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The type III-E CRISPR–Cas7-11 effector binds a CRISPR RNA (crRNA) and the putative protease Csx29
and catalyzes crRNA-guided RNA cleavage. We report cryo–electron microscopy structures of the
Cas7-11–crRNA–Csx29 complex with and without target RNA (tgRNA), and demonstrate that tgRNA
binding induces conformational changes in Csx29. Biochemical experiments revealed tgRNA-dependent
cleavage of the accessory protein Csx30 by Csx29. Reconstitution of the system in bacteria showed
that Csx30 cleavage yields toxic protein fragments that cause growth arrest, which is regulated by
Csx31. Csx30 binds Csx31 and the associated sigma factor RpoE (RNA polymerase, extracytoplasmic E),
suggesting that Csx30-mediated RpoE inhibition modulates the cellular response to infection. We
engineered the Cas7-11–Csx29–Csx30 system for programmable RNA sensing in mammalian cells.
Overall, the Cas7-11–Csx29 effector is an RNA-dependent nuclease-protease.

P
rokaryotic CRISPR-Cas systems provide
adaptive immunity against foreign nu-
cleic acids, including phages andmobile
genetic elements, through diverse mech-
anisms of programmed nucleic acid

cleavage. CRISPR-Cas systems are divided
into two classes based on the number of com-
ponents in the effector complexes responsible
for defense through the cleavage of invading
nucleic acids programmed by a CRISPR RNA
(crRNA) guide (1, 2). In class 1 systems, which
encompass types I, III, and IV, target nucleic
acids are degraded by multiprotein effector
complexes, whereas the effectors of class 2
systems (types II, V, and VI) are single-protein,
multidomain Cas proteins (Cas9, Cas12, and
Cas13, respectively). CRISPR-Cas systems also
deploy a wide array of accessory proteins that
enhance and modulate the antiviral activity of
the primary effector nuclease (3–7).
Unlike typical class 1 effectors, the type III-E

effector Cas7-11 (also known as gRAMP) is a

single-protein, multidomain effector that con-
sists of four Cas7 domains (Cas7.1 to Cas7.4)
and a Cas11 domain (8, 9). Cas7-11 associates
with a crRNA and cleaves complementary
single-stranded RNA (ssRNA) targets at two
defined positions using the Cas7.2 and Cas7.3
domains. Whereas the type VI effector Cas13
displays promiscuous RNase activity (10, 11),
Cas7-11 exhibits precise, guide RNA–dependent
tgRNA cleavage activity in human cells and has
been used as a new RNA-targeting tool with
high specificity and low cell toxicity (8, 9). The
type III-E locus encodes multiple conserved
accessory proteins, including Csx29 (a caspase-
like putative protease with fused TPR and
CHAT domains), Csx30 and Csx31 (proteins
with unknown functions), and RpoE (an alter-
native sigma factor). Cas7-11 forms a complex
with Csx29 (8, 9), suggesting a potential mech-
anism of RNA-guided protease activity for
antiviral immunity. Recently, we reported the
cryo–electron microscopy (cryo-EM) structure
of Desulfonema ishimotonii Cas7-11 complexed
with its cognate crRNA and tgRNA (12), pro-
viding mechanistic insights into pre-crRNA
processing and tgRNA cleavage. Nonetheless,
the means by which Cas7-11 cooperates with
the other proteins encoded in the type III-E
locus (Csx29, Csx30, Csx31, and RpoE) and
binds Csx29 to potentially activate its prote-
ase activity remain unknown.

Results
Structures of Cas7-11 complexed with Csx29

We sought to solve the structure of the Cas7-
11–Csx29 effector complex to gain insights into
its action mechanism. We coexpressed the cat-
alytically inactiveD. ishimotoniiCas7-11mutant
(referred to as Cas7-11 for simplicity), with the
D429A (Cas7.2) and D654A (Cas7.3) mutations
introduced to prevent tgRNA cleavage by Cas7-
11, together with Csx29 and a crRNA tran-

scribed from a CRISPR array containing two
repeat-spacer units and then purified the Cas7-
11–crRNA–Csx29 complex.We determined cryo-
EM structures of this Cas7-11–crRNA–Csx29
complex with and without a tgRNA at 2.5-
and 2.8-Å resolutions, respectively (Fig. 1, A
to D, figs. S1 to S3, table S1, and movie S1). In
both structures, Cas7-11 adopts a modular
architecture consisting of four Cas7 domains
(Cas7.1 to Cas7.4) with a zinc finger (ZF) motif,
a Cas11 domain, an insertion (INS) domain
within the Cas7.4 domain, a C-terminal ex-
tension domain, and four interdomain linkers
(L1 to L4) (Fig. 1, C and D), as in the Csx29-
unbound Cas7-11–crRNA–tgRNA structure (12)
(fig. S4).
The 15-nucleotide (nt) 5′ tag region [U(−15)–

C(−1)] in the 38-nt crRNA [U(−15)–A23] is
anchored by the Cas7.1 and Cas7.2 domains
in both structures (Fig. 1, C and D, and figs.
S4, B and C, and S5A), as in the Csx29-unbound
Cas7-11–crRNA–tgRNA structure (12) (fig. S4A).
The 23-nt crRNA spacer region is recognized
by the Cas7.2 to Cas7.4 domains in the tgRNA-
free structure (Fig. 1C and fig. S4B), whereas
the crRNA spacer region (C1 to A23, except for
U4 and C10) hybridizes with the tgRNA (G1 to
U23, except for A4 and G10) to form a guide-
target duplex in the tgRNA-bound structure
(Fig. 1D and fig. S4C). A(−3) in the 5′ tag (6 nt
downstream of the first flipped-out spacer nu-
cleotide) is flipped out because of its interac-
tion with the thumb-like b-hairpin in the Cas7.1
domain (fig. S5B), similar to the equivalent
nucleotide C(−1) in the type III-A Csm effector
complex (13, 14) (fig. S5C). Nonetheless, unlike
the Csm complex, A(−2) and C(−1), which are
located upstream of A(−3), cannot base pair
with the tgRNA in Cas7-11 because of the pres-
ence of the L2 linker (fig. S5B), explaining the
distinct RNA cleavage patterns between the
Cas7-11 and Csm effector complexes. In the pres-
ent structures, the peripheral region (residues
1043 to 1124) of the INS domain was less re-
solved in the density map, probably because of
its flexibility (fig. S3), and was excluded from
the final models (fig. S4).

Csx29 structure

Csx29 consists of a tetratricopeptide repeat
(TRP) domain (residues 1 to 422) and a Cas-
pase HetF Associated with TPRs (CHAT) pro-
tease domain (residues 423 to 751) (Fig. 2A). The
TRP domain can be divided into an N-terminal
domain (NTD) (residues 1 to 64), seven TPR
units (TPR1 to TPR7), and a central region re-
ferred to as the activation region (AR). The
NTD adopts a three-helix bundle structure and
interacts with the Cas7.4 domain of Cas7-11
(Fig. 2B). In Csx29, each TPR unit contains two
a helices, similar to canonical TPR-containing
proteins in which the TPRs interact with their
protein targets (15). Correspondingly, TPR1 and
TPR2 of Csx29 interact with the L2 linker of
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Cas7-11 (Fig. 2B). The CHAT domain of Csx29
consists of a central 11-stranded mixed b-sheet
and flanking a-helices, and can be divided into
a pseudo-protease domain (residues 423 to 551)
and an active-protease domain (APD) (residues
552 to 751) with the conserved putative catalytic
residuesH615 and C658 (Fig. 2A). A Dali search
(16) confirmed that the CHAT domain of Csx29
structurally resembles caspase-like cysteine pro-
teases such as human separase (17) (fig. S6). In
the Cas7-11–crRNA–Csx29 structure, the AR con-
sists of two regions, AR1 (a b-hairpin between

TPR6 and TPR7) and AR2 (a b-strand and a
helix-loop-helix after TPR7), and interactswith
TPR1–TPR6 and the APD (Fig. 2A).

Interactions between Cas7-11 and Csx29

In the Cas7-11–crRNA–Csx29 structure, Csx29
interacts with multiple regions of Cas7-11 (Fig.
2B and fig. S7A). The L2 linker (residues 367 to
401) and a-helical insertion (residues 1313 to
1341) in the Cas7.4 ZF motif, which are dis-
ordered in the Csx29-unboundCas7-11 structure
(12) (fig. S7B), are ordered and form interactions

with Csx29 in the Cas7-11–crRNA–Csx29 struc-
ture (Fig. 2B and fig. S7, C and D). This a-helical
insertion in the ZF motif is unique to Cas7.4
(fig. S7C). The NTD of Csx29 mainly interacts
with the Cas7.4 domain of Cas7-11 (Fig. 2B and
figs. S7A and S8A). In addition, the Cas7.2
thumb-like b-hairpin and the L2/L4 linkers
reinforce the binding to the Csx29 NTD (Fig.
2B and fig. S8, B and C).
TPR1 andTPR2 interact with Cas7.3 (ZF) and

L2 of Cas7-11 (Fig. 2B and figs. S7A and S8D).
TPR2 also interacts with Cas7.1 (thumb-like
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Fig. 1. Cryo-EM structures of the Cas7-11–crRNA–Csx29 complexes with
and without the tgRNA. (A) Domain structures of Cas7-11 and Csx29.
(B) Nucleotide sequences of the crRNA and its tgRNA. The pre-crRNA processing site
and the tgRNA cleavage sites are indicated by cyan and yellow/green triangles,

respectively. Disordered nucleotides are indicated by dotted lines. (C and D) Overall
structures of Cas7-11–crRNA–Csx29 (C) and Cas7-11–crRNA–Csx29–tgRNA (D).
The bound zinc ions are shown as orange spheres. The disordered L1 and L2 linkers
are not shown for clarity. PPD, pseudo-protease domain.
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b-hairpin) and Cas7.2 (ZF) (Fig. 2B). TPR3 to
TPR7 do not contact Cas7-11. The CHAT pro-
tease domain of Csx29 interacts with Cas7.1
(thumb-like b-hairpin), Cas7.2 (ZF), Cas7.3 (ZF),
and L2 of Cas7-11 (Fig. 2B and fig. S7A). The
protease active site of Csx29 is near the Cas7.2

domain of Cas7-11 (Fig. 2C), suggesting lim-
ited accessibility for the peptide substrate in
this conformation. Furthermore, in contrast
to the separase–securin structure (17), the side
chain of the catalytic residue C658 is buried
inside the CHAT domain in the present struc-

ture (fig. S6), indicating that a structural re-
arrangement of C658 would be required for
the substrate cleavage. These observations sug-
gest that the Cas7-11–crRNA–Csx29 structure
represents the inactive state of the Csx29 puta-
tive protease.
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Fig. 2. Interaction between Cas7-11 and Csx29. (A) Structure of Csx29 in the
Cas7-11–crRNA–Csx29 complex. (B) Interface between Cas7-11 and Csx29 in
the Cas7-11–crRNA–Csx29 complex. The Cas11 and INS domains are omitted
for clarity. (C) Location of the Csx29 active site. The catalytic residue H615 of the

Csx29 protease is colored red. (D and E) Interfaces between Cas7-11 and Csx29 in
Cas7-11–crRNA–Csx29 (D) and Cas7-11–crRNA–Csx29–tgRNA (E). Csx29 is shown as
a surface representation, except for the AR, which is shown as a ribbon representation.
The AR and APD are disordered in the Cas7-11–crRNA–Csx29–tgRNA structure in (E).
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tgRNA binding–induced structural change in the
Cas7-11–Csx29 complex

Comparison of the Cas7-11–crRNA–Csx29 struc-
tures with and without the tgRNA revealed dif-
ferent Csx29 conformations (Fig. 2, D and E,
and movie S2). In the tgRNA-free structure,

TPR1 and TPR2 of Csx29 interact with Cas7.3
andCas7.1/Cas7.2 of Cas7-11, respectively (Fig. 2,
B and D, and fig. S9A). By contrast, in the
tgRNA-bound structure, TPR1 and TPR2 of
Csx29 are farther away from Cas7-11 and do
not interact with Cas7.1–Cas7.3 of Cas7-11

because of the binding of the tgRNA 3′ region
between Cas7-11 and Csx29 (Fig. 2E and fig.
S9B). In the 6-nt protospacer flanking sequence
(PFS) of the tgRNA, only C(−1) and A(−2) are
well resolved in the densitymap and interact
withCas7-11 (L2/Cas7.3) andCsx29 (TPR1/TPR2)
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Fig. 3. tgRNA-triggered Csx30 cleavage by Csx29. (A) Schematic of the RNA-
triggered Csx30 cleavage by the Cas7-11–crRNA–Csx29 complex. TR, tgRNA
without a PFS; CTR, cognate tgRNA with a nonmatching PFS; NTR, noncognate
tgRNA with a matching PFS. (B) RNA-triggered Csx30 cleavage by the Cas7-11–
crRNA–Csx29 complex. The Cas7-11–crRNA–Csx29 complex was incubated with
Csx30 at 37°C for 10 min in the presence or absence of the tgRNA (CTR). The
wild-type (W) and catalytically deactivated (D) versions of Cas7-11 and Csx29
were used. (C) Effects of the complementarity between the crRNA 5′ tag and tgRNA
PFS on the Csx30 cleavage. The dCas7-11–crRNA–Csx29 complex was incubated

with Csx30 at 37°C for 5, 10, or 15 min in the presence of the tgRNA (TR, CTR, or
NTR). (D) Proteolytic cleavage site in Csx30. The Csx30 site cleaved by Csx29
is indicated by a triangle. The Csx30 structure was predicted using AlphaFold2
(18), and the Ca atoms of M427 and K428 at the cleavage site are indicated
by spheres. (E) Csx29-mediated cleavage of the Csx30 mutants. The dCas7-11–
crRNA–Csx29 complex was incubated with the Csx30 mutants at 37°C for
10 min, in the presence or absence of the tgRNA (CTR). In (B), (C), and (E), the
proteins were analyzed by SDS-polyacrylamide gel electrophoresis, and the gel
was stained with Coomassie brilliant blue.

RESEARCH | RESEARCH ARTICLE
D

ow
nloaded from

 https://w
w

w
.science.org at Shanghai N

orm
al U

niversity on N
ovem

ber 25, 2022



Kato et al., Science 378, 882–889 (2022) 25 November 2022 5 of 8

Fig. 4. Effects of Csx30 and Csx31 on bacterial cell growth. (A) Schematic
of bacterial growth assays for studying the Csx30 and Csx31 functions. (B and
C) Growth curves (B) and end-point analyses (C) of E. coli expressing full-
length Csx30, the N-terminal fragment (residues 1 to 427) of Csx30 (Csx30-1), or
the C-terminal fragment (residues 428 to 565) of Csx30 (Csx30-2). (D and
E) Growth curves (D) and end-point analyses (E) of E. coli expressing Csx30-1,
full-length Csx30 and Csx31, or Csx30-1 and Csx31. In (B) to (E), growth was
compared between induced and uninduced expression conditions. In (C) and
(E), significance was calculated by two-tailed Student’s t test (****P < 0.0001; n.s.,
not significant). Data are shown as mean ± SEM (n = 3). (F) Heatmap comparing
the survival percentages of bacteria expressing Csx30-1, Csx30-2, full-length Csx30
and Csx31, full-length Csx30 alone, Csx30-1 and Csx31, or Csx30-2 and Csx31,
cultured at three different temperatures. Percent survival was calculated by the ratio
of optical density at 600 nm (OD600) of the bacterial culture under the induced

conditions over the OD600 for the noninduced conditions. Color scale shows percent
survival from 0 to 100%. (G) Confocal images of E. coli expressing EGFP alone,
EGFP-Csx30, or EGFP-Csx31 and unlabeled Csx30. White outlines indicate the
shapes of individual E. coli cells. (H) Schematic of the mammalian application of
the Cas7-11–Csx29–Csx30 degron reporter system for RNA sensing in live cells.
(I) Citrine fluorescence of HEK293FT cells transfected with either the Gluc target or
pUC19 control target in the presence of the Cas7-11–Csx29–Csx30 degron reporter.
Significance was calculated with two-tailed Student’s t test (****P < 0.0001).
Data are shown as mean ± SEM (n = 3). (J) RNA-triggered Csx30 reporter cleavage
in HEK293FT cells. The N-terminally FLAG-tagged citrine–Csx30–degron reporter
was transfected either with or without the Gluc target and with a targeting or
nontargeting (NT) guide. Forty-eight hours after transfection, total protein was
extracted from the transfected HEK293FT cells and analyzed by Western blot with an
anti-FLAG antibody.
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(fig. S9, B and C). The nucleobases C(−1) and
A(−2) stack with R375 (L2) and Y718 (Cas7.3),
respectively (fig. S9, B and C). In addition, the
phosphate groups between A(−3) and A(−2)
and between A(−2) and C(−1) interact with
R131 (TPR2) and R145 (TPR2), respectively
(fig. S9B). These interactions induce a kink
turn betweenA(−2) andC(−1) in the PFS, there-
by projecting the tgRNA nucleotides down-
stream of position −2 toward the AR of Csx29.
There are also structural differences in the

AR–APD of Csx29 between the RNA-free and
RNA-bound structures.Whereas the AR exten-
sively interacts with TPR1 to TPR5 and APD
in the tgRNA-free structure (Fig. 2D and fig.
S9A), the AR-APD of Csx29 is not resolved in
the densitymap in the tgRNA-bound structure
(Fig. 2E and fig. S3B). In addition, the pseudo-
protease domain of Csx29 in the tgRNA-bound
structure exhibits weaker density compared
with that in the tgRNA-free structure (fig. S3,
A and B). These observations suggest that
tgRNA binding increases the conformational
flexibility of the CHAT protease domain of
Csx29, and this conformational change releases
the steric block of the Csx29 active site, allow-
ing access to the substrate protein. Structural
comparisons between the two Cas7-11–Csx29
complexes suggest steric clash between the
tgRNA PFS and the Csx29 AR (fig. S9D), high-
lighting the importance of the PFS for the
tgRNA-induced conformational change in
Csx29. These structural observations indi-
cate that Csx29 is a tgRNA-triggered protease.

tgRNA-triggered Csx30 cleavage by Csx29

Given that Csx30 and Csx31 are encoded togeth-
er with Cas7-11 and Csx29 in the D. ishimotonii
CRISPR locus and are highly conserved among
the type III-E systems (8), we hypothesized that
Csx29 could target either Csx30 or Csx31. To
test this hypothesis, we attempted to prepare
the recombinant Csx30 and Csx31 proteins
and determine whether they are cleaved by
Csx29 in a tgRNA-dependent manner. Csx30
was purified as a soluble protein, whereas
Csx31 was expressed in an insoluble fraction.
We examined the in vitro cleavage of Csx30 by
Cas7-11–crRNA–Csx29 in the absence and pres-
ence of the tgRNA, and found that Cas7-11–
crRNA–Csx29cleavedCsx30 into two fragments,
Csx30-1 (~50 kDa) and Csx30-2 (~15 kDa), only
in the presence of the tgRNA (Fig. 3, A and B).
The H615A/C658Amutations in Csx29 abol-

ished the Csx30 cleavage (Fig. 3B) but did not
affect the tgRNA cleavage by Cas7-11 (fig. S10A),
indicating the separable nuclease and protease
activities. Furthermore, the D429A/D654A cat-
alytic mutations in Cas7-11 abolished tgRNA
cleavage (fig. S10A), as previously observed
(12), and, unexpectedly, improved the Csx30
cleavage by Csx29 (Fig. 3B and fig. S10B). This
improvement in the proteolytic activity sug-
gests that the tgRNA dissociates from the ef-

fector complex after the Cas7-11–mediated
cleavage, and that the Csx29 protease is only
active when a tgRNA is bound to the Cas7-11–
Csx29 complex. Thus, Csx30 is cleaved by the
CHAT protease domain of Csx29 in a tgRNA-
dependent manner.
The base complementarity between the

crRNA 5′ tag and a tgRNA PFS regulates the
activities of the type III-A Csm effector com-
plex to avoid an autoimmune response in the
type III-A system (13, 14). Thus, we examined
the effects of the PFS in the tgRNA on Csx30
cleavage using a tgRNA without a PFS, a cog-
nate tgRNAwith a nonmatching PFS, or a non-
cognate tgRNA with a matching PFS (Fig. 3A).
Csx30 was cleaved by the Cas7-11–Csx29 com-
plex efficiently in the presence of cognate
tgRNA with a nonmatching PFS, but not the
tgRNAwithout a PFS or the noncognate tgRNA
with a matching PFS (Fig. 3C), consistent with
our observation that a nonmatching PFS plays
a role in the structural changes and protease
activation of Csx29. These findings suggest a
potential mechanism for self-targeting avoid-
ance in the type III-E system, as in the type III-
A system.
The N-terminal analysis of the Csx30-2 frag-

ment showed that it begins with K428 (fig.
S11), demonstrating that Csx30 is cleaved by
Csx29 betweenM427 andK428 (Fig. 3D). Struc-
ture prediction using AlphaFold2 (18) indi-
cated that Csx30 consists of an NTD and a
C-terminal domain (CTD),which are connected
by a linker region. The NTD (residues 1 to 377)
contains two a-helical subdomains, whereas
the CTD (residues 418 to 565) comprises a core
b-barrel with flanking a helices (Fig. 3D). The
cleavage site between M427 and K428 is lo-
cated in a b-hairpin within the Csx30 CTD
(Fig. 3D). We examined the in vitro Csx29-
mediated cleavage of eight Csx30 mutants,
in which residues V425 to K431 were indi-
vidually replaced with alanine. TheM427A and
G416A substitutions substantially and slightly
reduced the Csx30 cleavage, respectively,
whereas the other substitutions had almost no
effect (Fig. 3E). Accordingly, Csx29 seems to
primarily recognize M427 at the P1 site with-
in the AVGM|KKDK sequence in Csx30 and
cleaves Csx30 between M427 (P1) and K428
(P1′). Thus, theCas7-11–Csx29 complex catalyzes
the tgRNA-triggered proteolysis of Csx30.

Effects of Csx30 and Csx31 on bacterial
cell growth

To explore the physiological relevance of the
Csx29-mediated Csx30 cleavage, we overex-
pressed the full-length Csx30 (referred to as
Csx30 for simplicity), the N-terminal fragment
of Csx30 (residues 1 to 427, Csx30-1), or the
C-terminal fragment of Csx30 (residues 428
to 565, Csx30-2) in Escherichia coli, and mon-
itored the cell growth (Fig. 4A). Overexpres-
sion of Csx30 substantially inhibited cell

growth compared with uninduced controls
(Fig. 4, B and C, and fig. S12, A and B). Over-
expression of Csx30-1 similarly caused pro-
nounced growth suppression, whereas Csx30-2
displayed onlymild inhibition (Fig. 4, B and C,
and fig. S12, A and B), indicating that Csx30-1
is necessary and sufficient for the observed
growth effects of the full-length Csx30. Be-
cause the AlphaFold2 structural prediction
(18) suggested that Csx30 and Csx31 have op-
positely charged surfaces and could electro-
statically interact with each other (fig. S12C),
we also explored the effect of Csx31 on bac-
terial growth. Overexpression of Csx31 res-
cued the Csx30-mediated growth defect, but
could not completely eliminate the Csx30-1–
induced growth suppression (Fig. 4, D and E,
and fig. S12, B and D). These data indicate
that Csx31 interacts with Csx30 and regulates
Csx30-induced growth suppression, whereas
the generation of the Csx30-1 and Csx30-2
fragments by the Cas7-11–Csx29 protease in-
terferes with this regulation.

Interactions among Csx30, Csx31, and RpoE

The common co-occurrence of Cas7-11, Csx30,
Csx31, and the stress-associated sigma factor
RpoE (19) in type III-E CRISPR loci (2, 8) sug-
gests interplay among these four proteins,
such that the observed Csx30-induced growth
suppression might be caused by interactions
with endogenous E. coli RpoE (EcRpoE). Given
the involvement of EcRpoE in cellular heat
shock responses (20, 21), we hypothesized that
the growth defectsmight bemore pronounced
at higher temperatures because of the inhibi-
tion of EcRpoE by Csx30 and Csx31, and tested
the effects of Csx30 and Csx31 in E. coli at
temperatures ranging from 30° to 42°C. In
agreement with our hypothesis, the growth
suppression by Csx30 was stronger at higher
temperatures across all tested combinations
(Fig. 4F), implicating EcRpoE in the growth
defects caused by the overexpression of Csx30
and Csx31.
To examine the direct interactions among

Csx30, Csx31, andD. ishimotoniiRpoE (DiRpoE),
we coexpressed the three proteins in E. coli
and analyzed complex formation by gel-filtration
chromatography. Csx30, Csx31, and DiRpoE
eluted as a single peak (fig. S13A), indicating
that they form a stable complex. Like the iso-
lated Csx30, Csx30 in the Csx30–Csx31–DiRpoE
complex was cleaved by Cas7-11–Csx29, and
Csx30-1, Csx31, andDiRpoE co-eluted from the
column (fig. S13B), indicating that Csx30-1,
Csx31, andRpoE remain complexed after Csx30
cleavage, whereas Csx30-2 dissociates from
the complex. Consistently, structural predic-
tion implied that Csx30, Csx31, and DiRpoE
form a ternary complex in which the Csx30
NTD extensively interacts with DiRpoE (fig.
S13C). DiRpoE is structurally similar to EcRpoE
(fig. S13D), suggesting that the observed cell
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growth inhibition could be mediated through
Csx30–EcRpoE interactions, similar to the
mechanism of the anti-sigma factor RseA (22).
However, D. ishimotonii lacks RseA homologs
(23), so DiRpoE probably mediates the tran-
scriptional response through distinct mecha-
nisms that remain to be characterized. A Dali
search (16) revealed structural similarity be-
tween the Csx30 CTD and pore-forming pro-
teins in type IV secretion systems, such as
CagX (24) (fig. S13E). Given the reduced growth
effects of full-length Csx30 in E. coli compared
with Csx30-1, the Csx30 CTD might function
as a membrane anchor rather than as a pore-
forming protein, consistent with the role of
the membrane-localized RseA (19, 23). The
CTD andNTD of Csx30 are connected through
a flexible linker, suggesting that the Csx29-
mediated cleavage releases the N-terminal
fragment of Csx30 (Csx30-1) into the cyto-
plasm, thereby modulating gene expression
through RpoE suppression. Csx30 NTDs are
highly conserved (fig. S14), whereas Csx30
CTDs are divergent and can be divided into
seven distinct groups (fig. S15), of which two
are homologous protein domains found in
other contexts. One is an uncharacterized
DUF4384 family member that is often fused
to different proteases (25). The other CTD is
similar to the pilus assembly protein PilP,
which forms a periplasmic ring of bacterial
type IV pili (26). These observations high-
light the mechanistic diversity of the Csx30-
mediated RpoE interactions and programmed
gene expression modulation.

Localization of Csx30 and Csx31 in bacterial cells

To explore the growth suppression associated
with the expression of Csx30, the putative
membrane localization of the Csx30 CTD, and
the corresponding regulatory function of Csx31,
we imaged Csx30 and Csx31 by fusing bacterial
codon-optimized enhanced GFP (EGFP) to the
N termini of both proteins. Protein localization
in E. coli transformed with a plasmid express-
ing EGFP-Csx30, plasmids expressing EGFP-
Csx31 and unlabeled Csx30, or a plasmid
expressing EGFP alone was imaged. Both
labeled Csx30 alone and labeled Csx31 co-
expressed with Csx30 localized to individual
foci, whereas EGFP diffused throughout the
cells (Fig. 4G). These results suggest the direct
interaction between Csx30 and Csx31 through
colocalization at foci in bacterial cells before
Csx29-mediated Csx30 cleavage.

Engineering Csx29 and Csx30 for programmable
RNA sensing in mammalian cells

The programmable transcript-activated prote-
ase activity of the Cas7-11–Csx29–Csx30 system
could enable multiple applications in mam-
malian cells, including transcript sensing. We
codon-optimized Cas7-11, Csx29, and Csx30 for
mammalian cells and placed the Csx30 pro-

tein sequence between a citrine protein and a
dihydrofolate reductase (DHFR) degron (27),
which would eliminate citrine fluorescence
unless Csx30 was cleaved by Cas7-11–Csx29
because of the sequence-specific recognition
of a target sequence (Fig. 4H). We transfected
human embryonic kidney (HEK) 293FT cells
with either a targeting or nontargeting guide
RNA toward a Gaussia luciferase (Gluc) tar-
get to test the activation of the Cas7-11–Csx29–
Csx30 system. In the presence of the Gluc
mRNA target, we observed threefold higher
citrine fluorescence with the targeting, but
not nontargeting, guide RNA (Fig. 4I), indicat-
ing that Csx29 is activated and cleaves the
DHFR degron from the citrine reporter. To
validate that the increase in citrine fluores-
cence was caused by the cleavage of Csx30 in
the reporter, we analyzed the total protein from
the HEK293FT cells by Western blot using
an anti-FLAG antibody and visualized the
N-terminally FLAG-tagged reporter. Themolec-
ular mass of the reporter protein decreased
from ~110 to 78 kDa only in the presence of
the tgRNA and targeting guide, indicating
the Csx29-mediated cleavage of Csx30 in the
reporter (Fig. 4J and fig. S16). These results
demonstrate that the Cas7-11–Csx29–Csx30
system is reprogrammable inmammalian cells
and can be used as a protease-based RNA-
guided posttranslational sensor.

Discussion

Our structural and functional analyses of the
type III-E CRISPR-Cas systems revealed nota-
ble complexity and fine-tuned regulation. The
effects of Csx30 and Csx31 on bacterial growth
suggested that Csx29-mediated Csx30 cleavage
releases the N-terminal fragment of Csx30
bound to Csx31, inhibiting host cell growth
(fig. S17). Furthermore, our biochemical and
structural analyses indicated that Csx30, Csx31,
and RpoE can form a ternary complex inwhich
Csx30 extensively interacts with RpoE, sug-
gesting that RpoE inhibition by Csx30 contrib-
utes to the observed cell growth arrest, akin to
the Cas13 collateral activity-based cell growth
arrest (28). Csx30 cleavage by Csx29 could also
facilitate the dissociation of RpoE from Csx30,
allowing RpoE to engage in a transcriptional
response to viral infection. By leveraging the
programmable nature of this system, we de-
veloped amolecular RNA sensor for transcripts
in mammalian cells, demonstrating the po-
tential of this Cas7-11–Csx29–Csx30 system for
sensing and therapeutic applications, analo-
gous to recently developed mammalian RNA
sensors (29, 30).
Thus, in type III-E CRISPR-Cas systems, the

Cas7-11–Csx29 effector complex likely degrades
the ssRNA transcripts of phage genes and
stimulates potentially toxic host cell stress
responses through the Csx29-mediated Csx30
cleavage (fig. S17). This type of programmed

growth suppression, through cell death or
growth arrest, appears analogous to that caused
by gasdermins, the bacterial membrane pore-
forming toxins that are switched on by the
release of auto-inhibitory peptides by asso-
ciated proteases that become activated during
phage infection (31, 32). Moreover, given the
high diversity of Csx30 CTDs (fig. S15), further
explorations of other subtype III-E systems
might reveal additional functions associated
with Cas7-11–mediated tgRNA recognition.
Among the CRISPR-Cas systems, a biolog-

ical, if not mechanistic, analogy can be found
in the type VI systems, where the Cas13–crRNA
effector complex recognizes complementary
phage mRNAs and cleaves both phage (specif-
ically and in cis) and host (indiscriminately and
in trans) transcripts, thus stalling cell growth
and with it the infectious cycle (28). Similarly,
in some type III systems, the CRISPR-Lon pro-
tease is activated by cyclic oligoadenylates
upon RNA recognition by the effector com-
plexes and cleaves the associated CRISPR-T
protein specifically, releasing a toxic frag-
ment (33). Our characterization of the sub-
type III-E system highlights the remarkable
diversity of CRISPR-associated functions acti-
vated by programmable nucleic acid recog-
nition, motivating continued exploration of
CRISPR-associated proteins and their pro-
grammable functions that could be useful for
biological applications. Our findings that the
type III-E Cas7-11–Csx29 effector complex is an
RNA-triggered nuclease-protease establish a
distinct paradigm of prokaryotic signal trans-
duction in viral immunity and could pave the
way for the development of newRNA/protein-
targeting technologies, including in vitro diag-
nostics and cellular RNA sensing.
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Two enzymes in one
Apart from their RNA-guided nuclease activity, CRISPR systems encompass multiple accessory proteins that
enhance or modulate immune functions. Kato et al. found that type III-E CRISPR systems include the caspase-like
protease Csx29, which cleaves another accessory protein, Csx30, when activated upon target RNA recognition by
Cas7-11. This cleavage yields toxic Csx30 fragments that presumably inhibit the specialized sigma factor RpoE,
modulate bacterial response to infection, and cause bacterial growth arrest, thereby abrogating phage infection. These
findings expand the known complexity of CRISPR immune responses and enable the engineering of protease-based
programmable RNA sensing in mammalian cells. —DJ
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