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The gRAMP CRISPR-Cas effector is
an RNA endonuclease complexed with a
caspase-like peptidase
Sam P. B. van Beljouw1,2, Anna C. Haagsma1,2, Alicia Rodríguez-Molina1,2, Daan F. van den Berg1,2,
Jochem N. A. Vink1,2, Stan J. J. Brouns1,2*

Type III CRISPR-Cas immunity is widespread in prokaryotes and is generally mediated by multisubunit
effector complexes. These complexes recognize complementary viral transcripts and can activate
ancillary immune proteins. Here, we describe a type III-E effector from Candidatus “Scalindua brodae”
(Sb-gRAMP), which is natively encoded by a single gene with several type III domains fused together.
This effector uses CRISPR RNA to guide target RNA recognition and cleaves single-stranded RNA
at two defined positions six nucleotides apart. Sb-gRAMP physically combines with the caspase-like
TPR-CHAT peptidase to form the CRISPR-guided caspase (Craspase) complex, suggesting a potential
mechanism of target RNA–induced protease activity to gain viral immunity.

F
acing constant predation by viruses and
other mobile genetic elements (MGEs),
prokaryotes have evolvedmultiple defense
systems to protect themselves (1). Among
these are the CRISPR-Cas systems, which

provide adaptive immunity. Invaders are rec-
ognized and inactivated by effector ribonucleo-
protein complexes, and during this process
genetic memory of the invader is generated
and stored as spacers in CRISPR arrays (2).
CRISPR-Cas effector complexes consist of
CRISPR-associated (Cas) proteins bound to
CRISPR RNA (crRNA) derived from a long
transcript of the precursor CRISPR array (pre-
crRNA) (3). Complementary binding of the
crRNA to a target nucleic acid signifies the
detection of an invader, setting the immune
reaction in motion. Depending on the type of
effector protein, immunity is typically reached
either through direct cleavage of the invader’s
genetic material or by the activation of ancil-
lary nucleases. CRISPR-Cas type III proteins
encompass both functionalities, making them
among the most sophisticated CRISPR-Cas
effector proteins known to date (4).
Recently, a new CRISPR-Cas subtype that

resembles type III systems was bioinformati-
cally predicted and classified as type III-E (5).
Although type III-E effectors are related to
other type III effectors (Fig. 1A), they are quite
different in termsofproteinarchitecture.Whereas
type III effectors are typified by amultisubunit
composition, the type III-E effector seems to
have various repeat-associated mysterious pro-
tein (RAMP) domains fused together, hence the
nickname g(iant)RAMP (5). The unusual size
of ~1300 to 1900 amino acids makes gRAMP
the largest single-unit effector found to date

(Fig. 1B). We found that spacers embedded in
type III-E CRISPR arrays have targets inMGEs
(Fig. 1C and table S1) with a bias toward tar-
geting the coding strand of open reading frames
(Fig. 1D), indicating that gRAMP activity likely
involves interaction with invader mRNA. Some
type III-E loci carry Cas1 fused to a reverse
transcriptase (fig. S1), suggesting that the type
III-E acquisition machinery actively selects
spacers from RNA (6). Curiously, the gRAMP
gene clusters lack ancillary nuclease genes but
often co-occurwithageneencodingaTPR-CHAT
protein (fig. S1) (5), a caspase-like peptidase
found to be involved in regulated bacterial
cell death (7). This is suggestive of a functional
relation between the CRISPR-Cas and caspase
families in type III-E antiviral activity that we
sought to uncover in the present study.
To investigate the molecular composition

and function of the gRAMP protein, we selected
gRAMP from the type III-E locus in Candidatus
“Scalindua brodae” (Sb-gRAMP) (Fig. 1E) (8).We
introduced an Escherichia coli codon optimized
version of this protein into E. coli, together with
a plasmid containing five copies of the first
spacer from the native CRISPR array (Fig. 2A
and table S2). We purified Sb-gRAMP to ap-
parent homogeneity in three consecutive chro-
matography steps and observed distinct 260-nm
absorption during size exclusion chromatogra-
phy (SEC), indicative of copurifying nucleic
acids (fig. S2). Multiangle light scattering (MALS)
analysis indicated a homogeneous particle
of 242.5 ± 2.4 kDa (Fig. 2B), consistent with
the expected size for a Sb-gRAMP monomer
bound to a single-stranded RNA (ssRNA) spe-
cies in the range of 45 to 60 nucleotides (nt)
(see the supplementary text and table S3).
Subsequent protein analysis showed a single
band at the expected size for Sb-gRAMP (Fig.
2C). Nucleic acid extraction revealed the pres-
ence of three well-defined RNA populations,
of which the population at ~50 nt represents

mature crRNA (Fig. 2D). These observations
were reproduciblewhen coexpressing Sb-gRAMP
with a different repeat-spacer pair (fig. S3, A to
D), demonstrating thatSb-gRAMPcanbe loaded
with a crRNA of choice.
The Candidatus “Scalindua brodae” type

III-E locus contains a CRISPR array compris-
ing 11 spacers interspaced by a 36-nt repeat
sequence (table S2). To investigate the charac-
teristics of mature crRNA in more detail, we
used polymerase chain reaction to amplify the
native CRISPR array from Candidatus “Sca-
lindua brodae” genomic DNA and coexpressed
it with Sb-gRAMP. After RNA extraction (fig.
S4) and RNA sequencing (Fig. 2E and fig.
S5), we determined that this RNA contains
an unusually long 5′ handle of predominantly
27 to 28 nt, including the conserved last 14 nt
of the repeat (Fig. 2F and fig. S6). Although
a dominant spacer portion of 20 nt was
observed, by far most mature crRNAs were
truncated within a window of 16 to 25 nt
(Fig. 2F and figs. S3E and S6B), suggestive
of less-specific processing on the 3′ end of the
crRNA. In other type III systems, dedicated
proteins (e.g., Cas6) are required for the gener-
ation ofmature crRNA from pre-crRNA (9). Our
discovery of spacer-sized RNA bound to Sb-
gRAMP, combined with the absence of genes
known to be involved in pre-crRNA process-
ing (fig. S1), suggests that Sb-gRAMP might
be capable of processing its own pre-crRNA,
similar to Cas12 and Cas13 (10, 11). The larger
RNA molecules bound by Sb-gRAMP might
represent pre-crRNA processing intermedi-
ates. We obtained lower Sb-gRAMP protein
yields andmore degraded forms of Sb-gRAMP
without the provision of pre-crRNA (Fig. 2G),
suggesting an essential stabilizing or chaperon-
ing role for the crRNA in Sb-gRAMP-crRNA
complex formation. These results demonstrate
that the Sb-gRAMP protein and a crRNA of
typically 47 nt form a single ribonucleoprotein
complex.
Given the apparent structural domain homol-

ogy between Sb-gRAMP and subunits of other
type III effectors, it seems plausible that Sb-
gRAMP has evolved through a series of domain
fusions and insertions. Sb-gRAMP contains
a small domain with remote resemblance to
Cas11 (Csm2) and four domains that have
structural homology to Cas7 (Csm3/Cmr4)
subunits, one with a large insertion (Fig. 1E)
(5). Because Csm3/Cmr4 have been demon-
strated to be responsible for targetRNAcleavage
in other type III systems (12, 13), we set out
to investigate whether Sb-gRAMP also has
endoribonuclease activity. We incubated purified
Sb-gRAMP-crRNA with fluorescently labeled
ssRNA substrates complementary to crRNA
of spacer 1 (Fig. 3A) or spacer 3 (fig. S7A) and
observed two well-defined RNA cleavage
products (Fig. 3B and fig. S7B), with the smaller
product accumulating over time (fig. S8). Most
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Fig. 1. CRISPR-Cas type III-E composition
and characteristics. (A) Phylogenetic tree of
type III subunit proteins (Csm3 and Cmr4)
compiled with type III-E gRAMPs. The tree
scale bar represents the number of substitu-
tions per site. (B) Illustrations of typical
organization of CRISPR-Cas types with sizes
of effector proteins indicated in the number
of amino acids (25). (C) Examples of contigs
with matches to spacers from type III-E
CRISPR arrays. (D) Fraction of spacers
found in type III-E CRISPR arrays targeting
template or coding strand (P = 0.011).
(E) Detailed outline of the type III-E locus
from Candidatus “Scalindua brodae.”
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Fig. 2. Sb-gRAMP-crRNA is a ribonucleo-
protein encoded by a single open reading
frame. (A) Schematic of the heterologous
expression system used for Sb-gRAMP-crRNA1
overexpression. (B) SEC-MALS peaks
corresponding to light-scattering and ultra-
violet absorbance at 280 nm (UV280) profiles
of purified Sb-gRAMP-crRNA1. The molar
masses are derived from the peak half-height
region (9.9 to 10.4 ml). (C) SDS–poly-
acrylamide gel electrophoresis (PAGE) analysis
after SEC-MALS. (D) Denaturing urea PAGE
analysis of the nucleic acid content in
Sb-gRAMP-crRNA1. (E) RNA-sequencing
reads of native crRNA with length 40 to
60 nucleotides mapped onto the native CRISPR
array from Candidatus “Scalindua brodae.”
(F) RNA-sequencing read depth of the
first repeat spacer with predominant repeat
and spacer lengths indicated based on
consensus processing. (G) SDS-PAGE analysis
of Sb-gRAMP protein expressed in the absence
and presence of a CRISPR array with five
copies of spacer 1 (crRNA1).
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target RNA remained uncleaved even at twofold
molar excess of gRAMP (fig. S9), suggesting
that endoribonuclease activity only proceeds
with a limited substrate turnover. Counting
from the 5′ side of the crRNA into the target,
the cleavage sites were located after nucleo-
tides 3 (site 1) and 9 (site 2) relative to the
crRNA, thus 6 nt apart (Fig. 3B and figs. S7C
and S10). When we tested target RNA sub-
strates with the fluorescent label on the 3′ end
instead of the 5′ end, two smaller cleavage
products accumulated with a 6-nt interval
(Fig. 3B and fig. S11). This nucleotide spacing
between cleavage sites is reminiscent of the
6-nt periodicity found for other type III effector
complexes (14, 15), suggesting that the Sb-
gRAMP retained the ancestral architectural
positioning after domain fusion and insertion
events. Also analogous to other type III effectors
(16), complementarity between the protospacer
flanking sequence (PFS) and the repeat portion
of the crRNA retained the cleavage activity

and positioning of Sb-gRAMP-crRNA within
the complementary region of target RNA (Fig.
3C). Incubation of Sb-gRAMP-crRNA with an
ssDNA target or noncomplementary ssRNA
substrate did not yield cleavage products (Fig.
3D). We also did not observe collateral RNase
activity in the presence of a target RNA (fig. S12),
demonstrating that Sb-gRAMP is a sequence-
and position-specific crRNA-guided RNA
endonuclease.
The CRISPR-Cas type III Csm3 and Cmr4

domains harbor acidic residues essential for
metal-ion coordination and subsequent ribo-
nuclease catalysis (14, 15, 17). The removal
of divalent cations from the cleavage buffer
abolished Sb-gRAMP-crRNA ability to cleave
target RNA (Fig. 3E), showing that RNase
activity was dependent on metal ions. This
raised the possibility that Sb-gRAMP has acidic
amino acid residues essential for a functional
endoribonuclease active site, akin to ancestral
Csm3/Cmr4. To test this, we identified seven

conserved aspartic acids and one serine residue
thatmight be active in the ribonuclease cataly-
tic core, based onmultiple sequence alignment
of various gRAMPs (fig. S13) and structural
similarity to the Streptococcus thermophilus
Csm3 (12) (fig. S14). Mutational analysis of
these positions indeed revealed thatSb-gRAMP-
crRNA lost its target RNA cleavage ability at
site 2 upon changing a single aspartic acid resi-
due to an alanine (D698A) (Fig. 3F). The single
amino acid change renders a Sb-gRAMP vari-
ant able to sequence specifically cleave target
RNA only at site 1, which may provide dis-
tinct benefits for biotechnological applica-
tions in which specific single RNA cleavage is
desired. Despite trying the eight positions (fig.
S15), the low sequence similarity of gRAMPs
to Csm3/Cmr4 did not permit identifying es-
sential active site residues responsible for the
cleavage at site 1 and may require structural
analysis. Currently described type III effectors
cleave RNA once per Csm3/Cmr4 subunit; Sb-
gRAMP, composed of four Csm3-like domains,
only cleaved twice under our experimental
conditions (Fig. 3G). This suggests that the
other ribonuclease domains were either ren-
dered dysfunctional over time or evolved into
other functionalities.
In canonical type III systems, RNA target

recognition with mismatching PFS leads to
the activation of the cyclase domain in the
Cas10 subunit, which in turn synthesizes cyclic
oligo adenylates (cOAs) (18, 19). The cOAs act
as allosteric activators of ancillary proteins
often found in or near the CRISPR-Cas loci by
binding in the CRISPR-associated Rossmann
fold (CARF) domain (20). It appears that the
Cas10 subunit as well as CARF-containing
proteins were lost during the evolutionary
genesis of gRAMP (5). Because this makes cOA
signaling in type III-E unlikely, we wondered
what the functional relation could be with the
co-occurring caspase-like protease TPR-CHAT
(fig. S1) (5). The tetratricopeptide repeat (TPR)
domain is often involved in protein-protein
interaction and the formation of protein
complexes (21), which prompted us to test
physical association between TPR-CHAT and
Sb-gRAMP-crRNA.
To assess potential interaction, we affinity

purified either Sb-gRAMP-crRNA or TPR-CHAT
from cells that coexpressed both proteins
(Fig. 4A) and observed co-elution using either
protein as a bait (Fig. 4B and fig. S16A). This
indicated the formation of a stable complex
between Sb-gRAMP-crRNA and TPR-CHAT
(table S4), the interaction of which was retained
during subsequent heparin chromatography
and SEC (Fig. 4B and fig. S17). MALS re-
vealed a single, homogeneous population with
a molar mass of 315.4 ± 2.8 kDa (Fig. 4C and
fig. S18), corresponding to Sb-gRAMP-crRNA
and TPR-CHAT complexed in a 1:1 stoichiom-
etry (table S3). The retention time of the complex
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was shorter than that ofSb-gRAMP-crRNAalone,
consistent with a particle of higher molecular
weight (fig. S19). The heparin-purified com-
plex contained mature crRNA (Fig. 4D) with
6-nt spaced cleavage specificity toward target
RNA (Fig. 4E and figs. S20 and S16B). TPR-
CHAT with inactivated predicted catalytic resi-
dues (H585A and C627A) (7) was also able to
associate with Sb-gRAMP-crRNA (fig. S16), in-
dicating that complex formation occurs inde-
pendently of TPR-CHAT activity. TPR-CHAT
did not dissociate from Sb-gRAMP-crRNA in
the presence of target RNA (fig. S21), suggest-
ing that Sb-gRAMP-crRNA and TPR-CHAT
form a stable protein complex that remains
assembled upon target RNA recognition. We
here name this complex “Craspase” for “CRISPR-
guided caspase.”

The TPR-CHAT is a predicted protease from
the caspase family, the members of which
typically catalyze the hydrolysis of specific
peptide bonds of target proteins (22), many
remaining to be identified. Pathways involv-
ing caspase-like proteins are often activated
during eukaryotic apoptosis but are also abun-
dant in the bacterial kingdom, where they have
been shown to function in regulated cell death
(7). To test whether we could trigger cell death
with the Craspase complex, we coexpressed it
with an inducible target RNA in E. coli and
followed the growth kinetics of the bacteria.
We did not observe growth defects upon target
RNA production (fig. S22), suggesting the ab-
sence of the target protein in the transplanted
E. coli host, the requirement of additional
factors for Craspase activation, or a biological

role for Craspase in a context other than cell
death induction.
The type III-E gRAMP effector has charac-

teristics of both CRISPR-Cas class 1 (e.g., type
III domains, 6-nt cleavage spacing, and cleav-
age of RNA independent of matching PFS)
and class 2 (e.g., single protein composition),
blurring the boundaries of the traditional
CRISPR-Cas classification. Its physical asso-
ciation with TPR-CHAT raises the possibility
of crRNA-guided caspase-like activity to reach
viral immunity. Although the specific RNA
cleavage capability of gRAMP-crRNA could
contribute to direct antiviral defense, the
primary role of target RNA recognition and
cleavagemay instead be the on and off switch-
ing of Craspase. This switching has been ob-
served in other type III systems where RNA
target interaction regulates second-messenger
production, which in turn controls ancillary
nuclease activity (23, 24). Our findings that
Sb-gRAMP-crRNA targets RNA and forms
a stable complex with TPR-CHAT give rise
to amodel in which gRAMP-crRNA, instead of
using second messengers, allosterically indu-
ces peptidase activity upon target RNA recog-
nition to elicit a specific immune response
(Fig. 4F).
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The gRAMP CRISPR-Cas effector is an RNA endonuclease complexed with a
caspase-like peptidase
Sam P. B. van BeljouwAnna C. HaagsmaAlicia Rodríguez-MolinaDaan F. van den BergJochem N. A. VinkStan J. J.
Brouns
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CRISPR and Caspase meet
Many prokaryotes use CRISPR RNA–bound proteins to sense viral RNA instead of DNA to set an immune response
in motion that protects from virus infection. Although these ribonucleoproteins are typically composed of many protein
subunits, van Beljouw et al. discovered that CRISPR-Cas type III-E systems are formed by a large, single-component
effector protein capable of double RNA cleavage. Distinct from other systems, this effector forms a complex with
a peptidase from the caspase family, raising the intriguing possibility that viral RNA activates a protease activity to
prevent virus propagation by host suicide. —DJ
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