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Advances in the understanding and development of clustered 
regularly interspaced short palindromic repeat (CRISPR)–
CRISPR-associated (Cas) systems have revolutionized gene 

editing methods in biology and medicine1–9. Through targeting a 
protospacer adjacent motif (PAM) and a complementary sequence 
with a single-guide RNA (sgRNA), the RNA-guided Cas9 nucle-
ase efficiently and programmably cuts the target DNA and creates 
a double-stranded break, leading to robust in vivo gene editing in 
diverse organisms6–12. Despite its ease of use and high efficiency, 
several major issues are still present in current CRISPR–Cas9 tech-
nology, such as a high off-target rate, a strict PAM requirement, 
high cell toxicity and large gene size13–16.

One potential way to overcome these current CRISPR–Cas9 
technology limitations is to discover, characterize and utilize Cas9 
orthologues from other bacteria that may possess rich and distinct 
biochemical properties for gene editing. Recent progress in the min-
ing and engineering of CRISPR–Cas9 systems from different bacte-
rial species has greatly expanded genetic manipulation platforms for 
in vivo editing applications7–9,17–19. Several Cas9 orthologues from 
distinct bacterial species have been harnessed for genome edit-
ing in living cells, such as Streptococcus pyogenes Cas9 (SpCas9), 
Staphylococcus aureus Cas9 (SaCas9) and Streptococcus thermophilus 
Cas9 (St1Cas9) from a Class 2 type II-A CRISPR system, Francisella 
novicida Cas9 (FnCas9) from a Class 2 type II-B CRISPR system 
and Neisseria meningitidis Cas9 (Nm1Cas9) from a Class 2 type II-C 
CRISPR system7–9,15,19–26. SpCas9, SaCas9 and St1Cas9 are three of 
the earliest identified and harnessed Cas9 nucleases for gene edit-
ing7–9,15,20–24. SpCas9 has a high DNA-cleavage activity, but its large 
size, imperfect specificity and strict requirement for an NGG PAM 
restricts its applications in therapeutics. SaCas9 (1,053 amino acids) 
and St1Cas9 (1,121 amino acids) are smaller Cas9 orthologues than 
SpCas9 (1,368 amino acids), rendering them suitable for being 
packed into a single AAV vector for in vivo editing15,27. Furthermore, 

SaCas9 and St1Cas9 have relatively longer PAM requirements 
compared with SpCas9 (NNGRRT and NNRGAA for SaCas9 and 
St1Cas9, respectively; underlined text represents the differences of 
the PAM specificities among Cas9 orthologues), lower cell toxici-
ties and higher DNA-targeting specificities15–17, suggesting distinct 
DNA targeting and cleavage mechanisms present in these enzymes.

In addition to the exploration of Cas9 orthologues from dif-
ferent bacterial species, recent progress in directed evolution or 
structure-guided protein engineering has developed a few Cas9 
variants to recognize expanded PAM sequences, such as SpCas9 
VQR, SpCas9 EQR, SpCas9 VRER, xCas9, SpCas9-NG, KKH 
SaCas9, SpCas9-NRRH, SpCas9-NRTH, SpCas9-NRCH and 
SpRY20,28–32. Moreover, different high-fidelity Cas9 variants with 
improved targeting specificity in living cells have been engineered, 
such as SpCas9-HF1, eSpCas9, HypaCas9, evoCas9, SpCas9_R63A/
Q768A and SaCas9-HF33–38.

Structural studies of Cas9 nucleases from different bacterial species 
provide insights into RNA-guided DNA targeting and cleavage mech-
anisms. The structures of SpCas9 in the unbound, sgRNA-bound, 
and sgRNA- and DNA-bound forms unveil the detailed molecular 
mechanism of DNA recognition and cleavage by Cas9, with notable 
conformational rearrangement on binding to sgRNA and DNA39–42. 
The crystal structure of SaCas9 in complex with sgRNA and DNA 
reveals a conserved sgRNA-induced conformational activation 
mechanism, but distinct chemistry for PAM DNA and sgRNA recog-
nition compared with that of SpCas943. Recent progress in cryogenic 
electron microscopy (cryo-EM) structural studies and computational 
simulations of SpCas944,45 and the crystal structures of Nm1Cas946 
provide certain insights into the HNH catalytic mechanism that was 
not observed in previous Cas9 crystal structures. Despite the recent 
determination of cryo-EM structures of St1Cas947, the low resolution 
and lack of an HNH domain hamper a detailed understanding of the 
DNA targeting and catalytic mechanism of St1Cas9.
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In this study we report the high-resolution crystal structures of 
St1Cas9 in complex with sgRNA and double-stranded DNA that 
contains one of three different PAMs (AAAGGA, AAAGAA and 
AAGGAA). Interestingly, all of the structures represent an HNH 
catalytic state that has rarely been observed in the previous Cas9 
crystal structures, clearly depicting the active enzyme conforma-
tion. A wing region composed of two β strands in the REC domain 
forms intensive interactions with the HNH domain. Furthermore, 
an aromatic residue, F693, at a linker region that is extended from 
the C-terminus of the HNH domain, forms π–π stacking interac-
tions with the first base of the target DNA. These interactions are 
unique in St1Cas9 and not present in SaCas9, SpCas9 or Nm1Cas9, 
playing important roles in regulating St1Cas9 activity and probably 
contributing to stabilizing the active conformation of the HNH 
domain. Moreover, St1Cas9 uses a chemistry for PAM recognition 
that is distinct from that of other Cas9 orthologues. As St1Cas9 has 
a strict requirement for a long PAM for targeting, we broadened the 
PAM compatibility of St1Cas9 to NNRNAA via structure-guided 
protein engineering. These structural and biochemical character-
izations of the active St1Cas9 conformation provide insights into 
the DNA targeting and catalytic mechanisms of Cas9 nucleases and 
facilitate rational engineering of St1Cas9.

Results
Overall structure of the St1Cas9–sgRNA–dsDNA ternary com-
plex. The unique biochemical properties of St1Cas9 compared 
with those of its Cas9 orthologues suggest different DNA targeting 
and catalysis mechanisms for St1Cas9. We sought to determine the 
crystal structure of the St1Cas9–sgRNA–dsDNA complex to under-
stand the detailed molecular mechanism. Inspired by the strategy 
used for the crystallization of SaCas9-sgRNA-dsDNA43, we deleted 
stem loop 2 from the sgRNA and mutated the catalytic residue 
H599 to A599 to facilitate crystallization (Fig. 1a). In vitro DNA 
cleavage assays confirmed that the truncation of stem loop 2 did 
not reduce St1Cas9 DNA cleavage activity (Fig. 1b), whereas a bac-
terial survival assay revealed that the truncation retained the high 
genome-targeting activity of St1Cas9 in living Klebsiella pneumoniae 
cells (K. pneumoniae) (Extended Data Fig. 1a,b). With the afore-
mentioned method, we successfully solved the crystal structures 
of St1Cas9 (H599A) in complex with the truncated 70-nucleotide 
(nt) sgRNA, a 28-nt target DNA strand (TS) and an 8-nt non-target 
DNA strand that contains one of three different PAMs (AAAGAA, 
AAGGAA and AAAGAA) at 2.76, 3.0 and 2.56 Å resolution, respec-
tively (Supplementary Table 1).

Similar to other Cas9 structures25,39–41,43,44,46,48,49, the St1Cas9 
structure adopts a bi-lobed architecture composed of a recog-
nition (REC) lobe and a nuclease (NUC) lobe (Fig. 1c,d and 
Supplementary Fig. 1a–c). The NUC lobe comprises the RuvC, 
HNH, Wedge (WED) and PAM-interaction (PI) domains, as well 
as linker regions Linker1 (L1) and Linker2 (L2). The RuvC domain 
is further divided into three RuvC motifs (RuvC-I, RuvC-II and 
RuvC-III). The REC lobe contains three domains: REC1, REC2 and 
a wing region. Notably, the wing region composed of two β strands 
is unique to St1Cas9 and is absent in all of the previously reported 
Cas9 structures (Extended Data Fig. 2a–g). In the large Cas9 nucle-
ases such as SpCas9 and Francisella novicida Cas9 (FnCas9), an 
extra REC domain comprising several α helices is present between 
REC1 and REC3 (Extended Data Fig. 2b,c). In the small Cas9 ortho-
logues such as SaCas9, Nm1Cas9, Corynebacterium diphtheria Cas9 
(CdCas9) and Campylobacter jejuni Cas9 (CjCas9), neither the wing 
region nor the additional REC domain is present (Extended Data  
Fig. 2d–g). The REC lobe and NUC lobe are connected by an 
arginine-rich bridge helix.

The sgRNA is composed of a guide segment (spacer), 
a repeat:antirepeat region, a tetraloop, stem loop 1 and a 
single-stranded linker (Fig. 1a,d). The guide segment occupies the 

groove between the REC and NUC lobes. The repeat:antirepeat 
region, stem loop 1 and the single-stranded linker are recognized 
and stabilized by the arginine-rich bridge helix, REC1, RuvC, WED 
and PI domains (Extended Data Fig. 3). In the presence of the tar-
get DNA, the St1Cas9–sgRNA complex recognizes the PAM via the 
WED and PI domains and then the guide sequence of the sgRNA 
forms Watson–Crick pairs with the target DNA strand (TS) and the 
HNH domain chelates Mg2+ and rotates toward the active state to 
initiate DNA cleavage (Supplementary Fig. 2a and Fig. 2a).

A structural comparison revealed that the sgRNAs of SpCas9, 
SaCas9 and St1Cas9 share a similar A-form conformation 
(Supplementary Fig. 2b). Although the St1Cas9 sgRNA adopts 
the same RNA structure with the SaCas9 sgRNA, there are notable 
sgRNA recognition differences between the two Cas9 orthologues 
(Extended Data Fig. 3)43. Moreover, recent cryo-EM structures of 
St1Cas9 revealed that full-length St1Cas9 sgRNA is composed of two 
stem loops (stem loop1 and stem loop 2)47, whereas full-length SpCas9 
sgRNA contains an additional stem loop 3 (Supplementary Fig. 2b).

The catalytic conformation of the HNH domain. Despite recent 
advances in determining the structures of Cas9 nucleases from 
different bacterial species, the catalytic conformation of the HNH 
domain is still not fully known. In the SpCas9 structures, the HNH 
domain from the cryo-EM structure44 is pointed towards the cata-
lytic site but lacks density for the water molecules and the central 
Mg2+ ion (Extended Data Fig. 4a). In the SaCas9 and FnCas9 crystal 
structures25,43, the HNH domain adopts an inactive conformation 
and the active site is positioned more than 40 Å away from the TS 
cleavage site (Extended Data Fig. 4b,c). The pre- and post-catalytic 
conformations of the Nm1Cas9-sgRNA-dsDNA ternary complex 
were recently revealed46 (Extended Data Fig. 4d,e). However, the 
water molecules coordinating the Mg2+ in the HNH domain cata-
lytic centre were not visible in the structures. In the determined 
structures of the St1Cas9–sgRNA–dsDNA complex, all of the struc-
tures represent an HNH catalytic conformation, clearly depicting 
the active conformation (Fig. 2a,b).

Close inspection of the HNH catalytic conformation revealed 
that the HNH nuclease domain adopts a ββα-metal fold and che-
lates Mg2+ for TS cleavage between the third and fourth nucleo-
tides upstream of the PAM (Fig. 2b). Similar to H588A in the 
DNA-bound Nm1Cas9 catalytic structure, the side chain of the 
catalytic residue H599A points toward the scissile phosphate and 
the Cα atom of H599A is approximately 6 Å away from the scis-
sile phosphate (Extended Data Fig. 4d,f). The Mg2+ ion adopts a 
pseudo-octahedral coordination geometry with D598, N622, two 
water molecules and two oxygen atoms of the scissile phosphate 
of TS nucleotides 3 and 4 as the coordination molecules (Fig. 2b). 
Y578, E596 and K625—located in the active centre—form strong 
interactions with the metal-chelating residues through hydrogen 
bonding (Fig. 2b). Furthermore, K625 forms hydrogen bonds with 
I600 and R628 in the HNH domain (Extended Data Fig. 5a), similar 
to that in Nm1Cas946 and Actinomyces naeslundii Cas9 (AnCas9)40 
(Extended Data Fig. 5b,c), which probably contributes to structural 
stabilization of the ββα-metal fold of the HNH domain.

To examine the role of these active site residues in St1Cas9 
catalytic capacity, we separately mutated these residues to a 
non-functional residue (alanine) and tested the DNA cleavage 
capacity of the mutant proteins. As shown in Fig. 2c, the mutation of 
the active residue H599 or the residues D598 and N622 that directly 
chelate Mg2+ almost abolished St1Cas9 catalytic activity. The muta-
tion of K625—which forms a hydrogen bond with D598—drastically 
reduced the DNA cleavage activity, whereas the single mutations 
or even double mutation of Y578 and E596—which interact with 
D598 and N622, respectively—did not affect St1Cas9 DNA cleavage 
activity (Fig. 2c and Extended Data Fig. 5d). Bioinformatics analysis 
of the Cas9 protein family revealed that H599, N622 and K625 are 
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highly conserved, whereas Y578 can be substituted with F, E596 can 
be substituted with D or Q, and D598 can be substituted only with E 
in other Cas9 orthologues, further supporting the different roles of 
these residues in St1Cas9 activity (Fig. 2d,e).

The interactions between the HNH domain and the REC lobe. In 
all of the structures of the St1Cas9–sgRNA–dsDNA complex, the 
HNH domain is in an active conformation that is not observed in 
other Cas9 crystal structures except that of Nm1Cas946, probably 
due to the flexibility of the HNH domain in Cas9. We sought to 
probe the possible mechanism that results in the active conforma-
tion of the St1Cas9 HNH domain. Previous computational simula-
tion and experimental validation pinpoint the key role of the REC 
lobe in sensing, regulating and locking the catalytic HNH domain50. 
We therefore carefully examined the interactions between the HNH 

domain and the REC lobe in the structures of the St1Cas9–sgRNA–
dsDNA complex, revealing two major interaction mechanisms. 
First, S417 in the REC2 domain forms a hydrogen bond with H553 
of the HNH domain (Fig. 3a, upper right). Second, the wing region 
forms intensive interactions with the HNH domain, including a 
hydrogen bond between T170 and D638, a salt bridge between R179 
and E624, and several van der Waals interactions (Fig. 3a, middle 
right). In addition to the interactions between the REC lobe and the 
HNH domain, we observed π–π stacking interactions between F673 
located at L2 extended from the C-terminus of the HNH domain 
and the first base dT-1 of the TS, a unique mechanism not observed 
in other Cas9 structures (lower right in Fig. 3a and Supplementary 
Fig. 3a,b).

To further investigate the role of these interactions in regulat-
ing St1Cas9 activity, we separately mutated or truncated S417, F673 
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and the wing region and then tested the capacities of the resulting 
mutant proteins in DNA cleavage. As shown in Fig. 3b, the S417A 
mutant protein retained a DNA cleavage activity similar to that of 
wild-type St1Cas9; however, the truncation of the wing region or 
the mutation of F673 to A673 substantially reduced St1Cas9 DNA 
cleavage activity, suggesting the important role of these interactions 
in regulating St1Cas9 activity and stabilizing the HNH active con-
formation (Fig. 3b,c). A subsequent electrophoretic mobility shift 
assay confirmed that the truncation of the wing region did not nota-
bly affect St1Cas9 DNA binding ability despite the relatively long 
sequence deletion (Extended Data Fig. 6). Although the wing region 
has been observed only in the St1Cas9 structures, bioinformat-
ics analysis revealed that this wing region is widely distributed in 
numerous Cas9 nucleases from different bacterial species, including 

both the type-II-A and type-II-C class Cas9 nucleases (Extended 
Data Fig. 7).

As the stabilization of the HNH active conformation by the wing 
region may make the HNH domain of St1Cas9 spend more time 
in the docked conformation than other orthologues, we sought to 
probe the role of the wing region in the fidelity of St1Cas9 by using 
the in vitro DNA cleavage assay. First, we determined the targeting 
specificity of wild-type St1Cas9 by using DNAs containing differ-
ent types of mismatches as the substrates (Extended Data Fig. 8a). 
As shown in Extended Data Fig. 8b, no notable cleavage activity 
was observed when two mismatch sites were present in the target 
DNA. When only one mismatch site was present in the target DNA, 
wild-type St1Cas9 had substantial cleavage activity on substrates 
with mismatches on positions 20 or 19, but much lower activity on 

C3

C4

D598

N622

H599A

Mg2+

H2O
Target strand

T5

HNH

K625

Y578

E596

H2O

Cleaved

M

Uncleaved

N
on

e

W
T

Y5
78

A

E5
96

A
D

59
8A

H
59

9A
N

62
2A

K6
25

A

Y5
78

A/
E5

96
A

Interaction residues

b c

d e

B
its

578 596 598 599 622 625St1Cas9
0

1.0

2.0

3.0

4.0

Inactive stateActive state

a

0.5

1.0

1.5
2.0
3.0
4.0

(kb)

5
7
8

St1Cas9
SaCas9
Nm1Cas9
SpCas9
FnCas9
AnCas9

5 5 5
9
9

99
6 8

6 6
2
2

2
5

Fig. 2 | The catalytic conformation of the HNH domain. a, The St1Cas9–sgRNA–dsDNA structure represents a HNH catalytic state. The HNH inactive-state 
structure was obtained using structural modelling with the structure of SaCas9 (PDB ID: 5AXW) as the template. b, A magnified view of the active site 
of the HNH domain. c, An in vitro DNA cleavage assay of the wild-type and various active-site mutants of St1Cas9. The linearized plasmid containing a 
target sequence was used as the substrate and the full-length sgRNA was used as the guide RNA in the assay. The experiment was performed in triplicate. 
WT, wild-type St1Cas9. d, The sequence alignment of HNH domains. The secondary structure of St1Cas9 was shown above the sequences. The active-site 
residues were highlighted. e, Conservation of the active-site residues of the HNH domains from the Cas9 protein family (IPR028629).

Nature Catalysis | www.nature.com/natcatal

http://www.nature.com/natcatal


ArticlesNATuRE CATAlySiS

substrates with mismatches at positions 18–16 (Extended Data Fig. 
8c). As wild-type SpCas9 has a strong DNA cleavage activity on sub-
strates with two mismatches at positions 19–18, 18–17 or 16–1551, 
this assay confirmed that St1Cas9 has higher DNA targeting speci-
ficity than SpCas9. Next, we used the target DNA with mismatches 
at positions 20 or 19 to probe the fidelity of the wing-region-deleted 
St1Cas9 (St1Cas9∆wing). As St1Cas9∆wing has a lower DNA cleavage 
activity than wild-type St1Cas9 (St1Cas9WT) (Fig. 3b), we adjusted 
the concentrations of St1Cas9∆wing and St1Cas9WT to achieve a simi-
lar activity on the fully matched DNA substrate for comparison. As 
shown in Extended Data Fig. 8d, St1Cas9∆wing and St1Cas9WT had a 
similar cleavage activity on the fully matched DNA substrate at the 
time points tested. Notably, St1Cas9∆wing showed no cleavage activity 
on substrates with single mismatches on positions 20 or 19 at all of 
the time points tested, whereas St1Cas9WT showed obvious cleav-
age activity on the same mismatched DNAs at all of the time points 
tested, suggesting that the presence of the wing region impairs the 
fidelity of St1Cas9.

PAM recognition mechanism. The PAM duplex is located in 
the groove between the WED and PI domains and the PAM is 
recognized by the PI domain (Fig. 4a,b). St1Cas9 applies dis-
tinct chemistries for PAM recognition compared with those of 
other Cas9 orthologues52. The first base of the PAM, dT-1, forms 
non-base-specific π–π stacking interactions with the residue F673 
of L2 (Fig. 4c). The second base pair, dA2*:dT-2, does not directly 
interact with the protein in the determined structures. N6 and N7 of 
dA3* form bidentate hydrogen bonds with the side chain of Q1084, 
which is further anchored by E1057 via a hydrogen bonding inter-
action (Fig. 4c). When dA3* was substituted with dG3*, the side 
chain of Q1084 rotated away from E1057 and formed only a single 
hydrogen bond with N7 of dG3* (Fig. 4c,d). O6 and N7 of the fourth 
base, dG4*, form two hydrogen bonds with K1086 (Fig. 4c). In con-
trast to the hydrogen bonding interactions between dA3*-dG4* and 
the protein, the dA5*:dT-5 and dA6*:dT-6 base pairs interact with 
M1049 via van der Waals interactions. In the structures that con-
tain the AAAGAA or AAGGAA PAM, N6 of dA5* and O4 of dT-6 

HNH

REC1

Wing

R179

E624

T170

D638

S417

H553

Cleaved

Uncleaved

WT Cas9

Time (min)5 20 4040 5 20 40 5 20 40 5 20 40

S417A ∆wing ∆wing-S417A–

a

b

K177

I181

Q623

T620

D168

HNH

HNH

Wing

REC2

REC2

M N
on

e

W
T

F6
73

A

Cleaved

Uncleaved

F673

T-1

A1

Target strand

L2

c

Target strand

L2

0.5

1.0

1.5
2.0

3.0
4.0

(kb)

0.5

1.0

1.5

2.0

3.0
4.0

(kb)

Fig. 3 | The interactions between the HNH domain and the REC lobe. a, A detailed view of the interactions between the HNH domain with REC2 domain 
(upper right) and the wing region (middle right). The π–π stacking interaction between the residue F673 of L2 and dT-1 of target strand is indicated (lower 
right). b, In vitro DNA cleavage assay of the wild-type and various mutants of St1Cas9. The linearized plasmid containing a target sequence was used as the 
substrate and the full-length sgRNA was used as the guide RNA in the assay. The experiment was performed in triplicate. –, reaction without the addition 
of St1Cas9 was used in the lane of none as the control; ∆wing, the truncation of the wing region. c, In vitro DNA cleavage assay of the wild type and F673A 
mutant of St1Cas9. The linearized plasmid containing a target sequence was used as the substrate and the full-length sgRNA was used as the guide RNA in 
the assay. The experiment was performed in triplicate.

Nature Catalysis | www.nature.com/natcatal

http://www.nature.com/natcatal


Articles NATuRE CATAlySiS

form van der Waals interactions with the sulfur atom of M1049, 
and O4 and C5 of dT-6 form van der Waals interactions with the 
methyl group of the side chain of M1049 (Fig. 4c), whereas in the 
structure containing the AAAGGA PAM, the side chain of M1049 
rotates by approximately 150° compared with that in the structure 
that contains the AAAGAA PAM, resulting in a weakened inter-
action between dG5* and M1049 (Fig. 4c,d). In agreement with 
the interaction mechanisms, St1Cas9 had a high cleavage activity 
towards the DNA that contains the AAAGAA PAM, whereas the 
activities were reduced substantially when the third or fifth A base 
was substituted with G (Fig. 4e). Based on the in vitro DNA cleav-
age activities and previous in vivo editing studies16, we concluded 
that the PAM requirement of St1Cas9 is NNRGAA (where R is A 
or G). Alanine substitution mutation of any of the PAM recognition 
residues (E1057, Q1084, K1086 and M1049) substantially reduced 
the St1Cas9 DNA cleavage activity, further confirming the key role 
of these residues in PAM targeting (Fig. 4f).

The PAM recognition mechanism of St1Cas9 is distinct from that 
of SpCas9 and SaCas9 (Fig. 4g,h). SpCas9 recognizes the NGG PAM 
using R1333/E1219/R1335, and SaCas9 recognizes the NNGRRT 
PAM using E993/R1015/N985/N986/R991, whereas St1Cas9 uses 
E1057/Q1084/K1086/M1049 for NNRGAA PAM recognition. Both 
in SpCas9 and SaCas9, the side chains of R (R1335 of SpCas9 and 
R1015 of SaCas9) form bidentate hydrogen bonds with G bases in 
their PAMs and are further anchored by E (E1219 of SpCas9 and 
E993 of SaCas9) via salt bridges (Fig. 4g,h). By contrast, in St1Cas9, 
the corresponding residue R is substituted with Q, which showed 
higher preference for the third A base than G (Fig. 4e). R1333 of 
SpCas9 and K1086 of St1Cas9 form bidentate hydrogen bonds with 
G bases, whereas N985 and N986 of SaCas9 form a single hydro-
gen bond with the fourth and fifth R bases (where R is A or G) of 
the NNGRRT PAM, respectively (Fig. 4c,g,h). Moreover, St1Cas9  
uses M1049 to recognize the rest PAM bases via van der Waals inter-
actions, a mechanism not observed in SpCas9 or SaCas9, which 
recognize the PAM sequences only by hydrogen-bond interactions 
(Fig. 4c,g,h).

Expansion of St1Cas9 PAM recognition via structure-guided 
engineering. St1Cas9 has a strict requirement for a long PAM for 
DNA targeting, substantially limiting its editable sites. Inspired 
by the successes of structure-guided engineering for PAM expan-
sion of Cas9 nucleases20,25,30, we sought to relieve the PAM restric-
tion of St1Cas9 through structure-guided protein engineering. 
First, K1086A, K1086L and K1086H were separately introduced 
into St1Cas9 to relax the specificity for the fourth base G by dis-
rupting the interaction between it and St1Cas9. Notably, the sin-
gle amino-acid mutation of K1086 to L1086 drastically enhances 
St1Cas9 DNA cleavage activity towards the DNA that contains 
the NNAHAA PAM (where H is A, C or T), but subtantially 
impaired its activity toward the DNA containing the NNAGAA 
PAM, which can be targeted by wild-type St1Cas9 (Extended Data 
Fig. 9a). Although the K1086L variant has a high activity with the 
NNATAA PAM, the substitution of the third base A with any of the 
other three bases (C, T or G) abolished the DNA cleavage activ-
ity (Extended Data Fig. 9b). Next we introduced the E1057L muta-
tion into the K1086L variant to relieve the requirement for the third 
base A of the PAM for DNA recognition because E1057 plays an 

important role in fixing the third base recognition residue Q1084  
(Fig. 4c). As shown in Extended Data Fig. 9c, the introduction of 
the E1057L mutation into the K1086L variant slightly increased the 
DNA cleavage activity with the NNGTAA PAM, but reduced the 
activity with the NNATAA PAM. Structural analysis revealed that 
D939 and N1081—located in the WED and PI domains, respec-
tively—are adjacent to the phosphate backbone of the target DNA  
(Fig. 5a,b). We constructed a D939K/E1057L/N1081K/K1086L vari-
ant (referred as KLKL) to investigate whether substitutions of D939 
and N1081 with a positive residue K could form a non-base-specific 
interaction with the target DNA and enhance the cleavage activity of 
St1Cas9. As shown in Fig. 5c and Extended Data Fig. 9c, compared 
with wild-type St1Cas9, the evolved KLKL variant had a substan-
tially increased DNA cleavage activity toward DNA containing the 
NNRNAA PAM, thereby relaxing the PAM requirement of St1Cas9 
from NNRGAA to NNRNAA.

Activity evaluation of St1Cas9 in living cells. We sought to 
develop a St1Cas9-mediated base-editing system in K. pneumoniae 
to probe the capacity of the engineered KLKL variant for gene 
editing in living cells. Directly fusing a catalytically impaired Cas 
nuclease with a nucleotide deaminase is an effective strategy to con-
struct Cas nuclease-mediated base-editing systems53–58. We thereby 
constructed a base-editing system in K. pneumoniae by fusing the 
St1Cas9 D9A nickase with the rat APOBEC1 cytidine deaminase 
through a 32-residue linker (Extended Data Fig. 10a). First we 
determined the editing window of this system by transforming dif-
ferent plasmids containing distinct spacers into K. pneumoniae cells, 
revealing an editing window from positions 4 to 11 (Extended Data 
Fig. 10b), which is narrower than that in mammalian cells27. Next 
we compared the capacities of wild-type St1Cas9 and the KLKL 
variant to facilitate base editing using the established base-editing 
system. Notably, the KLKL variant exhibited much higher 
base-editing activity than wild-type St1Cas9 toward the NNAAAA, 
NNATAA, NNACAA, NNGAAA, NNGTAA and NNGCAA PAMs, 
but reduced activity towards the NNAGAA and NNGGAA PAMs 
compared with wild-type St1Cas9 (Fig. 5d), which is consistent 
with the in vitro DNA cleavage activities (Fig. 4c). Together, these 
results demonstrate that the KLKL variant has an expanded in vivo 
DNA-targeting scope, with NNRNAA PAM specificity.

Discussion
Exploration of alternative Cas9 nucleases from different bacte-
rial species is a potential way to overcome the limitations of cur-
rent CRISPR–Cas9 technology. St1Cas9—a relatively smaller Cas9 
orthologue of SpCas9—enables robust in vivo gene editing in 
diverse organisms, with the properties of lower cell toxicity, higher 
specificity and longer PAM requirement than SpCas96,16,17. We 
systematically characterized St1Cas9 through determining mul-
tiple crystal structures of the St1Cas9–sgRNA–dsDNA complex. 
All of the structures represent an HNH catalytic state, which is 
not common in other determined Cas9 crystal structures. We also 
probed the possible mechanisms that result in the active confor-
mation of St1Cas9, revealing that a wing region in the REC lobe 
and an aromatic residue in a linker region extended from the HNH 
domain play important roles in regulating St1Cas9 activity and  
probably contribute to stabilizing the active HNH conformation. 

Fig. 4 | PAM recognition mechanism. a, A magnified view of the PAM duplex binding to the groove between the WED and PI domain. b, Detailed 
interactions of St1Cas9 with the PAM duplex. c, A detailed view of the interactions among the PI domain, L2 and the PAM duplex. d, A superimposition 
of structures that contain the 5′-AAAGAA-3′ PAM (orange), 5′-AAGGAA-3′ PAM (grey) and 5′-AAAGGA-3′ PAM (blue). e, The in vitro DNA cleavage 
activity of wild-type St1Cas9 towards linearized plasmid containing different PAMs. The experiment was performed in triplicate. f, In vitro DNA cleavage 
assay of the wild-type and various PAM-interacting-residue mutants of St1Cas9. The linearized plasmid containing the 5′-AAAGAA-3′ PAM was used 
as the cleavage substrate. The experiment was performed in triplicate. The results of the none and WT lanes here and in Fig. 3c were from the same 
experiment. g,h, Detailed interactions of SpCas9 (g, PDB ID: 4UN3) and SaCas9 (h, PDB ID: 5AXW) with their PAM duplexes.
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The stabilization of the HNH active conformation by the wing 
region may impair the fidelity of St1Cas9. These mechanisms are 
unique to St1Cas9 and are absent in other currently determined 
Cas9 structures. Furthermore, St1Cas9 uses different strategies for 

PAM recognition compared to the Cas9 orthologues. As St1Cas9 has 
a relatively long PAM requirement for recognition, we engineered 
a St1Cas9 variant KLKL via structure-guided protein engineering, 
substantially expanding the targeting scope of this nuclease.
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The recent cryo-EM structures of St1Cas9 uncovered an alloste-
ric inhibition mechanism by an anti-CRISPR protein47, but the lack 
of the HNH domain and the low resolution of the structures hamper 
the detailed understanding of the HNH catalytic and DNA recogni-
tion mechanisms (Supplementary Fig. 4a–f). Our high-resolution 
St1Cas9 crystal structures clearly unveil the HNH catalytic mode 
and the PAM-recognition mechanism. The subsequent structural 
and biochemical analyses pinpointed two major mechanisms that 
may result in the active conformation of the HNH domain. Given 
the important roles of those mechanisms in St1Cas9 catalytic activ-
ity, engineering the two mechanisms into other Cas9 nucleases 
could be an effective strategy to boost the catalytic activity of Cas9 

nucleases. The detailed PAM–protein interaction mechanism also 
obtained in this study greatly aided the engineering of a St1Cas9 
variant, KLKL, with a substantially expanded targeting scope. In 
addition to PAM expansion, structure-guided engineering has also 
been successfully applied for the evolution of high-fidelity Cas9 
nucleases33–35. The high-resolution St1Cas9 structures may thus 
facilitate the rational engineering of high-fidelity St1Cas9 variants 
for therapeutic applications.

Methods
St1Cas9 expression and purification. The wild-type St1Cas9 gene was cloned 
into a modified pET28a vector encoding an N-terminal His6-tag and a human 

Cleaved

Uncleaved

AG
AA

AA
AA

AT
AA

AC
AA

G
G

AA

G
AA

A

G
TA

A

G
C

AA

AG
AA

AA
AA

AT
AA

AC
AA

G
G

AA

G
AA

A

G
TA

A

G
C

AA

M

WT KLKL variant Cas9

PAM

D939

T-1

T-2

T-3

N1081
T-6

C-5

C-7

4 Å 4 Å

a b

c

Target strand Target strand

PIWED

d

NNRNAA PAM

C
-t

o-
T

 e
di

tin
g 

fr
eq

ue
nc

y 
(%

)

AG
AA

AA
AA

AT
AA

AC
AA

G
G

AA

G
AA

A

G
TA

A

G
C

AA

KLKL variantWT
80

70

60

50

40

30

20

10

0

0.5

1.0

1.5
2.0
3.0
4.0

(kb)

Fig. 5 | PAM expansion of St1Cas9 via structure-guided engineering. a,b, Residues D939 and N1081 were located adjacent to the phosphate backbone of 
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rhinovirus 3C (HRV3C) protease cleavage site. Point mutations were introduced 
into the plasmid encoding the wild-type St1Cas9 by site-directed mutagenesis 
or Gibson assembly59 (NEB) and further confirmed by DNA sequencing. All 
of the St1Cas9 variant proteins were expressed in the BL21 (DE3) Escherichia 
coli strain with the addition of 0.5 mM isopropyl b-d-1-thiogalactopyranoside 
at 18 °C for 14 h after the OD600 of the cells reached ~0.5–0.6. The cells were 
harvested by centrifugation at 6,000 g for 10 min and then resuspended in the 
lysate buffer (10 mM Tris-HCl (pH 7.5), 500 mM NaCl, 5% glycerol, 1 mM 
DTT) and disrupted by French Press. Clarified lysate was loaded onto a Ni-NTA 
column (GE Healthcare). The proteins bound to the column were eluted by a 
stepwise increase of imidazole (50 mM wash and 250 mM elution). To remove the 
N-terminal His6-tag, the eluted proteins were incubated with the HRV3C protease 
at 4 °C overnight and then clarified with a Ni-NTA column. Finally, the cleaved 
proteins were further purified by using a HiLoad Superdex 200 16/60 column 
(GE Healthcare) in the elution buffer (10 mM Tris-HCl (pH 7.5), 500 mM NaCl, 
1 mM DTT). All of the St1Cas9 variants were concentrated to 20 mg ml–1 using an 
Amicon Ultra 10 K filter (Millipore) and the proteins were supplemented with 20% 
glycerol, snap frozen in liquid nitrogen and stored at −80 °C.

Preparation of sgRNA and DNA. The transcription templates of sgRNAs 
were synthesized by GENEWIZ (Suzhou) and amplified by a PCR. sgRNAs 
were prepared by in vitro transcription using the HiScribe T7 High Yield 
RNA Synthesis Kit (New England Biolabs) and further purified using phenol/
chloroform extraction followed by ethanol precipitation. The oligonucleotides 
of the target and non-target DNA strands for crystallization were synthesized 
by Sangon. Target and complementary non-target DNA strands were mixed 
with a 1:1.1 molar ratio in the hybridization buffer (10 mM Tris-HCl (pH 7.5), 
100 mM NaCl). The mixture was heated at 95 °C for 5 min and then slowly 
cooled to room temperature. The sequences of sgRNAs and DNAs are listed in 
Supplementary Table 2.

Protein crystallization and structure determination. The purified H599A 
protein, the truncated 70-nt sgRNA and the hybridized dsDNA (containing the 
AAAGAA PAM, the AAGGAA PAM and AAAGGA PAM, respectively) were 
mixed with a 1:1.5:2 molar ratio in the buffer (10 mM Tris-HCl (pH 7.5), 500 mM 
NaCl, 5 mM MgCl2, 1 mM DTT) and incubated on ice for 20 min. Next, the 
St1Cas9–sgRNA–dsDNA complex was purified by using a HiLoad Superdex 200 
16/60 column in the same buffer and then the elution product was concentrated 
to 13 mg ml–1 for crystallization. Crystals were obtained by mixing 1 µl of the 
St1Cas9–sgRNA–dsDNA complex with 1 µl reservoir solution and the mixture was 
incubated at 16 °C. Crystals containing the AAAGAA PAM were crystallized from 
the condition containing 0.012 M NaCl, 0.08 M KCl, 0.04 M sodium cacodylate 
trihydrate (pH 7.0), 40% v/v (±)-2-methyl-2,4-pentanediol and 0.012 M spermine 
tetrahydrochloride. Crystals containing the AAGGAA PAM or the AAAGGA PAM 
were crystallized from the condition containing 0.08 M KCl, 0.02 M BaCl2, 0.04 
sodium cacodylate trihydrate (pH 7.0), 40% v/v (±)-2-methyl-2,4-pentanediol and 
0.012 M spermine tetrahydrochloride. All of the crystals were snap frozen in liquid 
nitrogen for X-ray diffraction.

X-ray diffraction data were collected at beamline BL19U1 of the Shanghai 
Synchrotron Radiation Facility. The data were processed by HKL300060. The 
complex structure containing the AAAGGA PAM was determined using molecular 
replacement with Phaser from CCP4i61. The SaCas9-sgRNA-dsDNA complex 
structure (PDB ID: 5AXW) was used as the search model. Other structures were 
determined using the complex structure containing the AAAGGA PAM as the 
search model. All of the structure models were improved by iterative model 
building using COOT62 and refinement using phenix.refine from PHENIX63. Data 
collection statistics are summarized in Supplementary Table 1. Structural figures 
were prepared using Pymol (http://www.pymol.org).

In vitro cleavage assay. The sequence containing the AAAGAA PAM was 
amplified by PCR using 2× Phanta Max Master Mix (Vazyme Biotech Co.) and 
then cloned into vector pUC19 via Gibson assembly (referred as pUC-AG). 
The plasmids with distinct PAM sites were constructed by site-directed 
mutagenesis, using pUC-AG as the template (Supplementary Table 2). The 
KpnI-linearized plasmids were purified by SanPrep column from the PCR 
product purification kit (Sangon). In vitro cleavage reactions were performed 
in a 10 µl reaction buffer (10 mM Tris-HCl (pH 7.5), 500 mM NaCl, 1.5 mM 
MgCl2, 1 mM DTT) containing 5 nM linearized plasmids, 250 nM St1Cas9 and 
500 nM sgRNA (unless otherwise noted). Unless otherwise specified, reactions 
were incubated at 37 °C for 40 min and then quenched by adding 25 mM EDTA 
and 10 µg Proteinase K at 58 °C for 10 min. Reaction products were separated 
by a 1% agarose gel, stained with the 4S red plus dye (Sangon), visualized by the 
ChemiDoc MP System (Bio-Rad) and then verified by comparison with DNA 
standards (1 kb DNA ladder, NEB).

Electrophoretic mobility shift assays. Non-target strands and single 
5′-FAM-labelled target strands were synthesized by Sangon. Target and non-target 
strands were hybridized with a 1:1.5 molar ratio in the hybridization buffer (10 mM 
Tris-HCl (pH 7.5), 100 mM NaCl). Catalytically inactive wile-type St1Cas9 (D9A/

H599A, referred as dSt1Cas9WT) and Cas9 with truncation of the wing region 
(truncated region: F169 to L180; D9A/H587A, referred as dSt1Cas9∆wing) were 
used for the electrophoretic mobility shift assays. Cas9 and sgRNA were mixed 
with a 1:2 molar ratio in the reaction buffer (10 mM Tris-HCl (pH 7.5), 500 mM 
NaCl, 5 mM MgCl2, 50 µg ml–1 heparin, 0.3% Nonidet P-40, 1 mM DTT) and 
pre-incubated at 37 °C for 15 min before being incubated with 20 nM FAM-labelled 
dsDNA at 37 °C for 30 min. Reaction products were separated by a native 6% 
polyacrylamide gel at room temperature using 0.5× TBE supplemented with 5 mM 
MgCl2 as the running buffer. The results were visualized by the ChemiDoc MP 
System (Bio-Rad).

Phylogenetic tree of wing region containing Cas9s. MAFFT version 7.450  
(ref. 64) was used to generate a multiple sequence alignment for the Cas9 superfamily 
(InterPro accession: IPR028629). Based on the multiple sequence alignment of the 
Cas9 superfamily, first 630 Cas9 sequences with the length containing the wing 
region no less than 23 residues (that is, search region from G163 to P185 containing 
the wing region in St1Cas9) were selected, then the selected sequences were 
clustered at 70% sequence identity. The representative sequence in each cluster was 
used for generating a phylogenetic tree. Neighbour joining method with 2,000 steps 
bootstrapping in Mega765 was used to generate the tree.

Bacterial survival assay and cytosine base editing assay in K. pneumoniae. 
The St1Cas9-mediated bacterial survival assay plasmid (referred as pCasKP-St1) 
was constructed by cloning the sgRNA, l-arabinose-inducible ParaB promoter 
and wild-type St1Cas9 gene into the backbone of pBECKP66 via Gibson 
assembly59. A 20-nt spacer that targets the dhaB3 gene (the spacer sequence: 
CCATTGACCGACATCACCCT) was inserted into the BsmBI sites of pCasKP-St1. 
After electroporation with the constructed plasmids, the K. pneumoniae KP_1.6366 
cells were recovered by adding 1 ml LB medium containing 0.2% l-arabinose. 
The cultures were incubated at 40 °C for 2 h and then plated onto an LB agar plate 
supplemented with 50 μg ml–1 kanamycin and 0.2% l-arabinose. The plates were 
incubated at 40 °C overnight.

The St1Cas9-mediated cytosine base editing plasmid (referred as pBECKP-St1) 
was constructed by cloning the rAPOBEC1-St1Cas9(D9A) gene into the backbone 
of pCasKP-St1 via Gibson assembly59. The St1Cas9 KLKL variant gene was 
subsequently introduced into the plasmid by Gibson assembly using pBECKP-St1 
as the template. The 20-nt spacers were inserted into pBECKP-St1 by Golden Gate 
assembly. After electroporation with the constructed plasmids, the K. pneumoniae 
KP_1.6366 cells were recovered by adding 1 ml LB medium containing 0.2% 
l-arabinose. The cultures were incubated at 37 °C for 1.5 h before being plated onto 
an LB agar plate supplemented with 50 μg ml–1 kanamycin and 0.2% l-arabinose. 
After growth at 37 °C overnight, all of the colonies were collected and lysed by 
heating at 95 °C for 10 min. The editing regions were amplified by PCR using the 
lysed colonies as the templates (2× Phanta Max Master Mix, Vazyme Biotech Co.). 
Editing efficiencies were determined by Sanger sequencing of the PCR products 
and quantified using the EditR67 software. The sequences of the spacers were 
listed in Supplementary Table 3. The sgRNA and protein sequences were listed in 
Supplementary Table 4.

Reporting summary. Further information on research design is available in the 
Nature Research Reporting Summary linked to this article.

Data availability
Conservation analysis of the active-site residues of the HNH domains was 
performed from the Cas9 protein family (InterPro accession: IPR028629). The 
structures of St1Cas9 in complex with different PAMs have been deposited in the 
Protein Data Bank under the accession codes: St1Cas9/GGAA (6M0V), St1Cas9/
AGAA (6M0W) and St1Cas9/AGGA (6M0X). The data that support the plots within 
this paper and other findings of this study are available from the corresponding 
author on reasonable request. Source data are provided with this paper.
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Extended Data Fig. 1 | Bacterial survival assay of St1Cas9 with full-length or truncated sgRNA. a, Scheme of St1Cas9-mediated bacterial survival assay 
in Klebsiella pneumoniae cells. b, The dhaB3 spacer-introduced pCasKP-St1Cas9 plasmids containing the full-length sgRNA (middle) or the sgRNA with the 
deletion of stem loop2 (right) efficiently killed K. pneumoniae cells. The empty pCasKP-St1Cas9 was transformed into K. pneumoniae cells as a control (left).
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Extended Data Fig. 2 | The unique wing region is only present in St1Cas9 among the currently determined Cas9 structures. a, The REC lobe of St1Cas9 
in this study. The wing region is highlighted by the pink cycle. b–g, The REC lobes of SpCas9 (b), FnCas9 (c), SaCas9 (d), Nm1Cas9 (e), CdCas9 (f) and 
CjCas9 (g), respectively.
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Extended Data Fig. 3 | Interactions between St1Cas9 and the nucleic acids. St1Cas9 residues that interact with the sgRNA-dsDNA duplex via their main 
chains are shown in parentheses. Water-mediated hydrogen-bonding interactions are not shown.
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Extended Data Fig. 4 | See next page for caption.
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Extended Data Fig. 4 | Distinct conformations of the Cas9 orthologs. a, Post-catalytic state of DNA-bound SpCas9. Zoom-in view of the active sites of 
the SpCas9 HNH domain is shown in the right figure. b and c, Inactive states of DNA-bound SaCas9 (b) and DNA-bound FnCas9 (c). d, Catalytic state 
of DNA-bound Nm1Cas9. Zoom-in view of the active sites of the Nm1Cas9 HNH domain is shown in the left figure. e, Post-catalytic state of DNA-bound 
Nm1Cas9. f, Catalytic state of DNA-bound St1Cas9. All distances were measured between the Cα atom of the catalytic residue H and the scissile 
phosphate of TS nucleotides 3 and 4 in the catalytic or inactive state Cas9 structures (b–d, f), or between the Cα atom of the catalytic residue H and the 
5’-PO3 of TS nucleotide 4 in the post-catalytic state Cas9 structures (a, e). The positions of the catalytic residue H were shown as yellow stars.
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Extended Data Fig. 5 | Catalytic pockets of the HNH domains. a–c, Close-up view of Mg2+-binding catalytic pockets of the HNH domains of St1Cas9 (a), 
Nm1Cas9 (b) and AnCas9 (c). Mg2+ and water molecules were coloured green and red, respectively. d, In vitro DNA cleavage assay of the wild type and 
various mutants of St1Cas9. The linearized plasmid containing a target sequence was used as the substrate and the full-length sgRNA was used as the 
guide RNA in the assay.
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Extended Data Fig. 6 | DNA binding activities of the wild type St1Cas9 and the variant with the truncation of the wing region. Electrophoretic mobility 
shift assay was performed using catalytic inactive dCas9-sgRNA complexes and the FAM-labelled target dsDNA.
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Extended Data Fig. 7 | Phylogenetic tree of putative wing region containing Cas9s. Each sequence represents sequences with >70% sequence identity.
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Extended Data Fig. 8 | In vitro cleavage activities of wild type St1Cas9 and the variant with the truncation of the wing region. a, The spacer sequences of 
the linearized plasmids with single or double mismatches at positions 20-16. b, In vitro DNA cleavage assay of wild type St1Cas9. The linearized plasmids 
containing double mismatches at positions 20-16 were used as the substrates. c, In vitro DNA cleavage assay of wild type St1Cas9. The linearized plasmids 
containing single mismatches at positions 20-16 were used as the substrates. d, In vitro DNA cleavage assay of wild type St1Cas9 and the variant with 
the truncation of the wing region. The linearized plasmids containing single mismatches at positions 20 or 19 were used as the substrates. The reaction 
condition of wild-type St1Cas9 was 5 nM linearized plasmid, 120 nM Cas9, and 240 nM sgRNA. The reaction condition of the St1Cas9 variant with the 
truncation of the wing region was 5 nM linearized plasmid, 500 nM Cas9, and 1 µM sgRNA.
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Extended Data Fig. 9 | In vitro cleavage activities of the wild type and various mutants of St1Cas9. a, In vitro DNA cleavage assay of the wild type 
and various K1086 mutants of St1Cas9. The linearized plasmids containing the 5’-AAANAA-3’ PAM sequences were used as the substrates. b, In vitro 
DNA cleavage assay of the wild type and K1086L mutant of St1Cas9. The linearized plasmids containing the 5’-AANTAA-3’ PAM sequences were used 
as the substrates. c, In vitro DNA cleavage assay of the wild type and various engineered mutants of St1Cas9. The linearized plasmids containing the 
5’-AARTAA-3’ PAM sequences were used as the substrates.
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Extended Data Fig. 10 | Determination of the editing window of St1Cas9-mediated cytosine base editing system in K. pneumoniae. a, Scheme of 
St1Cas9-mediated cytosine base editing. b, The editing results of various C-rich spacers in the KP_1.6366 strain. The Cs were coloured red and the target 
PAM sites were coloured blue. The experiment was performed in triplicate. Error bars report standard deviations of the mean (s.d.).
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