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Abstract

The CRISPR-associated protein Cas9 cleaves double-stranded DNA complementary to the guide RNA
and has been harnessed for programmable genome editing. Cas9-tageting DNA sequences are
restricted by the requirement of a protospacer adjacent motif (PAM) just downstream of the target
sequence. The Cas9 orthologs from different microbes have highly divergent lengths and sequences
and recognize diverse PAM sequences. This study presents the crystal structure of Francisella
novicida Cas9 (FnCas9) in complex with a guide RNA and its PAM-containing target DNA. The
structure revealed striking conserved and divergent structural features in the orthologous CRISPR-Cas
systems. The author found that FnCas9 recognizes the 5'-NGG-3’' PAM and used the structural
information to create the FnCas9 variant that recognizes more relaxed 5'-YG-3' PAM, thereby

expanding the targetable sequence of the CRISPR-Cas9 toolbox.
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Table of nucleic acid abbreviations

Abrreviation Full name

A Adenine

T Thymine

G Guanine

C Cytosine

u Uracil

R Adenine or guanine
Y Thymine or cytosine




Introduction

The RNA-guided DNA endonuclease Cas9 from the CRISPR (clustered regularly interspaced short
palindromic repeat)-Cas (CRISPR associated) systems associates with the dual RNA guides (CRISPR
RNA (crRNA) and trans-activating RNA (tractrRNA)), or a synthetic single-guide RNA (sgRNA), and
cleaves double-stranded DNA targets complementary to the guide RNA using conserved RuvC and
HNH nuclease domains (Garneau et al., 2010; Deltcheva et al., 2011; Jinek et al., 2012; Gasiunas et
al., 2012) (Figures 1A and 1B). Several Cas9 orthologs, such as Streptococcus pyogenes Cas9
(SpCas9) (Cong et al., 2013; Mali et al., 2013) and Staphylococcus aureus Cas9 (SaCas9) (Ran et al.,
2015), have been harnessed for genome editing in eukaryotic cells. Besides the RNA-DNA
complementarity, DNA recognition and cleavage by Cas9 also require the presence of a PAM
(protospacer adjacent motif) immediately downstream of the target DNA sequence (Deveau et al.,
2008; Garneau et al., 2010), thereby constraining the range of the targetable sequences in Cas9-
mediated genome editing. Cas9 orthologs from different microbes recognize diverse PAM sequences,
and SpCas9 (Mojica et al., 2009) and SaCas9 (Ran et al., 2015) recognize the 5'-NGG-3’ and 5'-

NNGRRT-3' PAMs, respectively.

The crystal structures of SpCas9 and SaCas9 have provided mechanistic insights into the RNA-guided
DNA recognition and cleavage by Cas9 (Jinek et al., 2014; Nishimasu et al., 2014; Anders et al., 2014;
Nishimasu et al., 2015; Jiang et al., 2015; Jiang et al., 2016). SpCas9 and SaCas9 adopt a bilobed
architecture comprising recognition (REC) and nuclease (NUC) lobes, in which the guide RNA—target
DNA heteroduplex is bound within the central channel formed between the two lobes. The PAM-
containing, double-stranded DNA (PAM duplex) is accommodated between the Wedge (WED) and
PAM-interacting (PI) domains, where the PAM nucleotides are recognized by a specific combination

of amino-acid residues in the PI domain (Anders et al., 2014; Nishimasu et al., 2015). Furthermore, a



structural comparison between SpCas9 and SaCas9 illuminated both the conserved and divergent

structural features among the orthologous CRISPR-Cas9 systems (Nishimasu et al., 2015).

The Cas9 orthologs have highly divergent lengths and sequences, ranging from ~900 to ~1,600 amino
acid residues, and are divided into three clades called type 1I-A, type 1I-B, and type II-C (Cylinski et
al., 2013) (Figure 2). The type 1I-B Cas9 from Francisella novicida consists of 1,629 amino acids and
is significantly larger than other Cas9 orthologs, such as SpCas9 (1,368 amino acids) and SaCas9
(1,053 amino acids). Notably, a previous study reported that FnCas9 can mediate not only
crRNA:tracrRNA-dependent DNA cleavage, but also scaRNA (small CRISPR/Cas-associated
RNA):tracrRNA-dependent gene expression regulation (Sampson et al., 2013, Ratner et al., 2019).
However, the mechanisms by which FnCas9 executes its bifunctionality remain unknown due to the
lack of structural information of type II-B Cas9 and low sequence homology between FnCas9 and
structure-known Cas9, such as type 1I-A SpCas9 and SaCas9 (Appendix 1). In addition, the potential

use of FnCas9 in genome editing applications has not been explored.

In this study, the author solved the high-resolution crystal structures of the 240 kDa FnCas9—sgRNA—
target DNA complex, thus providing insights into the RNA-guided DNA recognition mechanism. The
present structures enabled a comparison of FnCas9 with SpCas9 and SaCas9, which revealed
unexpected structural divergence among the distantly related CRISPR-Cas9 systems. The author found
that FnCas9 recognizes the 5'-NGG-3' PAM, and used the structural information to create an
engineered FnCas9 variant that recognizes the 5'-YG-3' PAM. Furthermore, the author demonstrated
that pre-assembled FnCas9—sgRNA ribonucleoprotein (RNP) complexes can be injected into mouse
zygotes to facilitate genome editing, thus expanding the target space in Cas9-mediated genome

engineering.



Results

PAM specificity of FnCas9

Although a previous study indicated that FnCas9 recognizes the 5'-NG-3' PAM (Fonfara et al., 2014),
the FnCas9 PAM has not been fully characterized. To identify the FnCas9 PAM, the author performed
the PAM discovery assay, using a library of plasmid DNA targets with a degenerated 7-bp PAM
sequence, as described previously (Ran et al., 2015; Zetsche et al., 2015). The results showed that the
FnCas9 recognizes the 5'-NGG-3' PAM (Figure 3A). Consistently, our in vitro cleavage assay, using
purified FnCas9, an sgRNA and a plasmid containing a 20-bp target site with 5'-TNN-3" PAMs,
revealed that FnCas9 efficiently cleaves a plasmid target with the 5'-TGG-3’ PAM, while it exhibits
slight activities toward those with the 5'-TGA-3’ and 5'-TAG-3' PAMs (Figure 3B). Taken together,
the author concluded that the FnCas9 PAM is 5'-NGG-3’, with a slight tolerance for A at positions 2

and 3.

Overall structure of the FnCas9-sgRNA-DNA complex

To clarify the RNA-guided DNA cleavage mechanism, the author solved the crystal structures of full-
length FnCas9 (residues 1-1,629; N995A) in complex with a 94-nt sgRNA, a 30-nt target DNA strand
and a 9-nt non-target DNA strand (containing either the 5'-TGG-3' PAM or the 5'-TGA-3' PAM) at
1.7 A resolutions (Figures 4A—4D and Table 1). To prevent the potential cleavage of the target DNA
during crystallization, the author replaced the conserved catalytic residue (Asn995) in the HNH
domain with alanine. Since the two quaternary complex structures are virtually identical, the following

discussions are based on the 5-TGG-3" PAM complex structure, unless otherwise stated.

The crystal structure revealed that FnCas9 comprises seven domains—the REC1-3, RuvC, HNH,

WED and PI domains (Figures 4A—4D). The REC2 domain is inserted into the REC1 domain, and the



REC1 and REC3 domains are connected by a linker loop (referred to as the REC1-REC3 linker). The
RuvC domain is composed of the three RuvC motifs (RuvC I-III). As in SpCas9 and SaCas9, RuvC-
I and RuvC-III are connected to the REC1 and WED domains via the bridge helix and the phosphate
lock loop, respectively. The HNH domain is connected to RuvC-II and RuvC-III via the a-helical
linkers, L1 and L2, respectively. The WED and PI domains are connected by a linker loop (referred to
as the WED-PI linker). The electron densities for the REC2 and HNH domains are relatively weak,

indicating that the two domains are mobile (Figure 17G and 17H).

Comparison of the overall structures of the Cas9 orthologs

A structural comparison of FnCas9 with SpCas9 (Nishimasu et al., 2014; Anders et al., 2014) and
SaCas9 (Nishimasu et al., 2015) revealed unanticipated structural differences (Figures 4E and 4F and
Figure 5). SpCas9 and SaCas9 adopt bilobed architectures comprising the REC and NUC lobes
(Figures 4E and 4F and Figures 5B and 5C). In the NUC lobe, the RuvC domain interacts with the PI
domain, to form a platform responsible for the binding of the 3' tracrRNA tail. In contrast, in FnCas9,
the RuvC domain does not interact with the PI domain (Figure 4C and Figure 5A). Instead, the RuvC
domain interacts with the REC3 domain, while the PI domain interacts with the WED domain, which
contacts the REC1 and REC2 domains. These inter-domain interactions are mediated by the FnCas9-
specific structural features (Figure 6). Accordingly, the 3’ tracrRNA tail of the FnCas9 sgRNA is
primarily recognized by the REC2 and REC3 domains (Figure 5A). Although FnCas9 and SpCas9
commonly have the REC2 domain, the FnCas9 REC2 domain adopts a new fold, and is structurally

unrelated to the SpCas9 REC2 domain.

In addition to these divergent structural features, there are conserved structural features among these
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Cas9 orthologs. The guide:target heteroduplex is accommodated in the central channel between the
RuvC and REC3 domains, while the PAM duplex is bound between the WED and PI domains (Figures
4C—4F and Figure 5). Moreover, similar to SpCas9 and SaCas9, the RuvC and HNH domains of
FnCas9 have the RNase H and Bpa-metal folds, respectively. These structural findings confirmed that
the RNA-guided DNA cleavage mechanisms are highly conserved among the CRISPR-Cas9 systems.
In the FnCas9 structure, the HNH domain is connected to the RuvC domain via the L1 and L2 linkers,
and is distant from the target DNA strand, as in SpCas9 (Nishimasu et al., 2014; Anders et al., 2014)
and SaCas9 (Nishimasu et al., 2015) (Figures 4C—4F). These structural observations suggest that, upon
the binding of the double-stranded DNA target, the HNH domain approaches and cleaves the target
DNA strand via drastic conformational changes in the L1 and L2 linkers, as observed in SpCas9

(Sternberg et al., 2015; Jiang et al., 2016).

Structures of the sgRNA and the target DNA

The sgRNA comprises the guide region, the repeat:antirepeat duplex, tetraloop, stem loop 1, the SL1—
SL2 linker region, and stem loop 2 (Figures 7A and 7B). The guide region (G1-G21) and the target
DNA strand (dC1-dC21) form the guide:target heteroduplex, while the target DNA strand (dC(—9)—
dA(—1)) and the non-target DNA strand (dT1*-dG9*) form the PAM duplex. The repeat:antirepeat
duplex consists of ten Watson-Crick base pairs (U23:A51, U24:A50, C26:G48-G28:C44 and
G31:C44-C35:G40), three non-canonical base pairs (G22:U52, U25:U49 and U30:U45), and the U29
bulge, which interacts with G28 and U47 (Figure 7A and Figure 8A). The repeat:antirepeat duplex and
stem loop 1 are connected by C53, which is equivalent to A51 in the SpCas9 sgRNA and A55 in the
SaCas9 sgRNA (Figures 7C—7E). Stem loop 1 consists of two base pairs (A54:G62 and U55:A61) and
five unpaired nucleotides (U56—-A60) (Figure 7 and Figure 8B). The basal region of stem loop 1 is

stabilized by a hydrogen-bonding network between G62 and C53/A54 and a stacking interaction
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between C53 and U63 (Figure 8B). Stem loops 1 and 2 are connected by a 9-nt linker (SL1-SL2
linker), which contains a Watson-Crick base pair (A64:U68) and adopts a U-shaped structure (Figures
7A and 7C). Stem loop 2 consists of five Watson-Crick base pairs (C72:G94, G74:C92, A75:U91,
G81:C87 and U82:A86), a wobble base pair (G73:U93), five unpaired nucleotides (U78, U83—-G85

and C89), and two base triples (C76:G90+C79 and U80:A88+C77) (Figure 7A and Figure 8C).

Comparison of the orthogonal sgRNA scaffolds

SpCas9 and SaCas9 have the structurally diverse REC1 and WED domains, which recognize distinct
structural features (the repeat:antirepeat duplex and stem loop 1) of their cognate sgRNAs, thereby
defining the orthogonality between cognate Cas9—sgRNA pairs (Nishimasu et al., 2014; Anders et al.,
2014; Nishimasu et al., 2015). The present structure revealed that the repeat:antirepeat duplex and
stem loop 1 of the FnCas9 sgRNA have structural features distinct from those of the SpCas9 and
SaCas9 sgRNAs (Figures 7C—7E). Furthermore, there are notable structural differences in their 3’
tracrRNA tails. The stem loops in the SpCas9 and SaCas9 sgRNAs adopt an A-form helix, whereas
stem loop 2 in the FnCas9 sgRNA contains the two base triples and adopts a distorted structure. In
addition, stem loops 1 and 2 are connected by a single-stranded linker in the SpCas9 and SaCas9
sgRNAs, whereas stem loops 1 and 2 are connected by the U-shaped linker in the FnCas9 sgRNA
(Figures 7C—7E). Consequently, stem loop 2 in the FnCas9 sgRNA is uniquely directed toward the
RECI1 and REC3 domains, unlike the SpCas9 and SaCas9 sgRNAs (Figures 7C—7D and Figure 5).
These structural differences can explain the observed orthogonality between these CRISPR-Cas9
systems (Fonfara et al., 2014) (Figure 7F). A structural comparison also revealed the presence of a
structurally conserved core region in their sgRNAs (Figure 7G). In the FnCas9 sgRNA, the core region
consists of the basal stem regions in the repeat:antirepeat duplex (G22:U52, U23:A51 and U24:A50)

and stem loop 1 (C53, A54:G62 and U55:A61, U63) (Figures 7A and 7G). The sgRNA core regions
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are recognized by their cognate Cas9s in a similar manner (described later).

Recognition of the guide:target heteroduplex

A structural comparison of FnCas9 with SpCas9 (Nishimasu et al., 2014; Anders et al., 2014) and
SaCas9 (Nishimasu et al., 2015) revealed that their REC1 domains share a 4-helix bundle core,
consisting of the bridge helix and three a-helices (al—a3). In these CRISPR-Cas9 systems, the PAM-
proximal sugar-phosphate backbone of the heteroduplex is recognized by the 4-helix bundle core in a
similar manner (Figures 9 and 10A—10C). Notably, the backbone phosphate in the PAM-proximal, 8-
nt “seed” region in the sgRNA is extensively recognized by a conserved arginine cluster in the bridge
helix (Figure 11A), consistent with the functional significance of the complementarity in the “seed”
region in the heteroduplex (Jinek et al., 2012; Hsu et al., 2013; Ran et al., 2015). In SpCas9 and SaCas9,
the PAM-distal region in the heteroduplex is recognized by the REC3 domain, which adopts a similar
fold comprising 11 a-helices (Figures 10A and 10B). In contrast, the REC3 domain of FnCas9 adopts
anew fold comprising 20 a-helices and a B-hairpin (Figure 10C), with a structural zinc ion coordinated
by Cys460, Cys657, Cys814 and Cys817 (Figure 10D). Despite the lack of structural similarity, the
REC3 domain of FnCas9 also recognizes the PAM-distal region in the heteroduplex, primarily in a
sequence-independent manner, as in SpCas9 (Nishimasu et al., 2014; Anders et al., 2014) and SaCas9
(Nishimasu et al., 2015) (Figures 9 and 10D). Together, these structural observations explain the RNA-

guided DNA targeting mechanism of FnCas9.

In SpCas9 (Anders et al., 2014) and SaCas9 (Nishimasu et al., 2015), the backbone phosphate group
between nucleotides at the +1 and —1 positions in the target DNA strand (referred to as the +1
phosphate) interacts with the phosphate lock loop between the RuvC and WED domains, thereby

facilitating the unwinding of double-stranded DNA targets. In FnCas9, Asp1242 and Gly1243 in the
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phosphate lock loop interact with the +1 phosphate in the target DNA strand (Figure 11B), indicating

that the DNA unwinding mechanism is conserved among the CRISPR-Cas9 systems.

Recognition of the sgRNA scaffold

The REC1 and WED domains of FnCas9 are structurally distinct from those of SpCas9 (Nishimasu et
al.,2014; Anders et al., 2014) and SaCas9 (Nishimasu et al., 2015), and their REC1 and WED domains
recognize the repeat:antirepeat duplex in species-specific manners (Figures 10A—10C and Figures
12A—12C). Notably, the WED domain of FnCas9 (225 residues) is larger than those of SpCas9 (27
residues) and SaCas9 (121 residues), and adopts a new fold consisting of 3- and 4-stranded anti-
parallel B-sheets, a f-hairpin and seven a-helices (Figure 10C). The FnCas9 WED domain interacts
with the REC1 and REC2 domains to form a tunnel, which encloses the repeat:antirepeat duplex
(Figure 12A). In the tunnel, U29, U24/A51 and G43 in the repeat:antirepeat duplex are recognized by
GIn93/Gly331, GIn1466 and GIul401 in base-specific manners, respectively (Figure 12D). The 3’
tractrRNA tail is also recognized by FnCas9 in a manner distinct from those of SpCas9 and SaCas9
(Figure 5). The SL1-SL2 linker interacts with the REC3/RuvC domains and the phosphate lock loop,
while stem loop 2 interacts with the REC1/REC3 domains and the REC1-REC3 linker. In particular,
the flipped-out C89 and the two base triples in stem loop 2 form hydrogen bonds with Asn454 and
Asn454/GIn522/Lys660, respectively (Figure 12E). In addition, the B-hairpin in the REC3 domain

interacts with the sugar-phosphate backbone in the U-shaped linker and stem loop 2 (Figure 12F).

The sgRNA core region is recognized by the bridge helix, the REC1 domain and the phosphate lock
loop (Figure 10E). The backbone phosphate groups of A50-US52 in the repeat:antirepeat duplex
interact with GIn69/Lys72 (bridge helix) and Ser96/Asn100 (REC1), while the 2'-OH of U23 hydrogen

bonds with the main-chain carbonyl group of Ile1244 (phosphate lock loop). The backbone phosphate
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groups of A61-A64 in stem loop 1 interact with Arg55/Arg62/Arg63 (bridge helix) and Argl237
(phosphate lock loop). The C53-U63 stacking pair is sandwiched between the side chains of Arg58
and Met1239, while C53 forms base-specific contacts with Arg1237, Met1239 and Thr1240 (Figure
10E). Notably, SpCas9 and SaCas9 recognize the core regions of their cognate sgRNAs in similar
manners (Figure 13), consistent with the notion that the core regions of the crRNA:tracrRNA guides
are highly conserved among the CRISPR-Cas9 systems, and are important for Cas9-mediated DNA
cleavage (Briner et al., 2014). Intriguingly, the adenine nucleotides between the repeat:antirepeat
duplex and stem loop 1 (A51 in the SpCas9 sgRNA and A55 in the SaCas9 sgRNA), which are
equivalent to C53 in the FnCas9 sgRNA, adopt the syn conformation, and form analogous interactions

with the proteins (Figure 13).

Recognition of the 5'-NGG-3' PAM

In the present structure, the PAM duplex is sandwiched between the WED and PI domains, and the
PAM sequences are read by the PI domain (Figures 14A and 14B). dT1* (* represents the residue
number of the non-target DNA strand) does not contact the protein (Figure 14C). The O6 and N7 of
dG2* form bidentate hydrogen bonds with Arg1585 in the PI domain, while the N3 of dG2* forms a
hydrogen bond with Ser1473 in the WED-PI linker (Figure 14C). In the 5'-TGG-3' PAM complex,
the O6 and N7 of dG3* form bidentate hydrogen bonds with Arg1556 (Figure 14C), whereas in the
5'-TGA-3' PAM complex, the N7 of dA3* forms only a single hydrogen bond with Arg1556 (Figure
14D), consistent with the higher activity of FnCas9 with the 5'-NGG-3’ PAM than the 5'-NGA-3’ PAM.
In addition, dA(—1) in the target DNA strand forms a stacking interaction with Arg1474 in the WED-
PI linker (Figure 14C). The mutations of these residues reduced the in vitro DNA cleavage activity of
FnCas9 (Figure 14E), confirming the functional significance of Ser1473, Arg1474, Argl556 and

Argl585. In addition to these direct interactions, dC(—2), dG2* and dG3* form water-mediated
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hydrogen bonds with Glu1449, Asp1470 and Lys1451 in the WED domain, respectively. Together,

these structural findings explain the mechanism of the 5'-NGG-3' PAM recognition by FnCas9.

The PI domains of SpCas9 (Nishimasu et al., 2014; Anders et al., 2014) and SaCas9 (Nishimasu et al.,
2015) share a similar core fold comprising two distorted, anti-parallel B-sheets (B1—-3 and p4—p9),
with the B5—37 region responsible for the PAM recognition (Figures 14F and 14G). In SpCas9, the 5'-
NGG-3' PAM is recognized by Arg1333/Argl1335 in the B7 loop (Anders et al., 2014), whereas in
SaCas9, the 5'-NNGRRT-3" PAM is recognized by Asn985/Asn986/Arg991/Argl015 in the B5—B7
region (Nishimasu et al., 2015). The FnCas9 structures revealed that, despite the lack of sequence
homology, the PI domain of FnCas9 adopts a similar core fold to those of SpCas9 and SaCas9 (Figure
14H). Whereas, in SpCas9 and SaCas9, the B8 and 9 strands in the PI domain are responsible for the
interaction with the RuvC domain, the FnCas9 PI domain lacks the equivalent strands, consistent with
the structural observation that the RuvC and PI domains do not interact in FnCas9. In FnCas9, the 5'-
NGG-3" PAM is recognized by Arg1556 in the B5—B6 loop and Argl585 in the B6—B7 loop. Although
both SpCas9 and FnCas9 recognize the 5'-NGG-3' PAM with a pair of arginine residues
(Arg1333/Arg1335 in SpCas9 and Argl1585/Argl1556 in FnCas9), these arginine pairs are located at
different positions, due to the substantial difference in their relative arrangement between the PI
domain and the PAM duplex (Figures 14G and 14H). In SpCas9, the 3rd G in the 5'-NGG-3' PAM is
recognized by the Arg1335 side chain, which is anchored by a salt bridge with Glu1219, consistent
with the specific recognition of the 3rd G by SpCas9 (Figure 14G). In contrast, in FnCas9, the Arg1556
side chain does not form such a contact with the proximal residues (Figure 14H), explaining why,
unlike SpCas9, FnCas9 can also recognize the 3rd A in the PAM, albeit with low efficiency. Together,
these structural findings reinforced the notion that the Cas9 orthologs recognize diverse PAM

sequences using distinct sets of PAM-interacting residues in the PI domains.
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Structure-guided engineering of the FnCas9 PAM specificity

To expand the target space in genome engineering, the author sought to rationally design the FnCas9
variant that can recognize the 5'-NG-3' PAM. To eliminate the interaction between Argl556 and the
3rd G in the 5'-NGG-3’ PAM, the author first prepared the R1556A variant, in which Argl556 is
substituted with an alanine. /n vitro cleavage experiments confirmed the decreased activities of the
R1556A variant for the 5'-TGA-3'and 5'-TGG-3’' PAMs (Figure 15A). The author hypothesized that
the reduced activity of the R1556A variant could be recovered by additional non-base-specific
interactions between the protein and the PAM duplex. The author thus introduced several mutations
into the R1556A variant, which would potentially form additional interactions with the backbone
phosphates of the PAM duplex. The author then examined their effects on the in vitro cleavage activity
for the 5'-TGN-3' PAMs, and found that the E1369R/E1449H/R1556A triple mutant (referred to as the
RHA FnCas9 variant) cleaves the target sites with the 5'-TGN-3" PAMs with efficiencies comparable
to that of the wild-type FnCas9 for the target sites with the 5'-TGA-3’ PAM (Figure 15A). However,
unexpectedly, the PAM discovery analyses indicated that RHA FnCas9 recognizes 5'-YG-3', but not
5'-NG-3’, as the PAM (Figure 15B). Consistently, in vitro cleavage assays revealed that RHA FnCas9
has a stronger preference for the 1st Y, than wild-type FnCas9 (Figure 15C). Together, these results
demonstrated that FnCas9 can be engineered to recognize the 5'-YG-3' PAM by the

E1369R/E1449H/R1556A substitutions.

To elucidate the 5'-YG-3' PAM recognition mechanism, the author solved the crystal structure of RHA
FnCas9 in complex with the sgRNA and the DNA target with the 5'-TGG-3' PAM, at 1.7 A resolution
(Figures 15D and 15E, Table 1). As in the original 5-TGG-3" PAM complex, dG2* is recognized by

Ser1473 and Argl585, while dA(—1) forms a stacking interaction with Arg1474 (Figure 15D). As the
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purine bases are larger than the pyrimidine bases, the purine nucleotides at the —1 position in the target
DNA strand would form a favorable stacking interaction with Argl474, thereby explaining the
preference of RHA FnCas9 for the 1st Y in the 5’-YG-3’ PAM. In contrast to the original structure,
dG3* is not recognized by the protein, due to the R1556A substitution (Figure 15D). Notably, the
newly incorporated Argl369 and His1449 interact with the backbone phosphate group between
dC(—2) and dA(—1) in the target DNA strand (Figure 15D), confirming that these non-base-specific
interactions contribute to compensate for the loss of the base-specific interactions between Argl556
and the 3rd G in the 5'-NGG-3" PAM. Unlike wild-type FnCas9, RHA FnCas9 requires the 1st Y in
the 5’-YG-3' PAM. The difference in their 1st PAM nucleotides suggested that the interactions between
Argl369/His1449 and the PAM duplex in RHA FnCas9 are not sufficient to fully compensate for the
loss of the interactions between Arg1556 and the 3rd PAM nucleotides. The requirement of the 1st Y
by the RHA FnCas9 may be eliminated by additional substitutions that enhance the PAM duplex
binding, thereby achieving the recognition of the 5'-NG-3’ PAM. Together, our structural data explain

the 5'-YG-3' PAM recognition mechanism of the RHA FnCas9 variant.

FnCas9-mediated genome editing in mouse zygotes

Finally, the author examined whether FnCas9 can be harnessed for genome editing in mammalian cells.
The author microinjected the pre-assembled FnCas9 RNP complex targeted to the mouse Tetl EX4
locus with the 5'-TGN-3’' PAMs into mouse zygotes, and monitored FnCas9-mediated indel formation
four days after microinjection. The FnCas9 RNP complex was able to induce indels at the Tetl1EX4
target sites with 5'-TGA-3' and 5’-TGG-3' PAMs, but not at those with 5-TGT-3" and 5'-TGC-3' PAMs
(Figure 15E), while FnCas9 showed in vitro preference for the 5'-NGG-3' PAM over the 5-NGA-3’
PAM. Notably, unlike wild-type FnCas9, RHA FnCas9 was able to induce indels at the Tet1EX4 sites

with the 5'-TGN-3' PAMs (Figure 15E). In contrast, RHA FnCas9 failed to edit the Tet1EX4 sites with
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the 5'-GGN-3’' PAMs (data not shown), consistent with the requirement of the 1st Y in the PAM by
RHA FnCas9. Together, these results demonstrated that the wild-type and RHA FnCas9 RNP
complexes can be microinjected into mouse zygotes, to facilitate genome editing in target sites with

the 5'-NGG-3' and 5’-YG-3' PAMs, respectively.

Discussion

In this study, the author presents the high-resolution structures of the FnCas9—-sgRNA—-DNA complex.
A structural comparison of FnCas9 with SpCas9 (Nishimasu et al., 2014; Anders et al., 2014) and
SaCas9 (Nishimasu et al., 2015) enhanced our understanding of the divergence in orthologous
CRISPR-Cas9 systems. The present structure revealed that the WED domain of FnCas9 adopts a new
fold and is structurally distinct from those of SpCas9 and SaCas9, thereby reinforcing the notion that
the WED domains are highly divergent and critical for defining the orthogonality among the CRISPR-
Cas9 systems. Although the PI domain of FnCas9 shares a similar core fold with those of SpCas9 and
SaCas9, it recognizes the 5-NGG-3' PAM in a unique manner, revealing the new repertoire of diverse
PAM recognition mechanisms. Furthermore, the present structure revealed unexpected structural
divergence in the CRISPR-Cas9 systems. First, unlike SpCas9 and SaCas9, FnCas9 does not adopt a
bilobed architecture. Second, the REC domain of FnCas9 has distinct structural features, as compared
with those of SpCas9 and SaCas9. Third, there are notable structural differences in their sgRNA
scaffolds. Stem loop 2 of the FnCas9 sgRNA contains the base triples and is recognized by the REC
domain, whereas those of the SpCas9 and SaCas9 sgRNAs adopt canonical A-form structures and are
recognized by the RuvC and PI domains. These striking structural differences may be related to
staggered cleavage functionality of FnCas9 (Chen et al., 2016). Unlike SpCas9 and SaCas9, the RuvC
domain of FnCas9 does not interact with PI domain and is located farther away from the PAM. This

would cause the FnCas9 to cleaves the target DNA at the downstream position relative to that of
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SpCas9 and SaCas9, resulting in the enzymatic property of FnCas9 to form 5’ overhang staggered end.
Moreover, the present structure illuminated the highly conserved features across the CRISPR-Cas9
systems. Similar to SpCas9 and SaCas9, FnCas9 has the bridge helix and the phosphate lock loop.
Furthermore, the HNH domain of FnCas9 is located further away from the cleavage site determined
by sequencing, and the electron densities for the HNH domains are relatively weak (Figure 17G)(Chen
et al., 2017). These results reflect the flexible nature of HNH domain, consistent with the previous
studies that shows conformational change of HNH is critical for DNA cleavage (Sternberg et al., 2015;
Shibata and NIshimasu et al., 2016). Altogether, the RNA-guided DNA cleavage mechanism is

conserved among the CRISPR-Cas9 systems.

The structure of FnCas9 revealed the conserved and divergent features among the Type 11-B CRISPR-
Cas systems. The residues interacting with the guide:target heteroduplex in FnCas9 shows high
similarity among type II-B Cas9 orthologs, whereas the regions responsible for the recognition of stem
loop 2 (residues 504—529 and B-hairpin in REC3) (Figure 12E and 12F) are FnCas9 specific (Figure
9 and Appendix 2). These results indicate that Type 1I-B Cas9 recognizes its corresponding sgRNA in
an orthogonal manner, whereas the recognition mechanism of guide:target heteroduplex is conserved
among type II-B Cas9 orthologs. Recent study shows that FnCas9 does not tolerate only single
mismatch at the PAM distal end, thereby achieving high DNA targeting specificity compared to
SpCas9 (Chen et al., 2016). Thus, the other Type II-B Cas9 orthologs, that has similar guide:target
recognition mechanism to FnCas9, may also have high specific cleavage property for target DNA.
Moreover, the sequences correspond to PI domain in FnCas9 has no similarity among Type II-B Cas9,
suggesting that the PAM sequence of Type II-B Cas9 are highly divergent. Taken together, type 11-B
Cas9 orthologs have the possibility to expand the target space of high-fidelity genome editing,

although further functional analysis is needed.
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The present structure of the FnCas9-sgRNA-target DNA complex provides mechanistic insight into
scaRNA:tracrRNA dependent gene regulation. The 3’ end of the scaRNA base pairs with the 5’ end of
the tractrRNA to form scaRNA:tracrRNA duplex, as in the case of crRNA:tracrRNA duplex (Ratner et
al., 2019) (Figure 16A and 16B). The lower stem region is conserved between crRNA:tracrRNA and
scaRNA:tracrRNA duplex, indicating that these two duplex are recognized by REC and WED domain
in a same manner. Moreover, the just upstream region of the lower stem region of scaRNA functions
as guide. These results indicate that the underlying mechanism of crRNA:tracrRNA and
scaRNA:tracrRNA dependent DNA binding is identical, consistent with the experimental result that
scaRNA:tractrRNA mediated gene regulation need the PAM sequence on the target DNA (Ratner et al.,
2019). The scaRNA has 11 to 15 bases guide which is sufficient for DNA binding. Previous study
shows that the incomplete RNA-DNA complementarity mediates SpCas9 to bind to its target but does
not cause cleavage, and that base pairing at the PAM distal end causes a conformational change in the
L1 and L2 linker region to alter the position of the HNH domain, leading to cleavage of the target
DNA (Sternberg et al., 2015; Jiang et al., 2016). Thus, the author concluded that FnCas9-scaRNA-
tractrRNA complex binds to the target DNA in a pre-catalytic state, as observed in SpCas9. However,
the mechanism that links scaRNA:tracrRNA mediated DNA binding to gene regulation remain

unknown, thus further functional study is required to unveil it.

The author showed that FnCas9 recognizes the 5'-NGG-3' PAM, and rationally designed the RHA
variant that recognizes the 5-YG-3' PAM, thereby expanding the target space in FnCas9-mediated
genome editing. Furthermore, the author demonstrated that in mouse zygotes, pre-assembled RNP
complexes of wild-type and RHA FnCas9 can edit endogenous genomic loci with the 5'-NGG-3' and

5'-YG-3' PAMs, respectively, although FnCas9 shows lower activity when expressed in human cells.
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Previous studies showed that the delivery of pre-assembled Cas9—sgRNA RNP complexes enables
genome editing with improved efficiency and specificity in human cells (Lin et al., 2014; Kim et al.,
2014; Zuris et al., 2015), mouse and zebrafish embryos (Sung et al., 2014) and plants (Woo et al.,
2015), as compared to the transfection of plasmids encoding Cas9 and sgRNA. Our results suggested
that, in addition to these advantages, the delivery of pre-assembled Cas9—sgRNA RNP complexes
might provide a general means to rescue the in vivo cleavage activities of some Cas9 orthologs that

fail to function in mammalian cells.

The RHA FnCas9 structure demonstrated that the loss of base-specific interactions with the PAM can
be partly compensated by newly incorporated, non-base-specific interactions, thereby achieving
altered PAM specificities. Recent study shows that SpCas9 can be engineered to recognize 5'-NG-3'
PAM by introducing seven mutations (R1335V/L1111R/D1135V/G1218R/E1219F/A1322R/T1337R:
referred to as VRVRFRR SpCas9) with the same concept as RHA mutations of FnCas9 (Nishimasu et
al., 2018). The crystal structure of VRVRFRR SpCas9 shows that introduced arginine residues and
hydrophobic residues forms electrostatic interaction with phosphate backbone and hydrophobic
interaction with ribose moiety of PAM duplex, respectively, whereas R1335V mutation eliminated the
interaction between R1335 and third G nucleotide of original 5'-NGG-3' PAM, thereby achieving the
5'-NG-3’ PAM recognition. Moreover, the E782K/N968K/R1015H variant of SaCas9 (referred to as
the KKH SaCas9), which is engineered by bacterial-selection based method, exhibit altered 5'-
NNNRRT-3" PAM specificity. The E782K/N968K substitutions in KKH SaCas9 are located close to
the phosphate backbone in the PAM duplex, suggesting that these newly incorporated, positively
charged residues interact with the phosphate backbone in the PAM duplex, as in the case of the
E1369R/E1449H substitutions in RHA FnCas9. Taken together, the strategy to compensate for the loss

of base-specific interactions with the PAM nucleotides, by including additional non-base-specific
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interactions to alter Cas9 PAM specificities, may be generally applicable to other Cas9 orthologs.

In addition to SpCas9, SaCas9 and FnCas9, recent studies reported the structure of type II-A Cas9
from Streptococcus thermophilus and type II-C Cas9 from Corynebacterium diphtheriae,
Campylobacter jejuni and Neisseria meningitidis in complex with its sgRNA and target DNA
(Fuchsbauer et al., 2019, Hirano et al., 2018, Yamada et al., 2017 and Sun et al., 2019)(Figure 18). The
overall domain organization of these Cas9 is similar to that of the SpCas9, SaCas9 and FnCas9. These
Cas9 comprises REC, RuvC, HNH, WED and PI domains, with the guide RNA-target DNA
heteroduplex is bound within the central channel formed by REC and RuvC domains, and the PAM
duplex is bound to the groove formed by WED and PI domains. The HNH domain is not visible in
cryo-EM map of StCas9, and the deletion of HNH domain facilitated the crystallization of CdCas9
and CjCas9. Furthermore, two distinct conformations of HNH domain are observed in NmCas9
structure, and one of that represents the catalytic state, with the catalytic amino acid residues are
located close to the cleavage site of the target DNA strand. These results reinforce the notion that the
guide RNA-target DNA heteroduplex formation drives conformational change of HNH nuclease
domain, thereby enabling the catalytic residues of HNH domain to access to the scissile phosphate of
the cleavage site. Moreover, the bridge helix, phosphate lock loop and catalytic residues of RuvC
domain are structurally conserved between these Cas9 orthologs. Taken together, these results indicate

that the CRISPR-Cas9 system adopts a similar mechanism to generate RNA-guided DNA cleavage.

A structural comparison of CjCas9, CdCas9, NmCas9 and StCas9 illuminated the structural
divergence of the sgRNA recognition mechanism among Cas9 orthologs including type II-C Cas9.
The 3’ sgRNA tail of these Cas9 comprises two stem loops (SL1 and SL2). In StCas9 and CdCas9, the

upper region of SL1 is recognized by REC1 and WED domains, respectively, whereas the basal region
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of SL2 is analogously recognized by the groove formed by RuvC and PI domains (Figure 18A and
18B). In contrast, the SL2 of NmCas9 and CjCas9 laterally interact with RuvC and PI domains (Figure
18C and 18D). Moreover, the extended 3’ single strand region of CjCas9 sgRNA formed triple helix
structure with SL1. These sgRNA structure and its interactions with Cas9 are specific for each

CRISPR-Cas9 system, explaining the orthogonality between sgRNA and Cas9.

The author speculates that the highly divergent structural features of CRISPR-Cas9 is derived from
the arm race between phage and bacteria. CRISPR-Cas system functions as bacterial defense system
against phages by cleaving their nucleic acid. In contrast, phages produce an Anti-CRISPR protein
(Acr) that inhibits CRISPR nucleases, thereby escaping from repression by CRISPR-Cas system
(Bondy-Denomy et al., 2013). To date, 44 families of Acrs have been discovered, 15 of which have
been biochemically characterized (Zhang et al., 2019). Their functions can be roughly divided into
three types: crRNA loading interference, DNA binding blockage and DNA cleavage prevention. These
inhibition mechanisms could impose strong selective pressure on Cas9 to evolve to escape it by
introducing mutations in the Acr-interacting interfaces of Cas9 or guide RNA. For example, AcrlIC3
binds to and inhibit HNH domain of NmCas9, but does not inhibit that of SpCas9 or CjCas9, due to
the diversity of the surface structure of HNH domain (Kim et al., 2019). The bacteria bearing the
evolved CRISPR-Cas9 shows resistant to phages, reversely imposing a selective pressure on Acr
proteins. These counterdefence strategies may drive the coevolution of CRISPR-Cas9 and Acr,

resulting the highly divergent structural properties of orthologous CRISPR-Cas9 system.
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Materials and methods

Sample preparation

The gene encoding full-length FnCas9 (residues 1-1,629) was cloned between the Ndel and Xhol sites
of the modified pE-SUMO vector (LifeSensors), and the N995A mutation was introduced by a PCR-
based method. The FnCas9 N995A mutant protein was expressed at 37°C in Escherichia coli Rosetta
2 (DE3) (Novagen) for four hours, and was purified by chromatography on Ni-NTA Superflow resin
(QIAGEN) eluted with a buffer consisting of 20 mM Tris-HCI, pH 8.0, 300 mM NacCl, 300 mM
imidazole and 3 mM 2-mercaptoethanol. The eluted protein was incubated overnight at 4°C with TEV
protease to remove the His6-SUMO-tag during dialysis in buffer consisting of 20 mM Tris-HCI, pH
8.0, 300 mM NaCl, 20 mM imidazole and 3 mM 2-mercaptoethanol, and was purified by
chromatography on Ni-NTA. The protein was loaded into Mono S (GE Healthcare) in buffer consisting
of 10 mM Tris-HCI, pH 8.0, 150 mM NaCl and 1 mM DTT, and eluted with linear NaCl gradient. The
eluted protein was further purified by HiLoad Superdex 200 16/600 (GE Healthcare) columns in buffer
consisting of 10 mM Tris-HCI, pH 8.0, 150 mM NaCl and 1 mM DTT. The SeMet-labeled FnCas9
N995A mutant and the RHA FnCas9 N995A mutant were expressed in E. coli B§34 (DE3) (Novagen)
and E. coli Rosetta2 (DE3) respectively, and were purified using a similar protocol to that for the
native protein. The 94-nt sgRNA was transcribed in vitro with T7 RNA polymerase, using a PCR-
amplified DNA template, and was purified by 10% denaturing polyacrylamide gel electrophoresis. To
facilitate crystallization, the internal loop in the repeat:antirepeat duplex was replaced by G:C base
pairs (Figure 17A). The 30-nt target DNA strand and the 9-nt non-target DNA strand were purchased
from Sigma-Aldrich. The purified FnCas9 protein was mixed with the sgRNA, the target DNA strand
and the non-target DNA strand (containing either the 5'-TGG-3’' PAM or the 5-TGA-3’' PAM) (molar
ratio, 1:1.5:2.3:4), and then the reconstituted FnCas9—sgRNA-DNA complex was purified by gel

filtration chromatography on a Superdex 200 Increase column (GE Healthcare), in buffer consisting
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of 10 mM Tris-HCI, pH 8.0, 150 mM NaCl and 1 mM DTT (Figure 17B and 17C). For in vitro cleavage
assays, the His6-tagged FnCas9 proteins were expressed at 37°C in E. coli Rosetta 2 (DE3), and were
purified by chromatography on Ni-NTA and HiTrap SP HP (GE Healthcare) columns. The purified
SpCas9 and SaCas9 proteins and their cognate sgRNAs were prepared as described previously
(Nishimasu et al., 2014; Nishimasu et al., 2015). For microinjection experiments, wild-type and RHA

FnCas9 were prepared using a similar protocol to that for the N995A mutant used for crystallization.

Crystallography

The purified FnCas9—sgRNA-DNA complex (with the 5-TGG-3" PAM or 5'-TGA-3' PAM) was
crystallized at 20°C. The initial crystals were obtained by mixing 0.1 pl of complex solution (A260
nm = 15) and 0.1 pl of reservoir solution (9—11% PEG 3,350, 0.2 M calcium acetate and 0.1 M sodium
citrate, pH 5.0), using the sitting drop vapor diffusion method (Figure 17D). The crystals were
improved by the microseeding method, using Seed Bead (Hampton Research). The initial crystal was
harvested in stabilization solution (9—11% PEG 3,350, 0.2 M calcium acetate and 0.1 M sodium acetate,
pH 5.0), and then crushed using the Seed Bead to prepare the seed stock solution. The crystallization
drops were formed by mixing 1 pl of complex solution (A260 nm = 15) and 1 ul of the seed stock
solution, and then were incubated against 0.5 ml of reservoir solution (9—11% PEG 3,350, 0.2 M
calcium acetate and 0.1 M sodium acetate, pH 5.0), using the hanging drop vapor diffusion method
(Figure 17E). The SeMet-labeled FnCas9 complex (the 5'-TGG-3' PAM) and the RHA FnCas9
complex (the 5'-TGG-3" PAM) were crystallized under similar conditions, using the seed stock
solution containing the wild-type crystals. X-ray diffraction data were collected at 100 K on beamlines
BL41XU at SPring-8 (Hyogo, Japan) and PXI at the Swiss Light Source (Villigen, Switzerland). The
crystals were cryoprotected in reservoir solution supplemented with 25% ethylene glycol. The X-ray

diffraction data were processed using XDS (Kabsch, 2010) and AIMLESS (Evans and Murshudov,
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2013). The structure was determined by the Se-SAD method, using PHENIX AutoSol (Adams et al.,
2010). The structural model was automatically built using Buccaneer (Cowtan, 2006), followed by
manual model building using COOT (Emsley and Cowtan, 2004) and structural refinement using
PHENIX (Adams et al., 2010). The final models of the wild-type (the 5'-TGG-3' PAM or the 5'-TGA-
3’ PAM) and RHA (the 5'-TGG-3' PAM) FnCas9 complexes were refined, using their native data sets

(Figure 17F-17H).

In vitro cleavage assay

In vitro plasmid DNA cleavage experiments were performed, essentially as described previously
(Nishimasu et al., 2015). The BamHI-linearized pUC119 plasmid (100 ng, 510 nM), containing the
20-nt target sequence and the PAM sequence, was incubated at 37°C for 30 min with the FnCas9-
sgRNA complex (30 nM), in 10 pl of reaction buffer, containing 20 mM Tris-HCI, pH 8.5, 100 mM
KCl, 10 mM MgCl, and 1 mM DTT. Reaction products were resolved on an ethidium bromide-stained
1% agarose gel, and then visualized using an Amersham Imager 600 (GE Healthcare). To test the
orthogonality between Cas9 and sgRNA, each Cas9 ortholog (250 nM) and sgRNA (250 nM) were
incubated at 37°C for 30 min with the plasmid DNA, in a reaction buffer containing 20 mM Tris-HCI,

pH 8.0, 100 mM NaCl and 10 mM MgCl..

In vitro PAM screen

In vitro PAM screen was performed in collaboration with Dr. Gootenberg, J.S. and Dr. Abudayyeh,
0.0. (Broad Institute of MIT and Harvard). Randomized PAM plasmid libraries were constructed
using synthesized oligonucleotides (IDT) consisting of 7 randomized nucleotides 3’ of a 20-nt target
sequence, as previously described (Zetsche et al., 2015). In vitro cleavage reactions using wild-type

FnCas9 or RHA FnCas9 with sgRNAs targeting the PAM library were fractionated on 2% agarose E-
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gels (Life Technologies). Bands corresponding to the un-cleaved target were extracted from the gel,
using a Zymoclean Gel DNA Recovery Kit (Zymo Research), and the target PAM region was
amplified and sequenced using a MiSeq (Illumina) with single-end 150 cycles. From the sequence
data, the PAM regions were extracted, counted, and normalized to total reads for each sample. For a
given PAM, enrichment was measured as the log ratio as compared to no protein control, with a 0.01
pseudocount adjustment. PAMs above a 3.5 enrichment threshold were collected and used to generate

sequence logos (Crooks et al., 2004).

Microinjection and typing the blastocyst embryos

Microinjection and typing the blastocyst embryos was performed in collaboration with Dr. Horii, T.
Ms. Kimura and Dr. Hatada, I. (Gunma University). All animal procedures were approved by the
Animal Care and Experimentation Committee at Gunma University, and performed in accordance with
approved guidelines. Female B6D2F1 mice (8—10 weeks old, CLEA Japan) were superovulated by the
injection of 7.5 units of pregnant mare’s serum gonadotropin (PMSG; ASKA Pharmaceutical),
followed by 7.5 units of human chorionic gonadotrophin (hCG; ASKA Pharmaceutical) 48 h later, and
mated overnight with B6D2F1 male mice. Zygotes were collected from oviducts 21 h after the hCG
injection, and pronuclei-formed zygotes were placed into the M2 medium. Microinjection was
performed using a microscope equipped with a microinjector (Narishige). The FnCas9 RNP complex
was assembled by mixing the purified FnCas9 protein (0.2 uM), the 115-nt tracrRNA (0.9 uM) and
the 60-nt crRNA (1.1 pM) targeting the mouse Tetl EX4 locus (Table S2), and then the FnCas9 RNP
complex (1 pl) was injected into the pronuclei of the zygotes. The crRNA and the tracrRNA were
prepared by in vitro T7 transcription. After injection, all zygotes were cultured in M16 medium for 4
days. To detect indels, the targeted TetlEX4 region was amplified by PCR, using genomic DNA

extracted from each blastocyst and the following primers: 5'-AGAACAAAGCCCCTGTGCTA-3’

28



(forward) and 5'-ACCACTCCAAGCCCTTTTCT-3' (reverse). The PCR products were digested with
a specific restriction enzyme that cleaves the Cas9 target site of the unmodified genomes, and then
were analyzed by agarose gel electrophoresis. For the Tetl EX4 target site with 5’-TGC-3’, indels were
detected by a heteroduplex mobility assay (HMA). Briefly, the PCR products were reannealed and

fractionated by polyacrylamide gel electrophoresis to detect the heteroduplex.
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Figure 1. RNA-guided DNA cleavage mechanism of CRISPR-Cas9

Schematic representation of crRNA:tracrRNA (A) and sgRNA (B) mediated DNA cleavage.
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Figure 2. Phylogenetic tree of representative Cas9 orthologs

D F.novicida

The Cas9 sequences were aligned using COBALT (https://www.ncbi.nlm.nih.gov/tools/cobalt/re_cobalt.cgi) and the

phylogenetic tree were constructed by the approximately maximum likelihood based FastTree program.
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Figure 3. PAM specificity of FnCas9

(A) Motif obtained from the PAM discovery assay for FnCas9 (This data was provided by Feng Zhang).
(B) In vitro DNA cleavage by FnCas9. The linearized plasmid targets with the 5'-TNN-3’ PAMs were incubated with

the purified FnCas9—-sgRNA complex.
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Figure 4. Overall structure of the FnCas9—sgRNA—-DNA complex.

(A) Domain organization of FnCas9. BH, bridge helix; PLL, phosphate lock loop.

(B) Schematic representation of the sSgRNA-DNA.

(C and D) Ribbon (C) and surface (D) representations of the FnCas9—sgRNA—-DNA complex.
R:AR duplex, repeat:antirepeat duplex.

(E and F) Crystal structures of SpCas9 (PDB: 4UN3) (E) and SaCas9 (PDB: 5CZZ) (F).
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Figure 5. Comparison of the overall structures of the Cas9 orthologs

(A—C) Overall structures of FnCas9 (A), SpCas9 (PDB: 4UN3) (B) and SaCas9 (PDB: 5CZZ) (C) in complexes with
the sgRNA and the target DNA. The HNH domains are omitted for clarity. The sgRNA in the SpCas9 quaternary
complex (PDB: 4UN3) contains stem loops 1-2 and lacks stem loop 3, whereas the sgRNA in the SpCas9 ternary
complex (PDB: 4008) contains stem loops 1-3. Thus, in (B), the sgRNA (PDB: 4008) is docked into the SpCas9—

DNA complex (PDB: 4UN3).
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Figure 6. Inter-domain interactions in FnCas9

(A) Interaction between the WED and REC1/REC2 domains.

(B) Interaction between the WED and REC1 domains.

(C) Interaction between the WED and PI domains.

(D) Interaction between the RuvC and REC3 domains.

Hydrogen-bonding interactions are shown as dashed lines.
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Figure 7. Structure of sgRNA-DNA
(A) Schematic representation of the FnCas9-sgRNA scaffold. The sgRNA core fold is highlighted in pink.

(B) Structure of the FnCas9 sgRNA-DNA.

(C-E) sgRNA scaffolds for FnCas9 (C), SpCas9 (D), and SaCas9 (E). The guide regions are omitted for clarity.
(F) Orthogonality between Cas9 and sgRNA. The linearized plasmid targets with the appropriate PAM were
incubated with different combinations of the Cas9—sgRNA complexes.

(G) Comparison of the sgRNA scaffolds of FnCas9 (gray), SpCas9 (blue), and SaCas9 (red).
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Figure 8. Structure of the FnCas9 sgRNA scaffold

(A-C) Structures of the repeat:antirepeat duplex (A), stem loop 1 (B) and stem loop 2 (C) (stereo view).
Hydrogen-bonding interactions are shown as dashed lines.

In (B), C53 and U63 are depicted as semi-transparent space-filling models, highlighting the base-stacking

interaction. U57 is disordered.
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Figure 9. Schematic of the nucleic acid recognition by FnCas9

Residues that interact with nucleic acids via their main chain are shown in parentheses. Water-mediated

hydrogen bonds are not shown for clarity.
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Figure 10. Recognition of the sgRNA and the target DNA by the Cas9 Orthologs

(A—C) Recognition of the nucleic acids by the REC/WED domains of SpCas9 (A), SaCas9 (B), and FnCas9 (C).
(D) Recognition of the RNA-DNA heteroduplex by FnCas9. Hydrogen-bonding and electrostatic interactions are
indicated by gray dashed lines.

(E) Recognition of the sgRNA core fold by FnCas9.
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Figure 11. DNA-targeting mechanism of FnCas9

(A) Recognition of the sgRNA seed region by the bridge helix (BH) and the REC1 domain (stereo view).
The target DNA strand is omitted for clarity.

(B) Recognition of the +1 phosphate group by the phosphate lock loop (PLL) (stereo view). Hydrogen-

bonding interactions are shown as dashed lines.
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Figure 12. Recognition of sgRNA scaffolds by the Cas9 orthologs

(A—C) Recognition of the sgRNA scaffolds by FnCas9 (A), SpCas9 (B) and SaCas9 (C).

(D-F) Recognition of the repeat:antirepeat duplex (D), stem loop 2 (E), and the SL1-SL2 linker (F)
by FnCas9. In (F), the REC3 B-hairpin is inserted between stem loop 2 and the SL1-SL2 linker.
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Figure 13. Recognition of the sgRNA core regions by the Cas9 orthologs
(A—C) Recognition of the sgRNA core regions by FnCas9 (A), SpCas9 (B) and SaCas9 (C) (stereo view).

Hydrogen-bonding and electrostatic interactions are shown as dashed lines.
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Figure 14. PAM recognition

(A) Binding of the PAM duplex to the groove between the WED and PI domains.

(B) Schematics of the PAM-duplex recognition. Water-mediated hydrogen bonds between the protein and the sugar-
phosphate backbone are omitted for clarity.

(C and D) Recognition of the 5'-TGG-3’ (C) and 5'-TGA-3' (D) PAMs. Water molecules are shown as red spheres.
(E) In vitro mutational analysis of the PAM-interacting residues. The linearized plasmid targets with the 5'-TGG-3'
PAMs were incubated with the wild-type and mutants of FnCas9.

(F) Comparison of the PI domains of SaCas9 (F), SpCas9 (G), and FnCas9 (H)
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Figure 15. Structure-guided engineering and genome editing in mouse zygotes

(A) In vitro cleavage activity of wild-type FnCas9, and R1556A and E1369R/E1449H/R1556A (RHA) variants of FnCas9.

The linearized plasmid targets with the 5'-TGN-3' PAMs were incubated with the purified FnCas9—sgRNA complex.

(B) PAM discovery assay for RHA FnCas9.

(C) Preference of wild-type and RHA FnCas9 for the 1st PAM nucleotides. The linearized plasmid targets with the
5'-NGG-3’ PAMs were incubated with the FnCas9—-sgRNA complex.

(D) PAM recognition mechanism of wild-type (left) and RHA (right) FnCas9.

(E) FnCas9-mediated genome editing in mouse zygotes. The pre-assembled wild-type and RHA FnCas9 RNP complexes

were microinjected into mouse zygotes. The ratios between the numbers of embryos with FnCas9-mediated indels and the

total numbers of injected embryos are shown above the bars. The numbers of embryos with mutations in both alleles (left)

and a single allele (right) are shown in parentheses (This data was provided by Izuho Hatada).
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Figure 16. Bifunctionality of FnCas9
Schematic representation of crRNA:tracrRNA-mediated DNA cleavage (A) and scaRNA:tracrRNA-mediated gene
expression regulation (B). The different sequences between crRNA and scaRNA are shown in red. The lower stem
region of repeat:antirepeat duplex is highlighted in gray. FTN1104 is one of the gene repressed by scaRNA in

Francisella novicida.
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(A) The repeat:antirepeat duplex in the sgRNA for crystallization.

(B) Gel filtration profile of FnCas9 FnCas9—sgRNA-DNA complex.
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(C) SDS-PAGE and Urea denaturing PAGE analysis of the eluted peak flaction corresponding to

FnCas9—sgRNA-DNA complex.

(D-E) The crystals obtained by initial sitting-drop vapor diffusion (D) and microseeding method (E).

(F-H) The 2mFo—DF¢ electron density map around PAM (contoured at 3c), HNH (G) and REC2 (H)

domain (contoured at 15).
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Figure 18. Structural comparison of StCas9, CdCas9, CjCas9 and NmCas9
(A-D) Crystal structures of StCas9 (PDB: 6RJD) (A), CdCas9 (PDB: 6JOO) (B), CjCas9 (PDB: 5X2H) (C) and
NmCas9 (PDB:6JDV) (D)
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Tables

Table 1. Data collection and refinement statistics

TGG PAM TGA PAM TGG PAM TGG PAM
(Native) (Native) (RHA variant) (SeMet)
Data collection
Beamline SPring-8 BL41XU  SPring-8 BL41XU  SPring-8 BL41XU SLS PXIII
Wavelength (A) 1.0000 1.0000 1.0000 0.9780
Space group P2 P24 P24 P21

Cell dimensions
a, b, c(A)
a,6,v(°)

Resolution (A)*

Rmerge
Rpim
/ol

Completeness (%)

Multiplicity
CC(1/2)

Refinement
Resolution (A)
No. reflections
Rwork/ Rfree
No. atoms
Protein
Nucleic acid
lon
Solvent
B-factors (A2?)
Protein
Nucleic acid
lon
Solvent
R.m.s. deviations

Bond lengths (A)
Bond angles (°)
Ramachandran plot (%)
Favored region
Allowed region
Outlier region

81.9,159.1, 96.8
90, 107.0, 90
46.3-1.7
(1.73-1.70)
0.062 (0.72)
0.037 (0.44)
14.2 (2.8)
96.3 (96.2)
7.2(7.2)
0.99 (0.65)

46.3-1.7
249,252
0.184 /0.207

11,791
2,771
24
1,131

50.1
34.7
53.5
41.0

0.010
1.14

97.2
2.6
0.2

81.6, 159.3, 96.7
90, 106.9, 90
46.3-1.7
(1.73-1.70)
0.060 (1.42)
0.024 (0.56)
19.6 (2.4)
98.8 (97.9)
14.1 (14.3)
0.99 (0.86)

46.2-1.7
255,162
0.180/0.203

11,809
2,771
24
1,153

49.5
35.1
53.7
41.7

0.014
1.39

97.4
2.5
0.1

81.6, 156.0, 96.7
90, 106.9, 90
46.3-1.7
(1.73-1.70)
0.039 (0.77)
0.024 (0.47)
20.3 (2.5)
98.9 (98.7)
7.0 (7.1)
1.00 (0.74)

46.3-1.7
254,945
0.183/0.206

11,802
2,771
24
1,097

51.5
35.3
53.5
41.5

0.008
1.00

97.7
2.2
0.1

81.3,157.4, 96.5
90, 106.8, 90
19.9-2.3
(2.34-2.30)
0.091 (1.02)
0.026 (0.28)
19.1 (2.0)
99.7 (98.9)
14.3 (13.8)
0.96 (0.86)

*Values in parentheses are for the highest resolution shell.
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Table 2. Target sequences of mouse zygotes

Gene Target sequence PAM Indel detection
TetlEX4 CAGGGAGCTCATGGAGACTAGG TGA Bfal

TetlEX4 CACTTGGTCCTGCCCCAAGGTG TGT EcoT14 |
TetlEX4 GTGGCTGCTGTCAGGGAGCTCA TGG Sacl

TetlEX4 ATGGAGACTAGGTGAGGAACTC TGC HMA
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Appendix 2. Sequence alignment of type II-B Cas9

F.novicida
G.protecbacterium
S.wadsworthensis
W.succinogenes
B.thermophilus

.novicida
.protecbacterium
.wadsworthensis
.succinogenes
.thermophilus

T=E=nuom

F.novicida
G.protecbacterium
S.wadsworthensis
W.succinogenes
B.thermophilus

F.novicida
G.protecbacterium
S.wadsworthensis
W.succinogenes
B.thermophilus

F.novicida
G.protecbacterium
S.wadsworthensis
W.succinogenes
B.thermophilus

F.novicida
G.protecbacterium
S.wadsworthensis
W.succinogenes

B. thermophilus

F.novicida
G.proteobacterium
S.wadsworthensis
W.succinogenes
B.thermophilus

F.novicida
G.protecbacterium
S.wadsworthensis
W.succinogenes
B.thermophilus

F.novicida
G.protecbacterium
S.wadsworthensis
W.succinogenes
B.thermophilus

F.novicida
G.proteobacterium
S.wadsworthensis
W.succinogenes
B.thermophilus

HRRHR

57
56
60
47
54
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112
120
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150
162
141
166

220
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206
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226

277
204
214
198
286
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226
236
221
346

381
270
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267
406
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315
326
312
465
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1 DEIK O FQLNLEWDKDTQORAIS . . v\ ... FRAFNERXEFS F T
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F.novicida 556 |IYFQAKKLKQKASDELEKLESSKKLDEVIANSQLSQIIKSQHTNGIFEQGTFLHLVCKY
G.protecbacterium 399 |LISITDAEKRNDLAGYKRLEKLSL . . v u v onnnsnnnnsans GSEVDEFLLL[VIKN . I
S.wadsworthensis 435 |LAAGSKSHNKLTSAR.TALENCIG. . v i i ittt ii i imaeeenan GONVEIKFLDCARR. Y|Y
W.succinogenes 401 [KKPNELLVKTLGQSDANRLYGFA. ...ttt ianennnnn QNYYELIRQK[VIRAGI
B.thermophilus 573 [IWSVYHKLQKSDVDKIKWQEKLGNLIDASK..... LPKDLKQDLDFSQEESFGHEFLNKY[Y
L _ReC:__________ |
F.novicida 616 KQRQRARDSRL[YIMPEYRYDKKLDKYKNTGRFDDNMNQLLITYCNHKIHRQIMRY QL LN DIL AG
G.protecbacterium 437 DETKE ENKLFFECGKTI3PRIJEKLKSTL|L S|
S.wadsworthensis 472 READDAKV|GLWEFDN. .. AE(GIL LER|S[DILIHIAP MISKIK I LP L L[V AN|T
W.succinogenes 440 VPVEKNKDDSLN[LED. .. NI|SINM LIKR|C[N[HNJJP HI4KIN Q T HN L[V A[G|T
B.thermophilus 628 OQTRREKARDGRY[FILIQEK KEKWLTNNKL LT LIC|THK}HR QR4KH Q WQ L D|L A
-
F.novicida 676 MOVSPNFLKDKIGSDDDLFISKWLVEHIRGFKKACEDSLEK|IQEDNRGLLNHKINIARNTEK
G.protecbacterium 477 MGKNLSDDEQSSFIE...EFWKSGTPKIERRNVRGWCRLASQVIQKTYGVYLKEYG|LQQLH
S.wadsworthensis 512 MOTDETTG..QKFLD...EIWRKQIKGRETVASRCARIET|VRKISFGGGFNIAYNTAQYRE
W.succinogenes 480 MGVKLDEAKFAEFEK...ELWSAKVGN.KKLSAYCKNIEE|[LRKITHGNTFKIDIEE|LRKKD
B.thermophilus 677 MGVNADDLKAKIVGN...PED..YFKSIKGFASNCEKAAKRAQEKEHRGELKHKIYTELTSN

. . . . . .
F.novicida 736 GKCEKEIFNLICKIEGSEDKKGNY[@HGLAYELGVLLFGEPNEASKPEFDRKIKEEFNE|IFS
G.protecbacterium 534 ... iii e KLEAGKKLDDPLALLYKNSGLIASKIGEALNIEPDEVSREAISIPHS
S.wadsworthensis 567 ... VNKLPRNAQDISELILI|IRDRVAETADFIAANLGLSDEQXKREKEF|ANIP|FS
W.succinogenes 536 «...PAELSKEEKARLRLTDDVILNEWSQKIANFFDIDDKHRQRFNMN|LES
B.thermophilus 732 PIDKLGKLANCSNLKQELIKEIKIPELLADKQTNEVNQEK IA|LVIEK

O
F.novicida 796 RK[gNANPCAVCSADMAHRIMOQOIKITEPVEDN . . ... ... KGNIILSTKA
G.proteobacterium 580 VARENKCRACTYERITWEIMOEEKVESLLTNQLLSEIHGERKVPLKSAMC
S.wadsworthensis 613 VSEE SANTILAVHLERIAWSIMTIKDAVING. . o . o o0 0 0000 ETVRAAQC
W.succinogenes 582 RS[EFSSWCKRCTAERMRFISETAFYNDETG. . . . ... ... EFHKKATATC
B.thermophilus 778 RS[EFSKpYCIPVCSITDRIAFIIMOEN . & v v v o v v v v h e e v s aa e a DKGITKA

RuvC | |
F.novicida 848 DEAVIKKMATIILAKNIVDDNWONIKQVLSAKHQ . |LH
G.protecbacterium 640 DEOMAS T TEHIARKIAQHKIAQIIINDVPKEFS. .|ID
S.wadsworthensis 660 DELVIRELVDRQAWEIAKRASTDILIQSKVDFSNGI|VD
W.succinogenes 632 SEKIERYIDKLGYELAKIKAKELEGMEAKETIK .|.|.
B.thermophilus 818 DEVVIMEICDATARQVAVTKWND|IIKDDLONGTK . [V|S
L1
. .

F.novicida 207 IMGKSLK.........DKREKKVLERINSENIFKDKNNR
G.protecbacterium 698 FELEEIMRGRGS........ AKAKKAKELGEKSKAGWVSKTER L)AT SSEG|L
S.wadsworthensis 720 S|VADLJKNK ... ... .... RVEKDKMLSEAEKLETRWLNEKN|ER [IdKASRE
W.succinogenes 689 S[LREKSIMTGSNDRVINSKKDRDGKKLAKAKENAEDRLEKDKDEK|R L)
B.thermophilus 877 N[LKEKIMTAPKP........... .. .GVKAREKADEIKDNR[TNIYKGQK

NNRINRA TRSpYeIR Y LAQCIADKIJHRIAKKENK . . HNLIEFDYLEYTARWDDP .

F.novicida 958 GDFDGAKEALisR: By 195, . . HKKYGT|LRYID INRRRC 'V TR G DIE N LIRD|LIANNY|K L
G.protecbacterium 750 . - SIGIH IR R [ 1RASI LTGRTKKTVIFRIS INRPpR Y C S|S K GJyH D IEQLINDK[Y|LK
S.wadsworthensis 770 -GG TisR @ [ 3RS LI KDARGI|VIFRIAIAP|SeMYY A SIS RGIYO L LISK[LIDPD|Y|LN
W.succinogenes 749 . DG TSR T gAS HTLKIYGT[VIFRIPIHGIUEMRY YV HIQ K CIJO A LISDIIKAGWV|SA
B.thermophilus 922 ...... DG TisR: @y T=g3X.|. . . TGP YG|LLKYD LEpYY 1 SIKS DO N LIKD|LHKN[YJKT
w1
F.novicida 1015 KQFETTDDLKIEKKIADTWDANKKD.FKFGNYRS INMATIPQEQKAFIAHESRYLADENP|(L
G.protecbacterium 804 KQF|STSDVNL/IIKKK[IKTT/IQRFTEGG. ... .EKLRSIESEMSREDQKAFIHESAYVIP. . . ELK
S.wadsworthensis 824 KV[FKT|SNIAAITAEIEDVVITKLQQT. . ... HRLKFFD LAN[E HE QD C V)3 N DDGSEAR|
W.succinogenes 803 OQUWIEEQVANIKG. c|aje v afafs v s e st nnnuann YT EQOKAFIRYLSRY ONDNEAY
B.thermophilus 972 EI[GKKSDAEIKEFIYKRLGKDIESKDFAFDKYLSIFT NMGEKDKK A FISIHERRY OEGDPLR]
[ L2 [ RuvC |
F.novicida 1074 QATR?\TNRNRTFRYF]\EVT..F\NNTYLRF\KKENLN.TDKTSFDYFGIPTIGNGRG
G.protecbacterium 857 SENT|S|L LAVIKIN|I T RgiekdelA i L AKKIASLILAEHLDKQGRDY(T|. .|.|.[LISARHQIDPWSVSK.
S.wadsworthensis 879 NAWLE|LLATIQRRTRAgUMeRd] T (M IKSLANKIREELQDWCRT TNNRLHFQAAATDVSTAKN.
W.succinogenes 843 KEKpYV|DW LR|IT|DO]S AR\ SMeRdelK Y LAKK I QEK|LTKMLIP. . . ... NIKHILISIFEFILADATEVSE .
AT

B.thermophilus 1032 EKWMIRE
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m=E=nuam wEnan w=E=unam WEunam mE=wnaomn mEnam WEwunam m=E=nuam mEunom

wEunuam

[ RuvC |

.novicida 1133 IAEIRQLYEKVDSDIQAYAK|GDKP[SIASYERIL I FAMLAPYC IAADEHRNDGSIGLEIDKN. .
.proteobacterium 912 ....... QREKMLASAEPIWAKKD P[P AARRAV VIFNVC TIRLEALEQPHTASRLK . . . . . ...
.wadsworthensis 938 ....... LRLKLAQNQPNFE[KPDI[e]P IAERAS IFALICSIPAVIG. . . . . SADAER. . ......
.succinogenes 896 ....... LRRQYARQNPLLAKAEK[SJA P SERAL TFAVMAYVARYQKVEKDGTPPNADEVAKL
-thermophilus 1089 ....... KSTYNLRKKYDLVIKISKK[JP L YERAL TEFNOL AL LASEDHONDGTMGIKFDNNQT

| Rave T

.novicida 1191 YSLYPLDEKN[TGEVFTKDIFS. .. ... ..., QIKITDNEF|S KLVRKKATEGFN

DK

.proteobacterium 957 ....TISSTES[FEKTGWRSA. ... ... LIPDLIK[V[DALDRRPKYRRYNI
.wadsworthensis 978 . ...DQODGFDY[LDGEKAVLG . . v v vt v v eenennnnnn LYPQSCE[V[IRLQAKPQEEKSHF
.succinogenes 949 AMLDSWNPA[SHNEPLTKGLS « ¢ v v v v v v ee e e e e ae e TNQKTEKMTKISGDYGQKNMREV
.thermophilus 1142 TWEYETNKE|[TGETSPSKSFNATDVGESDLKKIDLSPKDSNQKTID|IEKNNSNKKQNLSKT
PLL WED ]

.novicida 1235 THROMTRD G|y ARN[|LEEIL I HKELDEREGY TWKNSE .+« v v v . . EfKIFKGKKYDIQQL
.proteobacterium 994 GSTS|LFKDG[T|YARRF|LEREL \GYDIDNSL . v vueuwuan. KAKGADVVFESLSP.
.wadsworthensis 1015 DSVA|IFEEG[I|YARO|F|ILEBSFTLNGRIWIGYETLDSK. v v v v v n .. GERCGAIEVSGKKPE
.succinogenes 990 FGKS|TFGENETGERYKEMVVOEGGYY|[TGYPATVEKGY - - « . - . . . ELKNCKVVTSKNDIA
. thermophilus 1202 FEKRRMFKANRT GER[|K)RIVK FKDKWY|[LGY|PMTIKGGIYNCDEYCQEVAISKNDIKKIEDVV
[ WED |

.novicida 1287 NNLLYCLKFVDKP[I|SIDIQISTLEELRNI[[TTNNIAATAEYYYINLKTQKLHEYYTENYN
.proteobacterium 1043 FLLFKGEEVGAQS[L/SDWQERIDGRYLYMS|[[DKVKAFDYLQEKVGEKDTAAELLNSTHFTQ
.wadsworthensis 1065 ELLSMLAPFFNKPV/GDLSAHATYRIQKKPRYEFLAKAALOPLSAEEKRLAALLDALRY[CT
.succinogenes 1042 KLEKIIKNQDLIS|LKENQYIKIFSINKQT||SELSNRYFNMNYKNLVERDKEI|VGL|LE[F|IV
.thermophilus 1262 NDDKYYQLTTDHKQTIKIWTIKIVDKKYKKINKDSHRYFSQLNPEYNNDEKKEVDQIKFTL
[ WED |

.novicida 1347 TALGYKKYSKEVMEFLRSLAYRSERVKIKSTIDDVKQEULDE. « o .o oo ... DSNFE[T|T
.proteobacterium 1103 RKTELRAKFSDDSGKKMKTLDAIRKSLKLTVTVNE[|GKRKEKCGFSG. ... .. TIGIPRK
.wadsworthensis 1125 SRKSLKSFFMAANGKSLKKREDLLKPKLFQLKVELKGEK. .AFKLNG...... SLTLPMK
.succinogenes 1102 ENCRYYTKKV[DVKFAPKYIHETKYPFYDDWRRFDERWR[{LQENQONKTSSKDRFVIDKSS|L
.thermophilus 1322 DKCRYYVAKTDV/INAPKIFDKQGYPFYKNWVDFDNREWRE . « o v v o v vt i e e e n s ElLG
[ WED |

.novicida 1392 GK[[TLPFKKEWQRLYLEWQNTTIKDDYEFLKSFFNVKSTTKLEKKVEKDFS LR[S TREGK
.protecbacterium 1157 SAWENLLDEPLLETYWGTKMPPQEIWEKVYRKHFPRNIPNQRHERKVRE[DFSLPVVDEVEG
.wadsworthensis 1177 QDWLRICNSPELADAFGNPCSADELTSKLAQIWKRPVMRDLRAHRPVRREFSL[PV/IDNPSG
.succinogenes 1162 NE[{[YQPDKNEYKLDVDTQPTIWDDFCRWYFLDRYKTANDKKS|TR|TKARK[TFS LILAESGVQG
.thermophilus 1364 DD[Y/SVKTGEYDLSNNTTKKKWDIFCKNRFS...PPENQHKNKHEQVKGKKY TMIS|SG[TPEc
[ WED | Linker | PI |

.novicida 1452 TWDNNF IO T L N[DS DS RFUDEITKPFIPAFDISKNEVEAT|IDSFTS. . .KNIF
.proteobacterium 1217 TPNG . YNMOLLAIDGY SAV/GFKKEGDNVDFKS PALVPQIAESKSVTPISSEL
.wadsworthensis 1237 NLFGNE LYoy H[A|INAKK|Y|RGFASADSNVDWANGI|LFNELQHEN . . . LTECCG
.succinogenes 1222 KVjERAKEK[IPTG . Y ANESA LIPMDNNV|IAGDYANT LLEANSKTLIS|[LVPK|SGT STEKQLDKKL
. thermophilus 1421 NVIgRVERINNQONT . . . p49A L/P[LDNNI|ILKKKSNFLIKHSKNLTL/SSAVADKDLAKPIDIEE

I PI |
.novicida 1507 WLPENIELQKVDNKNIFAIDTSKWFEVETPSDLRDIGIATIQYKIDNNSRPKVRVKLDY[V
.proteobacterium 1275 VHLDENEI|VYFDEWRKIDISDSDLKQFVSSLELAPGSQNRFYIRFTVDEDQFERHFKSA[L
.wadsworthensis 1293 RFITSA[DVITPMSEWRKVVTEDN...... LRIWIAPGTEGRRYVRVETTFIQASHWFEQSV
.succinogenes 1281 DVIKKTDVRGLAIDNNSFENADFDTHGIRL|I|VENTSVKVGNFPISAIDKSAKRMIFRALF
.thermophilus 1478 KIELKNCVIIPANNFFKDELKGVKVFLNNTS[VD[IKDFPLDKFREYFNKEIDVKKSIKIEIL

I PI |
.novicida 1567 IDDDSKINYFMNH[SLLKSR[YP......... DKVLEILKQSTTIEFESSGFNKTIKEM|LGM
.proteobacterium 1335 RVNGIQDLDTVINK[TFDWNRE[. ...... ... EIPS|LLIIPPRSNLFLLETG. .QKITFEY|IAN
.wadsworthensis 1347 ENWAITSPLSL[PA[SFKVDKPAEFQKAVGTELSE|LLIGRPRSEIFIESVGNAKHIRFWY|I V[V
.succinogenes 1341 EKEKGKRKKKTT|IIS|IFKESGP. ... ... VODYLKVFILIKKIVKIQLRTDGSISNIVVREKNARA
-thermophilus 1538 TEEQAEIDLTENPNLLYAHK........... CKVIDAISITRYTTRDGSVTNIRVGVKER|LYIS

I PI |
.novicida 1618 TLAGIYNETSNN.....
.protecbacterium 1383 GANAEVEKKAYSLRRA..
.wadsworthensis 1407 SSNKKMNESYNNASKS.
.succinogenes 1394 DFTLSFRSEHIQKLLK.
.thermophilus 1587 FSLPFRSCEKIYKDSQG
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