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Abstract 

CRISPR-Cas9 is a popular gene-editing tool that allows researchers to introduce double-strand breaks to edit parts 
of the genome. CRISPR-Cas9 system is used more than other gene-editing tools because it is simple and easy to 
customize. However, Cas9 may produce unintended double-strand breaks in DNA, leading to off-target effects. There 
have been many improvements in the CRISPR-Cas system to control the off-target effect and improve the efficiency. 
The presence of a nuclease-deficient CRISPR-Cas system in several bacterial Tn7-like transposons inspires researchers 
to repurpose to direct the insertion of Tn7-like transposons instead of cleaving the target DNA, which will eventually 
limit the risk of off-target effects. Two transposon-encoded CRISPR-Cas systems have been experimentally confirmed. 
The first system, found in Tn7 like-transposon (Tn6677), is associated with the variant type I-F CRISPR-Cas system. The 
second one, found in Tn7 like-transposon (Tn5053), is related to the variant type V-K CRISPR-Cas system. This review 
describes the molecular and structural mechanisms of DNA targeting by the transposon-encoded type I-F CRISPR-Cas 
system, from assembly around the CRISPR-RNA (crRNA) to the initiation of transposition.
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Background
CRISPR stands for “clustered regularly interspaced short 
palindromic repeats” [1]. The CRISPR system is a vital 
part of the bacterial immune system; it protects bacte-
ria by cutting the DNA of invading viruses [1]. CRISPR 
sequences have two components: the CRISPR array 
(which includes palindrome-alternating conserved 
sequences of genetic code ’repeats’ separated by ’spacer’ 
sequences) and Cas genes encoding Cas proteins [2]. 
CRISPR-Cas systems can generally be classified into two 
distinct classes based on the organization of Cas proteins 

responsible for processing and adaptation [3, 4]. Class 
1 utilizes multi-Cas effector molecules ( Effector is Cas 
proteins that mediate a specific effect) bound together 
with mature crRNA, whereas Class 2 CRISPR-Cas sys-
tem consists of only one [3].

Researchers have discovered that the class 2 CRISPR-
Cas systems can be repurposed and utilized as a gene-
editing tool to cut any DNA [5, 6]. Type II CRISPR-Cas9, 
which belongs to class 2 CRISPR-Cas systems, was 
the first type used to edit the genome [5]. The crRNA 
guides the Cas9 nuclease to the double-stranded DNA 
and cleaves both strands. Cas9 then cuts the comple-
mentary strand by introducing double-stranded breaks 
in the target DNA [5]. Although this technique is effi-
cient, it has a significant drawback: the off-target effect, 
in which crRNA directs Cas9 to DNA strands with simi-
lar but not identical sequences. As a result, Cas9 can 
cleave the wrong target DNA sequence, even if there is 
a mismatch between the crRNA and its complementary 
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DNA at one or more positions [7, 8]. Target DNA dou-
ble-strand breaks caused by Cas9 can be repaired by 
natural mechanisms such as nonhomologous end join-
ing (NHEJ) and homology-directed repair (HDR) [9]. The 
NHEJ mechanism involves the ligation of the DNA break 
ends irrespective of the DNA sequence, causing an inser-
tion/deletion ("indel") mutation; in contrast, homology-
directed repair requires a DNA homologous template to 
precisely incorporate a new DNA sequence [10]. Recently, 
significant progress has been made in the CRISPR-Cas 
system to control the repair processes triggered by DNA 
breaks and to improve the accuracy of CRISPR-Cas tools. 
A recent bioinformatic analysis revealed the presence 
of a short CRISPR locus containing a Tn7-like transpo-
son gene in place of the Cas endonuclease gene within 
the bacterial genome [11]. These transposon-encoded 
CRISPR-Cas systems can potentially bypass double-
strand breaks induced by DNA cleavage and instead inte-
grate Tn7 transposons at specific sites within the target 
DNA [12–14]. Two studies confirmed the existence of a 
transposon-encoded CRISPR-Cas system [12, 13]. The 
first study found that the Vibrio cholera cascade complex 
type I-F variant lacks Cas3, a nuclease used for DNA deg-
radation [12, 15]. This cascade complex has been linked 
to a transposition protein known as TniQ to direct trans-
position to a specific site in the genome [12, 15]. Another 
study found that the V-K variant of Scytonema hofman-
nii lacks a residue that allows Cas12 to typically perform 
DNA cleavage in CRISPR-Cas type V [13].

This review provides an overview of the transposon-
encoded CRISPR-Cas system. It highlights the structural 
and molecular mechanisms of DNA targeting by the 
transposon-encoded type I-F CRISPR-Cas system. We 
first briefly describe the classical CRISPR-Cas system, its 
classification, and its major limitations as a gene-editing 
tool. This discussion is followed by a brief description of 
the Tn7 transposon and Tn7-like transposon families. 
The following section provides an overview of experi-
mentally validated transposon-encoded CRISPR-Cas 
systems, emphasizing the steps required to integrate the 
Tn7 transposon into a target DNA using the transposon-
encoded type I-F CRISPR-Cas system. The following sec-
tion covers experimentally confirmed mutations affecting 
DNA binding, TniQ dimerization, and RNA-guided DNA 
integration efficiency. We briefly discuss recent improve-
ments in the transposon-encoded CRISPR-Cas system as 
a gene-editing technology.

Classical CRISPR‑Cas System
The CRISPR-Cas system is a widespread adaptive 
immune system found in archaea and bacteria [16]. Three 
stages characterize CRISPR-Cas immunity. The first is 
spacer acquisition, also known as "adaptation," followed 

by pre-crRNA processing, and finally, the interference 
stage [16, 17]. At the spacer acquisition stage, Cas1 and 
Cas2, and sometimes Cas4, seize a segment of the tar-
get DNA "protospacer" and insert it at the 5′ end of a 
CRISPR array [16, 17]. The CRISPR array is transcribed 
into a long transcript known as "pre-crRNA" bound by 
Cas proteins and processed into mature, small crRNAs, 
each containing a spacer and a segment of the repeat 
sequence in the pre-crRNA processing stage [16, 17]. The 
final stage is interference: the mature crRNA bound by 
Cas proteins scans the DNA for a protospacer adjacent 
motif (PAM) sequence [16, 17]. Once the PAM sequence 
is located, base pairing between the crRNA spacer and 
complementary DNA protospacer occurs, followed by 
subsequent cleavage by a dedicated nuclease domain [16, 
17]. It is worth mentioning that each Cas protein has a 
different function, as shown in Table 1.

The CRISPR-Cas systems can be classified into two 
main classes: six types and 21 subtypes, as shown in 
Table 2 [3, 4, 18].

Class 1 utilizes a multi-protein complex ( known as the 
cascade complex) and is divided into three types (type I, 
type III, and type IV) and 12 subtypes [3, 4, 19]. Type I is 
the most predominant and diverse group of endogenous 
CRISPR-Cas systems, accounting for 81% of CRISPR-Cas 
systems [4, 20]. Type I CRISPR-Cas systems are classified 
into I-A to I-G subtypes, with the most prevalent subtype 
I-F [4]. Type I systems use a cascade complex containing 
Cas3, Cas5, Cas6, Cas7, and Cas8 to guide the crRNA to 
the complementary strand and, subsequently, the target 
cleavage [21, 22].

Type III CRISPR-Cas systems are classified into four 
subtypes (III-A through III-D), characterized by the pres-
ence of a cascade complex similar to that found in type I; 
however, Cas 10 is the hallmark gene responsible for tar-
get cleavage [21]. The components of the cascade com-
plex vary among subtypes, and several variants of type I 
systems lack the adaptation genes and genes responsible 
for DNA cleavage [21]. What is interesting about Type III 
is its ability to target and cleave both RNA and DNA [21]. 
No nuclease has been found in type IV, and its function 
has not been experimentally investigated [4].

Class 2 CRISPR-Cas is characterized by the presence 
of a single protein that performs all the multi-component 
tasks in class 1 [19]. The simplicity of the Class 2 system 
provides a potential for genome-editing applications. 
There are three types: type II, type V, and type VI, with 
signature nucleases Cas9, Cas12, and Cas13, respectively 
[5, 20]. Type II is divided into three subtypes (II-A, II-B, 
and II-C), all of which share Cas9 as the signature gene 
responsible for target cleavage [23, 24]. The main differ-
ence between subtypes is the size of the Cas9 gene [23, 
24]. There are three subtypes under the type V, and VI 
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CRISPR-Cas Class 1 utilizes a multi-protein complex 
(known as the cascade complex) and is divided into three 
types (type I, type III, and type IV) and 12 subtypes; class 
1 [3, 4, 19]. CRISPR-Cas9 technology has been used suc-
cessfully for many excellent studies, such as the genera-
tion of a CRISPR-based cancer model to understand the 
molecular details of cancer pathogenesis. Another excel-
lent example is the use of CRISPR-Cas9 to treat sickle cell 
disease [25, 26]. Systems (V/VI-A, V/VI-B, and V/VI-C), 
where the hallmark genes are Cas12 and Cas13 [27, 28]. 
Recently, Cas12 has proven to be an attractive candi-
date for many applications, such as the use of engineered 
Cas12 to reproduce the early progression of (human) ath-
erosclerosis in a rat model [29].

As mentioned, Cas nucleases induce double-strand 
breaks (DSBs) in the target DNA, which are repaired by 
natural repair mechanisms such as homology-directed 
repair and nonhomologous end-joining [5, 7, 8]. Trans-
poson-encoded CRISPR-Cas systems bypass the intro-
duction of toxic double-strand breaks in the target DNA, 
excluding the necessity of the repair mechanisms [12, 
15]. Before reviewing the two experimentally confirmed 

transposon-encoded CRISPR-Cas systems in more 
detail, the following section briefly describes the Tn7 
transposon.

Tn7‑Transposonand Tn7‑Like Transposon Family
Transposons are widespread across species and genomes, 
accounting for nearly half of the human genome. Trans-
posons can move freely within a genome by inserting 
their own genetic information into host genomes in the 
presence of transposases [14, 30, 31]. The most crucial 
feature of transposases is that they catalyze a complete 
DNA integration reaction without the necessity for either 
homology-directed repair or nonhomologous end-join-
ing repair mechanisms, which means that the integra-
tion process does not introduce broken DNA ends to be 
repaired [12, 13]. There are two transposition pathways; 
the first pathway is a replicative transposition, where 
the transposable segment is copied to the new site leav-
ing the original site intact, known as the copy and paste 
transposition [32–35]. The second pathway is a con-
servative transposition, known as cut-and-paste trans-
position, where the transposable segment is excised from 

Table 1 Cas proteins and their function. Created with BioRender.com



Page 4 of 15Alalmaie et al. Journal of Genetic Engineering and Biotechnology           (2023) 21:60 

the original location and translocated to a new site via a 
mobile plasmid [36]. Tn7 is a bacterial transposon that 
uses the machinery of five transposition proteins, TnsA, 
TnsB, TnsC, TnsD, and TnsE, as shown in Table  3 [30, 
35].

TnsA and TnsB are transposase enzymes that catalyze 
the movement and integration of DNA sequences [30, 
37]. TnsC is an ATPase protein that communicates with 
TnsA and TnsB to catalyze DNA integration [30, 38]. 
TnsD and TnsE are target DNA-binding proteins control-
ling the transposition pathway [30, 35]. The copy-and-
paste transposition pathway uses TnsD, which targets the 
transposition to a specific site in bacteria known as the 
Tn7 attachment site (attTn7) [32–34]. The cut-and-paste 
transposition pathway uses TnsE, which directs transpo-
sition into a mobile plasmid to facilitate nonspecific hori-
zontal gene transfer [36]. A related transposable element 
called Tn7-like transposon contains homologues of the 
Tn7 transposon, in which TnsA, TnsB, TnsC, and TnsD 
are common between Tn7 and Tn7-like families; how-
ever, a recent bacterial genome survey showed that the 

Tn7-like family could utilize different target site selec-
tor proteins instead of TnsE or TnsD [30, 39–41]. Recent 
studies on Tn7-like transposons have shown that TnsE is 
replaced with a variant of the type I-F or V-K CRISPR-
Cas system [11–13].

Transposon‑Encoded‑CRISPR‑Cas Systems
The presence of short CRISPR arrays similar to those 
found in nuclease deficient type I-B, type I-F, and type 
V-K CRISPR-Cas systems has been reported in several 
bacterial Tn7-like transposons [11–13]. In these trans-
poson-encoded CRISPR-Cas systems, Cas1 and Cas2 
genes, which are responsible for spacer acquisition, are 
absent, in addition to Cas3 and Cas12 genes, which are 
responsible for target DNA cleavage [11–13]. The lack 
of Cas1 and Cas2 limits spacer acquisition, whereas the 
absence of nucleases renders them inactive in target 
DNA cleavage [11]. The collaboration between the nucle-
ase-deficient CRISPR-Cas systems and the transposition 
components of the Tn7 Like family enables these sys-
tems to use the guide RNA to direct the Tn7 transposon 

Table 2 General classification of CRISPR-Cas system. Created with BioRender.com
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to be integrated into other sites in the genome [12, 13, 
15, 42–45]. RNA-guided DNA integration neither intro-
duces a double-stranded break in the DNA nor depends 
on the host DNA repair machinery to repair the crack, 
making the transposon-encoded CRISPR-Cas system a 
promising candidate for gene editing [12]. Interestingly, 
the transposon-encoded CRISPR-Cas system allows the 
insertion of large DNA fragments (up to 10 kb in length) 
in the genome [46].

Type I‑F and I‑B CRISPR‑Cas System Variants Linked 
to Tn7‑Like Family
Sternberg’s group showed that the transposition 
mechanism of the Vibrio cholera Tn6677 transposon 
(VcTn6677) is based on collaboration between the 
transposition components of the Tn7-like transpo-
son and the nuclease-deficient type I-F CRISPR-Cas 
system [12, 15]. The Vibrio cholera Tn6677 transpo-
son is a complex consisting of two main components: 
the cascade (CRISPR-associated complex for antiviral 
defense), which consists of Cas6, six subunits of Cas7, 
fused Cas8/5 (simply Cas8), and transposition subunits 

(TnsA, TnsB, TnsC, and TniQ (TnsD-like) [12, 15]. This 
complex is called INTEGRATE system (INsert trans-
posable elements by guide RNA-assisted targeting) [12, 
15]. The Tns terminal operon comprises TnsA, TnsB, 
and TnsC genes, whereas the TniQ gene (TnsD-like) is 
present within the Cas operon and not within the Tns 
operon [12], as shown in Fig. 1

DNA binding occurs in three significant steps, as con-
firmed in four independent studies [15, 42, 44, 45]. First, 
the cascade components assemble around the crRNA. 
Then, the cascade/crRNA binds to the TniQ protein 
[15, 42, 44, 45]. The third step involves binding the cas-
cade/crRNA-TniQ complex to the target DNA to initi-
ate transposition [15, 42, 44, 45]. The following steps 
can conclude the overall transposition process: the cas-
cade/crRNA-TniQ complex recognizes the target site in 
DNA, and TniQ recruits TnsC, which eventually recruits 
TnsA/B-loaded DNA transposons to insert the transpo-
son into the new site [15, 42, 44, 45], as shown in Fig. 2. 
The transposition occurs 47–51  bp downstream of the 
cascade target site flanked by a 5-bp target site duplica-
tion [12, 15]. The INTEGRATE system has an impressive 

Table 3 The machinery of the transposition proteins of the Tn7 transposon. Created with BioRender.com
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on-target accuracy, with 99% of the transpositions occur-
ring at precise locations [12].

Type V‑K CRISPR‑Cas System Variant Linked to Tn7‑Like 
Family (ShCast)
Type V-K CRISPR-Cas system variants are closely associ-
ated with transposons of the Tn5053 family [13]. Tn5053 
is a transposon family that includes TnsB, TnsC, and 
TniQ but lacks TnsA [13]. This variant CRISPR system 
contains a single-protein CRISPR-Cas, Cas12, lacking 
the residues that usually allow target cleavage in type V 
CRISPR-Cas systems, making it incapable of cleavage 
[13]. The bacterial Scytonema hofmannii Tn7-like trans-
poson is linked naturally to type V-K CRISPR-Cas system 
variants (known as the ShCast system) [13].

As mentioned earlier, the shCAST complex lacks the 
functional TnsA, making the transposition not only a 
simple insertion but also a fusion of the donor plasmid 
[13]. Typically, TnsA and TnsB work together to com-
pletely excise the DNA transposon from one site and 
insert it into the target site, where TnsA cleaves one DNA 
strand and TnsB cleaves the other DNA strand, lead-
ing to the complete excision of the transposon from its 
original site [13, 37]. The transposition occurs 60–66 bp 
downstream of the PAM sequences in the target DNA, 

resulting in the duplication of 5  bp insertion sites [13], 
as shown in Fig. 3. Interestingly, an engineered variant of 
Tn5053- like CRISPR systems encoding TnsA/B fusion 
has been designed [48]. This newly developed system is 
fully capable of RNA-guided DNA transposition via sim-
ple insertion with high target specificity [48]. A recent 

Fig. 1 Overall architecture of the V. cholerae TniQ–cascade complex [12] Created with BioRender.com

Fig. 2 RNA-guided DNA-transposition process [47]. 1-Cas8 of the INTEGRATE system recognizes PAM sequences in double-stranded target DNA. 
2- crRNA invades the dsDNA target to form RNA: DNA hybrid with the complementary strand, displacing the non-complementary strand to form 
the R-loop structure. Subsequently, TniQ, bound to the PAM distal end of the DNA-bound cascade complex, is expected to recruit TnsC, TnsA, and 
TnsB to activate RNA-guided DNA transposition

Fig. 3 Model for RNA-guided DNA transposition in the ShCAST 
system [13]. ShCAST mediates the insertion of DNA 60–66 bp 
downstream of the PAM, resulting in the duplication of 5 bp insertion 
sites. Created with BioRender.com
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bioinformatics search reported the presence of new fami-
lies of CAST-encoded Type I-C and Type IV CRISPR-Cas 
systems [49].

Structural and molecular mechanism of the Tn6677 
‑encoded type I‑F CRISPR‑Cas System (The INTEGRATE 
System)
Steps of RNA‑guided DNA Transposition Process

1. Cas6 of the cascade complex catalyzes pre-crRNA 
maturation, a critical step in the cascade assembly.

Pre-crRNA maturation is essential in the cascade com-
plex assembly and DNA transposition [45, 50–53]. Cas6 
transforms pre-crRNA into mature crRNA by cleaving 
immature crRNAs to form a stable hairpin structure in 
each repeat [45, 50–53]. The mature crRNA comprises a 
full spacer separated by a short repeat-derived 50 handle 
and a 30-stem loop [54]. After cleavage, Cas6 remains 
bound to 30 stem-loop structures of crRNA because of 
its high affinity, acting as a scaffold for the remaining 
proteins [54]. Mutation of critical residues involved in 
crRNA cleavage (His29, Ser156, and Tyr184) prevents 

crRNA maturation and shows no cascade assembly or 
DNA transposition [12, 45, 50, 52], as shown in Fig. 4.

2. Assembly of the cascade complex around the 
60-nucleotides mature crRNA forms the cascade/
crRNA complex.

The cascade complex of Vibrio cholera consists of 
(Cas6, six Cas7 subunits, and Cas8) assembled around 
a 60- nucleotide-crRNA in a helically twisted "G" shape 
[15, 42, 44, 45]. The arginine-rich α-helix of Cas6 inter-
acts with the negatively charged phosphate groups in 
the major groove of crRNA at the 3′ stem-loop, forming 
the head of the cascade complex, whereas Cas8 binds to 
the 5’ handle of the crRNA, forming the tail of the cas-
cade complex [15, 42, 44, 45]. Cas7 subunits form the 
backbone of the complex around the crRNA, in which 
the backbone is capped by the binding of Cas6 and ter-
minated by the binding of Cas8 [15, 42, 44, 45]. The 
crRNA is oriented in such a way as to place the "back-
bone" region in the middle and to connect the head to the 
tail via the interaction between Cas8 and Cas6 [15, 42, 
44, 45], as shown in Fig. 5. One of the conserved features 
in CRISPR-Cas type I is the unique architecture of Cas7 

Fig. 4 Key residues of Cas6 responsible for the maturation of pre-crRNA into a mature crRNA [45]. Adopted from PDB code: 6LNB https:// www. rcsb. 
org/ struc ture/ 6LNB. The figure was created with PyMol software [55]

https://www.rcsb.org/structure/6LNB
https://www.rcsb.org/structure/6LNB
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backbone where the ‘thumb’ of each Cas7 subunits folds 
over the top of the crRNA to create a kink in the crRNA; 
after five nucleotides, the sixth nucleotide will be flipped 
out to be on the side (a periodic "5 + 1" pattern) [15, 42, 
44, 45, 55].

3. Binding of Cascade/crRNA Complex to TniQ.

TniQ Structure
TniQ is homologous to the TnsD protein [40, 56, 57]. 
TniQ is an essential transposition protein located 
within the Cas operon and is linked to functioning 
with Cas proteins to guide the transposon to be inte-
grated into the right location within the genome [12, 
15]. According to experimental studies, TniQ exists 
as a homodimer [45]. The N-terminal domain of 
TniQ is composed of three short α-helices containing 
helix–turn–helix (HTH) domains, three antiparallel 
β-sheets, and a zinc finger domain type (CCCH) [15]. 
The C-terminal domain is composed of ten different 
length α-helices, a helical domain (HD), a second HTH 
domain, and two zinc finger motifs [15], as shown in 
Fig. 6. The presence of the zinc finger domain facilitates 

protein folding, assembly, recognition of target DNA, 
and recruitment of TnsC, TnsA, and TnsB [44, 58].

TniQ Dimerization and Binding to the Cascade/crRNA 
Complex
Cryo-EM of the binary complex (Cascade/crRNA-
TniQ) revealed that the cascade complex contains a 
head-to-tail TniQ dimer, with one TniQ monomer 
bound to the other via hydrophilic interactions, spe-
cifically between α-helix 3 and α-helix 12, as shown 
in Fig.  7 [15, 42, 44, 45]. The C-terminal domain of 
the first TniQ monomer interacts with Cas6, whereas 
the N-terminal domain of the second TniQ monomer 
interacts with Cas7.1 [15, 42, 44, 45]. Structural stud-
ies of the apo-TniQ and TniQ-bound cascade showed 
that the Cas7 backbone and Cas8 are almost identical 
(except for the Cas8 helical bundle (HB), in which TniQ 
binding to the cascade complex moves the Cas6 away 
from Cas8HB [44]. A minor conformational change 
was observed between the TniQ dimer and apo-TniQ, 
where the loop interacting with Cas6 becomes ordered 
in addition to a slight movement in the helix interacting 
with Cas7.1 [42].

Fig. 5 Vc-Cascade-TniQ structure, which adopts a helical (G) architecture where Cas6 forms the head of the complex, six Cas7 subunits form the 
backbone of the complex, Cas8 forms the tail of the complex in addition to the TniQ dimer. Each monomer of TniQ interacts with the head of the 
cascade mainly via Cas6 and Cas7.1 to form a head-to-tail TniQ dimer [15]. Adopted from PDB code: 6PIJ https:// www. rcsb. org/ struc ture/ 6PIJ The 
figure was created with PyMol software [55]

https://www.rcsb.org/structure/6PIJ
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4. Binding of the Cascade/crRNA-TniQ Complex to 
DNA Target.

In the Vibrio cholera cascade (VCasacde), Cas8 recog-
nizes PAM sequences in double-stranded target DNA, 
leading to DNA unwinding and the onset of R-loop 
formation [15, 42, 44, 45]. The Cas8 protein consists of 

three domains: the N-terminal domain (Cas8NTD), mid-
dle helical bundle (Cas8HB), and C-terminal domain 
(Cas8CTD) [15, 42, 44, 45]. The Cas8 helical bundle 
(Cas8HB) probably has no role in the PAM recognition 
process because its location within Cas8 is distal. Still, 
it is expected to trigger the activation of TniQ to initi-
ate the DNA transposition process [15, 42, 44, 45]. The 

Fig. 6 Overall structure of TniQ domains [44]. Adopted from PDB code: 6UVN https:// www. rcsb. org/ struc ture/ 6UVN. The figure was created with 
PyMol software [55]

Fig. 7 Head-to-tail TniQ dimerization: The C-terminal domain is made up of ten α-helices, whereas the N-terminal domain is made up of three 
α-helices. One TniQ monomer binds to the other TniQ monomer via hydrophilic interactions between α-helix 3 and α-helix 12 [15]. Created with 
BioRender.com

https://www.rcsb.org/structure/6UVN
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integration efficiency was tested for dinucleotide PAM 
sequences other than the original 5′-CC-3′ PAM sys-
tem in the INTEGRATE system [12]. All mutants with 
5′-CN-3′ PAM showed indistinguishable integration 
efficiency compared to the original PAM, indicating PAM 
recognition flexibility in the INTEGRATE system [12]. 
The arginine residue of Cas8 forms a stacking interaction 
with the guanine nucleotide on the target strand, which 
allows the positively charged arginine residue to act as a 
wedge to separate double-stranded DNA [15, 42, 44, 45]. 
The separation of double-stranded DNA allows crRNA to 
invade and base pairs with the target strand while displac-
ing the non-target strand to form the R-loop structure 
[15, 42, 44, 45]. R-loop formation starts within the first 
eight PAM-proximal nucleotides of the crRNA, known 
as seed sequences; then the base pairing will extend, in 
which the entire spacer region of the crRNA base pairs 
with the protospacer part of the target DNA [15]. In the 
INTEGRATE system, the R-loop structure is one of the 
proofreading checkpoints that direct DNA transposition 
to a specific site in the genome [15]. Notably, the bind-
ing to the DNA indices minimal conformational changes 
in the cascade/crRNA-TniQ complex, mainly because of 
a slight opening of the complex and a slight increase in 
crRNA length [42, 45].

5. TniQ is Expected to Recruit the TnsC, TnsA, and 
TnsB to Perform the Transposition Process:

TniQ binds to the PAM distal end of the DNA-bound 
cascade complex and is expected to recruit Tn6677-
DNA-loaded TnsABC to initiate transposition [15, 42, 44, 
45]. Protein–protein interaction, such as the interaction 
between TniQ and TnsC, TnsC and TnsA/B, and TnsA 
and TnsB, is required to perform Tn7 transposition [15, 
42, 44, 45]. Further experimental studies are necessary to 
confirm this interaction network using the INTEGRATE 
system. The following section describes the structure 
and function of each transposition protein (TnsC, TnsB, 
and TnsC) and the experimentally validated interactions 
between them.

The AAA + Domain of TnsC Mediates the Interaction 
with TniQ, TnsA, and TnsB
Structural analysis of TnsC shows that it is a multidomain 
protein consisting of 555 amino acids, with Walker A 
and B motifs involved in DNA binding [59]. TnsC is an 
ATPase-associated activity (AAA) protein that acts as 
a switch (on or off) for Tn7 transposition [30, 59]. Tn7 
transposition does not occur in the presence of ADP; 
TnsC hydrolyzes ADP to ATP to perform the trans-
position process [57, 60]. The ATPase activity of TnsC 
is weak; in the absence of TnsD or TnsE, TnsC cannot 

participate in transposition unless it is activated by gain-
of-function mutations [57, 60]. The N-terminal region of 
the AAA + ATPase domain is necessary for interactions 
with TnsD, whereas the C-terminal region is necessary 
for interactions with both TnsA and TnsB [43, 61]. To 
activate the transposition process, TnsC must interact 
directly with the target DNA [43, 56]. When TnsD binds 
to its attachment site (attTn7), it introduces a conforma-
tional change or DNA distortion in the minor groove of 
the target DNA to introduce a binding site for TnsC [56, 
62]. A recent cryo-EM structure showed that TnsC forms 
open rings on the target DNA, stabilizing due to the 
interaction between TnsC and TnsD [43]. Another recent 
Cryo-EM structure showed the interaction between the 
TniQ monomer and TnsC in the Type V-K CRISPR-Cas 
System linked to the Tn7-like family (shCAST) [63]. In 
this structure, TnsC, in the presence of ATP, surrounds 
one of the DNA strands with continuous filaments, trans-
mitting information to transposases (TnsA and TnsB) 
to perform the transposition process [63]. This process 
propagates until TniQ caps the TnsC filaments [63]. Fol-
lowing the interaction between TnsD and TnsC, TnsC 
introduces another conformational change in the target 
DNA to make the major groove available for transposases 
TnsA and TnsB [40, 56]. As mentioned previously, the 
C-terminal region of TnsC interacts with both TnsA and 
TnsB, and the C-terminal region of the TnsC ring reori-
ents itself to promote the interaction between TnsC and 
transposes (TnsA and TnsB) [43]. TnsC can also inhibit 
transposition to the site already occupied by the Tn7 
transposon in a process called target immunity [30, 64, 
65]. Once TnsC recruits TnsB, the latter leads to the dis-
assembly of TnsC upon ATP hydrolysis to avoid re-trans-
position in the already occupied sits [43]. It should be 
noted that the interaction between TniQ and TnsC could 
be different in INTEGRATE because TniQ is a dimer in 
the INTEGRATE system [63].

Interaction between TnsC and the Transposases (TnsA/
TnsB) is Crucial for DNA Binding
TnsA consists of 273 amino acids arranged into two 
domains, the N-terminal domain characterized by (seven 
α helices, α1–α7) and (eight β sheets, β1–β8), similar to 
type II restriction endonuclease enzymes such as the FokI 
restriction enzyme [66]. α7 is connected to the C-termi-
nal domain, which is characterized by (two alpha heli-
cases, α8–α10, and two beta sheets, β9-β10); it contains 
a helix–turn–helix (HTH) located within α9 and α10 [66, 
67]. TnsA binds to DNA nonspecifically, while TnsB has 
site-specific DNA binding activity, which explains why 
TnsA relies on TnsB for DNA recognition and binding 
[38]. The N-terminal domain of TnsA contains active site 
residues of TnsA with two bound magnesium ions and 
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one chloride ion [66]. The presence of Mg and Cl ions 
is expected to provide charge balance and participate in 
electrostatic interactions [66]. The interaction between 
TnsC and TnsA is essential for DNA binding, and it has 
been proposed that TnsA alone does not bind to DNA 
until it associates with TnsC [61]. Notably, the gain- and 
loss-of-function mutations allow TnsA transposition 
without the association of TnsC [60, 61]. The binding of 
different versions of TnsC to TnsA has been experimen-
tally confirmed [61]. Full-length TnsC (residues 1–555) 
and the truncated version that has only a C-terminal 
domain (residues 294–555) [61, 68]. Upon TnsA-TnsC 
complex formation, most of the interactions (80%) were 
hydrophobic, while the remaining interactions were 
polar, with only two salt bridges present at the interface 
[61]. As mentioned earlier, there are two magnesium ions 
around the active site of apo-TnsA; however, only one 
magnesium ion is present when TnsA is bound to TnsC, 
while the second magnesium ion dissociates owing to 
TnsC binding [61].

TnsB (702-aa) belongs to the transposase-retroviral 
integrase superfamily, characterized by the presence of 
the catalytic triad of Asp, Asp, and Glu (DDE) in the 
active site contributes to the cleavage and joining activi-
ties; in addition to the presence of zinc-binding motif 
(type HH-CC) contributes to DNA binding [69–73]. The 
C-terminal domain of TnsB interacts with the C-termi-
nal domain of TnsC [74]. Mutation of TnsC, in particu-
lar, TnsC residues (Leu 475 and Leu 476), prevents the 
ability of TnsC to interact with TnsB and prevent Tn7 
transposition, which indicates that these two amino 
acids are key residues that promote TnsC-TnsB bind-
ing [74]. TnsC interaction with transposases (TnsA and 
TnsB) orient both the donor DNA and target DNA in 
the vicinity to activate the function of the transposases 
(TnsA and TnsB) [61].

TnsA and TnsB Work together to excise the Tn7 
Transposon from one site and insert it into the new site 
within the genome
TnsA and TnsB collaborate to completely excise the Tn7 
transposon from its original site; TnsA cleaves the 5′ 
ends of the Tn7 transposon, while TnsB cleaves the 3′ 
ends of the Tn7 transposon, then, TnsB joins the excised 
element to the target DNA by mediating a subsequent 
DNA strand transfer reaction [73, 75–78]. TnsA may be 
recruited to the ends of the Tn7 transposon by interact-
ing with TnsB, and then TnsA acts a second time to join 
the two ends of the Tn7 transposon [79, 80]. Breakage 
and joining events occur only in the presence of both 
TnsA and TnsB, in which TnsA lacks DNA-specific bind-
ing activity and relies on TnsB to bind DNA [79, 80].

6. The cascade/crRNA-TniQ-TnsABC complex inserts 
the Tn6677 transposon in the DNA region ~ 50  bp 
downstream of the PAM site.

The DNA integration process in the INTEGRATE sys-
tem is very precise, occurring at a fixed location down-
stream of the PAM binding site [12]. A 95% DNA insertion 
occurs–48–50 bp from the cascade target site, indicating 
that the distance from the cascade binding site determines 
the specific insertion point [12]. Integration may occur in 
two possible orientations; interestingly, both occurred at a 
fixed distance downstream of the cascade target site [12].

Mutations affecting the DNA binding, the TniQ 
Dimerization, and the integration efficiency
Mutation of the TniQ domain residues involved in 
ionic interactions (Valine 267 and Valine 268) to glycine 
reduced the binding affinity between VcCascade and 
TniQ, leading to a deficiency in DNA integration [44]. 
In comparison, the mutations E88R, R96E, E379R, and 
R387E in TniQ inhibit dimer formation and lead to a defi-
ciency in DNA integration [45]. The effect of mutating the 
length of the spacers in crRNAs by expanding or short-
ening the spacer length was tested, in which the crRNAs 
with spacers shortened by 6-nucleotide increments from 
the 3′ end showed little or no effect on DNA transporta-
tion [12]. In contrast, extending the spacer length facili-
tated targeted integration but at a reduced level compared 
to the wild 32-nucleotide spacer [12]. Mutational stud-
ies on the Tn7 transposon, including the truncation of 
one end or both ends of the transposon, have shown that 
truncated transposons with only one right end change 
RNA-guided DNA integration orientation, making the 
integration more efficient [12]. Mutational studies on 
TnsD (TniQ homologues) involve removing the zinc fin-
ger domain that still binds DNA, which suggests multiple 
DNA binding motifs in addition to the zinc finger in both 
TnsD (TniQ) [40]. Changing the sequence around the 
TnsD-binding site in the target DNA causes DNA defor-
mation and reduces transposition by reducing the binding 
affinity of TnsD and TnsC [56], as shown in Table 4.

The impact of mismatches between the spacer region of 
the crRNA and the protospacer region of DNA at different 
regions has been tested [12]. The binding of crRNA to the 
target DNA is very crucial within the first eight nucleotides 
"seed sequence "proximal to PAM; the mutation of the seed 
sequence affects the binding affinity of cascade/crRNA-
TniQ to the target, affects the stability of R-loop formation, 
and most importantly, reduces the DNA transposition [12, 
19, 21]. On the other hand, it was proposed that PAM distal 
mismatch is tolerated; however, recent studies found that 
PAM distal mismatches at positions 25–28 of the R-loop 
completely inhibit DNA transposition [12].
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Limitations and Recent Improvements in the Transposons 
encoded CRISPR‑Cas system
It is important to note that multiple components in both 
Tn7 -Encoded Type I-F and V-K CRISPR-Cas systems 
limit their applications [12, 13, 81]. Discovering or engi-
neering new variants of CRISPR transposon systems with 

fewer components will significantly enhance the utility of 
the transposon-encoded CRISPR-Cas system as a gene-
editing tool. Researchers recently designed a fusion of V. 
cholerae TnsA and TnsB, which has wild-type integration 
efficiency, but with fewer components than the wild-type 
INTEGRATE system [48], as shown in Fig.  8. Another 

Fig. 8 Components of the INTEGRATE System. The wild type INTEGRATE system encodes components in three plasmids. The optimized INTEGRATE 
encodes all components in a single plasmid [48]. Created with BioRender.com

Table 4 Describes the impact of various mutations on the target DNA binding and the integration efficiency. Created with BioRender.
com



Page 13 of 15Alalmaie et al. Journal of Genetic Engineering and Biotechnology           (2023) 21:60  

recent successful trial optimized the INTEGRATE sys-
tem by encoding all components required for trans-
position in a single vector, including guide RNA, Cas 
components, Tns components, and DNA cargo [81].

Moreover, a new method called Environmental Trans-
formation Sequencing (ET-Seq) has been developed to 
identify genetically tractable bacteria within complex 
microbial communities. This method involves the use 
of DNAediting-tools, such as CRISPR-Cas Transposase 
(DART) systems, to achieve targeted genome editing of 
specific organisms within the community. These find-
ings represent a new way to study microbes with broad 
applications in human, environmental, and industrial 
microbiomes [82].

Conclusions
Tn7-like transposons are naturally linked to minimal 
CRISPR-Cas systems that use a transposition pro-
tein known as TniQ to guide crRNA to the target site 
in DNA, facilitating Tn7 transposition into a new site. 
The synergy between Tns proteins and Cas genes allows 
DNA integration to occur at a specific location in DNA. 
This new system can be programmed to direct the site-
specific insertion of DNA sequences to any location. The 
main advantage of transposon-encoded-CRISPR/Cas 
systems is that they do not introduce a double-strand 
break in the DNA, elimination a need for the repair 
mechanisms, decreasing the chance of introducing 
underinsured mutations.

Transposon-encoded CRISPR-Cas systems may open 
new avenues for applications side-stepping the prob-
lems of conventional CRISPR-Cas systems. However, 
extensive investigation is needed to describe the trans-
position mechanism and post-transposition effects of 
the transposon-encoded CRISPR-Cas system. Under-
standing the mechanism of spacer acquisition in the 
absence of adaptative genes would be crucial. Another 
point to consider is the effect of DNA–crRNA mis-
matches on transposition efficiency.
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