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In a very recent article published in Science, Altae-Tran et al. recon-
structed the evolution of CRISPR-Cas9 systems and traced their ances-
tors to unique groups of transposons (Altae-Tran et al., 2021). These
transposable elements encode RNA-guided nucleases that show strong
potential for developing novel biotechnologies. Structural domains of
these nucleases serve as useful building blocks for engineering novel
RNA-guided nucleases via synthetic biology to strongly inspire the de-
velopment of novel and precision genome-editing tools.

Programmable RNA-guided nucleases are encoded by the Clus-
tered Regularly Interspaced Palindromic Repeats (CRISPR) and CRISPR-
associated (Cas), which constitutes the adaptive antiviral defense sys-
tem in archaea and bacteria. This antiviral system produces CRISPR
(cr)RNAs and Cas proteins that form ribonucleoprotein (RNP) com-
plexes, and the resulting RNP nucleases exert the immune response in an
RNA-guided fashion: The RNP enzymes specifically recognize invading
viruses and plasmids by testing the sequence complementarity between
their crRNAs and foreign nucleic acids, and target the invaders for de-
struction (Horvath and Barrangou, 2010). RNPs of CRISPR-Cas systems
fall into two main classes. While Class 1 RNPs contain multiple Cas pro-
teins, those of Class 2 only have a single Cas protein (Makarova et al.,
2020), including Cas9, the well-known RNA-guided DNA scissor en-
coded by Type II CRISPR-Cas systems. Cas9 is a multi-domain Cas pro-
tein that forms RNPs with guide RNAs, which are composed of crRNA
and trans-activating CRISPR (tracr) RNA (Fig. 1). The targeting speci-
ficity of Cas9 can be programmed by designed guide RNAs. Due to
its simplicity and programmability, the CRISPR-Cas9 system has explo-
sively been exploited for developing novel genome editing tools imme-
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diately after its discovery. The resulting Cas9 genome-editing technol-
ogy (Jinek et al., 2012, Gasiunas et al., 2012) is an innovation that has
rapidly transformed scientific researches across the life sciences, includ-
ing genetic manipulations in plants, animals and fungi as well as in bac-
teria and archaea, which are otherwise inefficient or even impossible to
accomplish. In fact, the development of the system awarded the two pi-
oneer researchers, Emmanuelle M. Charpentier and Jennifer A. Doudna,
the Nobel Prize in Chemistry in 2020.

Nevertheless, how the nature could have invented these pro-
grammable RNA-guided nucleases has been an intriguing question ever
since the discovery of the CRISPR-Cas systems. Very recently, Altae-Tran
et al. made a major breakthrough and demonstrated that distinctive In-
sertion Sequence (IS) elements belonging to the 1S200/605 family en-
code novel programmable RNA-guided systems. This has led the authors
to conclude these transposons are the ancestors of Class 2 CRISPR-Cas,
and to reconstruct the evolutionary history of the Cas9 RNA-guided nu-
cleases (Altae-Tran et al., 2021).

A few years ago, it was reported that 1S200/605 family transposons
are related to the CRISPR-Cas9 systems (Kapitonov et al., 2015). These
transposons possess the genetic organization in which two genes (tnpA
and tnpB) are flanked by left and right ends of subterminal hairpins
sequences that can form stem-loop structures. This structure is not ob-
served in the classical IS elements, which instead contain a transposase-
encoding gene flanked by inverted repeats. In addition, 1IS200/605 fam-
ily transposons only require tnpA is essential for the transposition of
the genetic element as the gene codes for a transposase that ensures
the functionality of the transposon. In contrast, the function of tnpB
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Fig. 1. Comparison of the IscB system and CRISPR-Cas9. Genetic organization is shown for both systems along with the domain organization of IscB and Cas9,
the effector protein of each system. The expression of each system and formation of the respective effector complex are illustrated. P: PLMP domain, I~IIL: split
RuvC nuclease, B: bridge helix, HNH: HNH nuclease, C: C terminal domain, TE: transposon end, REC: recognition lobe, PI: PAM interacting domain, tracrRNA:

trans-activating CRISPR RNA.

remains unknown, and the gene is not an essential component for all
characterized 1S200/605 family transposons (He et al., 2015). Interest-
ingly, Kapitonov et al. found that some TnpBs are homologous to Cas9
since they share several structural domains and exhibit similar domain
organizations. This group of IS200/605 transposons was then classified
as the “Insertion sequences encoding Cas9 homologs”, and their genes
renamed iscA and iscB, respectively (Kapitonov et al., 2015). In the Sci-
ence research article, Altae-Tran et al. expanded the Cas9 homologs from
IscBs to IsrBs (Insertion sequence RuvC-like OrfB) and IshBs (Insertion
sequence HNH-like OrfB): The two latter groups lack the HNH domain
and the split RuvC domains, respectively, and the deduced proteins have
an average of 350 and 180 amino acids, which are smaller than IscBs
(about 400 amino acids). These findings have led the authors to pro-
pose, for the first time, an evolutionary history for Cas9 proteins: IscBs
could be evolved from IsrBs by gaining an HNH domain, and eventually
become Cas9 proteins that typically have 1000 or more amino acids
(Altae-Tran et al., 2021).

Guide RNA is the other component of the RNA-guided nucleases, and
its origin has remained even more mysterious since tracrRNAs of the
CRISPR-Cas9 systems do not show any relation to all known non-coding
RNAs (Deltcheva et al., 2011). Intriguingly, Altae-Tran et al. showed
that 1S200/1S605 family transposons code for noncoding (nc)RNAs that
form RNPs with the Cas9 homologs. The authors found that a few IscBs
systems are associated with CRISPR arrays thanks to the rapid expansion
of the metagenomic data in recent years (Altae-Tran et al., 2021). This
article has characterized one of the identified IscB systems in detail, the
Ktedonobacter racemifer IscB-1. The system was genetically expressed in
E. coli, yielding recombinant IscBs that were functionally characterized.
This has led to the discovery that a 329-bp region including a CRISPR
array and a noncoding sequence expressing as an ncRNA. Similar to the
Cas9 guide RNA, this ncRNA forms RNP complexes with the IscB pro-
tein (Fig. 1). Furthermore, when expressed as the recombinant IscB-1
RNP, the effector cleaved target dsDNA in the presence of ATAAA, a
3’-flanking target adjacent motif (TAM). These results led the authors
to conclude that the IscB-1 RNP is an RNA-guided nuclease that cleaves
dsDNA substrates in a TAM- and ncRNA-dependent fashion, in analogy
to all known CRISPR-Cas systems (Altae-Tran et al., 2021). The newly

described mechanism is called the Obligate Mobile Element Guided Ac-
tivity (OMEGA) and the involved ncRNAs show characteristic features
of RNA folding and are termed wRNAs (Fig. 1). In addition, the article
reported that ¥RNAs are also encoded in a number of OMEGA systems
without association of any CRISPR array. This includes Cas9-closely re-
lated members IscBs, along with their more distantly related members
IsrBs and IshBs. Interestingly, standing alone «RNAs identified in host
chromosomes (Altae-Tran et al., 2021) might functionally interact with
the OMEGA systems present in those organisms to modulate the activity
of the novel genetic elements. The results presented open an intriguing
possibility that tracrRNAs are derived from «RNAs (Altae-Tran et al.,
2021).

These authors also studied the evolution of the CRISPR-Cas12 sys-
tems and identified a conserved sequence immediately downstream of
tnpB that encodes a putative @RNA in another subset of 1S200/IS605
family transposons. Using the in vitro plasmid cleavage assay, they
showed that a Ktedonobacter racemifer TnpB cleaves target dsDNA
substrate in a TAM- and wRNA-dependent fashion, as for the char-
acterized IscB systems. The authors also found that a purified Ali-
cyclobacillus macrosporangiidus TnpB not only cleaved the target ds-
DNA/ssDNA substrates, but also showed a collateral dsDNA/ssDNA
cleavage activity (Altae-Tran et al., 2021). This is fascinating since sev-
eral Cas12 proteins, the predicted descendants of TnpBs, also have target
dsDNA/ssDNA-activated collateral ssDNA cleavage activity (Chen et al.,
2018, Harrington et al., 2018). These results further demonstrate that
these TnpBs and Cas12 proteins are evolutionarily related.

The discovery of OMEGA systems suggests that they could be useful
in genome editing. The authors tested several IscB systems, and found
that one of them produced appreciable mutations in the human genome
at a low efficiency (~4%) (Altae-Tran et al., 2021). Apparently, the
OMEGA systems are rather primordial in genome editing, compared to
the robust Cas9 and Cas12 systems. Nevertheless, given that the OMEGA
systems occur in all three domains of life and their effector proteins (400
amino acids or less) are generally much smaller than Cas9 proteins (usu-
ally > 1000 amino acids), there are at least two advantages with these
small effectors: (a) it could be safer to utilize them for genome editing
in humans since they are widespread in living organisms, and (b) owing
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to their large diversity in protein structural domains, it should also be
advantageous to use them for building up RNA-guided fusion nucleases
for novel applications. For instance, Cas9 has been used for precise gene
editing procedures with base editors, which are fusion proteins of Cas9
and cytosine/adenine deaminases (Komor et al., 2016, Gaudelli et al.,
2017) as well as prime editing tools utilizing fusion proteins of Cas9 and
reverse transcriptases (Anzalone et al., 2019). It would be of great inter-
est to replace individual structural domains of Cas9 with those of IscBs,
IsrBs or IshBs for generation of novel engineered RNA-guided nucleases
using synthetic biology tools and test the novel DNA scissors for precise
genome editing. We envision that such studies would generate RNA-
guided nucleases with desired features, and enable the development of
new generation tools for precision gene therapy and genetic engineering
in the forthcoming years.
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