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Abstract

Cas9 is an RNA-guided DNA cleavage enzyme being actively developed for genome editing and
gene regulation. To be cleaved by Cas9, a double stranded DNA, or the protospacer, must be
complementary to the guide region, typically 20-nucleotides in length, of the Cas9-bound guide
RNA, and adjacent to a short Cas9-specific element called Protospacer Adjacent Motif (PAM).
Understanding the correct juxtaposition of the protospacer- and PAM-interaction with Cas9 will
enable development of versatile and safe Cas9-based technology. We report identification and
biochemical characterization of Cas9 from Acidothermus cellulolyticus (AceCas9). AceCas9
depends on a 5"-NNNCC-3" PAM and is more efficient in cleaving negative supercoils than
relaxed DNA. Kinetic as well as /7 vivo activity assays reveal that AceCas9 achieves optimal
activity when combined with a guide RNA containing a 24-nucleotide complementarity region.
The cytosine-specific, DNA topology-sensitive, and extended guide-dependent properties of
AceCas9 may be explored for specific genome editing applications.
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Cas9 is an RNA-guided DNA cleavage enzyme utilized by some bacteria to defend against
invading species, such as bacteriophages, through the Clustered Regularly Interspaced Short
Palindromic Repeats (CRISPR)-mediated pathway. A functional Cas9 is comprised of a
polypeptide and two short RNAs, a CRISPR RNA (crRNA) and a frans-activating crRNA
(tracrRNA).1 In previously characterized Cas9s, the crRNA and tracrRNA could be
covalently linked into a chimeric RNA called single guide RNA (sgRNA) with no loss of
function.2~> The ability of Cas9 to target any double stranded DNA (dsDNA) for cleavage
using customizable guides has enabled development of multiple Cas9-based
biotechnologies.®~10 Introducing cells with Cas9 and a sgRNA results in site-specific
double-stranded breaks (DSB) that trigger either nonhomologous end joining (NHEJ) or
homology directed repair (HDR).11-13 These DNA repair processes can be utilized to either
disrupt protein-encoding genes (gene knockout and gene knockdown) or to substitute a gene
of choice using a desired DNA template through homologous recombination (gene
editing).13-15 In addition, catalytically inactive Cas9 (dCas9) has been applied in
transcriptional regulation and other applications through its programmable binding to
specific DNA elements.16-21 The power of the CRISPR-Cas9 effector nuclease as a genome-
editing tool has been demonstrated in multiple organisms and cell types.12-1422-25 However,
currently available Cas9s, both natural and engineered, still lack diversity in substrate
selection. Furthermore, these Cas9s continue to show off-target cleavage activity.23:26-28
Broadening the choice of Cas9s while improving Cas9 specificity is a major goal in the field
of Cas9-based biotechnology.

Cas9 requires two elements within the DNA target for cleavage: (1) an 18-24 base pairs
(protospacer) complementary to the guide region of the sgRNA and (2) a Cas9-specific 3-8
nucleotides (nts) adjacent to the protospacer known as PAM (Protospacer Adjacent
Motif).529-34 Structural and fluorescence studies suggest that specific recognition of the
short PAM nucleotides by Cas9 leads to unwinding of the protospacer and formation of a
structural motif called the R-loop in which the sgRNA base pairs with the targeting strand of
the protospacer. Subsequently, the HNH- and RuvC-like nuclease domains of Cas9
reposition to the targeting and the nontargeting strand of the dsDNA, respectively, to
generate a DSB.33:3%:36 |n most CRISPR-Cas9 systems, the absence of a PAM consensus
from self DNA, such as the CRISPR repeats, prevents self-destruction. Notably, though both
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the complementarity to SgRNA and the PAM of a DNA substrate are required for its
cleavage by Cas9, low-level activities have been observed for DNA containing deviations
from these elements (the protospacer, in particular), leading to cleavage of unintended
targets.26:27:37 The processes of Cas9 assembly, dsDNA unwinding, and interaction with
protospacers and PAM all contribute to the control of substrate cleavage38-3 that, if
understood, may be harnessed for improvement of Cas9-based biotechnology.

Most of the well characterized Cas9s require PAM sequences comprised of guanine
nucleotide(s) located 2—3 bases from the 3" end of the nontargeting strand of the proto-
spacer245:30.3440.41 (Taple S1). Despite low sequence homology of the PAM interacting
domain (PID) among the known Cas9s, crystal structures of Streptococcus pyogenes (Spy)
Cas9 (type lI-A, 5'-NGG-3"),42 Staphylococcus aureus (Sa) Cas9 (type 11-A, 5-
NNGRRT-3")43 and Francisella novicida (Fn) Cas9 (type 11-B, 5 -NGG-3")* bound to their
DNA substrates revealed a similar mechanism of PAM recognition that involves guanine
base-specific contacts primarily by arginine residues.*2-44 Mutation of these arginine
residues reduced Cas9 activity or altered the PAM sequence recognized by specific Cas9
enzymes.*2-45 Given the wide sequence variation in PID, it is possible that some Cas9 have
evolved to either position arginine differently or rely on other polar residues in
accommodating different PAM than currently known. Identification and characterization of
additional PAM-Cas9 interactions will contribute to the knowledge of Cas9 activity control.

Previous studies show that recognition of the protospacer by Cas9 plays an important role in
substrate cleavage. The guide region of the sgRNA (spacer), typically 20-nt in length, serves
as the key component in substrate recognition of the Cas9 enzyme by base pairing with the
targeting strand of the protospacer.33:46-48 Both the length and sequence of the spacer
impact the enzyme efficiency as well as specificity. Cas9 uses its large nucleic acid
recognition (REC) domain to nearly enwrap the DNA-spacer heteroduplex. However, the
REC-mediated heteroduplex recognition has moderate fidelity, as disruption of base pairing
between the spacer of sgRNA and the targeting strand at both the PAM-distal and PAM-
adjacent ends is tolerated by Cas9 both 7 vitroand in vivo.2:26-28 Tolerance of mismatched
DNA-spacer by Cas9 is a source of unwanted off-target cleavage in cells. Efforts to increase
specificity of the widely used SpyCas9 were made by engineering regions in both SgRNA
and Cas9, by reducing its expression level, or by employing double sgRNA with Cas9
nickase (reviewed in Nufiez et al,, 2016).4° Furthermore, reducing the heteroduplex base
pairs from 20 to 17-18-nts was found to enhance SpyCas9’s ability to discriminate
mismatches.3” Recently, mutations of positively charged residues within the hetero-duplex
binding REC®? and nuclease domains®! were shown to also increase the specificity of
SpyCas9. Note that these engineering strategies led to reduced Cas9 nonspecific binding
affinity for the substrate, raising the possibility that reduction of enzyme activity could in
general benefit specific cleavage by Cas9.

We sought to identify naturally occurring Cas9s that recognize different PAM sequences
than are currently known and that possess desired biochemical properties for high
specificity. We characterized Acidothermus cellulolyticus (Ace-Cas9) (type I1-C) that, unlike
previously characterized Cas9s, recognizes a 5'-NNNCC-3’ PAM and has optimal activity
with a sgRNA of 24-nt spacer both /n vitroand in vivo. Kinetic studies indicate that
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AceCas9 has a preference for negatively supercoiled DNA is significantly more specific for
relaxed than for supercoiled protospacers.

RESULTS

Purification and Characterization of AceCas9 Ribonu-cleoprotein Particle

Following early bioinformatics methods in identifying Cas9 orthologs,>2 we identified Cas9
from a thermophile, A. cellulolyticus 11B (optimal growth temperature 55 °C).53 We were
able to express and purify the recombinant AceCas9 to homogeneity by using three
chromatography steps (see Materials and Methods) (Figure 1). To identify its associated
tracrRNA, we used the available A. cellulolyticus consensus direct repeat sequence on
CRISPRdb®> to identify a match to 16 bases (with one mismatch) in the noncoding region
downstream of the cas9 gene following putative transcription start sites (Figure 1A) The
resulting tracrRNA is 83-nt in length and predicted by mfold>® to contain two stem loops (a
6-bp stem loop I and a 10-bp stem loop 1) (Figure 1A). On the basis of previous Cas9
studies that sgRNA is fully functional,212.13 we generated a sgRNA by linking the tracrRNA
and crRNA through a 5"-GAAA-3’ tetraloop (Figure 1A). The AceCas9:sgRNA
ribonucleoprotein particle (RNP) was able to shift a Hexachloro-fluorescein
phosphoramidite (HEX)- or 6-carboxyfluorescein (6-FAM)-labeled DNA oligo
complementary to the 20-nt spacer (Figure 1B).

AceCas9 Has a Double Cytosine PAM

Sequence search did not yield matches in various databases using Nucleotide BLAST®® and
CRISPRTarget®’ to any of the 23 spacer sequences in A. cellulolyticus CRISPR locus.
Therefore, the PAM sequences for AceCas9 could not be identified by comparing the
flanking regions of the potential protospacers. We designed and constructed a DNA library
bearing random sequences in the PAM region as the substrates for AceCas9 cleavage (Figure
S1). The PAM region contains seven randomized base pairs (5"-NNNNNNN-3" with a 25%
probability for each base pair at any given position) and is located downstream of a 20-nt
protospacer inserted into the pUC19 plasmid (Figure S1A). The potential AceCas9 cleavage
site is located ~500 base pairs from that of BamHI, which allowed us to generate DNA
fragments from AceCas9:sgRNA/ BamHI cleavage (Figure S1B) for cloning and Sanger
sequencing (see Materials and Methods). We successfully cloned and sequenced 34 ~500-bp
fragments, among which 18 contained the PAM-protospacer insertion (Figure S1C).
Strikingly, the 18 clones that contained the insertion all had cytosine at positions 4 and 5
downstream of the protospacer on the nontargeting DNA strand, suggesting that 5’-
NNNCC-3" is a functional PAM for AceCas9 (Figure S1C).

To observe the PAM-activated DNA cleavage activity of AceCas9, we synthesized a series
of dsDNA oligos containing the 5'-NNNCC-3’" PAM and its variants. The dsDNA was
either labeled with HEX on the targeting strand or with 6-FAM on the nontargeting strand
(Figure 2 and Figure S2). In a typical cleavage experiment, we used 1.2—20 molar excess of
nonlabeled DNA to ensure formation of the dsDNA substrate for AceCas9 (Figure 2A).
Wild-type AceCas9 cleaved dsDNA oligos efficiently only when the correct PAM was
present (Figure 2B, Figure S2A and S2B), while HNH-inactivated AceCas9 (H591A
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AceCas9) can only cleaved the nontargeting DNA strand of the same oligo (Figure S2A and
S2B). Compensatory mutations of nucleotide sequences at PAM positions 4 or 5 greatly
reduced cleavage activity by AceCas9 (Figure 2B and Figure S2A). Intriguingly, the
cleavage defect on these PAM mutants could be rescued if the protospacer contained a bulge
at position —1 (Figure 2B) or when the two guanine nucleotides base paired with dC4 and
dC5 were unchanged (Figure 2B and Figure S2A). These results suggest a critical
dependence of AceCas9 on the C-G base pair at positions 4 and 5 but, more importantly, the
guanine bases paired with dC4 and dC5 in DNA cleavage.

We subsequently tested AceCas9 activity on plasmid substrates. Consistently, AceCas9 also
cleaved the plasmid substrate containing the 5"-NNNCC-3" PAM, and not those with dC4/5
to G or dC4/5 to T mutations (Figure 3A). The cleavage sites on the plasmid were mapped
by DNA sequencing to the phosphodiester bond between the third and the fourth nucleotides
upstream of the PAM (Figure 3B). The cleavage specifically required magnesium, but
tolerated manganese and generated a nick with copper (Figure S3A). Furthermore, due to its
thermostability, AceCas9 is active at temperatures 25-60 °C (Figure S3B).

DNA Unwinding Limits AceCas9 Cleavage Efficiency

To learn the cleavage efficiency of AceCas9, we subjected both oligo and plasmid substrates
to single-turnover kinetics analysis (Figure 4 and Table 1). Under this condition, the
measured cleavage rate depends on steps following AceCas9 binding to the substrates that
may include unwinding the DNA, conformational change in the catalytic domains and the
cleavage step itself.58 Although AceCas9 cleaved ssDNA the fastest (Kcleavage = 0.65 £ 0.10
min1), the fraction of cleavage plateaued at ~50% (Figure 4A), suggesting the possible
presence of nonproductive substrates. Consistently, dsSDNA oligo (A;jeavage = 0.104 + 0.005
min~1) was cleaved to ~70% (Figure 4A) and the circular plasmid substrate (Kcleavage = 0.26
+0.02 min~1) was cleaved to more than 90% (Figure 4C). To understand which functional
step in AceCas9 cleavage limits its cleavage efficiency, we measured rate constant for the
dsDNA containing a bulge at —1 position (Figure 4B) and found that its cleavage was nearly
1.7-fold (kcleavage = 0.179 + 0.007 min~1) of the fully base-paired dsDNA, suggesting that
DNA unwinding is likely the rate-limiting step (Figure 4A).

We then tested if enhanced complementarity between the spacer and protospacer can elevate
the rate of DNA unwinding, thus that of AceCas9 cleavage by use of a sgRNA containing a
24-nt spacer (Figure 1A). The single-turnover rate of cleavage indeed increased by four
times (Acleavage = 1.04 + 0.03 min~1) of that with the SyRNA containing the 20-nt spacer
(Kcleavage = 0.26 £ 0.02 min~1) (Figure 4D). This result shows that increased spacer-
protospacer pairing, from 20-nt to 24-nt, improves the overall DNA cleavage efficiency.
Note that the pseudo-first-order rate constant of AceCas9 with the 24-nt spacer sgRNA is
comparable to that of SpyCas9 on plasmid DNA substrates measured at 37 °C (Agleavage =
0.89 +0.12 min~1).2

AceCas9 Cleaves Negatively Supercoiled DNA Efficiently

Comparison of the cleavage rate for dSDNA oligo to that for the plasmid substrate showed
that AceCas9 prefers plasmid DNA. To examine if it is simply the length of DNA substrate,
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which could facilitate one-dimensional diffusion, that accelerated the rate of cleavage for the
plasmid DNA, we carried out cleavage kinetics on the same plasmid pretreated with BamHI
by use of the 20-nt spacer sgRNA (Figure 4C). Surprisingly, the rate constant of linearized
3-kb DNA (Acleavage = 0.10 £ 0.01 min~1) was very similar to that of dsDNA oligo (Kcleavage
=0.104 + 0.005 min~1), thereby ruling out one-dimensional diffusion as the possible cause
for the observed difference between oligo and plasmid DNA. Instead, the negative supercoil
in the circular DNA must act as a favorable factor for AceCas9 function. To further explore
the dependence of AceCas9 on DNA topology, we increased the number of topoisomers of
the pUC19 substrate by treating it with £. coli gyrase before performing single turnover
kinetics with AceCas9. The gyrase-treated plasmid (Figure 4C) indeed resulted in faster rate
of cleavage (Acleavage = 0.30 + 0.02 min~1) than the untreated plasmid (Figure 4C and Table
1). A similar rate difference when cleaving the supercoiled and linearized DNA plasmid by
AceCas9 with the 24-nt guide sgRNA was observed, suggesting DNA topology plays the
same role in substrate binding when the guide region is extended (Table 1).

AceCas9 Has Low Off-Target Cleavage Activity for Relaxed DNA

To investigate the specificity of AceCas9 for the protospacer, we generated single or double
mutations at positions -1, =4, -8, —19, and —20 of the protospacer and subjected these
plasmids to AceCas9 cleavage with the 20-nt spacer sgRNA (Figure 5A). We quantified the
fraction of cleaved at the end of 1 h incubation of AceCas9:sgRNA with each plasmid
(Figure 5B) and compared this value to that of the wild-type plasmid (Figure 5C). At 50 °C
where AceCas9 activity is optimal, all plasmids mutants but position —4, pPSG(-4)A, were
cleaved nearly to completion (Figures 5B and 5C). The pPSG(—4)A was cleaved poorly,
reflecting a critical role of position —4 and possibly its surrounding in substrate recognition
by AceCas9. The similar pattern of cleavage activity was observed when the reaction
temperature was lowered to 37 °C (Figure 5C), despite an overall reduction in AceCas9
activity (Figure 5B). Significantly, when these mutant plasmids were prelinearized with
BamHl|, in which case, the wild-type plasmid had reduced cleavage (Figure 5B), all
mutations, except that at —20, resulted in detectable cleavage after reacting with molar
excessive AceCas9 at both 50 and 37 °C (Figure 5B). The shift in cleavage specificity is the
most pronounced for position =1 where DNA unwinding occurs (Figures 5B and 5C),
suggesting that the energy stored in supercoiling helps to drive the initial steps of R-loop
formation.

AceCas9 Cleaves DNA Efficiently in Escherichia coli

To confirm the DNA cleavage activity by AceCas9 under /n7 vivo condition, we performed a
bacteria-based cell survival assay (Figure 6).4%:59 We transformed the plasmid coexpressing
AceCas9 (or SpyCas9) and its sgRNA into £. coli competent cells harboring a target
(selection) plasmid that expresses the toxic ccdB gene under the control of BAD promoter
(inducible with arabinose). Successful cleavage of the ccaB plasmid by Cas9 would render
the growth of E. coli cells when induced by arabinose (Figure 6A and 6B). The efficiency of
DNA cleavage in £. coli can thus be measured as the percentage of colonies with arabinose
versus those without arabinose. As expected, the cells transformed with SpyCas9 and its
SgRNA targeting ccaB have about 96% survival (Figure 6C). The cells transformed with
AceCas9 and its 24-nt spacer sgRNA also reached nearly 75% survived. Strikingly, cells
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transformed with AceCas9 and the 20-nt or a 22-nt spacer sgRNA had less than 0.01%
survival (Figure 6C), reflecting the lower rate of cleavage for the 20-nt spacer sgRNA /n
vitro. Further extension of the spacer length to 26-nt resulted in about 14% cell survival but
did not improve cleavage efficiency (Figure 6C).

We tested in £, coliif the 5'-NNNCC-3" PAM is specifically recognized by AceCas9 by
carrying out the survival assay with the ccdB plasmid containing a 5'-NNNTT-3" PAM in
place of a 5"-NNNCC-3" PAM. We observed nearly no survival colonies (<0.001%
survival) under the conditions we used for the wild-type target (Figure 6A and 6C),
confirming that 5"-NNNCC-3’ is a functional PAM for AceCas9 in £. colicells.

DISCUSSION

Currently known Cas9 substrates require a guanine-containing adjacent motif to be cleaved.
Those for AceCas9, in contrast, are associated with a cytosine adjacent motif. Mutational
studies indicated that AceCas9 is highly specific for cytosine at position 4 or 5 under a
variety of conditions. This specificity for PAM is unprecedented, as other Cas9s tolerated
mutation to similar nucleotides (/.e., G to A for SpyCas9), and may thus be explored for
applications requiring targeting cytosine adjacent DNA. AceCas9 differs from another type
11-C Cas9, NmCas9,%0 and resembles type 11-A SpyCas9? in that it does not require a fully
base paired PAM region, suggesting that the interaction between the PAM and the PID of
Cas9 are, in general, diverse and potentially species-rather than subtype-specific.

Our kinetic analysis revealed a unique dependence of AceCas9 on negatively supercoiled
DNA. The fact that dsSDNA was cleaved more slowly than ssDNA suggests that DNA
unwinding is the rate-limiting step for AceCas9. Consistently, the rate of cleavage increased
when the first protospacer base pair was disrupted. Ma et a/. also reported similar
observations on another type 11-C Cas9, CdiCas9.51 AceCas9 is able to lower the energetic
barrier of DNA unwinding by harnessing the energy stored in DNA topology, as its rate of
cleavage for a supercoiled plasmid DNA is about 2.6-fold that for a linearized plasmid DNA
or a dsDNA oligo. Unwinding circular DNA introduces positive supercoiling, and thus
strains in the DNA double helix structure. Negative supercoiling allows faster duplex
rotation resulting from the superhelical torque, thereby alleviating the structural strain during
unwinding and providing a favorable energy for AceCas9 to reach its final conformation for
catalysis.

The bacteria-based positive-selection assay results further support our hypothesis that
elongated spacer improves the catalytic activity of AceCas9 due to its role in unwinding
dsDNA. The measured DNA cleavage efficiency in £. coliagrees with the rate of cleavage
obtained /n vitro. The 4-fold rate increase of the 24-nt spacer from that of the 20-spacer
guided AceCas9 is translated into a more than 12 500-fold increase in DNA cleavage
efficiency in cells. The narrow dependence of AceCas9 on the 24-nt spacer SgRNA provides
an opportunity to improve the off-target activities of Cas9-derived tools.

The dependence of AceCas9 activity on DNA topology has not been detected for other
characterized Cas9s. However, this effect was observed for Cascade, a type I-E CRISPR-Cas
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system®2 and for SpyCas9 in cleaving an artificial plasmid containing consecutive targets.53
For a typical single target plasmid, cleavage of plasmids by SpyCas9 has a compatible if not
slightly lower rate constant?48 than that of oligo dsSDNA.%1.64 This suggests a mechanistic
distinction between the more sophisticated type I1-A Cas9 and the simpler type 11-C Cas9.
The type 11-A Cas9 may be able to keep the effect of DNA unwinding localized, while the
type I1-C allows it to spread along the DNA molecule in order to take advantage of energy
stored in DNA topology.

Significantly, our biochemical data showed that AceCas9 exhibits high specificity for the
protospacer on relaxed DNA. Whereas several mutations of the protospacer within a
supercoiled plasmid were largely tolerated by AceCas9, those within its prelinearized
counterpart were not. The disparate activity on different DNA topologies is especially
striking for the first base pair of the protospacer, where DNA unwinding and target-sgRNA
pairing are initiated. This suggests that negative supercoiling in the plasmid specifically
enhances these steps. The absence of favorable superhelicity in prelinearized DNA renders
AceCas9 unable to overcome mismatches between the DNA and the sgRNA in the PAM
proximal region. This property of AceCas9 makes it applicable to chromatin domain specific
editing.

AceCas9 is functional /n vitroat 25 °C through 60 °C with activity being optimal at elevated
temperatures. A low temperature environment may also be explored for increased specificity
of AceCas9. Our /n vitro cleavage experiments indeed provided some evidence that AceCas9
is less tolerant to mutations within the protospacer at 37 °C than at 50 °C. It remains to be
tested if temperature alone or in combination with DNA topology may be used to control
AceCas9 specificity /n vivo.

EXPERIMENTAL PROCEDURES

Cloning of AceCas9 and AceCas9 Mutant

A. cellulolyticus cas9 gene fused at the 3" end with the sequence encoding a hexahistidine
tag was PCR-amplified from the genomic DNA of Acidothermus cellulolyticus strain 11B
(ATCC 43068D-5) and cloned into pET28b (Novagen) to yield pETAceCas9. The H591A
mutant of A. cellulolyticus cas9 gene was generated by site-directed mutagenesis kit Q5
(New England Biolabs) using appropriate primers purchased from IDT DNA and Eurofins
Genomics. The clones encoding Cas9 and its H591A mutant were verified by Sanger
sequencing (Eurofins Genomics).

Protein Expression and Purification

E. coli Rosetta (DE3) cells transformed with pETAceCas9 were grown in LB medium with
appropriate antibiotics until ODggq reached 0.4-0.6 before induction by 0.3 mM Isopropyl
B-D-1-thiogalactopyranoside (IPTG) followed by continued incubation at 16.5 °C for 18 h.
Cells were harvested by centrifugation at 4250 rpm for 30 min, resuspended in a lysis buffer
(50 mM Tris pH 8.0, 1 M NaCl, 1 mM imidazole pH 8.0, 10% glycerol, 14.3 mM -
mercaptoethanol [BME] and 0.3 mM phenylmethylsulfonyl fluoride [PMSF]), and lysed by
sonication. The lysate was clarified by centrifugation at 22 000 rpm at 4 °C for 30 min and
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the cleared supernatant was passed through a Ni-NTA agarose column equilibrated with the
lysis buffer. The column was washed by 15-20 column volumes of the lysis buffer, followed
by another 15-20 column volumes of a wash buffer (30 mM Tris pH 8.0, 250 mM NacCl, 5
mM imidazole pH 8.0, 5% glycerol). AceCas9 was eluted by an elution buffer that contained
30 mM Tris pH 8.0, 150 mM NacCl, 350 mM imidazole pH 8.0, 5% glycerol. To remove
nucleic acids that associated with AceCas9, the Ni-NTA elutant was loaded into an HiTrap
Heparin HP (GE Healthcare) column equilibrated with an ion exchange buffer (30 mM Tris
pH 7.5, 100 mM KCI, 5% glycerol, 14.3 mM BME), and eluted with a linear salt gradient.
Heparin column elutant was concentrated and then loaded on to a size-exclusion column
HiLoad 26/60 Superdex 200 (GE Healthcare) equilibrated with a gel filtration buffer (30
mM HEPES pH 7.5, 200 mM KCI, 14.3 mM BME). The peak fractions were concentrated
and buffer exchanged to a storage buffer (30 mM HEPES pH 7.5, 200 mM KCI, 10 mM
(Tris(2-carboxyethyl)phosphine) [TCEP]) using Amicon Ultra-15 Centrifugal Filter Units
(Millipore), prior to being flash frozen in liquid nitrogen and stored at —80 °C. Expression
and purification of AceCas9 mutant followed the same procedure.

In Vitro Transcription and Purification of sgRNA

400 uM of an oligo with T7 promoter sequence was annealed in equimolar with a DNA
oligo that encodes the reverse complement sequence of sgRNA fused with that of T7
promoter (Table S2) in a 10x PCR buffer at 94 °C for 4 min followed by slow cooling. The
sgRNA was synthesized by in vitrotranscription by adding 1 M of annealed dsDNA
template into 50 mM Tris-HCI pH 8.0, 40 mM MgCl,, 10 mM dithiothreitol (DTT), 2 mM
spermidine, 5 mM ATP pH 8, 5 mM UTP pH 8, 6.2 mM CTP pH 8, 6.2 mM GTP pH 8,
0.1% Triton X-100, and 0.15 mg/mL T7 RNA polymerase. The transcription reaction was
incubated at 37 °C water bath overnight, and quenched by addition of EDTA to a final
concentration at 65 mM. The sgRNA was extracted by phenol:chloroform extraction, and
purified by either ethanol precipitation or size exclusion chromatography (HiLoad Superdex
75 16/60, GE Healthcare) at 4 °C in 20 mM Tris pH 7.4, 150 mM KCI. The concentration
was determined by 260 nm absorption using an ND-1000 spectrophotometer (NanoDrop).
When necessary, SgRNA was concentrated by Vivaspin 20 (Sartorius) before being stored at
-80 °C.

PAM Library Construction

A predetermined protospacer sequence followed by 7-bp degenerate sequences (Table S2)
was cloned into the high copy number plasmid pUC19 vector ~500-bp upstream of the
BamHI cleavage site. The plasmid library was transformed into chemical competent £. coli
DH5a cells by standard heat shock transformation procedure and incubated in LB agar
plates containing 75 pg/mL ampicillin. More than 500 single colonies were picked and
pooled for growth in fresh LB medium in the presence of ampicillin prior to DNA
extraction. Sequences of the extracted DNA library plasmids were verified by Sanger
sequencing (Eurofins Genomics) using the standard M13 forward and M13 reverse primers
to ensure the presence of the 7-bp degenerate region. To cleave the DNA library, 300 ng of
plasmid DNA library was incubated with preannealed 1 pM AceCas9 and 5 pM sgRNA in a
20 pL volume containing a cleavage buffer (20 mM Tris pH 7.5, 150 mM KCI, 2 mM DTT,
10 mM MgCl,, 5% Glycerol) at 37 °C for 1.5 h. 44 units (2.2 L of 20000 U/mL) of BamH|I

ACS Synth Biol. Author manuscript; available in PMC 2017 November 29.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Tsui et al.

Page 10

(or Sbfl) was then added to the reaction at 37 °C and incubated for an additional 1.5 h. The
reaction was stopped by the addition of EDTA to a final concentration of 50 mM and 6X
NEB Purple Loading dye before being resolved on a 1% 0.8x TAE agarose gel. The
cleavage product that contained the PAM sequence was gel extracted by E.Z.N.A. gel
extraction kit (Omega Biotek), end repaired and ligated with index primers using NEB Ultra
Il Library Prep Kit and NEBNext Multiplex Oligos for Illumina (New England Biolabs).
The treated fragments were amplified by PCR and subsequently cloned into pCR4Blunt-
TOPO vector (Thermo Fisher Scientific). 34 independent clones were subjected to Sanger
sequencing using the standard T3 and T7 primers. Sequences with the inserted PCR product,
which contains parts of the protospacer sequence and the 7-bp degenerate region, were
identified based on pUC19 backbone sequence downstream of library sequence. The region
composed of 7-bp of the PAM sequence and 15-bp neighboring sequences in both directions
was extracted and aligned using WebLogo.5°

Oligonucleotide DNA Cleavage Assay

Single stranded oligonucleotide DNAs or those containing HEX- or 6-FAM-labels were
purchased from Eurofins Genomics or IDT (Table S2). The labeled DNA strand was
annealed with a nonlabel strand in a 1:20 (HEX) or 1:1.2 (6-FAM) molar ratio at 75 °C for 5
min, followed by slow cooling to room temperature to generate dsDNA. For cleavage, 500
nM AceCas9 was preincubated with equimolar of sgRNA in a cleavage buffer for 15 min at
37 °C and cooled to room temperature. The ssSDNA or dsDNA substrates were then added to
the tube to a final concentration 3 nM to initiate the reaction. The reaction tube was
incubated for 1 h at 50 °C, before being stopped by the addition of 2x formamide gel
loading buffer (90% formamide, 50 mM EDTA pH 8.0). The samples were heated at ~90 °C
for 2 min prior being resolved on a 15% urea denaturing polyacrylamide (19:1) TBE gel.
The gel was scanned and visualized by Typhoon Trio (GE Healthcare) using appropriate
filters/excitation wavelengths.

Plasmid DNA Cleavage Assay

The same protospacer as that in the dsDNA and PAM were introduced into pUC19 to
construct the plasmid substrate for AceCas9 (Table S2). For cleavage reaction, 100 ng (~6
nM) of plasmid DNA was incubated with preannealed 500 nM AceCas9:sgRNA in a
cleavage buffer at 50 °C for 1 h. The reaction was quenched by the addition of 5x gel
loading buffer (25 mM Tris pH 7.5, 250 mM EDTA pH 8, 1% SDS, 0.05% w/v
bromophenol blue, 30% glycerol) and resolved on a 0.5% 1x TBE agarose gel with EZ-
Vision In-Gel solution (Amresco). To test metal requirement, 10 mM MgCls in regular
cleavage buffer was replaced by the following divalent salts: MnCl,, CuCl,, NiCl,, CdCl,,
CaClsy, CoCly, ZnCl,, BaCl,. The gels were imaged by ChemiDoc XRS System (Bio-Rad)
and analyzed by ImageQuant (GE Health-care).

Generation of Negatively Supercoiled DNA by DNA Gyrase

To create a more negatively supercoiled DNA for single-turnover kinetic assay, DNA gyrase
from E. coli (NEB) were used. Briefiy, 1 uL gyrase was added to 1 pg of plasmid DNA in 30
uL 1x manufacture supplied buffer (NEB) and the mixture was incubation in a 37 °C water
bath for 30 min. The gyrase-treated DNA was then purified by ethanol precipitation and
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resuspeneded in ddH»0. To confirmed its superhelicity, the plasmid is resolved in a 0.5% 1x
TBE agarose gel (with final concentration of 10 ug/mL chloroquine from Sigma-Aldrich)
and stained with SYBR Gold (Thermo Fisher Scientific) for 30 min before visualized by
ChemiDoc XRS System (Bio-Rad).

Single-Turnover Kinetic Assay

For kinetic assays with oligonucleotides, 500 nM AceCas9 sgRNP was preannealed in the
presence of a cleavage buffer in a master mix for triplicate reactions at 37 °C for 15 min,
then cooled down on ice before adding ice cold, HEX-labeled dsDNA (final concentration at
3 nM). The reaction mixture was aliquoted into 33 prechilled Eppendorf tubes on ice and
then quickly transferred to a 50 °C water bath to initiate reactions. Samples were removed in
triplicate and placed on ice at each time point. To ensure reactions were quenched
thoroughly, prechilled 2x formamide gel loading buffer was added to each tube immediately
afterward. At the end of the reaction, samples were mixed and heated at ~90 °C for 2 min
before being loaded to a 15% urea denaturing polyacrylamide gel. The gel was scanned by
Typhoon Trio (GE Healthcare) using green laser at 532 nm with 520 nm band-pass filter.
Intensities of the bands corresponding to uncleaved and cleaved DNA were integrated using
the ImageQuant TL software (GE Healthcare) and were fitted to a simple exponential
progress curve using Prism 6 (GraphPad Software) to extract Acjeavage-

Kinetic assays with DNA plasmids followed the same procedure with the following
modifications. ~3.6 pug (~6 nM) of plasmid DNA was added to the preannealed
AceCas9:sgRNA, mixed, and aliquoted into prechilled Eppendorf tubes on ice before
initiating reactions. Reactions were quenched by the addition of 5x gel loading buffer
immediately after placing tubes on ice. Samples were loaded directly into a 0.5% 1x TBE
agarose gel with EZ-Vision In-Gel solution (Amresco) and resolved at 6.5 mA/cm for ~1 h.
The gel was scanned by ChemiDoc XRS System (Bio-Rad), analyzed by ImageQuant (GE
Healthcare) and were fitted to a simple exponential progress curve using Prism 6 (GraphPad
Software) to extract Ajeavage-

Bacteria-Based Positive Selection Assay

The bacteria-based positive selection assay was performed as previously described*> with
minor modifications. Briefly, a positive selection plasmid encoding ccaB toxin (gift from Dr.
David Edgell) was isolated and mutagenized to contain a target site with PAM and variants
by Q5 SDM kit (NEB). Each selection plasmid variant was transformed into £. coli
BW25141(ADES3) cells (gift from D. Edgell) and made competent for electroporation. A
coexpression plasmid for AceCas9 and its SgRNA was constructed by inserting AceCas9
and sgRNA encoding genes into the multiple cloning sites of the pCACY duet vector. ~100
ng of AceCas9:sgRNA coexpression plasmid (or its variants) were transformed into the
ccdB-harboring cells by electroporation. Cells were recovered in 500 uL of SOB media and
shake at ~250 rpm for 5 min at 37 °C, before being diluted 5-fold with SOB media and
further incubated for 60 min. Harvested culture were further diluted ~1000-fold (or no
dilution for controls) and plated on various agar plates. Experiment with SpyCas9 was
performed as above by use of a modified BPK764 plasmid (Addgene plasmid #65767
deposited by Keith Joung).4>
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Figure 1.
Identification and purification of the Type I1-C Cas9 from A. cellulolyticus (AceCas9). (A)

(Top) CRISPR locus in A. cellulolyticus 11B and the sequences of CRISPR RNA (crRNA)
and trans-activating crRNA (tracrRNA). Black rectangles (R), indicate consensus direct
repeat sequence and colored diamonds (S) indicate spacer sequences. The red arrow
indicates the putative transcription direction for tracrRNA. (Bottom) Schematic
representation of R-loop formation between the dsDNA target and the constructed single
guide RNA (sgRNA). The guide region of sgRNA (or spacer) is shown in red and base pairs
with the targeting DNA strand of the protospacer DNA. Four guide sequences ranging from
20-nts to 26-nts used in this study are listed. (B) (Top) Domain organization for AceCas9.
Conserved catalytic residues are indicated in red. RuvC refers to the RuvC nuclease domain
(dark green), ABH refers to the Arginine-rich Bridge Helix (light green), REC refers to the
heteroduplex Recognition lobe (gray), HNH refers to the HNH nuclease domain (dark blue),
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PID refers to the PAM-interacting domains and is composed of 3 segments: B-hairpin (B-H,
orange), Topo-homology domain (TOPO, blue), and the C-terminal domain (CTD, light
blue). (Bottom left) SDS-PAGE analysis of the wild-type (WT) and H591A mutant AceCas9
following Nickel affinity chromatography (Ni-NTA), ion-exchange (IEC) and size-exclusion
chromatography (S200). (Bottom right) Binding of AceCas9:sgRNA or H591A:sgRNA
complex to single stranded targeting DNA labeled by HEX. Black line indicates the merged
lanes from two different gels.
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Figure 2.
Experimental confirmation of the 5'-NNNCC-3" PAM for AceCas9 on oligo DNA

substrates. (A) Cleavage results of double stranded DNA oligos (dsDNA) containing the 5’-
NNNCC-3" PAM. (Left) examination of HEX-labeled targeting DNA strand and its
annealed dsDNA product in a nondenaturing gel. (Right) cleavage of dsSDNA labeled with
fluorophore 6-FAM on its nontargeting strand (red) and cleavage of dsDNA labeled with
fluorophore HEX on its targeting strand (green). (B) Cleavage results of dsSDNA oligos
containing variations in PAM. (Top) Sequences and names of the wild-type and mutant oligo
DNA. Mutations are indicated in red. (Bottom) Results of oligo DNA cleavage visualized on
a 15% denaturing polyacrylamide gel. The two wild-type (WT) dsDNA are distinguished by
the position of the fluorescence labels. The dsDNA with nontargeting strand labeled by 6-
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FAM is denoted as WT*, whereas that with targeting strand labeled by HEX is denoted as
WT. Other dsDNA variants are indicated by nucleotides in red.
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Figure 3.
Experimental confirmation of the 5'-NNNCC-3" PAM for AceCas9 on plasmid DNA

substrates. (A) (Top left) Schematic representation of the pUC19 plasmid substrate for
AceCas9 with protospacer and the PAM regions colored orange and blue, respectively.
Names of the plasmids corresponding to the sequence variations (red) in the PAM region are
shown to the right. (Top right) Sequences and names of a series of PAM mutations.
Sequence alterations are colored red. (Bottom) Cleavage results by Ace-Cas9:sgRNA at 37
and 50 °C for the wild-type and various mutant plasmids visualized by 0.5% agarose gel. (B)
The predicted site of cleavage (red arrows) by AceCas9 by sequencing the cleavage product
on both strands of the wild-type plasmid. The sequences for the protospacer (yellow) and for
the PAM (blue) are typed below the sequence traces. Asterisk denotes extra adenosine
resulted from DNA sequencing. Related to Figure S1.
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Figure 4.

Kinetic analysis of DNA cleavage by AceCas9. Single turnover cleavage assays with
AceCas9:sgRNA were performed at 50 °C in triplicate. The fraction of cleaved were
quantified and fitted to a single exponential function to extract pseudo-first-order rate
constant, Agjeave, fOr each reaction. Related to Figure S4. (A) Comparison of Kinetic rate
constants between a sSDNA substrate (Agjeave = SD = 0.65 £+ 0.10 min~1) and a dsSDNA
substrate (Agjeave + SD = 0.104 + 0.003 min~1). (B) Comparison of kinetic rate constants for
the dsDNA containing one nucleotide bulge with PAM (Agjeave £ SD = 0.179 + 0.007 min~1)
and without the PAM (Agjeave £ SD = 0.098 % 0.009 min~1). (C) Comparison of rate
constants for BamH|-linearized plasmid DNA (Agjeave + SD = 0.10 + 0.01 min1),
supercoiled plasmid DNA (Agjeave + SD = 0.26 + 0.02 min~1), and gyrase-treated supercoiled
DNA (Agleave = SD = 0.30 + 0.02 min~1). (D) Comparison of rate constants for supercoiled
plasmid DNA when using sgRNA with 20-nt spacer (Agjeave £ SD = 0.26 + 0.02 min~1) and
that with 24-nt spacer (Agjeave = SD = 1.04 +0.03 min™1).
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Figure 5.
Plasmid protospacer specificity of AceCas9. 3 nM of plasmid substrates were incubated with

500 nM of AceCas9:sgRNA for 1 h and the cleavage products were separated and visualized
on a 1.0% agarose gel. Fraction of cleavage was calculated based on integrated band
intensities. (A) Sequences and names of a series of protospacer mutants in the pUC19
substrate for AceCas9:sgRNA. Mutated base pairs are shown in bold letters. (B) Comparison
of DNA cleavage by AceCas9:sgRNA between the wild-type and mutants for the BamHI-
prelinearized and supercoiled plasmids and for reaction temperatures of 50 and 37 °C. (C)
Quantified cleavage activities from reactions shown in (B). For quantification, the intensity
of the 3kb linearized DNA plasmid and that of the 2.5 kb large cleavage product bands were
obtained by integration and the fraction of cleavage was calculated by taking the ratio of the
two. Similarly, the intensity of the supercoiled DNA plasmid and that of the linearized
cleavage product were used to determine fraction of cleavage for the supercoiled substrates.
The fraction of cleavage for the wild-type plasmid was normalized to 100%.
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Figure 6.
In vivo activity of AceCas9. (A) A bacterial-based positive-selection assay was used to

determine the activity of AceCas9 with sgRNA that contains either the 20-nt (top tow) or the
24-nt (bottom row) spacer with 1:1000 cell dilutions. The AceCas9:sgRNA plasmids were
transformed into competent cells with the ccadB plasmid that has a unique protospacer
sequence and either a functional PAM (PAMWT, 5"-NNNCC-3") or a double mutant of PAM
(PAMC(AST 57_NNNTT-3"). Cells were selected in the presence of antibiotics
chloramphenicol (C*) for AceCas9:sgRNA coexpression plasmid, or with both
chloramphenicol and arabinose (C*, Arabinose) to induce the expression of toxic ccaB gene.
The right most plate illustrates low survival cells without dilution for the 20-nt spacer
targeting wild-type plasmid, 24-nt spacer targeting PAMC(45)T  or SpyCas9 targeting a
noncognate protospacer (APS). (B) The cell survival assay of AceCas9 with 24-nt spacer
SgRNA in comparison with SpyCas9 targeting the same plasmid. (C) Percent of Escherichia
colfsurvival in the presence of arabinose were determined for SpyCas9 with a 20-nt spacer
(96% + 25%), AceCas9 with a 20-nt spacer (<0.01%), AceCas9 with a 22-nt spacer
(<0.01%), AceCas9 with a 24-nt spacer (75% + 6%), and AceCas9 with 26-nt spacer (13.6%
+ 0.4%) sgRNA that target the ccdB plasmid with PAMWT . Percent survival were also
determined for AceCas9 with 24-nt spacer (<0.001%) and 26-nt spacer (<0.001%) sgRNA
target the ccaB plasmid with PAMCA:9)T. Each experiment was performed in triplicate.
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Table 1

Rate Constant of AceCas9 Cleaving Various Substrates

20-nt spacer sgRNA

substrate rate constant (min™!)  S.D.2(min"Y)  goodness of fit (R square)
dsDNA + PAM 0.104 0.005 0.9852
T(-1)C bulge dsDNA + PAM 0.179 0.007 0.9904
T(-1)C bulge dsDNA - PAM 0.098 0.009 0.9349
sSDNA 0.65 0.10 0.8348
Supercoiled DNA plasmid (37 °C) 0.093 0.003 0.9950
Supercoiled DNA plasmid (50 °C) 0.26 0.02 0.9761
Gyrase-treated supercoiled DNA plasmid (50 °C) 0.30 0.02 0.9649
BamH|-treated linearized DNA plasmid (50 °C) 0.10 0.01 0.9484

24-nt spacer SgRNA
substrate rate constant (min~!)  S.D.2(min™Y)  goodness of fit (R square)
Supercoiled DNA plasmid (37 °C) 0.28 0.01 0.9538
Supercoiled DNA plasmid (50 °C) 1.04 0.03 0.9684
BamH|-treated linearized DNA plasmid (50 °C) 0.53 0.05 0.9798

a - " R
SD denotes standard deviation of experiments in triplicate.
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