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Abstract

The recent discovery of the type IlI-E class of CRISPR-Cas effectors has reshaped our fundamental
understanding of CRISPR-Cas evolution and classification. Type llI-E effectors are composed of several
Cas7-like domains and a single Cas11-like domain naturally fused together to create a single polypeptide
capable of targeting and degrading RNA. Here we identified a novel type IlI-E-like effector composed of
three Cas7 domains and a Cas1 domain which was not active but could be engineered into an active chi-
meric RNA-targeting Cas effector by domain additions and swaps from other type IlI-E effectors. The
results reveal that various domains in type IlI-E effectors can be swapped for the equivalent domain from
a different type IlI-E effector. Remarkably, the Cas1 domain located at the C-terminus of Cas7-1 could be
swapped in place of the Cas11 domain located between the Cas7.1 and the Cas7.2 domains of DiCas7-
11. The results reveal a new modality for engineering type llI-E effectors from the blueprints found in
nature.

© 2025 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND license (http://crea-
tivecommons.org/licenses/by-nc-nd/4.0/).

employing a single, large protein composed of four
Cas7-like domains, one Cas11 domain, and a large
insertion (INS) domain, hence being named Cas7-
11 [4,5] (or gRAMP for giant Repeat Associated
Mysterious Protein [6]). Recent studies have

Introduction

The continuous evolution of CRISPR-Cas
systems has resulted in the discovery and
engineering of revolutionary genome engineering

technologies. Recently, the type IlI-E CRISPR-
Cas system was discovered [1] and characterized
[2,3]. Type llI-E effectors are nominally class 1
CRISPR-Cas systems, which typically utilize a mul-
tiprotein complex to accomplish DNA- and/or RNA-
targeting [1], but are similar to class 2 CRISPR-Cas
systems as they utilize a single protein that accom-
plish the same functions. Type llI-E Cas effectors
accomplish programmable RNA-targeting by

demonstrated that type IlI-E effectors are capable
of programmable RNA knockdown in prokaryotic
and eukaryotic cells and do not exhibit RNA collat-
eral cleavage activity that typically limits applica-
tions of CRISPR-Cas13 systems [7—10]. Cas7-11
target binding activates a downstream caspase
activity that results in cell dormancy, or death, and
appears to serve as the primary immune response
fortype llI-E CRISPR-Cas systems [6,11,12]. When
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expressed in the absence of their caspase signaling
pathway, type IlI-E effectors are highly specific
ribonucleases. Recently, a smaller Cas7-11
(Cas7-11S) protein was engineered through dele-
tion of the INS domain and replacement with a
GS-linker [5]. With the goal of exploring which
domains are required for activity in other type IlI-E
CRISPR-Cas effectors, we pursued a combination
of bioinformatics and orthologous domain swapping
studies.

Cas7-11 is composed of Cas7 domains, (Cas7.1-
7.4), a Cas11 domain, the insertion domain (INS),
and a Carboxy-terminal extension domain (CTE)
that are fused together through 4 linkers [5]. The
Cas7.1 domain processes the pre-crRNA by cleav-
ing it at position -15 and recognizes and linearizes
the 5'-tag of the direct repeat (DR), while the
Cas7.2-7.4 domains and the INS recognize the
spacer region of the crRNA and the complementary
tgRNA [4,6,13]. The Cas11 domain has been
shown to be necessary for positioning the tgRNA
for cleavage [5,6,13]. The Cas7.2 and Cas7.3
domains have a conserved Asp residue responsible
for tgRNA cleavage [5]. The Cas7.4 domain is also
required for activity but may play a more structural
role [5,13].

The hypothesis that type IlI-E effectors may
constitute natural fusions of modular proteins with
interchangeable orthologous domains is attractive
for engineering new RNA cleavage activities within
this family of proteins. Through bioinformatics
analysis, we identified a small member of the
family and named it Cas7-1, but this protein did
not demonstrate RNA cleavage activity. To
explore the relationship between size, structure,
and function of modular Cas proteins, chimeras
were generated varying the origin and location of
Cas domains within the modular framework. By
generating a panel of 52 variants, the modularity
of the functional domains in these proteins was
further defined. The missing functions in the Cas7-
1 were modularly reintroduced resulting in novel
active type llI-E effectors.

Results

Sequence alignments reveal catalytic and
structural features of the Cas7-1 protein

An initial bioinformatic search and alignment was
performed to identify single polypeptide effectors
with novel Cas7-based architectures to identify
variants with possible novel architectures. An
initial BLAST search using the Desulfonema
ishimotonii  Cas7-11  (DiCas7-11) sequence
revealed a hit for an unusual type IlI-E protein
denoted as a Cas1 nuclease (MBU1487208.1).
Analysis of the domain architecture of this protein
using HHPred revealed a single polypeptide chain
with linked domains that aligned well to Cas7 and
Cas1 domains, showing the protein to be
composed of three Cas7-like domains and one

Cas1 nuclease domain (Table S1). The new
protein was named Cas7-1. The genomic
sequence of Cas7-1 was identified in a ground
water sample from Sweden (BioSample:
SAMN19298298; Sample name: Old_saline.
mb.48) and it remains unknown what bacterial
strains harbor this sequence or what its function
is. With the goal of finding smaller domains,
analysis of the domain sizes of known type IlI-E
effectors with activity verified in mammalian cells
(Table S2) showed that, along with Cas7-1,
DiCas7-11 and Hydrothermal vent sediment Cas7-
11 (HvsCas7-11) domains were the smallest
across the set of orthologs. The amino acid
sequences are provided in Table S3.

Cas7-1 was then assessed for activity against
target ssRNA. A search for possible crRNAs
associated with Cas7-1 revealed a 38 nt
consensus direct repeat (DR). Secondary
structure predictions of the forward and reverse
directions of the consensus DR (Figure S1A, B)
showed that the reverse direction contains a
similar stem-loop structure to the DR of DiCas7-11
(Figure S1B, C). However, tests of Cas7-1
targeted cleavage activity with both the 5 and 3
orientations of the two DR sequences exhibited no
target ssRNA cleavage (Figure S1D).

Sequence alignments of Cas7-1 showed that it
lacked an INS domain which is found in all known
type llI-E effectors (Figure 1A) [3]. The Cas7-1
Cas7.3 domain retained a conserved catalytic resi-
due found in all known Cas7.3 domains (Figure 1B),
as well as zinc-finger motifs unique to type IlI-E
effectors (Figure 1C) [5]. However, the alignments
revealed that Cas7-1 is missing a portion of the N-
terminus, including a CRISPR RNA (crRNA) pro-
cessing domain (Cas7.1) and the N-terminal half
of the Cas7.2 domain including the catalytic resi-
due, which likely explains the lack of activity. The
Cas7-1 Cas1 domain aligned to an accessory Rev-
erse Transcriptase-Cas1 (RT-Cas1) fusion protein
commonly associated with type Ill systems of all
characterized subtypes (llI-A, 11I-B, 11I-C, and 1lI-D,
but not IlI-E) [14,15] (Figure 1D). In these systems,
the active Cas1 domain is required for adaptation of
new spacers from interfering RNA [16]. Given its
ability to interact with RNA, we hypothesized that
this Cas1 domain could also facilitate crRNA/tgRNA
interaction [17].

Orthologous domain substitution to resurrect
activity of Cas7-1

In an attempt to rescue activity of the Cas7-1
protein, domains from the active D. ishimotonii,
Cas7-11 (DiCas7-11) were incorporated and/or
substituted based on aligned domains from type
IlI-E effectors, a process that we call Orthologous
Domain Substitution (ODS) [18]. Predicted struc-
tures of the Cas7-1 domains from AlphaFold2
[19—21] were aligned to the solved structure of Di-
Cas7-11 to aid in downstream engineering
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SmCas7-11 QGDPLAALNS----- DTADIISFRR-TVVDNGE
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SstCas7-11 NGDPTRAL TE----KDGSDTVSFRKYADD--SG
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SybCas7-11 ADPTAALLG----VEGDERTGFDNTAYEKRR
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Figure 1. Cas7-1 sequence and predictive structure in relation to type IllI-E effectors. (A) Schematic
representation of a typical Cas7-11 architecture (red) and the architecture of Cas7-1 (blue). (B) Alignment of catalytic
residue in the Cas7.3 domain of Cas7-1 against published Cas7-11 proteins (3). (C) Alignment of zinc finger residues
in the Cas7.2 and Cas7.3 domains of Cas7-1 and Cas7-11 proteins. Amino Acid (AA) position represents position in
Cas7-1 protein sequence. (D) Alignment of Cas1 domain of Cas7-1 to MMB1 RT-Cas1 fusion protein (NCBI
Ascension here). Highlighted sections represent catalytic residues of Cas1, where E847 of Cas7-1 aligns to E870 of

MMB1 RT-Cas1.

[5,13,22,23]. An initial set of 16 different effectors
(hereafter referred to as sCas7 variants) with differ-
ent domain and linker substitutions were generated
while also varying the overall architecture based on
Cas7-1 or Cas7-11 proteins (Figure 2A). Since
Cas7-1 was missing a Cas7.1 domain known to
be required for binding to the DR [4], the Cas7.1
domain from DiCas7-11 was added onto the N-
terminus of the Cas7-1 variant. Cas7-1 is also miss-
ing the first half of the Cas7.2 domain so in the first
three variants, the first half of the DiCas7-11 Cas7.2
domain was fused to the partial C-terminal Cas7.2
domain of Cas7-1 using varied linkers. The activity
of the sCas7 variants was assayed by measuring
knockdown of EGFP mRNA in HEK293T cells.
The cells were transfected with three plasmids;
one encoding EGFP, a second encoding a crRNA
that contains a DR recognized by DiCas7-11 with
spacer sequences targeting EGFP for down-
regulation (Table S4), and a third plasmid encoding
one of the variant sCas7 effectors. RNA-knockdown
activity was observed by a reduction in fluorescent
signal relative to a non-targeting crBNA control
and confirmed through RT-gPCR (Figure 2B). This
assay showed that sCas7vi-v3 had some RNA
knockdown ability, suggesting that appending a
Cas7.1 and partial Cas7.2 domain to Cas7-1 was
sufficient for rescuing the activity of Cas7-1. Next,

the Cas7-1 partial Cas7.2 domain was replaced
with the entire Cas7.2 domain of DiCas7-11 to gen-
erate sCas7v4 and v5 which differed only by inclu-
sion of L2 for sCas7v5 (Figure 2). While sCas7v4
was not active, sCas7v5 showed knockdown activ-
ity similar to sCas7v1-3. It is possible that the pres-
ence of both L1 and L2 in sCas7v5 helped position
the domains for activity, but this remains specula-
tion. Next, the Cas7.3 and/or Cas7.4 domains
including the INS domain of DiCas7-11 were substi-
tuted for the same respective domains in Cas7-1 to
generate sCas7v6 and v7. These variants showed
similar activity as variants 1-3 and 5.

RT-gPCR confirmed that variants with the Cas1
domain from Cas7-1 at the C-terminus were active
in RNA knockdown despite the fact that they
lacked the Cas11 domain which is understood to
be required for target RNA cleavage in type IlI-E
effectors [5,6]. In addition, the Cas1 domain at the
C-terminus supports RNA cleavage activity in lieu
of a Cas11 domain regardless of whether the
Cas7 domains are from DiCas7-11 or Cas7-1 (Fig-
ure 2). This came as a surprise as the Cas1 and
Cas11 domains are not related either in sequence,
structure, or function (Table S3) [5,16].

DiCas7-11 has the INS domain inserted within the
Cas7.4 domain whereas Cas7-1 has a six amino
acid insertion in a similar place. The sCas7v7
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Figure 2. Construction and analysis of initial Cas7 variants. (A) Schematic representing the construction
method for initial sCas7 variants. Red lines represent domains from DiCas7-11 and blue lines represent domains from
Cas7-1. The chimeric Cas7 proteins are called sCas7. (B) gPCR analysis of EGFP targeted knockdown with sCas7
variants that have a C-terminal orientation of the Cas1 domain and sCas7 variants that orient the Cas11 or Cas1

domain internally as in the Cas7-11 architecture.
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contained the DiCas7-11 INS domain which was
replaced with the 6 amino acid insertion sequence
from Cas7-1 to generate sCas7v8. To generate
sCas7v9, the DiCas7-11 CTE was replaced with
the Cas7-1 CTE. Although sCas7v7 had activity,
sCas7v8 and v9 had poor RNA knockdown
activity, suggesting that the INS domain was
contributing to activity in this context. Thus, most
of the variants (Cas7v1-3,5-8) with a Cas1 domain
positioned at the C-terminus and no Casi1
domain retained RNA knockdown activity. These
results led to the surprising conclusion that Cas1
can serve as a substitute for the Cas11 domain’s
role in properly orienting the target RNA
[5,6,13,23,24].

The next set of variants were designed to reflect
the architecture of DiCas7-11 with the Cas11
domain between the Cas7.1 and Cas7.2 domains
as it is in DiCas7-11 (sCas7v10-v12). sCas7v10
had the Cas7-1 Cas7.3 domain, Cas7.4 domain,
and CTE, and therefore was the most Cas7-1-like.
sCas7vil had a DiCas7-11 Cas7.3 domain in
place of the Cas7-1 Cas7.3 domain. sCas7vi2
had both the DiCas7-11 Cas7.3 and Cas7.4
domains. All of these variants did not have the
INS but instead had the 6-AA insertion sequence
from Cas7-1. sCas7v10-12 all showed robust
RNA  knockdown activity, suggesting that
substituting the Cas7.3, Cas7.4, and CTE
domains from one protein to another still allowed
for active type llI-E effectors.

In vitro activity of DiCas7-11/Cas7-1 chimeras

We sought to further characterize variants with
Cas7-1 domains and higher activity from the RNA
knockdown in cells and chose sCas7v10 (Cas7.3
domain is from Cas7-1) and sCas7v12 (catalytic
domains are both from DiCas7-11). Notably both
of these proteins generated the same sized
cleavage products indicating that the Cas7.2 and
Cas7.3 domains cleave in the same place
regardless of their species of origin. We also
attempted to study variants such as sCas7v14A
but were unable to express and purify them in
bacteria. We performed in vitro ssRNA cleavage
assays with crRNAs with canonical DiCas7-11
DRs (Table S4). Cleavage was observed for
crBNAs with spacers between 20 and 30 nt in
length. A substantial increase in both crRNA
processing and target cleavage was observed as
the spacers were shortened, with the best
cleavage activity observed for 22—-24 nt spacers
(Figure S2A). The increase in cleavage activity
due to spacer truncation was further substantiated
by demonstrating sCas7v10-mediated knockdown
of crRNA in cell culture via RT-gPCR analysis
(Figure 3A). Tiling the crBRNAs across the ssRNA
target and incubating for 6 h to clearly visualize
the complete cleavage product, we observed
stepwise cleavage products demonstrating activity
of both the Cas7.3 and Cas7.4 domains

(Figure 3B, C). Cleavage activity was completely
abolished through mutagenesis of both active
sites for DiCas7-11, sCas7v10, and sCas7vi12
(the double mutation D429A/D654A is denoted by
d), while crBNA processing activity was retained
(Figure 3D, brown arrows).

The crRNA processing activity against a full array
structure, containing a DR on either end of a 22-nt
spacer, with the same spacer as crBNA-5 was
also investigated (Figure 3E, Table S4). Neither
wild-type (WT) DiCas7-11 nor sCas7vi2 could
completely process an array structure into a
mature 37 nt crRNA, but instead vyielded an
incompletely processed 57 nt product with a 15 nt
DR 5 to the spacer and a 20 nt remnant 3’ to the
spacer (Figure 3F). As we reported recently, this
lack of complete processing was not known
because most previous in vitro studies used a pre-
crBNA with no 3 DR and consequently no 3
hairpin upon processing (crBRNAz;) [25]. The obser-
vation that DiCas7-11 is unable to process pre-
crBNA aligns with observations that the ortholog
SbCas7-11 is also unable to process pre-crRNA
[2,23,24,26] and that the type IlI-A/B complexes
require other nucleases for crBRNA processing
[27,28] (Figure 3F). The Cas7.1 domain only pro-
duces a mature 37 nt product when there is only a
5" DR, leaving a 15-nt DR upon processing (Fig-
ure 3E). This suggests that type IlI-E effectors do
not cleave off the 20-nt DR fragment downstream
of the spacer when processing arrays (Figure 3E).
However, by modifying the array structure to incor-
porate mature 15 nt DRs on both ends of the spacer
sequence, a crRNA without excess nucleotides on
the 3’ end could be obtained (Figure 3G). This
experiment suggests that the 15 nt mature DR
sequence rather than the 35 nt DR sequence in
pre-crRNA is sufficient for recognition and process-
ing. The full array was shown to inhibit tgRNA cleav-
age at the Cas7.3 domain in both WT and
sCas7v12 as previously observed [25]. Moreover,
it appears that because sCas7vi0 contains
Cas7.3/Cas7.4/CTE domains from Cas7-1, RNA
cleavage activity is inhibited at both Cas7.2 and
Cas7.3 active sites when the 3’ 20-nt DR fragment
is present (Figure 3H). Together, these results sug-
gest that sCas7 variants can accomplish RNA
cleavage like other Cas7-11 proteins and type llI-
E CRISPR-Cas systems, using catalytic domains
from both Cas7-1 and DiCas7-11.

Variants with the Cas1 domain in between the
Cas7.1 and Cas7.2 domains

The Cas11 domain from DiCas7-11 was replaced
with the Cas1 domain from Cas7-1 to generate
sCas7vi3 and replacing the DiCas7-11 INS
domain with the six amino acid insertion from
Cas7-1 generated sCas7vi4. Both of these
variants also elicited RNA knockdown. Swapping
the DiCas7-11 Cas7.3 and/or Cas7.4 domains in
sCas7v13-14 with their respective Cas7-1
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Figure 3. Cleavage activity of the sCas7 variants. (A) gPCR analysis of EGFP knockdown comparing 30 nt vs
22 nt spacers for DiCas7-11 and sCas7v10. Significance is calculated and determined using unpaired t-test between
crRNAECGFP and crRNANT. Error bars represent sem (n = 3). (B) Schematic depicting the crRNAs used for assessment
of in vitro cleavage activity and depiction of cleavage and expected cleavage products. Black arrowheads represent
cut sites of crRNA-5. (C) Experiment tiling six 22 nt crRNAs across the 40 nt ssRNA target to obtain stepwise
cleavage products. (D) Assessment of cleavage pattern and catalytic inactivation of DiCas7-11, sCas7v10, and
sCas7v12 through site specific mutagenesis (D429A/D654A indicated by d). (E) Schematic representation of different
crRNA processing outcomes. (1) “single-guide” crRNA processing. (2) native array crRNA processing. (3) modified
array crBNA processing. (F, G) crRNA array processing activity by DiCas7-11 (WT) and AINS mutant, sCas7v12.
Array structures represented by schematics above each lane. crBRNA processing products and approximate location
on gel depicted by schematics on the side of gel. (H) Comparison cleavage assay between WT DiCas7-11,
sCas7v10, and sCas7v12 (AINS) with varying array structures. Red arrows represent cleavage by Cas7.2 only. Blue
arrows represent cleavage products by Cas7.3 or from both Cas7.2/Cas7.3 active sites cleaving the target. Brown
arrows represent 20 nt processed DR fragments. Purple represents 15 nt mature DR (3’ only).

domains either abolished activity (sCas7v15) or
greatly reduced it (sCas7v16). To determine why
the Cas7-1 Cas1 domain in place of the DiCas7-
11 Cas11 domain didn’'t work with its own Cas7.3
and Cas7.4 domains, we aligned the Cas1 domain
sequence with other Cas1 domains (Figure S3).
This analysis revealed that the first 29 residues
aligned to the N-terminal sequence of the RT
portion of RT-Cas1 fusion proteins with an
AlphaFold2 predicted disordered region followed
by an a-helix (Figure 4B). Using this predicted
structure, we generated two versions of the Cas1
domain with either truncation of only the
disordered region (B variants) or the whole 29-
residue sequence (A variants) and compared
them to sCas7vi14-16 (Figure 4A-C). In most
cases, the constructs in which all 29 amino acids
were deleted had slightly better activity
(Figure 4C). These results suggested that the
extra 29 residues may alter the position of the
Cas1 domain with respect to the other Cas7
domains which might affect its ability to position
the tgRNA.

Predicted structures suggest Cas1 is situated
where Cas11 is in DiCas7-11

The observation that several sCas7 variants that
lacked Cas11 and had a Cas1 domain instead
retained activity was very interesting. To
understand how the C-terminal Cas1 domain
could substitute for the Cas11 domain which was
inserted between the Cas7.1 and Cas7.2
domains, we used AlphaFold3 to generate a
model of sCasv12 which corresponds to the wild
type DiCas7-11 without its INS (Figure 5A-C)
which perfectly overlayed with the full wild-type
DiCas7-11 structure (PDB:7WAH) [5,6,23,24]. This
“wild type” protein was compared to AlphaFold3
models of sCas7v5 (which has the Cas1 domain
at the C-terminus of the protein) (Figure 5D-F)
and sCas7vi4a (which has the Cas1 domain in
place of the Cas11 domain inserted between
Cas7.2 and Cas7.3 (Figure 5G—I). Comparing Fig-
ure 5B, E, and H shows that AlphaFold3 predicts
these proteins with similar pLDDT scores despite
the fact that two of them contain a Cas1 domain
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Figure 4. N-terminal truncations of the Cas1 domain. (A) Schematic showing the domain organization of the N-
terminal truncated variants. Regions in red and tan indicate sequences from Cas1 that were deleted. (B) Alpha Fold 2
model of the Cas1 domain showing the N-terminal disordered segment (red, 21 AA and tan, 8 AA) corresponding to
the two modes of truncation. (C) gPCR analysis quantifying EGFP knockdown by sCas7 variants with different

truncations of Cas1.

In all gPCR plots, significance is calculated and determined using unpaired ttest between

crBRNAECFP and crRNANT. Error bars represent sem (n = 4).

(which is not similar either in sequence or in struc-
ture to the Cas 11 domain) instead of a Cas11
domain and the Cas1 domain is in two different
locations in the primary sequence. In the wild-type
structure, the Cas11 domain abuts the Cas7.2 and
Cas7.3 active site and provides key residues that
likely assist in catalysis of RNA cleavage at the
flipped bases in the tgRNA (Figure 5C, F, I) [5].
Remarkably, in the sCas7v5 model, the CTE
domain allows the C-terminal Cas1 domain to be
positioned similarly to the Cas11 domain in the
wild-type protein (Figure 5E). In the sCas7vi4a,
which has the Cas1 domain in place of the DiCas7
Cas7.2 and Cas7.3 domains, the Cas1 domain is
predicted to be positioned where the Cas11 domain
is in the wild type protein. In both the sCas7v5 and
sCas7v14a models, basic residues within the Cas1
domain are near the flipped bases hinting at why
this domain substitution may result in an active pro-
tein (Figure 5C, F, I).

Combining domains from DiCas7-11, HvsCas7-
11, and Cas7-1 to reduce size while
maintaining RNA targeting

A set of 36 additional sCas7 variants were
generated using the ODS method to

systematically combine domains from three
effectors (DiCas7-11, HvsCas7-11, and Cas7-1)
(Figure S4). To streamline the design method and
reduce the overall size of the effectors, we
included the Cas7.4 domain from Cas7-1 in all the
additional sCas7 variants and used DiCas7-11
linkers, except when HvsCas7.1 and HvsCas11
were used together. The additional effectors
varied in size from 1233 to 1292 amino acids in
length, marginally decreasing the size of type IlI-E
effectors relative to AINS DiCas7-11 (1286 AA) [5].

The RNA knockdown capabilities of the additional
sCas7 variants were assessed using the previously
described reporter assay in HEK293T cells, and
RNA knockdown was quantified using RT-gPCR.
We found that sCas7 variants containing the
DiCas7.1 domain resulted in consistent EGFP

knockdown comparable to DiCas7-11, whereas
effectors containing the HvsCas7.1 domain
demonstrated little-to-no  knockdown  activity

(Figure 6A) despite using an Hvs crRNA. When
DiCas7.1 was included in the protein and the
DiCas7-11 crBNA was used, variants with a
DiCas11- or HvsCas11 domain  slightly
outperformed variants with a Cas1 domain in
place of the Cas11 domain (Figure S5D). Variants
sCas7v35, sCas7v39 (both with the DiCas11
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Figure 6. Generation and validation of compact sCas7 effectors. (A) Schematic depicting workflow for analysis
of sCas7 library with refined ODS design method. (B) gPCR analysis of EGFP knockdown with all 36 compact sCas7
effectors. Data is broken into two groups HvsCas7.1-based (v17-v34) and DiCas7.1-based (v35-v52) sCas7
effectors. Dashed red line represents average knockdown by DiCas7-11 (WT). Significance is calculated and
determined using unpaired t-test between crRNAESFP and crRNANT. WT = wild-type DiCas7-11. Error bars represent
sem (n = 4). (C) Flow cytometry analysis of select Cas7-S effectors demonstrating effect of RNA knockdown on
translation of EGFP and mCherry. Data depicts population change in High or Low GFP, or mCherry, expression
groups (see methods for gating). Error bars represent sem (n = 4). (D) RNA knockdown of KRAS gene with DiCas7-
11 and select Cas7-S effectors analyzed using qPCR. Error bars represent SEM (n = 3). (E) SENSR assay
determining ssRNA collateral activity of sCas7 effectors depicted by background corrected fluorescence levels.
RfxCas13d was used as a positive control. Error bars represent sem (n = 3). RFU = relative fluorescence unit.

domain), and sCas7v41 (with the HvsCas11 represents the smallest type IlI-E effector
domain) demonstrated knockdown comparable to  developed (Figure S5C).
WT DiCas7-11 (Figure S5D). The variant The sCas7 variants were also assayed for their

sCas7v41 was the most compact (1241AA) due to  ability to reduce the expression of target proteins
the smaller size of the HvsCas domains and using a flow cytometry assay for knockdown of

<

Figure 5. Structural comparison between three smaller active sCas7 molecules modeled by AlphaFold3. (A)
Schematic of the domain structure of sCas7v12 which is wild type DiCas7-11 without the INS domain. (B) Structure of
the ternary structure of sCas7v12 with crBNA and tgRNA colored according to the AlphaFold3 pIDDT score. (C)
Zoom-in of the Cas7.2 and Cas7.3 active sites showing the Cas11 domain. Circles show the scissile phosphates with
nearby basic residues from the Cas11 domain shown in sticks (H306, H312 near Cas7.3 catalytic site and R283,
Y360 near Cas7.2 catalytic site). (D) Schematic of the domain structure of sCas7v5 which consists of Cas7.1 and 7.2
domains from DiCas7-11 fused to Cas7.3 and 7.4 and Cas1 domains from Cas7-1. (E) Structure of the ternary
structure of sCas7v5 with crBRNA and tgRNA colored according to the AlphaFold3 pIDDT score. (F) Zoom-in of the
Cas7.2 and Cas7.3 active sites showing the Cas1 domain. Circles show the scissile phosphates with nearby basic
residues from the Cas1 domain shown in sticks (K1193 near Cas7.3 catalytic site and Y1233, K1237 near Cas7.2
catalytic site). (G) Schematic of the domain structure of sCas7vi4a which consists of Cas7.1, 7.2, 7.3, and 7.4
domains from DiCas7-11 but has the Cas7-1 Cas1 domain in place of the DiCas7-11 Cas11 domain. (H) Structure of
the ternary structure of sCas7vi4a with crRNA and tgRNA colored according to the AlphaFold3 pIDDT score. (I)
Zoom-in of the Cas7.2 and Cas7.3 active sites showing the Cas1 domain. Circles show the scissile phosphates with
nearby basic residues from the Cas1 domain shown in sticks (R333 near Cas7.3 catalytic site and R412 near Cas7.2
catalytic site).
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EGFP and mCherry (Figure S6). This assay tests
whether, like the wild-type Cas7-11, variants can
knock-down multiple target RNAs simultaneously.
Variants sCas7v41 and sCas7v47 were
comparable to DiCas7-11 for both targets tested
(Figure 6B). Furthermore, the sCas7 variants are
capable of knocking down endogenous genes as
effectively as DiCas7-11 (Figure 6D). As
expected, based on previous reports [3], the sCas7-
variants did not have the collateral cleavage activity
that was found in Cas13 CRISPR-based RNA-
targeting systems (Figure 6D).

Discussion

Cas7-11 proteins are the largest single-effector
Cas protein family discovered [2,3]. They are
advantageous because they do not have collateral
cleavage activity, however, they are beyond or near
the size limit for translatable delivery systems [5].
Here we explored the possibility that the Cas7
domains from one ortholog could be substituted
for those from another ortholog. In addition, the
roles and placement of the Cas1l and Casi1
domains within the overall protein architecture were
studied. We used orthogonal domain substitution
(ODS) to generate synthetic type IlI-E effectors cap-
able of RNA-targeting. The ODS method reveals a
unique modularity of the type IlI-E effector class.
By mixing and matching the domains from two dif-
ferent Cas7-11 proteins with those from the inactive
Cas7-1, several important features of these modu-
lar proteins were discovered.

A very small Cas7-based protein, discovered by
bioinformatics search, was found to be inactive,
likely due to its lack of a Cas7.1 domain and the
N-terminal part of the Cas7.2 domain. Adding
back the Cas7.1 and Cas7.2 domains from
DiCas7-11 rescued its activity, indicating that
fusing Cas7 domains with those from another
species is a viable engineering approach.

Once RNA-knockdown activity was regained, the
function of the other domains could be analyzed.
The main structural difference between Cas7-1
and Cas7-11 was that the Cas1 domain in Cas7-1
is at the C-terminus of Cas7-1 whereas the Cas11
domain in DiCas7-11 is between the Cas7.1 and
Cas7.2 domains. The Cas1 domain of Cas7-1 and
has no sequence similarity or predicted structural
similarity to the Cas11 domain from DiCas7-11.
Despite a lack of similarity, Cas1 permitted RNA-
knockdown when constructs (e.g. sCas7v1-3,
sCas7v5-9) lacked the Cas11 domain even when
positioned at the C-terminus as observed in the
original Cas7-1 architecture. Moreover, the Cas1
domain could be inserted between the Cas7.1 and
Cas7.2 domains in place of the Cas11 domain
(sCas v13-14, v16) to generate active proteins.
However, when the Cas7.3 and Cas7.4 domains
were from Cas7-1 (sCas7v15), this substitution
did not result in an active protein. Activity was
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improved by removing either the first 21 amino
acids or 29 amino acids from the N-terminus of
the Cas1 domain across all variants (sCasv13-16)
using Cas1 in place of Cas11 with sCas7vi4A
being as effective at RNA-knockdown as the WT
DiCas7-11. Although no structures are currently
available for these chimeric proteins, AlphaFold
models showed that the Cas1 and the Casi11
domain embedded between the Cas7.1 and
Cas7.2 domains adopt similar positions near
scissile phosphates to facilitate tgRNA cleavage.
Activity was obtained even when the Casl is
positioned at the C-terminus as it is in Cas7-1. In
all models, the Cas1 domain is located in the
same position as the Cas11 domain in DiCas7-11
(Figure 5).

Another main conclusion from our study is that the
catalytic domains, Cas7.2 and Cas7.3, are
interchangeable and domains from any species
appear to permit tgRNA cleavage. This
observation aligns well with previous work
showing that the DiCas7.1 domain is sufficient for
crBNA binding [4]. Our result shows that the sCas7
variants will likely be extremely useful for cleavage
of a wide variety of target sequences.

Finally, we note that by starting with Cas7-1,
adding the domains required for activity, and then
mixing in smaller Cas7 domains from other
species, we reduced the size of the starting
DiCas7-11 of 1601 amino acids to 1241 amino
acids in the smallest active sCas7 variant,
sCas7v41. This protein is within the limit that
could be encoded in adenovirus for gene therapy
applications [29]. In conclusion, Cas7-11 proteins
are modular and can be engineered into compact,
efficient, and highly specific sCas7 effectors for
RNA-targeting applications.

Methods

Bioinformatics

Cas7-1 was identified through BLAST queries
of type H-E CRISPR-Cas effectors
(MBU1487208.1). The amino acid sequence of
Cas7-1 was submitted to HHPred for individual
domain assignment (https://toolkit.tuebingen.mpg.
de/tools/hhpred). Assumed DRs of Cas7-1 were
identified by submitting metagenomic data related
to Cas7-1 to CRISPR-Cas++ (hitps:/crisprcas.
i2bc.paris-saclay.fr/). DR secondary structure
prediction was obtained using UNAFold (https://
www.unafold.org/).  To  determine  domain
boundaries for the different type IlI-E CRISPR-
Cas effectors a multiple sequence alignment was
performed on all of the sequences from Table S1
using Clustal Omega. Table S1 shows the number
of amino acids in each domain compared to
DiCas7-11. All amino acids in each protein were
accounted for in the domain assignments. HHPred
was performed on the full Cas7-1 sequence and
individual domains of Cas7-1 to identify
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homologous proteins with known structures that
mapped to individual Cas7-1 domains. The search
identified high probability hits. Data is sorted by
domain and up to highest scoring 15 results were
presented in Table S1.

Design and cloning of constructs

Plasmids for expression of effectors in HEK293T
cells were designed with a CMV promoter and
bovine growth hormone (bGH) terminator. Effector
plasmids were generated using standard Gibson
assembly methods. crRNA plasmids were
designed for expression driven by a U6 promoter
and terminator. crBNA expression plasmids were
generated using standard golden gate assembly
methods. Select plasmids are available at https://
www.addgene.org/ (Table S4).

Recombinant protein expression and
purification

Plasmids used for protein expression in E. coli
were generated by subcloning ORFs from
plasmids used for mammalian cell culture
expression, along with an N-terminal 6xHis-SUMO
into a pET28a vector backbone. Plasmids were
then transformed into Rosetta™ 2(DE3)pLysS
Competent Cells (Novagen). Single colonies were
used to inoculate a 40 mL LB overnight starter
culture. The starter cultures were then transferred
to a 1L LB culture in 4L baffled flasks and grown
at 37 °C with shaking (200 rpm) until Agoo reached
~1.0. Cultures were then brought to 4 °C before
protein expression was induced with 0.2 mM
isopropyl B-D-thiogalactopyranoside (IPTG) and
grown for 18-20 h at 18 °C. Cells were then
pelleted and resuspended in a lysis buffer
containing 50 mM Tris—HCI pH 8.0, 300 mM NaCl,
10 mM imidazole, 5% glycerol (v/v), and 3 mM -
mercaptoethanol supplemented with Protease
Inhibitor Cocktail (Sigma P2714), 5 mM PMSF,
and 2.5 U/mL salt active nuclease (Sigma
SRE0015). Cells were lysed via sonication and
clarified by centrifugation. His-tagged protein was
bound to 2 mL HisPur™ Ni-NTA Resin (Thermo
88221) equilibrated with lysis buffer in a glass
Econo-Column® Chromatography Columns (Bio-
Rad) by flowing through the clarified lysate. A
wash step was then performed by adding 12
column volume (CV) of a wash buffer containing
50 mM Tris—HCI pH 8.0, 500 mM NaCl, 30 mM
imidazole, and 5% glycerol followed by elution
with 7 CV elution buffer containing 50 mM Tris—
HCI pH 8.0, 300 mM NaCl, 300 mM imidazole,
and 5% glycerol. The 6xHis-SUMO tag was
cleaved off by dialyzing the eluate overnight at 4 °
C with ~0.6 mg of in-house produced 6xHis-
tagged Ulp1 (Yeast SUMO Protease) in a dialysis
buffer containing 20 mM HEPES-NaOH pH 7.5,
250 mM NaCl, 5% glycerol, and 1 mM DTT.
Dialyzed sample was then flowed over the same
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Ni-NTA column equilibrated in a buffer containing
20 mM HEPES-NaOH pH 7.5, 250 mM NacCl,
25 mM imidazole, 5% glycerol, and 1 mM DTT to
remove additional E. coli impurities, Ulp1, and the
6xHis-SUMO tag. Cation exchange
chromatography was performed with 2 x 1 mL
HiTrap Heparin HP Column (Cytiva) with a NaCl
gradient from 200 to 1000 mM NacCl followed by
gel filtration chromatography with a HiLoad 16/600
Superdex 200 column equilibrated in 20 mM
HEPES-NaOH pH 7.5, 600 mM NaCl, 5% glycerol
(viv), 2 mM DTT on an AKTA Pure (Cytiva).
Proteins were then concentrated to ~10 uM and
stored in small aliquots at —80 °C for future use.

Nucleic acid target and crRNA preparation

Synthetic ssRNA templates and the full DiCas7-
11 crBNA array were ordered custom from IDT.
All other crBNAs were produced in house. To
generate crBNAs, a dsDNA template with a T7
promoter incorporated was produced through
template-less PCR and purified with MinElute
PCR Purification Kit (Qiagen 28004). dsDNA
templates were converted to ssRNA through
in vitro transcription using MEGAScript™ T7
Transcription Kit (Invitrogen AM1334) and purified
with  MEGACIlear™ Transcription Clean-Up Kit
(Invitrogen AM1908).

Mammalian cell culture

HEK293T cell lines were obtained from the
American Type Culture Collection (ATCC CRL-
3216) and wused in all mammalian cell
experiments. HEK293T cells were cultured in
Dulbecco’s Modified Eagle Medium (DMEM)
(Thermo Fisher Scientific 11995073)
supplemented with 10% Fetal Bovine Serum
(FBS) (Corning 35-011-CV) and 1% penicillin—
streptomycin (Thermo Fisher Scientific 15070063).
Transient transfections were carried out with
Lipofectamine 3000 (Thermo Fisher Scientific
L3000001) according to the manufacturers
protocol.

RNA-knockdown assay

To assess RNA knockdown, we used an assay in
which three plasmids were transfected. One
contained a crRNA that would down-regulate
EGFP or mCherry. The second plasmid coded for
one of the variant Cas effectors. The third plasmid
was the EGFP or mCherry reporter plasmid. If the
variant Cas effector is able to cleave the RNA
transcript from the reporter plasmid, then the
fluorescence signal is less than for a control
wherein the crBNA is a control non-targeting
sequence. HEK293T cells were co-transfected
with 20 ng of either the EGFP or mCherry reporter
plasmid, 600 ng of a respective Cas effector
plasmid, and 300 ng of crRNA plasmid. The


https://www.addgene.org/
https://www.addgene.org/

D.J. Brogan, C.P. Lin, E.D. Benetta, et al.

Journal of Molecular Biology 438 (2026) 169566

sequences of the various crBNAs are given in
Table S3. Cells were seeded in 48-wells 18-20 h
prior to transfection at seeding densities of 32,000
cells per well. Following transfection, cells were
incubated for 48 h at 37 °C, 5% CO.,. After 48 h,
cells were removed from the plate with 250 pL of
RNAprotect Cell Reagent (Qiagen 76104) and
stored at —20 °C for at least 24 h prior to
extraction. RNA knockdown of the fluorescent
proteins was assessed by flow cytometry (see
below). RNA amounts were quantitated after cell
lysis and subsequent qPCR as described below.
For each effector tested, four biological replicates
were performed, and a non-target crBNA was
used as a control.

Total RNA collection and gPCR

To measure the reduction of endogenous or
reporter genes, the transfected cells, preserved in
RNAprotect, were lysed using QIAshredder
(Qiagen 79656). Total RNA was then extracted
using the RNeasy Mini Kit (Qiagen 74106)
according to the manufacturer's protocol.
Following extraction, the total RNA was treated
with DNase (Thermo Fisher Scientific AM1907) to
remove any remaining DNA. Sample RNA
concentration was analyzed using a Nanodrop
OneC UV-vis spectrophotometer (Thermo Fisher
Scientific NDONEC-W). Approximately 0.5 pg of
total RNA was used to synthesize cDNA with a
RevertAid First Strand cDNA Synthesis Kit
(Thermo Fisher Scientific K1622). cDNA was
diluted (1:1000) for qPCR analysis. qPCR was
performed with SYBR green (QPCRBIO SyGreen
Blue Mix Separate-ROX 17-507B, Genesee
Scientific), using 4 pl of dilute cDNA in each 20 pl
reaction containing a final primer concentration of
200 nM and 10 ul of SYBR green buffer solution.
Three technical replicates were performed for
each reaction. Pipetting was performed using
EpMotion® 5075 (Eppendorf). The following gPCR
protocol was used on the LightCycler® 96
(Roche): 3 min of activation phase at 95 °C, 40
cycles of 5 sec at 95 °C, and 30 sec at 60 °C. The
relative expression levels of EGFP were
calculated using the manufacturer’s software and
the delta-delta Ct method (2—-AACt), with the
GAPDH gene serving as a Ref. [30]. To assess dif-
ferences in EGFP expression between the non-
target and targeting crRNA conditions for each
effector, statistical analysis was performed using
GraphPad Prism 10. Specifically, data were ana-
lyzed using an unpaired t-test.

Flow cytometry

Fluorescence knockdown was assessed using
flow cytometry on the BioRad S3e cell sorter
system. To prepare cells for analysis, transfected
HEK293T cells were washed with PBS pH 7.4
(Gibco 10010031), all media was removed, then
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40 pL of Accumax (VWR AM105) was added to
the well. 230 pL of cold PBS pH 7.4 was added to
the wells and cells were resuspended and
transferred to a cell strainer (Corning 352235).
Cells were then assessed on the S3e cell sorter
with a count of 80,000 cells per sample. Flow
cytometry data were analyzed using Floreada.io
(https://floreada.io/) (Figure S9).

Nuclease assays

Nuclease assays were run in 10 pL reactions with
the following final concentrations: 500 nM protein,
200 nM crRNA, 240 nM probe, 40U RNase
Inhibitor, and 10 mM MgCl,. Reactions were
supplemented with a custom 10X reaction buffer
(200 mM HEPES (pH 7.5), 600 mM NaCl) and
incubated at 37 °C. Times were varied in different
experiments. Upon completion, reactions were
denatured with 2X RNA dye (NEB BO0363S) at
95 °C for 10 min. 10 ul of dyed samples were
loaded onto a pre-run (200 V for 60 min) 15%
TBE-Urea PAGE gel (BioRad 4566055) and
resolved at 200 V for 35 min. Gels were then
stained with SYBR Gold (Invitrogen S11494) and
incubated for 10 min at room temperature on a
shaker and washed in 1X TBE for 10 min on a
shaker. Stained gels were imaged using Enduro™
GDS (Labnet).

To assay for collateral cleavage, SENSR reactions
were performed to compare sCas7 variants to
RfxCas13d as previously described [31]. If collateral
cleavage occurs, a bystander ssRNA probe is
cleaved. The ssRNA probe is conjugated to 6-FAM,
and a fluorescence quencher so that an increase in
6-FAM fluorescence is observed if the RNA is
cleaved resulting in increased distance between the
quencher and the 6-FAM. In the assay performed
here, 100 nM of RfxCas13d or 200 nM of DiCas7-
11 or sCas7variant was used in the reaction.

Structure prediction

Structural models of all of the constructs were
prepared using AlphaFold2 in order to guide
interpretation of experimental results. Finally,
AlphaFold3 was used to visualize three of the
models with both crRNA and tgRNA bound. These
models were sCas7v12, which consists of all
DiCas domains but did not contain the INS,
sCas7v5, which has the Cas1 domain at the C-
terminus of the protein) and sCas7vi4a (which
has the Cas1 domain in place of the DiCas Cas11
domain inserted between the Cas7.2 and Cas7.3
domains.
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