lower panel) and defective
plasmid cleavage (Fig. S6C). Analogous experiments in the context of a different ps (ps 25)
yielded similar results (Fig. S7). Taken together, the above results suggest that NmeCas9
seed requirements are somewhat relaxed in N. meningitidis cells and in vitro compared to
those observed during genome editing in mammalian cells (Hou et al., 2013).

Functional anatomy of NmeCas9’s RNA guides

Our previous work in human stem cells showed that an sgRNA works as efficiently as dual
crRNA and tracrRNA in NmeCas9-directed genome editing (Hou et al., 2013). To further
dissect SgRNA structural and sequence requirements for NmeCas9, we established sgRNA
function in vitro and then analysed a series of 3’-terminal and internal deletions (Fig. 7A). A
full-length 145-nt sgRNA (corresponding to sp 9) directed plasmid cleavage, with efficiency
comparable to a parallel reaction with separate crRNA and tracrRNA (Fig. 7B, 3 left-most
lanes).

A recent report established six structural modules — spacer, lower stem, bulge, upper stem,
nexus, and hairpins - within the sgRNAs for SpyCas9 and other type I11-A systems (Briner et
al., 2014). The sgRNA for NmeCas9 contains equivalents of these features. To begin
defining the importance of these features in type 11-C, we created serial SgRNA deletions
with 7, 14, 22, 45, 57, and 69 nts removed from the 3’ end (Fig. 7A), and tested plasmid
cleavage in vitro. The A7nt substrate showed no defects and the Al4nt and A22nt RNAS
exhibited modest defects, whereas the A45nt, A57nt and A69nt sgRNAs were completely
defective (Fig. 7B). These results suggest that the 3’ terminal 7 nts are dispensable for
cleavage, partial or total disruption (A14nt, A22nt) of the terminal hairpin modestly impedes
function, and complete removal (A45nt, A57nt and A69nt) of the hairpin, or nexus plus the
hairpin, abolishes cleavage. To further define sub-regions of the sgRNA that are required for
targeting, we generated variants with most of the nexus (int2) or upper stem (int1) deleted
(Fig. 7A). Severe cleavage defects were observed for the nexus deletion (int2), whereas no
defects were detected for the upper stem deletion (intl) (Fig. 7B). This result shows that the
nexus of the NmeCas9 sgRNA is necessary for NmeCas9 function, while the upper stem is
dispensable, similar to the type 11-A systems (Briner et al., 2014).

To determine whether the same modular requirements apply during cellular interference, we
created a “clean” strain by deleting the crispr and tracrRNA loci (Fig. 7C), both of which are
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essential for interference [(Zhang et al., 2013) and Fig. 7D]. An sp 25-specific full-length
sgRNA under the control of the tracrRNA promoter was then integrated into the
chromosomal nics locus in the AcrisprAtracr strain background (Fig. 7C). This sgRNA
complementation restored interference against a ps 25-containing plasmid, whereas control
complementation using the empty vector did not (Fig. 7D), indicating that the full-length
sgRNA compensates for the loss of both cognate crRNA and tracrRNA. 3’ truncations and
internal deletions parallel to those analysed in vitro (Fig. 7B) were created in this cellular
context, and their abilities to restore interference were assayed. Among all the variants
tested, only two (A7nt and int1) rescued interference (Fig. 7D), suggesting that in vivo,
NmeCas9 is only tolerant of small 3’ terminal deletions or the removal of the upper stem.
The GAAA tetraloop inserted to connect the crRNA and tracrRNA was retained in the intl
variant, and further deletion of this tetraloop from intl (to generate int3, Fig. 7A) abolished
sgRNA function (Fig. 7D). These results suggest that the structure of the bulge region is
important for function, since forcing it to comprise a terminal loop results in a non-
functional sgRNA.

DISCUSSION
NmeCas9 PAM and seed specificity

Successful dsDNA targeting by type Il CRISPR-Cas systems requires not only crRNA/ps
complementarity, but also the presence of a PAM. SpyCas9 requires a NGG PAM in both
bacterial and eukaryotic cells, although the less optimal NAG variant could also function
(Hsu et al., 2013; Jiang et al., 2013; Zhang et al., 2014). Here we confirm that NmeCas9 has
a strong preference for G at the first position of the GATT PAM, both in its native cellular
environment and in vitro, corroborating findings from an earlier study in E. coli (Esvelt et
al., 2013). For the non-guanosine PAM residues, we carried out comprehensive mutagenesis
in Neisseria cells and identified all functional PAM variants that carry 1- or 2-nt deviations
from the consensus (Fig. 5). Some variants fit one of the minimal consensus PAMs defined
previously (Esvelt et al., 2013) yet were non-functional, indicating that PAM recognition
rules may be even more complex than previously thought, and illustrating the value of
deconvoluting the specificities defined by library depletion. A previous study of NmeCas9-
mediated genome editing in human ES and iPS cells identified one functional PAM variant
(GCTT) (Hou et al., 2013); it remains to be reported how many additional NmeCas9
variants are tolerated during genome editing in mammalian cells.

A subset of Cas9 orthologs, including examples from S pyogenes, S. mutans, S
thermophilus and N. meningitidis, use PAMs that begin with one or two guanosines (Deveau
etal., 2008; Jinek et al., 2012; Zhang et al., 2013; Chen et al., 2014; Fonfara et al., 2014).
SthCas9 from LMG18311 prefers a GYAAA PAM and, like NmeCas9, tolerates single-nt
mutations in all positions except the first G (Chen et al., 2014). However, the effects of 2-nt
(or more) variants from this PAM consensus were not defined. Structural analyses showed
that SpyCas9 uses two conserved arginine residues to recognize the two guanosines in the
GG PAM (Anders et al., 2014). These two arginines are not well conserved in Cas9s from
many type I1-C and some type 11-A systems. Similar mechanistic analyses of other Cas9
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orthologues will be required to elucidate general rules governing PAM recognition and
PAM degeneracy.

We also observe a surprising insensitivity to seed mismatches during transformation (Figs.
S7B and S8B), in stark contrast to the stringent requirement for seed complementarity
during NmeCas9-mediated mammalian genome editing (Hou et al., 2013). With SpyCas9,
single seed mismatches disrupt transformation interference by the native CRISPR-Cas
system (Jinek et al., 2012), though much greater seed mismatch tolerance was observed with
SpyCas9 in vitro, especially at elevated enzyme concentrations (Pattanayak et al., 2013).
This latter observation, along with the stringent requirement for seed pairing in human cells
(Hou et al., 2013), suggests that the mismatch tolerance we observe in bacteria could reflect
cellular NmeCas9 expression levels rather than a greater intrinsic promiscuity of the
enzyme.

TracrRNA-independent DNase H activity of NmeCas9

To our knowledge, in all Cas9 studies and applications reported to date, the tracrRNA (or
the tracrRNA-derived portion of an sgRNA) is an essential component for activity (Bernick
et al., 2012; Barrangou and Marraffini, 2014; Doudna and Charpentier, 2014; Hsu et al.,
2014; van der Oost et al., 2014; Sontheimer and Barrangou, 2015). The tracrRNA-
equivalent part of an sgRNA pairs with the crRNA repeat, forms multiple 3’ hairpins, and is
contacted extensively by SpyCas9 (Anders et al., 2014; Nishimasu et al., 2014; Jiang et al.,
2015). The tracrRNA also contains the “nexus” stem-loop that imparts specificity and
enforces orthogonality among Cas9/tracrRNA pairs (Briner et al., 2014). Strikingly, our
biochemical characterization of NmeCas9 revealed its ability to cleave efficiently ssDNA
molecules even in the absence of tracrRNA (Figs. 3 and 4). Overall, NmeCas9-directed
ssDNA cleavage appears to be as efficient as cleavage of dsDNAs (Figs. 1, 3 and 4). These
observations are in stark contrast to other Cas9 orthologs biochemically characterized to
date. For the well characterized SpyCas9 and Sth3Cas9, ssDNA cleavage (in the presence of
tracrRNA) is much less efficient than dsSDNA cleavage (Gasiunas et al., 2012; Jinek et al.,
2012; Sternberg et al., 2014).

Structural analyses provide hints of the possible enzymatic basis for the tracrRNA-
independent DNase H activity that we observe for NmeCas9. The structure of NmeCas9 is
not known, and the only Type I1-C Cas9 to be structurally characterized is AnaCas9 (in the
apo form only, i.e. without bound guides or targets) (Jinek et al., 2014). In contrast, crystal
structures of SpyCas9 have been solved in the apo state (Jinek et al., 2014), with bound
sgRNA (Jiang et al., 2015), and with sgRNA recognizing a fully ssDNA (Nishimasu et al.,
2014) or partially dsDNA (Anders et al., 2014) target. The structures reveal that the apo
enzyme is found in an unproductive conformation and that sgRNA binding to SpyCas9
induces extensive domain movements (including the HNH domain) that lead to catalytic
activation. The HNH domain of apo SpyCas9 faces outwards away from the body of the
nuclease lobe, and it appears to be autoinhibited (in addition to being poorly ordered in the
crystal) (Jinek et al., 2014). Although the HNH domain of apo AnaCas9 is located in an
equivalent position to that of apo SpyCas9, it has fewer contacts with the C-terminal domain
and it is more ordered. In SpyCas9 the guide/target heteroduplex is trapped in a tunnel
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formed by the RuvC, HNH and REC domains, at the interface between the two lobes of the
protein (Anders et al., 2014; Nishimasu et al., 2014). Furthermore, residues in the tunnel do
not interact with any of the tracrRNA regions in the SgRNA/SpyCas9 structures, suggesting
that an RNA/DNA hybrid stem could easily be recognized and accommodated by NmeCas9
even in the absence of tracrRNA and positioned in a manner such that the HNH domain can
engage the DNA strand (Anders et al., 2014; Nishimasu et al., 2014; Jiang et al., 2015). The
known flexibility of the HNH domains, together with the largely modular nature of the
interactions with crRNA and tracrRNA, could explain the DNase H activity that we observe.

These biochemical features of NmeCas9 are intriguing in light of known modes of genetic
exchange in meningococci and many other bacteria. Natural transformation proceeds
through the internalization of exogenous DNAs in ssDNA form without strand preference,
followed by integration into host chromosomes by homologous recombination (Johnston et
al., 2014). Internalized ssDNAs are coated with RecA and ssDNA-binding proteins that
facilitate homology search, and we show that these proteins do not inhibit NmeCas9 activity
in vitro. It is not known which of these stages of transformation are subject to CRISPR
interference, though genomic dsDNA is clearly susceptible (Bikard et al., 2012; Jiang et al.,
2013; Vercoe et al., 2013). In addition, either DNA strand can be randomly internalized
during transformation, yet a crRNA that is complementary to only one strand completely
blocks transformation (Bikard et al., 2012; Zhang et al., 2013). This result indicates that
targeting during the pre-recombination ssDNA phases, if it occurs, is not obligatory.
Nonetheless, our finding that NmeCas9 can potentially target ssSDNA regardless of
tracrRNA availability could provide a route toward sequence-specific transformation
interference in a manner that does not require a lethal chromosome breakage event. We
previously found that a Atracr strain exhibited a complete rather than partial loss of
transformation interference (Zhang et al., 2013), indicating that conditions under which
tracrRNA-independent ssDNA interference could occur, if any, have yet to be identified.
Another potential natural sSDNA target could be the genomic ssDNA of filamentous phages,
such as those reported previously in meningococci (Kawai et al., 2005).

The tracrRNA-independent nature of the sSSDNA cleaving activity is also intriguing, though
little is known about the regulation of tracrRNA expression. To our knowledge, Type Il
CRISPR-cas loci generally have only a single tracrRNA transcription unit, whereas there are
much larger numbers of CRISPR repeats (up to 105 in a strain of Mycoplasma
gallisepticum). Accordingly, complete use of a CRISPR locus’ transcriptional output would
require a substantial molar excess of tracrRNA, which could be challenging to generate,
especially for large CRISPR loci. This problem could be exacerbated even further in the
case of N. meningitidis (and at least some other Type 11-C systems), because pre-crRNAs are
generated from numerous promoters (one for each CRISPR repeat) (Zhang et al., 2013),
potentially increasing the stoichiometric imbalance between the tracrRNA and the crRNA
repeats. Thus, it is straightforward to envision potential benefits of tracrRNA-independent
functions, such as the RNA-guided ssDNA cleaving activity that we report here, during
interference with natural ssDNAs. However, given the lack of evidence thus far for RNA
guide sequence specificity during tracrRNA-independent sSSDNA cleavage, it is not clear
how this activity could specifically employ pre-crRNAs, as might be expected.
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The DNase H activity of NmeCas9 could serve as a programmable, RNA-guided “restriction
enzyme” that cleaves sSDNA. To our knowledge, site-specific and ssDNA-specific DNases
are uncommon. This activity could also have utility within eukaryotic cells, for instance in
destroying ssDNA regions of the genomes of certain DNA viruses such as Hepatitis B virus
(Dienstag, 2008). In the absence of the tracrRNA, NmeCas9 could be used for such a
purpose with little or no risk of collateral damage to the host cell’s dSDNA genome.

EXPERIMENTAL PROCEDURES

Detailed experimental and analytical procedures are found in the supplemental information.

Bacterial Strains, Plasmids and Oligonucleotides

N. meningitidis 8013 (MC8013) and mutant derivatives thereof that were used in this study
are listed in supplementary information, as are lists of all plasmids and oligonucleotides.

Mutant Strain Construction

All mutant strains were generated by plasmid transformation and confirmed by PCR and
sequencing. The unmarked Acrispr strain was created by two-step transformation as
previously described for creating the unmarked Acas9 strain (Zhang et al., 2013). For
generation of the AcrisprAtracr strain, we transformed the Acrispr strain with genomic DNA
(gDNA) isolated from the Atracr strain (Zhang et al., 2013), followed by KanR selection.
For complementation of sgRNA variants, we cloned wt and variant copies of the sgRNA
into pGCC2 and transformed the resulting plasmids into the AcrisprAtracr strain.

Natural Transformation

Natural transformation assays were performed as previously described (Zhang et al., 2013).
Antibiotic-resistant cfu/ml and total cfu/ml were reported from three independent
experiments (mean +/- s.e.m.), except where noted.

In Vitro Transcription

RNAs were generated by in vitro transcription using a MEGAscript T7 kit (Ambion) and gel
purified. Transcription templates were gel-purified PCR products, linearized plasmids, or
annealed DNA oligonucleotides carrying the T7 promoter sequence.

Recombinant NmeCas9 Expression and Purification

NmeCas9 was cloned with an N-terminal Hisg-tag, overexpressed in E. coli, and purified as
described in the supplementary methods.

Plasmid DNA Cleavage

Plasmid DNA (300 ng, ~9 nM) was incubated with NmeCas9 protein (50-500 nM) and pre-
annealed crRNA:tracrRNA duplex (1:1, 50-500 nM) in cleavage buffer [20 mM HEPES
(pH 7.5), 150 mM KClI, 10% glycerol, 1 mM DTT, and 10 mM MgCl,] at 37°C for 5-30
min. Other divalent metals were also tested at 10 mM.
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Oligonucleotide Cleavage Assay

10 pmol of gel-purified DNA oligonucleotides (IDT) were 32P-labeled with T4 PNK (NEB)
and [y-32P]-ATP (PerkinElmer), and cleaned up by MicroBio Spin 6 columns (BioRad).
Duplex DNA (100 nM) substrates were generated by annealing of equimolar amounts of two
oligos. DNA oligonucleotides (IDT) [5-10 nM for 32P-labeled, or 25-50 nM for 6-
carboxyfluorescein (FAM)-labeled oligos] were incubated with NmeCas9 proteins (500 nM)
and pre-annealed crRNA:tracrRNA duplex (1:1, 500 nM) in cleavage buffer at 37°C for 30
min. Reactions were resolved on 15% denaturing PAGE and visualized with a
Phosphorimager or ImageQuant LAS 4000 imager. Reactions with 32P-labeled oligos were
purified by phenol/chloroform extraction and ethanol precipitation before electrophoresis.

Gel Shift Assay

FAM-labeled ssDNA oligonucleotides (IDT, 25-50 nM) were incubated with NmeCas9
(500 nM) and various small RNAs (500 nM) in cleavage buffer (without Mg2*) at room
temperature for 8-10 min. The reactions were resolved by 6% native PAGE at 4°C and
visualized by an ImageQuant LAS 4000 imager.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. NmeCas9 Functions as an RNA-guided DNA Endonuclease
(A) A Coomassie-stained 10% denaturing PAGE of wildtype and mutant NmeCas9 proteins.

WT: wildtype NmeCas9; D16A, H588A, and D16A+H558A: active site NmeCas9 mutants
D16A, H588A, and D16A+H558A. The predicted molecular weight of NmeCas9 is ~110
kD. Weights of molecular markers are indicated.

(B) A schematic showing the complex of the sp 9 crRNA, the tracrRNA, and the target
dsDNA. Yellow, crRNA spacer; grey, crRNA repeat; red, PAM; black arrows, predicted
NmeCas9 cleavage sites.

(C) Plasmid cleavage by NmeCas9 requires tracrRNA, the cognate crRNA and Mg2*. N,
nicked; L, linearized; SC: supercoiled.

(D) Sequencing of the NmeCas9 linearized pGCC2-ps 9 plasmid. Black arrows indicate
predicted cleavage sites and the green stars indicate the A overhangs added by the
sequencing reactions.

(E) Divalent metal ion specificity of NmeCas9. Plasmid cleavage assay was performed as in
(C), except that dual RNAs were used for all lanes.
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Figure 2. Strand Specificity of NmeCas9’s Two Nuclease Domains
(A) Schematic representation of the location of the RuvC and HNH domains in the primary

sequence of NmeCas9.

(B) Plasmid cleavage assays were performed using wildtype NmeCas9, as well as active site
mutants D16A, H588A, and D16A+H588A. N, nicked; L, linearized; SC: supercoiled.

(C) NmeCas9 uses the HNH and RuvC nuclease domains to cleave the crRNA-
complementary and non-complementary strands, respectively. The oligonucleotide cleavage
assay was performed using tracrRNA- and crRNA-programmed, wildtype and mutant
NmeCas9 proteins at 37°C for 30 min. Duplex DNA substrates were 5’ 32P labeled on either
strand. M, size markers. The sizes of the substrates, cleavage products and markers are
indicated. The single and double asterisks denote non-complementary strand and
complementary strand (respectively) minor cleavage products that are abolished when either
active site is mutated. The significance (if any) of these minor cleavage products is not clear.
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Figure 3. NmeCas9 Exhibits TracrRNA-Independent ssDNA Cleavage Activity
(A) Schematic representation of ps 25-containing DNA oligonucleotides and the sp 25

crRNA used in (B) and (C). Red lettering, PAM; yellow, crRNA spacer; gray, crRNA
repeat; black arrows, predominant cleavage sites for dual-RNA guided NmeCas9 cleavage;
red arrow, predominant cleavage site for tracrRNA-independent NmeCas9 cleavage.

(B) NmeCas9 cleaves ssDNA efficiently in a tracrRNA-independent manner. NmeCas9
complexed with small RNAs was assayed for cleavage of double- (left) or single- (right)
stranded DNA targets for sp 25. The complementary strand was 5’ 32P radiolabeled. M, size
markers. The sizes of substrates, cleavage products and markers are indicated.

(C) NmeCas9 binds an ssDNA target in vitro in a tracrRNA-independent manner. Gel shifts
were performed using a 5’ FAM-labeled ssDNA substrate (100nM), NmeCas9 (500nM), and
various small RNAs (500nM) as indicated. Binding was performed in cleavage reaction
buffer (but with Mg2* omitted) at room temperature for 10 min, and then resolved by 5%
native PAGE.

(D) An intact HNH domain is required for tracrRNA-independent cleavage of
complementary strand ssSDNA. Wildtype and active-site-mutant NmeCas9s were assayed for
cleavage of ssDNA, in the absence (left) or presence (right) of tracrRNA. Reactions were
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performed as in Fig. 2C. M, size marker. The sizes of substrates, cleavage products and
markers are indicated.
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Figure 4. Guide Sequence Independence and Cleavage Site Selection for NmeCas9’s DNase H

Activity

(A) NmeCas9-catalyzed, crRNA-guided, tracrRNA-independent ssDNA cleavage does not
require specific CRISPR repeats. Sp 25-specific crRNAs with repeat variants were assayed
for NmeCas9-directed cleavage of an ssDNA target. Here and in the rest of this figure,
cleavage reactions were performed as in Fig. 2C, using a 5 FAM-labeled ssDNA bearing a
sp 25 target. The sizes of substrates and cleavage products are indicated. The panel of RNAs
and substrates examined are depicted below the gel image and are colored as follows: DNA,
brown lines and boxes with brown borders; RNA, black lines and boxes with black borders;
ps 25, yellow; sp 25 sequences, red; sp 23 sequences, green; S. pyogenes (Sp) repeat, blue;
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5’ labels, stars. The non-cognate target is a 42-nt 5’ FAM-labeled ssDNA from the dTomato
gene.

(B) ssDNA target cleavage by NmeCas9 is as efficient when crRNA is pre-annealed to DNA
substrates (right), as compared to crRNA that is allowed to pre-load into NmeCas9 (left). Sp
25 crRNA (25, 50, 250, and 500 nM) is pre-annealed with sSDNA substrates (50 nM) in
cleavage buffer at 37°C for 10 min. Pre-loading of crRNA (25, 50, 250, and 500 nM) with
NmeCas9 (500 nM) is done in cleavage buffer at 37°C for 10 min.

(C) NmeCas9 determines the DNase H cleavage sites by a ruler mechanism that measures
from the 5’ end of the DNA in the RNA-DNA hybrid, and requires a minimum 17-18 base-
paired region. The guide-substrate pairs are depicted and named at the bottom of the panel.
In the guides for samples 3-5, 7, and 8, additional nts (complementary to the sSSDNA target)
were added to (or removed from) either the 5 or 3’ end of the guide, with the specific end
and the number of added or subtracted nts indicated. All RNA guides have a 5’-terminal
GGG trinucleotide to facilitate in vitro transcription, so the lengths of the DNA-RNA hybrid
duplexes are 3 nt shorter than the RNA guides.

(D) Inverting the backbone composition of the guide-substrate duplex also inverts the strand
asymmetry of the cleavage activity. 1/, 2 and 3’ denote the control reactions including only
the labeled DNA component for substrate pairs 1, 2, and 3, respectively. The basis for the
slightly retarded mobility of the labeled target upon incubation with crDNA (substrate pair
2) is not known.

(E) DNase H activity of apo NmeCas9. The depiction of NmeCas9 is based on the structure
of a different Type 11-C Cas9 (AnaCas9; Jinek et al., 2014). Recognition lobe, dark grey;
nuclease lobe, light grey; HNH domain, yellow.
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Figure 5. NmeCas9 Functions with a Range of PAM Variants
(A) NmeCas9 cleavage of plasmids containing ps 9 and wildtype or mutant PAMs.

NmeCas9 was programmed with tracrRNA and the sp 9 crRNA. Reactions were performed
as in Fig. 1C. Mutations in the PAM are indicated in red, and PAMSs are in bold.

(B) NmeCas9 targets a range of PAM variants in a cellular interference assay. Plasmids
containing ps 25 and various PAM mutants were tested by natural transformation assays
using wildtype MC8013 cells as recipients. The bar graphs are log-scale plots of colony-
forming units (CFU)/ml (mean + s.e.m.) for total cells (blue bars) and erythromycin-resistant
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(ErmR) transformants (red bars) from three independent experiments. The positions and nt
identities of the mutations are indicated for each PAM variant.

(C) PAM residues are required on both strands to license NmeCas9 cleavage on a duplex
DNA substrate. NmeCas9 programmed with tracrRNA and sp 25 crRNA were tested for
oligonucleotide cleavage as in Fig. 2C. Non-C, non-complementary strand; C,
complementary strand. Duplex DNA oligos were 5’ 32P-labeled on both strands. Mutant
PAM sequences are shown (below the gel) in red, with the PAM region in bold.

(D) NmeCas9 cleavage of ssDNA targets does not require a PAM. The oligonucleotide
cleavage assay was performed as in Fig. 2C, except that 5 FAM-labeled complementary
ssDNA oligos (100 nM) were used. NmeCas9 was programmed either with sp 25 crRNA
alone or together with tracrRNA. PAM mutations are indicated (below the gel) in red, and
PAMs are in bold. The “No PAM” oligonucleotide carries a triple mutation in the PAM.
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Figure 6. NmeCas9 has Minimal Tolerance for Protospacer-PAM Linker Length Variation
(A) NmeCas9 only functions with a 4 bp linker in bacterial cells. Left, cellular interference

assay. Plasmids containing ps 23 and its linker length mutant derivatives were tested in
natural transformation assays as in Fig. 5B. Sequences of the linkers between ps 23 and its
PAM in the mutants used in (A) are shown on the right. The linkers are in red.

(B) The same plasmids tested in (A) were assayed for cleavage in vitro by NmeCas9
programmed with sp 23 crRNA and tracrRNA. Reactions were performed as in Fig. 1C. N,
nicked; L, linearized; SC: supercoiled.

(C) NmeCas9 cleavage of the non-complementary strand in DNA duplexes is much less
efficient when the linker length varies, and the cut site moves in concert with the PAM. The
duplex DNAs were 5’ 32P labeled on the non-complementary strand only, and contain ps 25,
a flanking GATT PAM and a 2-6 nt linker in between. NmeCas9 was programmed with
tracrRNA and sp 25 crRNA. Reactions were performed as in Fig. 2C. M, size markers. The
sizes of substrates, cleavage products and markers are indicated.
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(D) NmeCas9 cleavage of the complementary strand sSDNA is as efficient when linker
length varies, and the cut sites are at a fixed position. The sSDNA targets were 5’ 32P
labeled, and contain ps 25, a flanking GATT PAM, and a 2-6 nt linker in between.
NmeCas9 was programmed with sp 25 crRNA and with or without tracrRNA, as indicated.
Reactions were performed as in Fig. 2C. M, size markers. The sizes of substrates, cleavage
products and markers are indicated.
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Figure 7. NmeCas9 sgRNA Requirements in vitro and in Bacteria
(A) A schematic of the NmeCas9 sgRNA, a chimeric fusion in which the 3’ end of the

mature crRNA and the 5" end of the mature tracrRNA are connected by a GAAA tetraloop.
Highlighted in yellow, crRNA spacer; highlighted in gray, crRNA repeat. Six 3’ terminal
truncations are indicated by red arrows, and three internal deletions are indicated by colored
boxes.

(B) Full-length and variant sgRNAs were assayed for NmeCas9 cleavage of ps 9-containing
plasmid in vitro. NmeCas9 was programmed with tracrRNA and sp 9 crRNA. Reactions
were performed as in Fig. 1C. The full-length tracrRNA used in in vitro assays had 6
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additional 3’-terminal nts [compared to the sequence shown in (A)], whereas all the other
RNAs are as shown. N, nicked; L, linearized; SC: supercoiled.

(C) Schematics of representative MC8013 isogenic strains used in (D). Relevant genotypes
are given on the left. Grey boxes, genes; blue boxes, kanamycin-resistance marker; black
rectangles, CRISPR repeats; white diamonds, CRISPR spacers; green boxes, tracrRNA
promoter.

(D) Definition of sgRNA regions that are required for transformation interference.
pYZEJS040 (=) and its ps 25-containing derivative (+) were introduced into MC8013-
derived strains by natural transformation. Relevant genotypes and sgRNA complementation
variants are indicated at the bottom. Data are presented as in Fig. 5B.
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