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ABSTRACT

RNA is targeted in biological conflicts by enzymatic
toxins or effectors. A vast diversity of systems which
repair or ‘heal’ this damage has only recently become
apparent. Here, we summarize the known effectors,
their modes of action, and RNA targets before sur-
veying the diverse systems which counter this dam-
age from a comparative genomics viewpoint. RNA-
repair systems show a modular organization with ex-
tensive shuffling and displacement of the constituent
domains; however, a general ‘syntax’ is strongly
maintained whereby systems typically contain: a
RNA ligase (either ATP-grasp or RtcB superfamilies),
nucleotidyltransferases, enzymes modifying RNA-
termini for ligation (phosphatases and kinases) or
protection (methylases), and scaffold or cofactor pro-
teins. We highlight poorly-understood or previously-
uncharacterized repair systems and components,
e.g. potential scaffolding cofactors (Rot/TROVE and
SPFH/Band-7 modules) with their respective cog-
nate non-coding RNAs (YRNAs and a novel tRNA-
like molecule) and a novel nucleotidyltransferase as-
sociating with diverse ligases. These systems have
been extensively disseminated by lateral transfer be-
tween distant prokaryotic and microbial eukaryotic
lineages consistent with intense inter-organismal
conflict. Components have also often been ‘institu-
tionalized’ for non-conflict roles, e.g. in RNA-splicing
and in RNAi systems (e.g. in kinetoplastids) which
combine a distinct family of RNA-acting prim-pol do-
mains with DICER-like proteins.

INTRODUCTION

The established roles of RNA have expanded greatly in the
last several decades beyond its initial characterization in the
Central Dogma of molecular biology, wherein the messen-
ger RNA (mRNA) acts as the informational template spec-
ifying the protein sequence (1). Other characterized classes
of RNA include ribosomal RNAs (rRNAs), which form the
framework around which ribosomes are assembled, while
one of them (23S/28S rRNA) also directly catalyzes the
peptide ligase reaction during protein synthesis (2). Trans-
fer RNAs (tRNAs) act as amino-acylated intermediaries as
well as the complementary ‘readers’ of the genetic code dur-
ing initiation and extension of nascent polypeptide chains
in translation of mRNAs (2). Beyond these three basic
classes of RNA several other classes of RNA have since
been characterized and range in their phyletic distribu-
tions from being universally-conserved across all branches
of Life to being specific to particular lineages (3–6). Like-
wise they exhibit functional diversity which spans struc-
tural roles (e.g. long-non-coding RNAs in eukaryotes) (7),
highly specific recognition of low-molecular weight sub-
stances (riboswitches) (8), catalysis (ribozymes) (9–12), and
either direct or indirect transmission of information for var-
ious purposes (e.g. snRNA, various small RNAs of RNAi
and CRISPR systems) (13–15). As a consequence a rich cel-
lular ‘ecology’ of proteins has evolved around these RNAs,
which has only recently come to light and is still being un-
covered.

The strong constraints emerging from the indispensabil-
ity of universally-present RNA classes to fundamental cel-
lular pathways like translation has resulted in high conser-
vation of their structure and sequence. As a result they ap-
pear to be less ‘evolvable’ than other cellular components,
making them both susceptible to a range of insults from
environmental factors and attractive targets for molecular
weaponry deployed in biological conflicts (effectors) aiming
to decisively disable a cell. Research in this direction over
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the past several decades has brought to light two key find-
ings. First, RNA damage is prevalent in cells, with much of
this damage likely inflicted by a range of RNA-targeting ef-
fectors from diverse sources (16–20). Second, diverse RNA
repair systems exist in cellular and viral genomes (21–23),
which are capable of specifically repairing or reversing the
damages suffered by different RNAs.

The enormous variety and pervasiveness of systems in-
volved in these opposing activities, namely, targeted RNA
damage and RNA repair, is becoming increasingly clear
with the continually-expanding availability of sequence
data from diverse branches of Life. Thus, we felt it was ap-
propriate to survey and classify the key players in this vast
biological ‘battleground’ centered on RNA damage. To this
end, we briefly summarize the agents, targets, and mecha-
nisms of RNA toxicity followed by a detailed discussion of
repair systems, with particular emphasis on the evolution-
ary relationships of their components, structural features,
and mechanisms. Finally, we present potential directions for
future research.

BIOLOGICAL AGENTS OF RNA DAMAGE

Biological conflict systems and targeting of RNA

The moniker ‘conflict system’ applies to any molecular sys-
tem which is deployed by genic entities across all organi-
zational levels of Life in offensive and/or defensive strate-
gies to establish and maintain their own fitness relative other
directly competing entities (24–27). At the level of trophic
interactions between organisms, protein effectors targeting
RNA are commonly deployed in diverse predator-prey and
host–parasite relationships. Yeasts such as Kluyveromyces
and Millerozyma attack host plant cells via deployment of
RNA-targeting toxins like zymocin, collectively referred to
as ‘yeast killer toxins’ (Table 1) (28–31). Conversely, cer-
tain filamentous fungi defensively use �-sarcin-like and re-
lated RNA toxins (e.g. restrictocin and hirsutellin) against
insects (32,33). Likewise, plant RNA toxins like ricin, abrin
and saporin are produced in seeds to ward off potential
animal predators (34). The closely-related Shiga toxins of
certain bacteria are deployed against natural predators like
Tetrahymena (35) and are also toxic to some animals (Table
1) (36). Inter-organismal conflict additionally arises during
cooperative cell-colony formation: co-aggregating ‘cheater’
species/strains whose interests do not align completely with
the cooperating species/strain are targeted by conflict effec-
tors to eliminate or curb their growth (37). A large, recently-
described collection of such systems which discriminate kin
versus non-kin are the polymorphic toxin systems, which
share the strong tendency for their toxin domains to recom-
bine and undergo rapid sequence and structural divergence
(Table 1), the majority of which are predicted to target RNA
(38–41).

Within a single cell, conflicts also arise between distinct
genomes. Inter-genomic conflict can be seen in intracellu-
lar symbiotic relationships between bacteria and eukary-
otes. It also includes the conflicts between the host genome
and invading genomes, examples of which include viruses,
plasmids and conjugative elements. Molecular weaponry
deployed in these conflicts are among the best-studied ex-
amples of conflict systems, and several of these have been

experimentally determined to target RNA. The Type IIIB
and certain representatives of the TypeII (Cas9)-dependent
CRISPR/Cas antiviral systems, subtypes within the large
conglomeration of prokaryotic acquired immunity systems
collectively termed CRISPR/Cas (15), target RNA via the
crRNA-Cmr ribonucleoprotein effector complex (42,43),
contrasting many other CRISPR/Cas subtypes which tar-
get DNA. Additionally, evidence continues to mount in
support of secondary or complementary RNA-targeting ef-
fectors in some CRISPR/Cas system subtypes which pro-
vide a force-multiplier for the DNA-targeting elements by
additionally targeting RNA (44,45) (Table 1).

In a similar vein, RNA-targeting effectors are also
observed as ‘backup’ components in some restriction-
modification (R-M) systems and Phage growth limitation
(Pgl) systems (46). In R-M systems the characterized ver-
sions of these effectors (e.g. PrrC-type proteins; Table 1)
are known to be activated in the event of failure of the
primary line of attack, namely the restriction enzyme (47–
49). As opposed to the R-M systems, which modify the
host genome to discriminate against invasive DNA, the
Pgl systems methylate the invading phage genome to pro-
tect cells containing the Pgl system from future infection
by the same phage (46,50,51). The RNA toxins genomi-
cally linked to Pgl systems are likely to provide a second
prong in conflict by limiting phage growth via RNA degra-
dation (Table 1) (44). A comparable mode of action might
relate to the predicted RNA toxins found associated with
the recently-described Ter-dependent stress/phage response
systems (Table 1) (52). A distinct two-pronged mechanism
utilizing RNA-targeting effectors has been proposed for
the anti-phage abortive infection (Abi) systems (Table 1).
Here, one of the domains (or components) directly tar-
gets particular components of the phage while the RNA
toxin might help limit infection via host-cell death in the
event of failure to contain the infection (44,53,54). Such
coupling of effectors predicted to target RNA along with
those targeting DNA or other macromolecules is also ob-
served in some less-understood, recently uncovered intra-
organismal prokaryotic conflict systems unified by the pres-
ence of PIWI superfamily modules. In these systems, PIWI
modules, which are homologs of Argonaute (AGO) pro-
teins involved in eukaryotic small RNA-dependent inter-
ference and related processes, are coupled via genome co-
localization with an additional enzymatic effector. In a sub-
set of these systems, both the PIWI and sometimes the addi-
tional effector domains are predicted to target RNA (Table
1) (14).

A recent study uncovered a range of previously-
undescribed conflict systems centered on the production
of a nucleotide- or nucleotide-derived second messenger
in response to a conflict-initiated stimulus which is lever-
aged to activate downstream effectors (55). A subset of
these systems, which might also feature the mCpol (mini-
mal CRISPR polymerase) domain to likely generate an in-
ducing cyclic nucleotide messenger, potentially target RNA
(Table 1) (55). Parallel systems are also observed in counter-
viral innate immune responses of eukaryotes. The vertebrate
immune response initiated by detection of viral double-
stranded RNA (dsRNA) by the oligoadenylate synthase
(OAS) enzyme, generates OAS linear nucleotide secondary
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Table 1. Examples of conflict systems containing RNA-targeting effector domains

Conflict system class RNA toxin effector examples Targets Phyletic distribution Comments

Yeast killer toxin Zymocin, PaT Modified U34 (wobble uridine)
base-containing tRNA. In Pichia
acaciae, predominantly tRNAGln.

Yeast Toxin domain fused to N-terminal
secreted chitinase domain which might
breach fungal cell wall

�-Sarcin-like BECR fold domains (sarcin,
restrictocin, hirsutellin, mitogillin,
etc.)

Backbone cleavage in rRNA
sarcin-ricin loop

Filamentous fungi Several such RNases with 1–3 BECR
domains are found across fungi

Ricin-like Ricin, saporin, pokeweed antiviral
protein, Shiga

N-glycoside hydrolysis of rRNA
sarcin-ricin loop base

plants, ciliates, bacteria Found in a class of ciliate toxin with
architectural parallels to bacterial
polymorphic toxins

Toxin-antitoxin (T-A) BECR fold domains (Barnase,
EndoU, Colicin-like, RelE-like)
MazF/PemK/EndoA, PIN (VapC,
etc.) domains, HEPN domains

mRNA (BECR,
MazF/PemK/EndoA, RNase LS
and RNase LsoA: HEPN),
tRNAMet (VapC: PIN), tRNA
(BECR), rRNA sarcin-ricin loop
(PIN), rRNA S16 (Colicin E3, E4,
E6: Colicin E3-like)

Bacteria, archaea Widespread intra-genomic conflict
systems

Polymorphic toxins Various BECR fold domains,
deaminase

tRNA, likely other targets Bacteria, archaea The toxin domains typical vary via
replacement by alternative cassettes

Colicin-like BECR fold domains, colicin E3-like Probably tRNA (BECR), rRNA
S16 (Colicin E3, E4, E6: Colicin
E3-like)

Bacteria Differ from above in being secreted by
lysis of the producing cell and being
encoded on plasmids

CRISPR/Cas Cas2, HEPN, active RAMPs and
Csx3. Cmr and Cas9 in some
subtypes

mRNAs, Csx3 exonucleolytically
targets terminal polyA tails

Bacteria, archaea A wide range of actions which are both
directed by complementary CRISPR
spacer RNAs and independently of them

Restriction-modification systems HEPN (PrrC-like RNases) tRNALys Bacteria inactivation of R-M system by phage
leads to activation of PrrC, which
targets endogenous tRNA

Abortive infection (Abi) HEPN (AbiA-CTD, AbiD, AbiF,
AbiJ, AbiU2, AbiV)

Unknown Bacteria Part of an extensive antiphage defense
which might also directly target phage
components

Phage growth limitation (Pgl) HEPN (RloC-like,
pEK499 p136-like families), SNase

Unknown Bacteria Sporadic coupling to RNases could
cleave phage RNAs in attacks
complementary to Pgl DNA
modification

Ter-dependent anti-phage system HEPN (DUF4145-like) Unknown Bacteria Sporadic coupling to HEPN domain
could work with core system

Prokaryotic nucleotide or
nucleotide-derived secondary
messenger-based systems

HEPN Unknown Bacteria Combines with CARF sensor and
mCpol nucleotide secondary messenger
synthetase

prokaryotic PIWI-based systems PIWI/argonaute, HEPN Unknown Bacteria In bacteria, pPIWI is adjacent to
effector RNAse domains

Animal innate immunity RNaseL – permuted version of
HEPN domain

Viral RNA Eukaryotes Activated in vertebrates by
oligoadenylate (OA) linear secondary
messenger nucleotide

messengers, which in turn activates RNases that target inva-
sive dsRNA (56,57) (Table 1). Additionally in animals, cer-
tain broad-specificity RNases are also believed to be part
of the general immune response (58,59). In contrast, an im-
portant aspect of the immune response of some plants is the
direct targeting of viral RNA by toxins related to the Shiga
and ricin-like toxin. Experimentally characterized examples
include the pokeweed antiviral protein, which protects the
pokeweed plant (Phytolacca americana) from RNA virus at-
tack (60,61).

The final level of genetic conflict is observed within a
single genome, consisting of selfish elements seeking to
maximize their fitness at the expense of other elements
in the genome. These include several types of transpos-
able elements and toxin-antitoxin (T-A) systems which
are characteristically highly mobile and rapidly evolving.
T-A systems, in particular, are rife with diverse RNA-
targeting effectors whose action is unleashed in the absence
of the less-stable antitoxin component (Table 1) (62). This
mechanism enforces the maintenance of T-A systems in
genomes (addiction) by inducing cell death. Moreover, the
CRISPR/Cas systems also likely harbor a comparable ‘ad-
diction’ component which probably enforces the mainte-
nance of CRISPR/Cas systems in cellular genomes. This
component, the Cas2 protein, one of the few core compo-

nents shared across all CRISPR/Cas systems, targets RNA
(63–65).

Catalytic mechanisms and diversity of RNA-targeting effec-
tor domains

The predominant type of catalytic domain found in RNA-
targeting effectors is the RNase domain. There are two
broad mechanisms for RNase activity: (i) the metal-
independent RNases use a transesterification reaction yield-
ing a 5′-hydroxyl at the 5′ end of the 3′ fragment and a 2′,3′-
cyclic phosphate at the 3′ end of the 5′ fragment (Figure 1A).
(ii) Metal-dependent RNases typically leave a 5′-phosphate
at the 5′ end of the 3′ fragment and a 3′-hydroxyl at the 3′ end
of 5′ fragment (Figure 1A). Beyond these common config-
urations certain RNases have been shown to generate frag-
ments with a 3’-phosphate and a 5’-hydroxyl (Figure 1A).
While most RNases in conflict systems catalyze an endonu-
cleolytic cleavage, some might additionally catalyze further
exonucleolytic cleavage (e.g. RloC).

The two most widespread examples of the former are the
BECR and HEPN fold RNases. The BECR fold is a re-
cently described �/� fold that unifies diverse RNases pre-
viously thought to belong to disparate domains, includ-
ing the sarcin and related toxins, several T-A system tox-
ins like RelE, EndoU, Barnase and certain colicins (Table
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Figure 1. Known and predicted biochemical mechanisms of biological conflict-related RNA damage and repair. The methyl group added during Hen1-
mediated methylation is in red in (B). Slash in (D) separates the two RNA 3′ end phosphate group configurations the RtcB ligase accepts as substrates.
Green labels provide reaction step explanation/categorization. Blue dots: predicted enzymes or reaction steps predicted for the first time.
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1) (39). Scores of distinct, poorly-characterized BECR fold
RNases families are also present in polymorphic toxin sys-
tems (39). The all �-helical HEPN RNase domain, often
typified by a characteristic constellation of conserved ac-
tive site residues, is likewise seen across diverse conflict sys-
tems (Table 1). In some instances, HEPN is deployed as the
primary anti-RNA effector, e.g. in RNase L from animal
innate immunity systems, several T-A systems and possibly
in certain prokaryotic PIWI (pPIWI) systems (14). How-
ever, in other systems like CRISPR/Cas, R-M, and Abi, it
is coupled with other effectors (44,66). While several other
metal-independent RNase domains are seen across conflict
systems, the more common ones among these include some
RAMPs of the CRISPR/Cas systems, which are derived
versions of the RRM fold, and the predominantly �-sheet
colicin E3-like nucleases found in T-A systems (Table 1)
(67).

Metal-dependent nucleases, less frequently observed in
conflict systems, include the Rossmannoid fold PIN RNase
superfamily (Table 1) (68–70). The PIWI domain of
the RNaseH fold is another metal-dependent RNase or
DNase, targeting RNA in some prokaryotic conflict sys-
tems and eukaryotic RNAi systems (Table 1) (14,71–73).
The CRISPR/Cas systems contain the RRM fold nucle-
ases Cas2 with a metal-chelating aspartate and Csx3 with
manganese-dependent exonucleolytic deadenylation activ-
ity (74). Finally, it is possible that double-stranded RNA is
subject to impairing backbone ‘nicks’ instead of outright
cleavage (75–77). While effector domains capable of inflict-
ing RNA backbone nicks have not yet been experimentally
characterized the prediction of potential nicking endoR-
Nases in certain polymorphic toxin and other conflict sys-
tems suggests this could be an unexplored mechanism that
impairs RNA function (39).

Alternatives to RNase activity have also been identi-
fied across disparate conflict systems. The best-studied of
such domains are the ricin-like toxins or the ribosome-
inactivating proteins (Table 1) which catalyze N-glycoside
hydrolase activity, targeting and removing a specific base
from the RNA backbone (78). In addition to plant and bac-
terial toxins, ricin-like domains also occur in certain pre-
dicted ciliate toxins with architectures similar to prokary-
otic polymorphic toxins (L Aravind, unpublished obser-
vations). Recent analyses have further identified divergent
families of the deaminase superfamily, which counts as
members the animal AID, ADAR and APOBEC enzymes,
in a subset of polymorphic toxin systems (79). Deaminase
domains in these systems are predicted to inactivate RNAs
through an editing/mutation strategy targeting key RNA
bases (Table 1). Finally, while as yet experimentally un-
characterized, it has been speculated that ADP ribosylation
of bases in RNA catalyzed by nucleic-acid-ADP ribosylat-
ing domains comparable to the DNA-modifying enzymes
CARP-1 and Pierisin could act in a distinct RNA-targeting
strategy (80,81).

RNA targets of effectors

In both eukaryotes and prokaryotes, deployment of effec-
tors against RNA follows a strategic dichotomy: either they
directly attack RNA emanating from the competing ge-

nomic element or invasive entity in response to recogni-
tion of an ongoing or imminent attack, or they target en-
dogenous, i.e. ‘self ’ RNA. The latter triggers either cell sui-
cide to limit the replication/spread of the invasive agent
or cell dormancy until the threat is eliminated or over-
come by other defenses (82). Examples of the former strat-
egy include animal innate immunity, defensive and preda-
tory deployment of fungal toxins (e.g. yeast killer and �-
sarcin like toxins), certain CRISPR/Cas systems, and sev-
eral polymorphic toxin systems. In the two-pronged systems
described above including Abi, Ter, R-M and CRISPR/Cas
systems (Table 1), the latter strategy is often coupled to
an additional conflict system directly attacking the oppos-
ing entity in the conflict (52,83). Such self tRNA-targeting,
which limits tRNA availability to the virus, is catalyzed by
HEPN-containing PrrC-like proteins when the primary ef-
fector activity of its coupled R-M system is compromised
(47,84,85). Similarly, Cas2, which along with the Cas2-
inhibiting Cas1 protein comprise the only domains found
across all CRISPR/Cas systems, is predicted to function as
both as the CRISPR/Cas addiction module via self RNA
targeting and as means of inducing suicide or dormancy in
the event of CRISPR/Cas system failure (82).

There is strong convergence across disparate conflict sys-
tems featuring anti-RNA effector domains with diverse
mechanisms in terms of their RNA targets, namely at-
tack on RNA classes associated with translation––mRNA,
tRNA and rRNA. Several distinct effector domains have
converged on targeting of the 23S sarcin-ricin loop (SRL), a
universally conserved and exposed structural feature in the
completely-assembled ribosome which is essential for elon-
gation factor interaction during translation (86). The titu-
lar sarcin-like and ricin-like toxin domains both target the
SRL and inactivate ribosomes by preventing elongation fac-
tor binding, albeit through distinct mechanisms with sarcin
catalyzing loop cleavage (87) and ricin catalyzing removal
of a conserved adenine base (88,89). Additionally, certain
T-A system PIN domains also transect the sarcin-ricin loop
in a metal-dependent manner (Table 1) (90).

Paralleling rRNA targeting at the sarcin-ricin loop, ef-
fectors targeting tRNA typically attack at or near its best-
conserved structural feature: the anticodon loop. These ef-
fectors typically target specific tRNAs or tRNA families;
for example, the HEPN-containing RloC and PrrC do-
mains both target tRNALys. While PrrC merely cleaves the
anticodon loop, RloC catalyzes a further exonucleolytic cut
to free the wobble nucleotide from the cloven end. Other
RNases are more promiscuous in their tRNA targeting; for
example, yeast killer toxins have been reported to target
multiple tRNA families with wobble uridine-modified bases
near the anticodon loop (30) while the T-A system BECR
fold-containing colicin E5 and D toxins and VapC4 toxins
of the PIN domain have been linked to a range of tRNA
substrates (Table 1) (16,69,91).

Similar to both tRNA and rRNA, mRNAs are targeted
by disparate effector domains. In contrast to the target-
ing of specific structural features in rRNA and tRNA, sev-
eral recognition strategies have been experimentally eluci-
dated for mRNA. For example, the MazF/PemK/EndoA-
like RNases target specific sequence features (92), while the
HEPN domain RNase LS and related toxin effectors indis-
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criminately target bulk mRNA (93,94). A distinct mRNA
targeting strategy seen in the RelE-like BECR fold RNases
involves recognition of specific structural features to occupy
the ribosome A-site and cleave ribosomal-bound mRNA
with apparently little sequence specificity (95). Expression
of the AbrB/MazE-like SymE toxin protein also results in
widespread mRNA degradation, although the exact mech-
anism of its action awaits further clarification (96). Tran-
scribed RNA also forms RNA-DNA hybrid duplexes which
can act as targets for pPIWI conflict system nucleases. In
some of these systems, RNA fragments derived from inva-
sive plasmids are utilized by pPIWI nucleases to selectively
cleave exogenous DNA sources via a RNA–DNA hybrid
(71), while the pPIWI-RE family is likely to directly tar-
get the naturally-forming RNA–DNA duplexes, termed R-
loops (97), of invasive elements (98).

One common theme uniting several of these enzymatic
effectors is that, regardless of the mechanism or RNA tar-
get, RNA damage ultimately appears to block translation
through disabling or ‘jamming’ the ribosome. In addition
to direct targeting of rRNA (90,99), mRNA, and presum-
ably tRNA, attacks that take place at the ribosome effec-
tively jam the ribosome and render it incapable of further
translocation (95). Such attacks have the dual advantage of
not only rapidly blocking a vital cellular process but also
slowing any repair responses that are dependent on fresh
translation.

MAJOR CLASSES OF PROTEIN DOMAINS INVOLVED
IN RNA REPAIR

Given the diversity observed in RNA toxin effectors, their
targets, and systems which deploy them, it is not surprising
that a parallel world of diverse RNA repair domains and
systems have evolved. Systems directly repairing RNase-
induced damage are the best studied to date. Any sys-
tems which might potentially reverse other types of damage
caused by RNA toxins, such as base-removal and deami-
nation (Table 1), await discovery and characterization. De-
spite the first identification of a counter-RNase repair sys-
tem over four decades ago and several advances in under-
standing the mechanisms of repair across distinct repair sys-
tems, much of their biology remains comparatively poorly-
understood; particularly in terms of their genomic contexts,
their specific in vivo RNA substrates, and their dynamics in
course of biological conflicts.

Nevertheless, a few widespread features have been identi-
fied across RNA repair systems: (i) ligase modules which
join RNA fragments created by endoRNase action; (ii)
template-independent or dependent nucleotidyltransferases
(NTases) with RNA polymerase activity which can elongate
RNA termini; (3) one or more other domains, which can be
functionally categorized as ‘cleaning’ enzymes that process
RNA termini typically in preparation for ligation or elon-
gation by NTases, or modify them for protection; (iv) co-
factors which act as scaffolds or binding proteins or help
enhance catalysis of the above components. In the follow-
ing sections, we discuss in detail these modules and their
mechanisms of action: both those which have been pre-
viously experimentally-characterized and those which are
genomically-linked yet await experimental characterization

in the context of RNA repair, as genome contextual associ-
ations in prokaryotes are excellent indicators of functional
association (100,101).

RNA ligase catalytic modules

RNA ligases of the ATP-grasp fold. ATP-dependent RNA
ligases are members of the expansive ATP-grasp pro-
tein fold (102–104), emerging through ancestral fusion
of protein-kinase C-terminal-like and RAGNYA domain
folds (Figure 2A) (105). Nucleic acid ligases are a dis-
tinct superfamily within this fold, uniting several fami-
lies catalyzing related reactions including cellular and vi-
ral mRNA capping, DNA ligation, and RNA ligation,
utilizing either ATP or NAD+ co-substrates for their nu-
cleotidyltransferase activity (Figure 1B) (106,107). All char-
acterized RNA ligases of this superfamily use ATP as
the co-substrate. Ligation proceeds through an absolutely-
conserved lysine residue from the RAGNYA domain, which
attacks the �-phosphate of the ATP, releasing pyrophos-
phate and forming a covalent lysyl-N-AMP intermediate.
The AMP is then transferred to the 5′ phosphate of the
3′ RNA fragment, followed by attack of a free 3′ hydroxyl
group from the 3′ end of the 5′ RNA fragment on the RNA-
adenylate thereby re-joining the RNA (108). Therefore, the
ATP-grasp RNA ligase requires a phosphate group at the
5′ end of the 3′ fragment and a 3′ OH group at the 3′ end of
the 5′ fragment as prerequisites for ligation (Figure 1B). In
this respect they closely resemble the reaction mechanism
of the ATP-dependent DNA-ligases and in both sequence
and structure searches appear to be closer to them than the
NAD+-utilizing DNA ligases. The RNA ligases might have
been derived on more than one occasion from the ATP-
dependent DNA ligases: of the previously described RNA-
ligases, the Rnl1-like and Rnl3-like clades are united by a
common four-stranded N-terminal domain, which appears
to be critical for RNA-binding. These are probably further
united into a higher order clade with Rnl2-like ligases which
include the Rnl2-proper, Rnl5-like and a novel ligase clade
described below. In contrast, Rnl4-like ligases show closer
sequence similarity to the ATP-dependent DNA ligases and
appear to have been more recently derived from those.

ATP-grasp RNA ligase modules are sometimes further
characterized by presence of distinctive C-terminal exten-
sions (109), although certain clades of these ligases are pre-
dicted to lack any such extension. Comparative analyses
revealed that the extensions, when present, are predomi-
nantly �-helical in nature, typically containing at least two
�-helices although four or more can be present (Figure 3B–
Q, Supplementary Material). Sequence analysis does not
reveal any relationship between these extensions; however,
given the rapid sequence divergence typically observed even
among otherwise closely-related versions of these ligases,
we cannot rule out rapid divergence from a common �-
helical ancestral extension. The subset of C-terminal ex-
tensions studied to date in structural complexes with RNA
substrates have roles in RNA recognition, including tRNA
(110) and duplex RNA structures (111,112). The additional
C-terminal extensions recognized in this work could sim-
ilarly participate in RNA recognition (Figure 3B–Q, Sup-
plementary Material).
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Figure 2. Structures of catalytic domains repairing RNA damaged in biological conflicts. Structures are grouped as appearing in the text and are labeled by
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Figure 3. Contextual connections of ATP-grasp ligase-based and related RNA repair systems. (A) Contextual network constructed as described in Supple-
mentary Material. Protein domain nodes are colored according to general functional category. Phosphoesterase/phosphotransferase domains are further
demarcated by dotted orange box. (B–Q) Representative depictions of conserved domain architectures and gene neighborhoods. Domain architectures
are depicted as adjoining shapes, not drawn to scale. Gene neighborhoods are depicted as directed boxes, genes within neighborhood encoding multiple
domains contain individually-colored boxes for each domain. All contexts are labeled with organism name and NCBI gene identifier (gi) number. Green
lettering: phyletic distributions for each group of systems. Blue dots: novel predicted RNA repair systems or systems containing a previously-unrecognized
component. (R–X) Representatives of conserved domain architectures and gene neighborhoods containing the MJ1316 domain. All domain and organism
expansions are provided in Supplementary Material.

RtcB-like ligases. RtcB-like RNA ligases, first described in
a series of studies in 2011 (23,113–115), contrasted sharply
with the known properties of the ATP-grasp ligases. The
RtcB catalytic domain contains a distinctive �/� fold com-
prised of two core �-sheets with no other known mem-
bers. The active site with a two metal center is nestled be-
tween the two sheets (Figure 2A) (116,117). An absolutely-
conserved histidine residue in this active site initiates liga-
tion by attacking the �-� linkage between the phosphates
of a GTP molecule, forming a covalent histidinyl-N-GMP
intermediate. RtcB then hydrolyzes cyclic 2′,3′-phosphate 3′
ends of the 5′ RNA fragment by activating water via one of
the active site metals; the freed phosphate group then re-
ceives the GMP from the histidine. This phosphate group is
then attacked by the free 5′ OH group of the 3′ RNA frag-
ment, yielding the ligated RNA product (Figure 1D) (117–

121). Thus, in contrast to the ends ligated by the ATP-grasp
RNA ligases, the RtcB ligases utilize a cyclic 2′,3′ phos-
phate group at the 3′ end of the 5′ RNA fragment and a
free 5′ OH group at the 5′ end of the 3′ RNA fragment
(Figure 1B,D). This reaction mechanism also enables RtcB
to repair ends with 3′ phosphates (122). This dichotomy in
substrate prerequisites mirrors the distinct RNA ends pro-
duced by metal-dependent and -independent RNases (Fig-
ure 1A, Table 1). As an additional wrinkle, Shuman and
colleagues have demonstrated a further activity for RtcB:
at least some bacterial RtcB domains apparently cap bro-
ken DNA strands via direct transfer of GMP to the DNA 3′
phosphate group. These caps shield DNA from further ex-
onucleolytic degradation, while acting as a primer for DNA
synthesis by repair polymerases (123–127). RtcB ligases dis-
cussed in the systems below are likely primarily involved
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in RNA repair by merit of their genome contextual asso-
ciations and we observe no persuasive contextual evidence
linking RtcB to DNA repair; however, it is possible that
RtcB domains found in genomes with no conserved context
could additionally function in DNA end-protection.

Polymerase-type nucleotidyltransferase domains

Template-independent and -dependent nucleotidyltrans-
ferases (NTases) perform unique, and oftentimes poorly
understood, roles in RNA repair. Such NTases are typi-
cally implicated in addition of nucleotides at RNA ends
exposed by endonucleolytic cleavage. Nucleotide addition
has, to date, been implicated in opposing roles: either the
stabilization/protection of RNA from further exonucle-
olytic degradation or, conversely, in tagging damaged RNA
for exonucleolytic degradation.

CCA-adding enzymes and other members of the DNA poly-
merase β (Polβ) NTase superfamily. CCA-adding en-
zymes are members of the Pol� NTase superfamily (Fig-
ure 2B) which catalyze the serial template-independent ad-
dition of the CCA trinucleotide to 3′ ends of tRNAs (Figure
1E). Such CCA-free ends are produced during tRNA mat-
uration by cleavage by the metallo-beta-lactamase (MBL)
fold endonuclease tRNase Z (128). Evolutionary reason-
ing supports a scenario wherein CCA-adding enzymes first
emerged as repair enzymes acting to restore genomically-
encoded CCA 3′ termini in tRNAs, the configuration re-
quired for aminoacylation (129). Such a role is still ob-
served in many bacterial lineages with tRNA termini retain-
ing genome-encoded CCA (130,131). This enzyme likely
bestowed a selective advantage by preventing exonucle-
olytic degradation and extending tRNA life, perhaps even
countering effectors with exonuclease activity in biolog-
ical conflicts. Fixation of the CCA-adding enzyme re-
laxed the constraint for a genomic CCA and the addi-
tion of this trinucleotide became a required step for tRNA
maturation in several lineages. Other representatives of
the Pol� superfamily have been characterized in parallel
repair/protective roles: the poly(A)polymerases (PAP) add
a protective poly(A) tail to mRNAs following 3′ end en-
donucleolytic cleavage during transcript maturation again
catalyzed by an MBL fold endonuclease. The TUT1 poly-
merases of the related TRF clade adds a poly(U) tail to pro-
tect the 3′ end of U6 snRNA (132). In contrast, polynu-
cleotide tags added by other representatives of the super-
family, specifically the TRF clade, appear to route various
classes of RNA for exonucleolytic degradation (14).

Thg1 family 5′-3′ polymerases. Thg1 catalyzes template-
dependent or -independent addition of the distinctive gua-
nine nucleotide at the 5′ end of tRNAHis, which is com-
plementary to a cytosine just upstream of the CCA trin-
ucleotide, during its maturation. This base is essential for
its recognition by histidine aminoacyl-tRNA synthetase
(HisRS) (133,134). Thg1 requires 5′ OH phosphorylation
at exposed 5′ RNA ends to initiate nucleotide addition
(Figure 1F) (135). Thg1 contains a RRM-fold palm do-
main, forming a higher-order clade of such domains with

the minimal CRISPR polymerase (mCpol), CRISPR poly-
merase and GGDEF-like nucleotide cyclase domains (Fig-
ure 2B) (55,136,137). Like CCA-adding enzymes, Thg1
likely emerged ancestrally as a general 5′ repair enzyme in
prokaryotes (138), later to be fixed as histidine 5′ adding en-
zymes in certain lineages like the eukaryotes.

Prim-pol domains. Prim-pol domains belong to the
archaeo-eukaryotic primase superfamily which contains a
derived version of the RRM fold polymerase palm domain,
and is capable of catalyzing both polymerase and primase
activities in the known context of oxidative lesion DNA re-
pair (139,140). Despite their exclusive characterization to
this point in DNA repair pathways, prim-pol enzymes gen-
erate RNA polynucleotides, bringing up the possibility that
these could function in RNA-related contexts (see below for
details).

Enzymes ‘cleaning’ or processing RNA termini

These domains are in part a specific evolutionary response
to the distinctive 3′ and 5′ ends of RNA, especially the
distinct products of metal-dependent and -independent
RNases. Moreover, the specific biochemical requirements
inherent to different ligases which ‘heal’ the cleaved RNA
backbone or RNA polymerases which elongate them ne-
cessitates processing of the ends of RNAs before they can
be acted upon by these enzymes. The primary end ‘clean-
ing’ actions are performed by enzymes that either add or
remove phosphate groups. A further group of enzymes sub-
ject RNA termini to modifications which may complement
the other cleaning enzymes or protect the ends from further
attack.

Phosphate group-adding domains: P-loop kinases. A fam-
ily of kinase domains belonging to the DxTN clade of the
P-loop kinase superfamily of the P-loop NTPase fold is fre-
quently coupled to the ATP-grasp ligases, and is commonly
referred to as the polynucleotide kinase (PNK) family (Fig-
ure 2C) (141). The well-documented role of this enzyme is
phosphorylation of the 5′ OH group of an RNA fragment
with a phosphate group required for reactions such as the
ATP-grasp ligase-catalyzed ligation and extension by Thg1
enzymes (Figure 1B) (142–144).

The distinct Clp1 family of kinases which have con-
vergently evolved nucleic acid kinase activity belong to
the SIMIBI clade of P-loop GTPases (145) and are re-
lated to other kinases within that clade such as the pro-
tein tyrosine kinase Etk. Members of the Clp1 family cat-
alyze ATP-dependent 5′ phosphorylation during tRNA lig-
ation following intron excision in certain eukaryotes (146–
148). Clp1 and its paralogs have also been implicated in
other RNA maturation pathways, including mRNA and
rRNA (149–152). Clp1 displays a stark archaeo-eukaryotic
phyletic distribution, with some bacteria likely acquiring it
via horizontal gene transfer (HGT). While Clp1-mediated
5′ nucleic acid end phosphorylation is observed in archaea
(153), endogenous substrates await further characteriza-
tion. Prokaryotic genome context provides few clues to
Clp1 function, although in a subset of crenarchaea Clp1-
like domains are genomically linked to YqgF-like nucleases
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of the RNaseH fold (154,155) (Supplementary Material).
YqgF nuclease activity has been linked to a range of nu-
cleic acid-related functions (156–158); supporting a role for
Clp1 in nucleic acid end processing in prokaryotes, perhaps
interacting with a range of substrates mirroring the current
experimental evidence for its eukaryotic counterparts.

Phosphate group-removing domains. A wide range of
phosphoesterase domains displaying distinct structural
folds, which catalyze either removal or alteration of the
linkages of a phosphate group, have been identified as
functionally associating with RNA ligases (Figure 2D).
These domains display a characteristic interchangeabil-
ity in the domain architectural network, suggesting re-
peated acquisition/displacement of phosphoesterase do-
mains, even in instances where the RNA ligase with which
it is associated belongs to the same family (Figure 3A). The
most widespread of these is the 2H phosphoesterase domain
(159), which was initially characterized as a cyclic phospho-
diesterase (160,161) involved in tRNA ligation following in-
tron removal (162,163). RNA ligase-associated 2H domains
break 2′,3′-cyclic phosphates, yielding a free 3′ OH and a 2′
phosphate group which might then be processed further (see
below; Figure 1C) (162,164).

An additional, well-studied phosphoesterase domain as-
sociating with RNA ligases belongs to the Rossmannoid
fold HAD superfamily domain of phosphoesterases (Fig-
ure 2D) (165). Experimentally-characterized RNA ligase-
associated HAD domains, in a reaction typical of the HAD
superfamily (166,167), cleave the cyclic phosphate group
from the 3′ end of a RNA fragment, yielding a free 3′
OH at the end for the ATP-grasp ligases to join the RNA
fragments (Figure 1C) (168,169). A third phosphatase be-
longs to the calcineurin-like fold (Figure 2D), which con-
tains various well-characterized phosphatases like the 2′-
3′ cAMP phosphodiesterases, protein phosphoserine phos-
phatases, and sphingomyelin phosphodiesterases as well as
the bacterial SbcD and yeast MRE11 nucleases (170,171).
Calcineurin-like phosphatases mechanistically hew closely
to HAD phosphatases, removing the cyclic phosphate
group from the 3′ end of the RNA fragment (Figure 1C)
(142).

A number of other phosphoesterase domains with
distinct protein folds show propensity to act as phos-
phatases on nucleotide or nucleic acid substrates (Fig-
ures 1C, and 2D). These include the HD, synaptojanin-
like (also termed ‘Exonuclease-Endonuclease-Phosphatase
(EEP)’ superfamily), PTPase and HIT-like superfamilies
(Figures 1C and 2D). HD domains (172) have been
linked to a range of phosphoesterase activities includ-
ing removal of phosphate groups by the SpoT enzyme
(173), cNMP phosphodiester bond cleavage (174), and
5′-deoxyribonucleotide phosphoester bond cleavage (175).
The synaptojanin-like superfamily, including the inositol
polyphosphate 5-phosphatases (176), also contains mem-
bers with nuclease and potential nucleotide phosphatase ac-
tivity (177). Members of the PTPase superfamily, while pri-
marily studied as protein tyrosine or dual-specificity pro-
tein serine/tyrosine phosphatases, also operate on other
substrates including lipids and tRNAs (178–182). Finally,
members of the HIT-like superfamily have been shown

to be nucleotide phosphoesterases that hydrolyze the 5′-
adenylated RNA that has been misincorporated into ge-
nomic DNA (183). Indeed such adducts can also conceiv-
ably form as a result of aborted ligation during RNA repair.
While none of these phosphoesterase domains have been
experimentally characterized in RNA-ligation-related end-
processing systems, we present evidence via contextual in-
ference for their potential involvement in RNA repair com-
parable to the previously characterized phosphoesterases
described in the preceding paragraphs (see below).

Domains catalyzing modifications of RNA termini.

KptA-like 2′-phosphotransferase. As noted above, action
of end-processing enzymes such as those of the 2H super-
family result in termini with a phosphate group attached
to the 2′ end. Such ends are cleaned by the KptA 2′-
phosphotransferase (Figure 1C and 2E), which contains a
catalytic domain of the ADP-ribosyltransferase (ART) su-
perfamily fused to an N-terminal La-type winged helix-
turn-helix (wHTH) domain (81,184–187).The ART domain
uses NAD+ as a substrate to attack the 2′ phosphate group
on tRNA with the ADP-ribose moiety. The phosphate thus
leaves as the 1′,2′-cyclic phosphate ADP-ribose (Figure 1C)
(188–190). This compound is then processed by another en-
zyme containing a catalytic Macro domain (Figure 2E), in
conjunction with a 2H enzyme, to release ADP-ribose by
removing the phosphate group from it (191).

RtcA cyclase. RtcA belongs to the same superfamily as
the 5-enolpyruvylshikimate-3-phosphate (EPSP) synthases
(Figure 2E), which catalyze the formation of EPSP from
phosphoenolpyruvate and 3-phosphoshikimate in biosyn-
thesis of aromatic amino acids (192). This superfamily con-
tains a version of the IF3-C fold, an inferred ancestral
RNA-binding fold within which enzymes acting on nu-
cleic acids have repeatedly emerged (193). RtcA has been
shown to catalyze cyclization of termini with 3′-phosphate
or 2′-phosphate groups to 2′,3′ cyclic phosphate (194,195)
(Figure 1D). Predominant genome associations of RtcA
with RtcB suggest that they might function together in 3′-
end processing during RNA ligation (see discussion be-
low). Additional roles for RtcA could include cyclic termini
recognition/cyclic phosphate end maintenance, a possibil-
ity for eukaryotic RtcA acting on U6 snRNA (196).

Hen1 methyltransferase. Hen1 is a two-domain protein
combining a N-terminal Hen1-L domain which couples
it to RNA ligase systems (142,197) and the S-adenosyl
methionine-dependent Rossmann fold methyltransferase
domain of the Hen1 clade, which methylates the 2′ OH
on the 5′ RNA fragment prior to ligation (Figure 1B).
This modification is thought to effectively ‘seal’ the re-
ligated tRNA against further toxin attack by introduction
of the methyl group which cannot be accommodated by
RNase active sites (142,197–201). Notably, Hen1 methyl-
transferases appear to have been recruited to similar roles in
eukaryotes: modification of free 2′ OH groups at 3′ ends of
small RNA has been observed in animal piRNAs (202,203),
ciliate scnRNAs (204), and plant miRNAs (205,206). In
plant miRNAs, the protection afforded by Hen1-mediated
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methylation, at least in some contexts (207), competes with
the degradation-stimulating polynucleotide tags added by
TRF clade Pol� NTase enzymes (208,209).

Accessory domains involved in RNA repair

Ligand-sensing CARF and WYL domains. The RtcR pro-
tein is a �54 transcriptional coactivator of the operon cod-
ing for RtcA and RtcB (Figure 4A, E–M, Supplementary
Material). It displays the characteristic architecture of these
coactivators with a central ATPase domain of the AAA+
superfamily (210,211) and a C-terminal HTH domain
(212). The N-terminal region was long assumed to har-
bor the domain responsible for recognizing a signal which
would activate expression of RtcA/RtcB (194): a recent
study identified this region as harboring a CARF domain
(213). In distinct conflict systems, including CRISPR/Cas,
the CARF domain, like the WYL domain with which it
is genomically linked, is predicted to specifically bind nu-
cleotide and nucleotide-derived ligands in a range of reg-
ulatory roles (Figure 4A) (55,213). While the RtcR ligand
remains to be experimentally identified, the presence of a
CARF domain suggests that it might function as a sensor
for cyclic termini of RNA to regulate RNA ligation-based
repair systems (see below). Similar to other conflict systems
(213), WYL domain proteins are also present in several
RNA ligase systems and predicted to sense similar ligands
and regulate transcription via their fused HTH domains
(Figure 4E–M). Despite their shared function, the mecha-
nism of regulation by transcription factors with the WYL
and CARF domains is likely to be distinct, with the former
being a repressor that relieves a transcriptional block on lig-
and sensing and the latter directly activating transcription
(see below) (213).

Archease domain. The archease domain displays a
pronounced archaeo-eukaryotic phyletic distribution,
although many bacteria have acquired it via horizontal
gene transfer (HGT) (214). It contains a unique fold
which appears to have emerged from a combination of two
homologous ancestral 3-stranded units (Figure 4B) (215).
Archease has been shown to function as a chaperone which
promotes reaction turnover of tRNA ligation during intron
excision in archaea and eukaryotes (216–218), possibly by
enhancing formation of the RtcB-guanylate intermediate
during the reaction (217). Archease has also been linked
to a similar functional role during tRNA methylation
in the archaeon Pyrococcus (219) and is also found in
many bacteria which do not have tRNA introns (218),
suggesting it functions as a general chaperone in distinct
processes, including RNA ligation following attack by
RNase effectors in bacteria (218).

Rot/TROVE proteins and their non-coding YRNA part-
ners. Proteins of the Rot/TROVE superfamily contain an
eponymous module (220,221) comprised of multiple bihe-
lical repeats fused to a C-terminal vWA domain (Figure
5A) (222,223), or more rarely, a TerD domain (52). Mem-
bers of this superfamily are key components of several
ribonucleoprotein complexes including the animal telom-
erase and vault complexes and the eukaryotic and bacterial

Ro RNP complex (220,221) which had been linked to stress
response (224), UV irradiation response (225), and non-
coding RNA quality control (226–228). Additionally, recent
studies have shown the bacterial Ro RNP to associate with
the polynucleotide phosphorylase (PNPase), an exoRNase
which plays a key role in degradation of misfolded RNA
(226,229). Related proteins with the Rot/TROVE module
and vWA proteins are found associated with RNA ligases
(195,230), pointing to a further role in RNA repair. Interest-
ingly, the Rot/TROVE protein associates with a non-coding
RNA, the YRNA, which appears to ‘tether’ it and the PN-
Pase and helps position the target single-stranded RNA in a
ring-like structure formed by Rot/TROVE for degradation
(Figure 5A) (230). A recent analysis revealed YRNAs to be
present across diverse bacterial lineages (231). Our analy-
sis, using nucleotide regions adjacent to the Rot/TROVE
and vWA protein as starting points for iterative homology
searches combining the BLASTN and Infernal programs
(232), verified earlier findings but recovered a more expan-
sive set of predicted YRNAs (Figure 5B, Supplementary
Material). Notably, we observe that YRNAs almost always
occur in tandem on the bacterial genome, with between 2–4
repeats present next to the Rot/TROVE gene (Figure 4G,
L, Supplementary Material), thereby generalizing a previ-
ous observation in Salmonella enterica (230).

Band-7 domain proteins and their non-coding RNA part-
ners. In several bacteria we found the genes coding for
ROT/TROVE proteins and YRNAs to be missing in the
genomic neighborhoods of RNA ligase systems. Instead
these coded for a protein containing the Band-7 domain
(also referred to as the SPFH or PHB domain) (233–236),
mutually-exclusively to the former genes (Figure 4A). The
Band-7 domain is further related to the shoulder domain of
the Major Vault protein (MVP) of the small RNA associ-
ated Vault complex (Figure 5A) (237); it is also distantly-
related to the Ribosomal S3AE superfamily of proteins, the
bacterial flagellar basal body-associated protein FliL, and
the Bacillus YqfA sublancin immunity protein (238) (Bur-
roughs AM, Aravind L, personal observations). However,
the functions of the Band-7 domain have long remained
largely enigmatic though members of the superfamily have
been implicated in membrane lipid recognition (239), fa-
cilitating protein-complex recruitment/assembly (240), ser-
ine protease chaperone activity (241), and cellular stress
response (242). The Band-7 domain proteins associating
with RNA ligase systems correspond to the SPFH9 fam-
ily (234), which notably contains no transmembrane helices,
an otherwise common feature in the Band-7/SPFH super-
family. Instead they show a large N-terminal region harbor-
ing at least two tandem repeats of a globular �+� domain
(Figure 5A, Supplementary Material). Analysis of this N-
terminal domain revealed a distant relationship to the re-
peats observed N-terminal to the Band-7 (MVP-shoulder)
domain in the Major Vault Protein which forms the toroidal
core of the Vault complex (237,243,244), for which bacterial
homologs were also discovered (Supplementary Material).
Thus, by analogy, members of the SPFH9 family found
in RNA repair contexts could form a multimeric toroidal
structure with parallels to the Vault and convergently sim-
ilar to the ring-like structure of the ROT/TROVE proteins
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Figure 4. Genome context network of RtcB ligase-based and related RNA repair systems. (A) Contextual network; domains displaying mutual exclusivity
wrapped together in dotted lines. (B and C) Structures of RtcB ligase-associating domains. Despite multimerization in crystal structures, archease exists
as monomer in solution (216). Swapped strand in obligate dimer archease structure colored in cyan. (D–R) Representatives of RtcB RNA ligase-centered
RNA repair and related systems. The system of labeling is as in Figure 3.

(Figure 5A) (227). Moreover, we detected a distant rela-
tionship between this N-terminal repeat domain and the N-
terminal region found in all Band-7 superfamily members,
suggesting that the repeat may have initially emerged in bac-
teria through partial duplication of that part of the Band-7
domain.

Analyzing the genomic regions immediately adjacent to
Band-7 domain genes using iterative homology searches,
we detected a previously-unidentified class of non-coding
RNAs distinct from the YRNA family associated with the
ROT/TROVE domain proteins (Figure 5C, Supplemen-
tary Material). Instead its sequence and predicted struc-
ture strongly resembled tRNAs. Accordingly, we named
this noncoding RNA the b7a-tRNA, for band-7-associating
tRNA. In relatively rare instances, we observe one of these
ncRNAs associating with the protein which it does not usu-
ally associate, i.e. a YRNA associating with a band7/SPFH
protein or b7a-tRNA associating with a ROT/TROVE
or both together in the same gene-neighborhood (Figure
4H,L, Supplementary Material). This observation strongly

supports a functional equivalence between the two classes
of ncRNAs. Additionally, iterative searches with the YR-
NAs also recovered bona fide tRNAs, consistent with the
shared sequence and predicted structural features between
these two classes of RNA (Figure 5D) (231). These are
strongly suggestive of a common evolutionary origin for the
b7a-tRNA and the YRNAs involved in RNA repair from
bona fide tRNAs. There is a direct structural equivalence
between the tRNA T-loop and the T-loop-like sequence
in these repair-related ncRNAs, both of which contain the
highly-conserved UCGA motif bracketed by a stem con-
taining the conserved CCC and GGG motifs (Figure 5B–
D) (228,231,245,246). On the other side in the characteris-
tic ‘clover-leaf’ architecture the two RNAs contain another
equivalent loop corresponding to the tRNA D-loop (Fig-
ure 5B–D). The striking sequence and structural parallels
between the YRNA and b7a-tRNA families suggests the T-
loop-like structure could mediate important interactions in
the context of RNA ligation (see below).
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Figure 5. Structures of RtcB ligase-associating and related domains. (A) Individual domains in multi-domain proteins are labeled in green. Swapped
strands in obligate Band-7 core domain are colored green. Repeat domains found N-terminal to core Band-7-like domain in MVP are colored as individual
units. Interacting Band-7-like N-terminal repeat domains found in structure of the Vault complex are colored as per repeat. (B and C) Multiple sequence
alignments of YRNAs (B) and b7a-tRNAs (C). Genome sequence position is provided to the left and right of sequences. Predicted secondary structure
features are given on the top line of alignment in WUSS notation. Poorly-conserved regions replaced by numbers. (D) Secondary structure depictions of
YRNA and b7a-tRNAs. Key features are shaded to match (B and C). Potential modification/cleavage region for YRNA described in (231) shaded in
brown. All domain and organism abbreviations are provided in Supplementary Material.

The predicted RNA-binding domain, MJ1316. The
MJ1316 domain (also called Domain of Unknown
Function 504 in pfam (247)), was originally predicted
to be a RNA-binding domain based on analysis of its
domain architectural contexts (159). Our updated sur-
vey of genome contexts revealed a striking tendency for
MJ1316 to repeatedly occur in RNA-repair systems (see
below, Figure 3). The MJ1316 superfamily contains several
well-conserved positively-charged amino acid residues and
also a near-absolutely conserved histidine residue in a
predicted secondary structure comprised of a single �-helix
followed by a �-meander of 3–5 strands (Supplementary
Material). These new observations suggest it to be a key
player in RNA systems and more specifically implicate it
in recognition of RNA 3′ ends, most probably 2′,3′-cyclic
phosphate groups (see below).

The PSα domain. Our analysis of the contextual connec-
tions of RNA repair system components revealed a poorly-
characterized, all �-helical domain typified by the human
PDCD5/TFAR19 and budding yeast Sdd2 proteins. Ac-
cordingly, we named it the PS� domain (Figure 4C). Pre-
vious studies had dubiously described the archaeal ver-
sion of the PS� domain (MTH1615) from Methanobac-
terium thermoautotrophicum as a dsDNA-binding domain
(248). However, this role is not supported by subsequent
studies (249,250) and we recommend against using the
name dsDNA-binding, as currently provided by the Pfam
database. PS� domains show a strongly archaeo-eukaryotic
phyletic pattern, which combined with its presence in ar-
chaeal ribosomal superoperons, points to a role in associa-
tion with ribosomes (see below, Figure 4R, Supplementary
Material).
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THE DIVERSITY OF RNA REPAIR SYSTEMS

The above survey indicates that the chief domains involved
in RNA repair are relatively few; however, they are com-
bined in several distinct ways in diverse domain architec-
tures and mobile gene-neighborhoods to spawn a consid-
erable variety of RNA repair systems. At the highest level
these systems can be divided into those which are centered
on a ligase domain and those which are not. The former cat-
egory is by far the most widespread across Life and can be
further divided into those containing either an ATP-grasp
or a RtcB ligase. All characterized RNA ligase families are
present across several distinctive systems, many of which
display similar syntactical themes of domain architectural
and operonic linkages suggesting a certain functional equiv-
alence between them. In the following sections, we discuss a
unified ontology covering the syntactical diversity of these
RNA-repair systems.

ATP-grasp RNA ligase systems

These systems can be further classified based on their com-
plexity, which spans the entire range from single compo-
nent standalone ligases to multicomponent systems where
the ligases are combined with increasing numbers of ad-
ditional components. In the multi-component systems, the
basic set of additional components are P-loop kinases and
phosphoesterases. More complex systems are marked by the
persistent presence of additional enzymatic domains such a
methylases and Pol� NTases (Figure 3A–Q).

Standalone ATP-grasp ligases. The simplest system con-
sists of ligases lacking strong operonic linkages, but con-
taining characteristic domain fusions or C-terminal exten-
sions. The best studied of these systems are the Rnl2-like
ligases with a distinctive C-terminal extension (Figure 3B)
which specifically recognizes nicked duplex RNA (111,112).
They have been shown to perform duplex RNA nick repair,
both in the context of kinetoplastid RNA editing (REL1
and REL2 enzymes) (251,252) and in bacteria and their
phages (77,253). These are also found in haloarchaea, large
nucleo-cytoplasmic large DNA viruses (NCLDVs) (254),
and diverse eukaryotic lineages (Supplementary Material).
While the in vivo ligation targets of bacterial and phage
Rnl2-like ligases are poorly-understood, one possible sub-
strate are nicked RNAs generated by uncharacterized RNA
toxins (Table 1). The so-called Rnl5-like ligases (76,109)
are a subfamily of Rnl2-like ligases and appear to sim-
ilarly act as self-contained, single protein systems. These
lack any C-terminal helical extension, and are instead N-
terminally fused to an RNA-binding OB fold domain (Fig-
ure 3C). Rnl5 has been shown to repair tRNAs with cleaved
anticodon-loops, and are found across several disparate eu-
karyotic, bacterial, and phage lineages (76,109) (Figure 3C,
Supplementary Material).

Systems combining Rnl1-like ligases with kinase and phos-
phoesterase components. These were first identified over
four decades ago in the phage T4 and combine a ligase mod-
ule of the Rnl1-like family (22) with a P-loop kinase and
either a HAD domain phosphatase or a HD domain in at
least two distinct systems (Figure 3D–E). Such enzymes are

observed in phages, a limited set of actinobacteria, firmi-
cutes, cyanobacteria, and NCLDVs; in NCLDVs all three
domains are fused to the same polypeptide while elsewhere
the ligase is a standalone protein with a C-terminal exten-
sion and the kinase N-terminally fused to the phospho-
esterase (often referred to as a ‘polynucleotide kinase’) is
encoded by an adjacent downstream gene (Figure 3D–E,
Supplementary Material) (163). In phages, these systems re-
pair host nuclease-mediated cleavage of host tRNALys to
reinitiate translation of phage mRNAs (163,255). Similarly,
the genome-encoded bacterial versions could be deployed
against potential toxin attacks. Solo versions of the ligase
seen in this system are present in a limited set of eukary-
otes including the heterolobosean Naegleria, the mollusk
endosymbiont Capsaspora, and certain amoebozoans (Sup-
plementary Material). These eukaryotic versions could still
associate with kinases and/or phosphoesterases, although
cognate HAD family orthologs are not present in these
genomes.

A similar, well-studied system combines a Rnl1 family
ligase with the P-loop kinase and a phosphoesterase of
the 2H superfamily in the same polypeptide, typified by
yeast Trl1p (Figure 3F). This system has been studied in
tRNA ligation following intron removal (164) in fungi and
plants (256–259). Recent research identified comparable
but divergent versions in ciliates (260,261), representatives
of the SAR (Stramenopiles-Alveolates-Rhizarian) lineage,
amoebozoans, and certain marine metazoans including the
cephalochordate Branchiostoma (148). We further identified
homologous versions in certain kinetoplastids (Supplemen-
tary Material). In Branchiostoma the Rnl1 ligase is a stan-
dalone protein (Figure 3G) which participates in tRNA in-
tron splicing with cognate kinase and 2H domains encoded
elsewhere in the genome (148). A comparable process could
be active in several organisms where orthologous ligases oc-
cur as standalone proteins (Figure 3G, Supplementary Ma-
terial). Variants of the basic three-domain architecture are
observed in apicomplexans, which tend to combine the core
with a second copy of either the ligase (Toxoplasma, Ham-
mondia, and Neospora), the 2H domain (Eimeria), or the
kinase (Perkinsus) domains (Figure 3F).

Beyond these, a poorly-understood system combines a
Rnl1-like ligase with a calcineurin-like phosphoesterase and
a P-loop kinase often in the same polypeptide (Figure 3H).
These again span several bacterial and phage lineages while
showing sporadic representation within any single lineage
(Supplementary Material). Two major variations to the core
system are observed: (i) in several lineages, the ligase is
found fused directly to the kinase with the calcineurin-like
phosphoesterase encoded as a solo protein; (ii) sporadic
neighborhood association is observed with KptA and Thg1,
a Rot/TROVE+vWA protein, and a Macro domain (Figure
3H, Supplementary Material).

Systems predominantly centered on Rnl2-like ligases with ki-
nases and phosphoesterases. Two additional uncharacter-
ized systems are predicted to act similarly to the above but
predominantly contain a Rnl2-like family ligase. The first,
sporadically observed across several bacterial lineages (Sup-
plementary Material), combines two genes respectively cod-
ing for a Rnl2-like family ligase and a fusion of a N-terminal
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HD phosphoesterase and P-loop kinase domains (Figure
3I, Supplementary Material). Several variations to the core
of this system are observed: (i) in firmicutes, the HD and
kinase order is inverted, (ii) operonic linkage with a distinct
ligase system is observed in some bacteriodetes and �/� -
proteobacteria, combining with the RtcB ligase and RF-1
domains (see below, Supplementary Material) and (iii) in
some cases the system includes genes for an additional P-
loop kinase and a Thg1 polymerase. The Thg1-kinase gene
pair, which is also seen in at least one other system (Figure
3K), could specifically function in repairing 5′ ends via its
polymerase action in combination with ligation of an en-
donucleolytic cleavage.

The second system, sporadically observed in several eu-
karyotic lineages including fungi, the nucleomorph Guillar-
dia, kinetoplastid Angomonas, and oomycete Phytopthora,
fuses Rnl2-like ligase modules to a N-terminal 2H fold
phosphoesterase and an additional phosphoesterase do-
main of the PTPase superfamily, and a P-loop kinase (Fig-
ure 3J, Supplementary Material). This system is found in
many of the same organisms containing one or more copies
of the architecturally similar Rnl1-like ligase, 2H phospho-
esterase, and P-loop kinase module described above (Fig-
ure 3F–G). This suggests a functional differentiation be-
tween these systems or a degree of backup between them.
In the current system the PTPase domain could potentially
remove 2′ phosphate groups from the RNA fragment after
the 2′,3′-cyclic phosphate is cleaved by the 2H domain (see
above). Another variation is observed in Emiliania, which
lacks the 2H domain but contains a 3′→5′ exonuclease of
the RNase H fold between the PTPase and kinase domains
(Figure 3J).

ATP-grasp ligases associated with a Hen1 methylase and/or
a novel Polβ NTase. The most common of these displays at
its core a calcineurin phosphoesterase, a P-loop kinase and
a Rnl4-like ligase, all fused together in the same polypep-
tide (Figure 3K) (171). While some representatives con-
tain only this core configuration, it is mostly additionally
found to associate with a Hen1 RNA methylase protein
(Figures 1B, and 3K). In several gene neighborhoods, dis-
tributed broadly across bacteria, these are further coupled
to a gene encoding a novel family of Pol� NTase proteins,
often sandwiched between those coding for the Hen1 and
the three-domain protein with the ligase component (Fig-
ure 3K). Due to its repeated association with RNA ligases,
we hereafter refer to this family as the RlaP (RNA ligase-
associating Pol�) NTase family (Figures 3A, K–M, and
4A). These systems less-frequently display additional asso-
ciations which might potentially represent adaptations to
further escalation of the arms-race in the conflict. These in-
clude combinations with P-loop kinase, Thg1, Macro, and
Rot/TROVE+vWA domains (Figure 3K, Supplementary
Material). We also observe that on a few occasions the Rnl4-
like ligase is encoded as a solo domain, found adjacent to
a further P-loop kinase and HAD phosphatase fusion pro-
tein as found in the above Rnl1-centric systems (Figure 3K,
Supplementary Material). Additionally, if Hen1 is not oper-
onically linked in these systems, it might be encoded else-
where in the genome and has been shown to physically as-

sociate with the Rnl4, HAD and P-loop kinase domains via
its Hen1-L domain (199).

A distinct system from baculoviruses and ento-
mopoxviruses combines, in the same polypeptide, a
member of the RlaP NTase family with a Rnl2-like ligase
(Figure 3L, Supplementary Material). The same linkage,
this time with a Rnl1-like ligase, is observed in some
bacteria (operonic) and some eukaryotes (domain fusion in
Acanthamoeba and Naegleria); however, in the eukaryotic
proteins the ligase is predicted to be inactive based on
the lack of conservation of catalytic residues (Figure 3M,
Supplementary Material). This suggests that it might
merely serve as a RNA-end-recognition module which lo-
calizes the action of the RlaP NTase. RlaP NTases are also
coupled with RtcB RNA-ligases as discussed below. These
multiple independent combinations between RNA ligases
and RlaP NTases further emphasizes the importance of the
functional interaction between these two modules.

ATP-grasp ligase systems containing polyA polymerase fam-
ily NTases. A previously uncharacterized system with
complex architecture found sporadically in bacteria com-
bines genes coding for a Rnl2-like ligase, a P-loop kinase,
and sometimes a HD phosphatase with an additional gene
encoding a large, multi-domain protein. This protein, from
N-terminus to C-terminus, combines a MJ1316 domain, a
synaptojanin-like phosphoesterase, a 2H phosphoesterase,
and a Pol� NTase module (Figure 3N, Supplementary Ma-
terial). This Pol� NTase module belongs to the eukaryotic
polyA polymerase (PAP) clade, and shares their character-
istic C-terminal P�CD (262), and PAP RNA-binding do-
mains (Figure 3N). The conserved presence of the three
domain PAP module suggests a comparable function in
adding terminal polynucleotide tails. Presence of this PAP
module, distinct from the RlaP NTase from the above sys-
tems, is intriguing and suggests possible terminal polynu-
cleotide elongation either competing with or acting in par-
allel to ligation. The strong coupling of the synaptojanin-
like and the 2H phosphoesterase domains suggests a coop-
erative relationship, with 2H acting on the cyclic phosphate
followed by the former hydrolyzing the 2′ phosphate (Figure
1C). As noted above, the MJ1316 domain might act in cyclic
phosphate recognition to recruit these systems to damaged
RNA.

Large eukaryotic ‘Swiss-army knife’-type ligase proteins.
Parallel to the above bacterial proteins, we observed sev-
eral previously-unreported large eukaryotic proteins com-
bining the ligase module to multiple enzymatic domains
related to RNA repair. These include a protein from the
haptophyte Emiliania containing a Rnl1-ligase coupled to
two HAD domains from distinct families, including one
previously uncharacterized family (Supplementary Mate-
rial), a RNase H fold 3′→5′ exonuclease, 2H, P-loop kinase,
prim-pol, and Ras-type GTPase domains (Figure 3O). The
stramenopile Aphanomyces fuses a Rnl2-like ligase module
with a PAP-like Pol� NTase module, another previously-
uncharacterized HAD family (Supplementary Material),
2H, P-loop kinase, MJ1316, and RWD domains in a single
protein (Figure 3O). Another stramenopile, Phaeodactylum
tricornutum, combines a Rnl1 ligase with MJ1316, 2H and
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P-loop kinase domains. Finally, the chlorophytes Volvox
and Chlamydomonas contain proteins combining Rnl1-like
ligases with a mRNA-capping guanylyltransferase module,
a P-loop kinase, and sometimes an ubiquitin (Ub)-ligase re-
cruiting F-Box domain (Figure 3O, Supplementary Mate-
rial). These combinations suggest the proteins potentially
coordinate multiple repair activities, with mRNA as one po-
tential substrate. Importantly, multiple links to Ub-binding
or conjugation related domains suggest, as noted previously
in eukaryotes (263), RNA processing activities might be reg-
ulated via ubiquitination.

ATP-grasp ligase systems coupled with endonuclease do-
mains. A unique system, belonging to a vast assemblage
of previously-undescribed conflict systems centered on the
presence of a distinct clade of P-loop NTPase domains
of the ABC superfamily (Iyer LM, Burroughs AM, Ar-
avind L, unpublished), combines a gene encoding the said
ABC NTPase with those coding for a distinct lineage of
the Rnl2-like clade of ligases, a HNH endonuclease, and
a PIN domain RNase (Figure 3P, Supplementary Mate-
rial). In a few organisms the PIN and ABC NTPase are
absent and the ligase and HNH are fused together in the
same protein. The system is highly mobile, sporadically
present across several diverse bacteria and at least one ar-
chaea and archaeal virus (Figure 3P, Supplementary Ma-
terial). By analogy to other conflict systems containing ef-
fector domains and ABC NTPases, like the HEPN domain
RNase-containing RloC system (264), the ABC NTPase
likely functions to sense nucleotide/nucleic acid-derived sig-
nals triggered by viral infection and regulate the activity of
the associated effector domains. HNH and PIN domain nu-
cleases are known to be deployed as effectors in multiple dis-
tinct conflict systems, the former usually against DNA and
the latter against RNA (Table 1). However, the combination
of a RNA-ligase domain with these nucleic acid-targeting
effectors is, to our knowledge, without precedent. It is con-
ceivable that this ligase helps repair cellular RNAs cleaved
by the effectors of the invader even as the HNH and PIN
domains target the invader directly or indirectly. It is also
possible that the ligase helps heal cellular RNAs (e.g. tR-
NAs) that were cleaved to limit the infection of the invasive
entity once the infection is overcome by action of the HNH
and/or PIN effectors.

Another group of systems exclusive to both bacterial and
archaeal extremophiles are typified by two linked genes re-
spectively encoding a Rnl3-like ligase and a distinct PIN do-
main RNase (Figure 3Q). Unlike classical T-A systems, the
two genes are in the opposite direction, typically tail-to-tail
(Supplementary Material). The exclusive presence of this
system in extremophile genomes and the decoupling of the
Rnl3-ligases from the PIN nuclease in certain genomes sug-
gest that it might perform specific regulatory functions as
opposed to being a classic T-A system. Such a Rnl3-type lig-
ase has been experimentally shown to catalyze circulariza-
tion of single-stranded RNA in vitro (265,266); hence, one
regulatory possibility might involve alternative circulariza-
tion and linearization or cleavage and re-ligation of specific
RNAs in response to environmental stress. Such regula-
tion has been reported to stabilize the circularly-permutated
signal recognition particle (SRP) RNA in the thermophile

Thermoproteus; this system could similarly act in RNA sta-
bilization (267).

RtcB RNA ligase systems

Despite the initial functional characterization for RtcB lig-
ases in tRNA intron removal/ligation, the entire range of
endogenous substrates ligated by these enzymes remains un-
clear. Genomic evidence suggests that RtcB is the core of
diverse ligase systems, whose rapid divergence and mobility
across distinct prokaryotic lineages indicate a role in RNA
ligation during conflict (Figure 4A, D–L).

Archease-coupled systems. RtcB ligases associate fre-
quently with the archease chaperone protein across a range
of distinct prokaryotic lineages (Figure 4D, Supplementary
Material) (216); this pair participates in tRNA intron splic-
ing in eukaryotes and archaea (216–218). The archease-
RtcB gene pair is frequently observed in diverse bacteria,
even those lacking introns in their tRNAs (218). This sup-
ports the inference that ligation catalyzed by this pair is
likely to be important for repair of RNA damaged in bio-
logical conflicts. In certain bacteria, the archease-RtcB gene
pair is combined with further components (Figure 4D, Sup-
plementary Material): (i) an association with phosphoribo-
syltransferase (PRTase) and a �/� hydrolase domain, which
can be fused together on the same polypeptide or encoded in
separate genes. In certain bacteria this gene neighborhood
might include a further gene coding for a Rossmann-fold
methylase which is distinct from Hen1. It is possible that
the PRTase and the �/� hydrolase generate a nucleotide
signal similar to what has been previously proposed in the
Ter system that activates RNA repair (52). The additional
methylase in some of these systems might function in end-
protection akin to Hen1. (ii) A distinct association occurs
with a 2H phosphoesterase, either in conjunction with the
archease-RtcB dyad (e.g. Rubrobacter) or independent of
it, with the 2H domain directly fused to the archease (e.g.
Waddlia) (Figure 4D). (iii) An association with a RNA-base
modifying Rossmann-fold methyltransferase and its PUA
domain partner is found in certain members of the archaeal
lineage of Thermococcales (216). This association is con-
sistent with the previously reported chaperone-like role of
archease with respect to the RNA-base methylases (219).

RtcB systems with transcription factors. Though compa-
rably or even more mobile in bacteria, this class of oper-
ons shows largely mutually-exclusive phyletic profiles to
the RtcB-archease operons (Figure 4A, E–L, Supplemen-
tary Material). This points to their functional equivalence
in conflict-related RNA repair, albeit via different mecha-
nisms as suggested by the distinctness of their components
beyond RtcB. There is considerable variation in the addi-
tional components of this system across bacteria beyond
the basic core formed by the RtcB (Figure 4A, E–L): (i)
the previously characterized versions contain a gene for
the RtcR transcription factor (TF) on the opposite cod-
ing strand (Figure 4E) (194). (ii) We noted that RtcR is
frequently replaced by another TF combining a WYL do-
main (see above) with a c1-repressor-like HTH domain and
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occasionally a second distinct HTH domain or on rare oc-
casions, in lieu of the HTH, a MetJ/Arc-like ribbon-helix-
helix DNA-binding domain. Some of these neighborhoods
might also encode a second such WYL fused to a distinct
HTH domain (Figure 4E). The mutually exclusive phyletic
patterns of the variants respectively with CARF (RtcR) and
WYL domains as the sensors of the activating ligands likely
reflect the distinct modes of transcriptional regulation of
the two TFs (213) with RtcR primarily acting as a ligand-
induced activator of RtcA-RtcB expression (194,195) and
the WYL-cHTH protein as a repressor (see above, Figure
4A). (iii) The repeated loss of the RtcA domain yielding
a two-gene operon (Figure 4F)––even in the proteobacte-
rial lineage, where RtcA is widely found, it has been repeat-
edly lost (Supplementary Material). In this regard it should
be noted that RtcA is never found in systems with a WYL
TF. This suggests that it emerged relatively late in prokary-
otic evolution and performs a more ancillary function in
RNA repair. Given that the RtcA can generate 2′-3′ cyclic
phosphates at RNA termini, it might function both to rec-
ognize cleaved ends and channel them for ligation by ver-
sions of RtcB ligases with either a preference for substrates
with a cyclic end or under certain specific conditions (Fig-
ure 1A,D) (195).

Additional components accreted to the RtcB-TF systems.
Versions of the above operons have often accreted ad-
ditional functional modules. One such is a protein with
ROT/TROVE and vWA domains (195,220,221). As noted
above, a gene for this protein occurs in mutually exclu-
sive gene-neighborhoods with one coding for a band-
7/SPFH domain protein of the SPFH9 family. These sys-
tems further frequently include the above-described ncR-
NAs, YRNA and b7a-tRNA, typically adjacent to the
ROT/TROVE+vWA and band-7/SPFH genes, respectively
(Figure 4G, Rot/TROVE neighborhoods and 4H, band-
7/SPFH neighborhoods). While the protein components
are evolutionarily unrelated, their mutual exclusivity in-
dicates that they together with the counterpart ncRNA
are likely to be functionally equivalent (Figure 4A). The
further mutual exclusivity observed between these systems
and the archease-RtcB systems in bacterial genomes could
point to a comparable chaperone-like role for these ribonu-
cleoproteins (RNPs) in facilitating the assembly of RtcB-
containing complexes, or potentially as a scaffold which
augments the ligase activity. Moreover, their occasional
combination with systems centered on Rnl1-like and Rnl4-
like ligases suggests that they might more generally perform
such a role even in other ligase systems (Figure 3H and
K). This proposal is supported by recent experimental work
which points to a general role for the Rot/TROVE+vWA-
YRNA RNP in the correct positioning of a RNA substrate
and its enzyme partner (230), paralleling the results from
the archease systems (216–218).

Two further components are observed in these neigh-
borhoods, although at a lower frequency (Supplementary
Material): the first is a zinc ribbon protein which appears
to occur specifically in those systems also containing the
RtcR TF (Figure 4J). This zinc ribbon family is largely re-
stricted to bacteria with occasional lateral transfers to eu-
karyotes. In bacteria it is potentially it is encoded by within

multiple distinct gene-neighborhoods potentially coding for
conflict systems (Burroughs AM, Aravind L, personal ob-
servations). These observations suggest the domain might
function in recognizing specific macromolecules in multi-
ple conflict-related contexts. The second is the KptA phos-
photransferase domain which potentially helps cleanup 2′-
phosphates in RNA that might have escaped ligation via a
RtcB-dependent ligase (Figure 4K).

Coupling of the RlaP NTase to RtcB-TF systems. We fre-
quently observed the RtcB-TF gene-neighborhoods include
the RlaP NTase also found associating with the ATP-grasp
RNA ligases (Figure 3K–M). The RlaP NTase coupling
is observed across the various RtcB-TF systems described
above but not in any of the RtcB-archease systems (Figure
4A, J–L). Less frequently, certain bacteria possess systems
comparable to the RtcB systems described above where
there is only a RlaP NTase component but no RtcB (Fig-
ure 4M). Further, the RlaP is found embedded in a sub-
set of CRISPR/Cas operons (Figure 4N). Additionally, the
RlaP NTase might also be found as a standalone protein in
several caudate bacteriophages that infect most major bac-
terial lineages (Supplementary Material). The RlaP family
shows several distinct features absent in other members of
the Pol-� NTase superfamily, such as a characteristic C-
terminal �-helical extension beyond the core NTase domain
which has a nearly absolutely conserved lysine and arginine
that might have a role in catalysis and/or substrate recog-
nition (Supplementary Material). Given the distinctness of
this family, it is likely to play a role in RNA repair differ-
ent from what has been observed for the CCA-adding en-
zyme and polyA polymerase clade. Its strong association
with mechanistically distinct RNA ligases utilizing differ-
ent substrates suggests that the action of the RlaP enzymes
is likely closely coupled with ligase activity. Hence, it proba-
bly operates on RNA ends to selectively modify them along-
side repair through ligation.

RtcB-RFH systems. Prior genome analyses identified the
coupling of RtcB with a distinctive paralog of class-I release
factors (RFs), termed RFH in bacteria (Figure 4O, Supple-
mentary Material) (268). Canonical RFs directly recognize
and associate with stop codons in the ribosomal A-site lead-
ing to translation termination (269), and it has been per-
suasively argued that the RFH family retains the sequence
and structural features necessary to act similarly (268). At
the time of that study, RtcB function had yet to be eluci-
dated. In light of what we currently know of RtcB, we can
now predict that this two-gene system likely couples release
of the nascent peptide chain with RNA repair. Given that
RNA toxins are known to act by ‘jamming’ the ribosome,
such a system might be useful in relieving the blocked ribo-
some while also healing damaged rRNA or tRNA (Table
1, see above). Unlike the above systems, RFH-coupled sys-
tems are not found in mutually exclusive genome contexts,
supporting a non-redundant role with the other RtcB sys-
tems (Supplementary Material). At least two stramenopiles
(Thalassiosira and Phaeodactylum) contain a RFH mod-
ule N-terminally fused to the MJ1316 domain (Figure 4P).
This might function analogous to the bacterial systems with
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MJ1316 sensing a damaged RNA-terminus while RFH acts
to release peptide chains.

RtcB-PSα system. In thaumarchaeota we identified a
previously-undescribed, conserved system linking RtcB
with genes coding for proteins with a PS� domain and a
further uncharacterized domain (Figure 4Q). In addition
to its linkage to the ribosomal super-operon, in certain
euryarchaea the PS� domain protein is also operonically-
linked to the MJ0690-type PP-loop domain, an enzyme
previously predicted to participate in RNA-modification
pathways (Figure 4R, Supplementary Material) (270,271).
Hence, it is possible that the PS� protein recruits RtcB
to the ribosome to allow ribosome-linked RNA repair in
thaumarchaeota. Additionally, it could also play a role as
a chaperone or a scaffold as suggested for components in
the above systems, consistent with characterized roles in eu-
karyotes (249,250).

Systems lacking a canonical ligase component

The available genome data points to systems containing
components with several of the domains clearly character-
istic of RNA repair but lacking a canonical ligase compo-
nent. While some of these systems are likely to participate
in RNA repair steps other than or separate from ligation,
the remaining are likely to function in conjunction with any
of the ligase systems that have been described above which
are encoded elsewhere in the genome.

Potential RNA end-processing systems with the MJ1316
domain. Several systems defined by conserved gene-
neighborhoods and multi-domain architectures combine
the MJ1316 domain, predicted to play a role in damaged
RNA end-recognition, with other partners potentially in-
volved in RNA repair (Figure 3A, R–W). Given the above-
noted conserved histidine in the MJ1316 domain (Supple-
mentary Material), we cannot entirely rule out the possi-
bility that it possesses some enzymatic activity of its own
specific to certain RNA termini. In several proteobacterial
lineages, MJ1316 combines with RtcA in its only conserved
context outside of association with RtcB (Figure 3R, Sup-
plementary Material). It is possible that here the MJ1316
domain and RtcA function together in discriminating cyclic
from non-cyclic ends and helps channel the latter for cy-
clization. A context conserved in several euryarchaea com-
bines MJ1316 with a MBL domain (Figure 3S, Supple-
mentary Material). As several MBL families (e.g. tRNase
Z (128)) possess RNase activity (272), this pairing could
suggest recruitment by MJ1316 of RNase activity for end-
processing.

Several bacteria contain a protein whose core comprises
a MJ1316 domain fused to a C-terminal 2H domain (Fig-
ure 3T). Such a protein appears to have been transferred
to the animal lineage prior to its radiation and is proto-
typed by the human protein Leng9 (Figure 3T) (159). It
is possible that these proteins function in concert with lig-
ases encoded elsewhere in the genome in processing RNAs
with cyclic phosphate ends. Notably, this protein shows con-
siderable variability across animals with numerous lineage-
specific combinations of the above core to additional do-

mains. Fusions seen in diverse animal lineages are to ei-
ther a RNA-binding Zn-knuckle domain or to a Ub-system
linked RWD domain or to both of them (Figure 3T, Sup-
plementary Material). Notably, even in the vertebrate lin-
eage, where the core architecture is largely fixed, subtle vari-
ations are detected; the core is further elaborated in certain
organisms by fusions to the actin cytoskeleton-interacting
PBD and BORG CEP domains and on occasions there is
loss of the 2H or Zn-knuckle domains (Figure 3T). Re-
cent studies observed striking expression of mammalian
Leng9 in lymphoid cells in response to rinderpest virus in-
fection, suggesting a potential role for these proteins in cop-
ing with RNA damage occurring in response to virus infec-
tion (273,274).

‘Swiss-army knife’-type proteins with MJ1316 domains.
These large proteins thematically resemble those described
earlier in the context of ATP-grasp ligases (Figure 3O)
but are distinguished from them in lacking a ligase do-
main and unlike them are found in both eukaryotes and
diverse bacteria. However, they all contain a MJ1316 do-
main. The bacterial proteins are standalone versions of
those found linked in conserved neighborhoods with Rnl2-
like ligases (Figure 3N, Supplementary Material). These ap-
pear to have been laterally transferred to fungi while under-
going multiple circular permutations of the domain order
with synaptojanin-like and 2H phosphoesterase domains
flipped in the domain architecture and MJ1316 found at the
extreme C-terminus (Figure 3U, Supplementary Material).
Versions from the choanoflagellid Monosiga, the sponge
Amphimedon, and the stramenopile Saprolegnia have the-
matically similar architectures: at their core, these proteins
combine the MJ1316 domain with one or two 2H phospho-
esterases, a HAD phosphoesterase domain of a previously-
uncharacterized family, a P-loop kinase, and a PAP-like
Pol� NTase module (Figure 3V, Supplementary Material).
The RWD and potentially RNA-interacting R3H domains
are also sometimes found fused to these proteins at the ex-
treme N- and C-termini, respectively (Figure 3V, Supple-
mentary Material). Diverse microbial eukaryotes contain
one or more similar proteins, some with loss of the above
domains in their architectures (Figure 3V, Supplementary
Material). Given their thematic relationship to the above-
described ligase systems, it is conceivable that they act as
multipurpose end-processing enzymes that work along with
ligases encoded elsewhere in the genome.

Prim-pol-centric systems with links to RNAi. Kinetoplas-
tids, heteroloboseans, and haptophytes possess a remark-
able set of proteins that contain a highly divergent ver-
sion of the prim-pol domain. In the haptophyte Emiliania
the prim-pol domain is combined with several other RNA-
end-processing (e.g. P-loop kinase and multiple HAD phos-
phoesterases, and 2H), RNA-binding (R3H) and RNase
(3′→5′ exonuclease) domains in a manner reminiscent of
the above-described ‘Swiss-army knife’ proteins (Figure
3O,V,W). In the heterolobosean Naegleria gruberi, this
prim-pol domain is combined with a N-terminal MJ1316
domain, whereas in the kinetoplastid Angomonas deanei,
there are further synaptojanin-like and 2H phosphoesterase
domains between those two domains (Figure 3W, Supple-
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mentary Material). Another kinetoplastid, Perkinsela, has
a similar architecture to Angomonas deanei with a RWD
domain instead of the MJ1316 domain (Figure 3W). In
other kinetoplastids, this prim-pol domain occurs as part
of the Dicer-like protein DCL1 (Figures 3X, and 6A).
The kinetoplastid Dicer-like proteins include the cytoplas-
mic DCL1-like (275) and the paralogous nuclear DCL2-
like proteins (276) (e.g. Trypanosoma brucei and Leishma-
nia braziliensis), which have been previously noted for the
rapid divergence of their RNase III domains, an uncharac-
teristically large gap between the two RNase III domains,
and presence of globular regions in the C-terminal ex-
tension of DCL1 (14). Our identification of the prim-pol
represents the first definitive domain assignment for any
of these previously-uncharacterized regions (Figure 6A).
Further analysis led to the identification of the KptA-
like La (a RNA-binding winged HTH domain (277)) and
KptA-ADP-ribosyltransferase domains (Figure 2E) imme-
diately after the first of the two Dicer RNase III repeats
in both the kinteoplastid Dicer-like proteins (Figure 6B).
The KptA domain in both of the Dicer-like paralogues
appears to have lost most residues required for catalyzing
the phospho-transfer to NAD. However, several positively-
charged residues specifically implicated in recognition of the
2′ phosphate group on RNA remain well-conserved (Figure
6B, Supplementary Material) (278,279), suggesting the do-
main retains its ability to recognize RNA ends with such
phosphate groups.

The prim-pol domain from these proteins belongs to a
previously unidentified family (Figure 6A and C, Supple-
mentary Material). Phylogenetic analysis placed them to-
gether with those encoded by the NCLDVs (139), suggest-
ing origins distinct from most eukaryotic prim-pols, includ-
ing previously-studied prim-pol families in kinetoplastids
and some newly identified ones (Figure 6C) (280). While
prim-pol domains were previously only known to func-
tion in DNA repair and replication, based on their domain
architectures, these kinetoplastid-heterolobosean versions
can be confidently linked to RNA-processing and repair,
thus implicating the prim-pol domain in such activities for
the first time. While prim-pol domains are known to gen-
erate RNA using a DNA template, the above contextual
associations do not support such a role, especially given
its presence in DCL1, a cytoplasmic protein (275). Hence,
these prim-pol domains are predicted to possess RNA prim-
ing and RNA polymerase activity independently of a DNA
template.

While the role of such a RNA polymerase activity re-
mains unknown, some interesting possibilities are raised
by the data available from kinetoplastid RNAi systems.
The two Dicer-like enzymes are only present in kineto-
plastids retaining core RNAi machinery, which addition-
ally includes the following components: (i) at least one
PIWI domain (281–283) which binds small RNA cargo; (ii)
the Maelstrom-like small RNA maturation factor RIF4;
(iii) the DCL1 cofactor RIF5 (284) which contains tan-
dem copies of the Staphylococcus nuclease (SNase) do-
main (14). Notably, the RNA-dependent RNA Polymerase
(RdRP), a component of many eukaryotic RNAi path-
ways catalyzing small RNA transcript amplification, is ab-
sent in kinetoplastids (14). Small RNA profiling in kineto-

plastids reveals an endogenous affinity of DCL1 for small
RNAs derived from diverse mobile elements and repeats
(285,286). Hence, one interesting functional prediction, at
least for the DCL1 prim-pol domains, could be as a poly-
merase effectively functioning as the RdRP component.
However, the presence of the inactive KptA domain sug-
gestive of 2′ phosphate recognition and the other domain
fusions noted above (Figure 3W, Supplementary Material)
suggest that the prim-pol domains might have an active
role in trypanosome-specific RNA-repair. This could hap-
pen in the context of an uncharacterized cytoplasmic RNA-
editing process parallel to what has been reported in the
kinetoplast (287), or in response to as-yet uncharacterized
conflicts. Given that prim-pol domains have previously been
demonstrated to be capable of template-independent ter-
minal nucleotide transferase activity (288), they could even
play such a role in RNA repair, consistent with architec-
tural similarities observed between the Emiliania and other
large ‘Swiss army knife’ repair proteins, which could posit a
functional equivalence between the prim-pol and PAP-like
polymerase modules (Figure 3O, V and W). In this scenario
they might act similar to the PAP-like polymerase modules
found in several of the above-described RNA repair systems
in the synthesis of terminal nucleotide extensions.

EVOLUTIONARY HISTORY OF COUNTER-EFFECTOR
RNA REPAIR

The provenance of RNA repair enzymes

In extant biological systems mRNAs and rRNAs are of-
ten produced in considerable abundance and are present in
several times the copy number of the genomic coding se-
quence. Hence, targeting them requires highly efficient ef-
fector mechanisms or those that exploit vulnerabilities, such
as ‘jamming’ of ribosomes in course of translation. Since
the ribosome and core translation apparatus in a form com-
parable to what is found in extant organisms can be confi-
dently traced back to a period before the last universal com-
mon ancestor (LUCA), it is conceivable that such RNA-
targeting mechanisms arose early in evolution. Several in-
dependent lines of inference suggest that RNA might have
also once played a larger role as the primary genetic ma-
terial alongside DNA or prior to the emergence of DNA
as genomic material. If this inference were correct, then
it would mean that both RNA-targeting and RNA repair
mechanisms might be of great antiquity. However, direct
evidence available from comparative genomics does not al-
low us to infer a complex RNA repair apparatus as being
directly inherited from the LUCA. This is in sharp con-
trast to other RNA-base modifying and RNA-processing
enzymes for which a sizeable and diverse repertoire can be
traced back to the LUCA (271). Moreover, this is also unlike
what is known for DNA repair systems, where certain major
components such as recombination-based repair centered
on the RecA-family enzymes, double-strand break repair by
Mre11-Rad50-like proteins, and the common precursor of
the UvrC-Endonuclease V nuclease domain go back to the
LUCA (289,290). Further, several DNA repair systems are
deeply conserved within each or at least two of Life’s su-
perkingdoms and show a reasonably strong signal for ver-
tical inheritance even in prokaryotes (290,291). In distinct
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Figure 6. Alignments and evolutionary scenarios of RNA-repair enzymes. Multiple sequence alignment of prim-pol domains (A), KptA domain found
in kinetoplastid DCL1 and DCL2 proteins (B). Alignments are labeled as described in Figure 5. Names of experimentally-characterized proteins: orange.
Conserved positions corresponding to known substrate binding residues: ‘*’; conserved residues unique to a family, predicted to function similarly: ‘%’.
Coloring scheme and abbreviations for organisms are provided in Supplementary Material. (C) Stylized phylogenetic tree depicting relationships between
prim-pol families, broadly labeled at the top of the tree. Branches are collapsed at levels containing clearly-delineable and labeled monophyletic groups.
Bootstrap values are shown for major branches only (complete tree available in Supplementary Material). (D and E) Major events in the evolutionary history
of ATP-grasp-like ligases (D) and the CCA-adding enzyme-like polymerases of the DNA pol-� superfamily (E). Inferred functional and architectural shifts
are marked/labeled with red lines/lettering. Dashed lines indicate uncertain origins for a lineage.
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contrast, major RNA repair systems described here are con-
siderably more mobile and patchy in their distributions, es-
pecially in the prokaryotic superkingdoms.

Due to the above reasons, the early evolutionary history
of the RNA repair systems remains difficult to reconstruct.
Of the above-described components, the RtcB RNA lig-
ase appears to be one component that can be reasonably
confidently reconstructed as being in the LUCA: first, it is
found widely in both the prokaryotic superkingdoms. Sec-
ond, despite the evidence for inter-superkingdom lateral
transfers, there are distinct archaeal and bacterial branches
which cover several deep lineages. Third, it displays a dis-
tinct protein fold with no evidence for more recent deriva-
tion from any other domain inferred as being in the LUCA
(116). In contrast, its partner the archease shows a strong
archaeo-eukaryotic phyletic pattern, suggesting that its bac-
terial representatives might have been secondarily derived
via horizontal transfer. It is also possible that a representa-
tive of the CARF domain family was present in the LUCA.
However, it seems to have been recruited for distinct sensor
roles in different conflict-related contexts: as a nucleotide
sensor in CRISPR/CAS systems on one hand and as the
sensor of an as-yet-undiscovered signal of RNA damage
in the RtcB systems (213). Unlike RtcB, ATP-grasp RNA-
ligases cannot be reconstructed as being in the LUCA.
Both sequence and structural evidence favors the deepest
split among nucleic acid ligases as being between the ATP-
dependent and NAD-dependent DNA ligases (Figure 6D),
which act as the primary DNA ligase respectively in the
archaeo-eukaryotic and bacterial clades (292). Hence, it ap-
pears that the RNA ligases were derived from them on two
independent occasions: (1) the ancestor of the Rnl1, Rnl2
(including Rnl5 and PIN-associated ligases) and Rnl3 and
(2) the precursor of the Rnl4 ligases (Figure 6D). In a simi-
lar vein, the mRNA-capping guanylyltransferase of eukary-
otes appears to have also been independently derived from
ATP-dependent DNA ligases to operate on RNA (Figure
6D).

Another enzyme which can be reconstructed as being
in the LUCA based on phyletic pattern analysis is a Pol�
superfamily nucleotidyltransferase that functioned as the
CCA-adding enzyme and probably also doubled as the
polyA polymerase (Figure 6E). However, the post-LUCA
evolutionary history of these enzymes is rather complex
with multiple diversification and lateral transfer events (Fig-
ure 6E) (293,294). Notably, the eukaryotic CCA-adding en-
zyme was derived from the bacterial rather than the ar-
chaeal version (Figure 6E), suggesting displacement of the
ancestral version by a version from a bacterial source (per-
haps the primary endosymbiont) during eukaryogenesis. Fi-
nally, the above recovery of eukaryotic PolyA-polymerase
like modules in bacterial RNA repair contexts suggests
that the eukaryote-type PolyA polymerase clade appears to
have emerged during the diversification of the CCA-adding
enzyme-like clade in a bacterial RNA-repair context (Fig-
ure 6E). It was subsequently acquired by the lineage leading
to eukaryotes prior to the last eukaryotic common ancestor
(LECA) and diversified greatly within eukaryotes (293,294).

The ‘prokaryotic phase’ of diversification of RNA repair sys-
tems

In prokaryotes the evolution of RNA repair systems is
marked by three major evolutionary trends: (i) extensive
inter-organismal mobility including transfer between su-
perkingdoms and gene-loss; (ii) repeated recruitment of
biochemically equivalent but non-orthologous enzymatic,
scaffolding/chaperone modules and non-coding RNAs for
comparable functions in RNA repair; (iii) extensive domain
shuffling along with repeated re-formulation of similar do-
main architectures and operonic structures. In a broad sense
these evolutionary trends have been previously observed
in other prokaryotic systems including CRISPR/Cas, nu-
cleotide second-messenger-dependent conflict systems, R-
M systems and prokaryotic Ub-systems (15,55,295–298).
However, only a few DNA-repair systems, like the Ku-DNA
ligase and prim-pol-containing DNA repair systems, show
comparable tendencies (139,299). This is consistent with all
of these systems sharing a role in biological conflicts: the
direct and unrelenting consequences of negative fitness out-
comes in such conflicts impose a strong selective pressure
that can account for the above features. Indeed, they also
display the hallmarks of an ‘arms race’ situation because
similar evolutionary trends have been reported for effectors
which are deployed in an ‘offensive’ role in biological con-
flicts (300,301).

In both prokaryotes and eukaryotes, components from
both the offensive and defensive systems appear to have
been domesticated to perform roles in tRNA maturation.
Thus, we interpret the tRNA splicing enzyme with a restric-
tion endonuclease-like catalytic domain as probably aris-
ing from the domestication of an ancient effector endonu-
clease of a conflict system. This in turn probably facili-
tated the fixation of the tRNA intron which itself probably
emerged as a defensive mechanism against tRNA-targeting
effectors. Notably, the tendency of repair systems to asso-
ciate with tRNAs which are frequently targeted by effectors
might have also favored the recruitment of tRNA-like ncR-
NAs as structural scaffolds in some of these systems with
ROT/TROVE an SPFH9/band-7 proteins. Certain com-
ponents might also switch from a conserved role in tRNA
maturation to conflict-related repair, particularly upon un-
dergoing trans-superkingdom lateral transfers. We observe
that certain innovations, such as the archease, MJ1316 and
Thg1, appear to have been emerged first in the archaeo-
eukaryotic lineage and were subsequently transferred to
bacteria (136,159,214,215). In contrast, KptA was likely in-
novated in bacteria and transferred to archaea (81). At least
the former set of domains play a likely role in processing of
conserved RNAs in the archaeo-eukaryotic lineage, while
in bacteria they are considerably more mobile, suggesting a
role primarily in conflict related to RNA-damage.

We also note that despite the rampant tendencies for re-
peated displacement and operonic or domain-architectural
mixing-and-matching, certain strong syntactical rules are
discernable, pointing to biochemical restrictions. For exam-
ple, while RtcB is not fused to other domains and rarely
occurs in the same gene contexts with phosphoesterase
modules (Figure 4A, D–L, N, P), the ATP-grasp ligases
show the opposite trend (Figure 3A–Q). This is consis-
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tent with the biochemistry of RtcB, which suggests that it
is a self-contained enzyme capable of repairing cyclic 2′-
3′ or 3′ phosphate ends by itself. In contrast, the linkage
of ATP-grasp ligases with end-processing nucleic acid ki-
nase and diverse phosphatase domains allowed them to ex-
tend their repair capacity from ends primarily produced
by metal-dependent RNases to those produced by metal-
independent ones. In the context of ‘end-cleaning’, we
also noted that in addition to KptA, other ADP-ribose-
derivative processing enzymes such as the Macro domain
and 2H domains are often combined with RNA repair sys-
tems (Figures 3H, and 4K, Supplementary Material). This
suggests that the previously-observed coupling of process-
ing of ADP-ribose derivatives during tRNA splicing (190)
is likely to have a more widespread role in efficient RNA
repair (80).

Repeated acquisition of prokaryotic RNA repair systems by
eukaryotes

The structure of the eukaryotic cell, with the sequestering
of genomic and functional nucleic acids inside of organel-
lar membranes like the nuclear membrane, limits their ex-
posure to nuclease toxins to a certain degree. However, ex-
istence of extensive counter-RNA conflict strategies in eu-
karyotes and recent research into the eukaryotic Crinkler
and related toxin delivery systems (302) shows that such
protection is hardly foolproof (303,304). Consistent with
observations on other conflict systems, even in the case of
RNA repair, eukaryotes have repeatedly acquired compo-
nents which have been innovated in the prokaryotic world.
The most striking examples of these are seen in the large
‘Swiss-army-knife’-type proteins from phylogenetically dis-
tant microbial eukaryotic lineages combining diverse sets of
domains (Figure 3O, V and W). This suggests that they are
the functional equivalents of the multi-component prokary-
otic systems, with coupling of diverse domains in a single
polypeptide being the direct consequence of the absence
of operons in eukaryotic genomes. Not only have domains
in these proteins been acquired via lateral transfer from
prokaryotes, they also show signs of transfer between eu-
karyotic lineages, as suggested by their patchy phyletic pat-
terns (Figure 3O, V and W). Further, given that in sev-
eral cases direct architectural cognates are not presently ob-
served in prokaryotes, it is likely that they have emerged
via accretion of distinct domains from various sources into
a single polypeptide in eukaryotes. These might involve
sources beyond bacterial RNA-repair systems as seen in the
case of the acquisition of the prim-pol domain from a likely
NCLDV source (Figures 3W and X and 6A).

Most of these large multi-domain RNA repair proteins
are observed in microbial eukaryotes or those which pass
through a distinct unicellular phase in their lifecycle. This
is consistent with attacks on their RNA potentially com-
pletely nullifying their fitness as in the case of bacteria. One
possible corollary is that the emergence of multicellularity
in multiple eukaryotic lineages was a further defense against
such attacks, which allows for included fitness in the con-
text of a multicellular colony that is then favored by kin-
selection (300,301). However, even in multicellular forms
viral infections pose a potential selective pressure for evo-

lution of conflict-related RNA repair, especially given that
multicellular organisms deploy their own counter-RNA ef-
fectors of several types during viral infection (e.g. interferon
pathway) (305). Many of the Leng9-like MJ1316 domain-
containing proteins, which across several eukaryotic lin-
eages display domain shuffling reminiscent of prokaryotic
RNA repair systems, appear to have evolved in such con-
texts (Figure 3T).

The origin of eukaryotes was also accompanied by the
extensive expansion of cellular RNA-centric systems. This
occurred both in terms of complexification of the systems
for rRNA and tRNA maturation inherited from archaea
and also development of entirely new systems (271). In
this process, both effector-derived RNase and RNA-repair
domains were taken up at various stages of eukaryotic
evolution and ‘institutionalized’ into these emerging sys-
tems. PIN- and HEPN-domain RNases ultimately orig-
inating in prokaryotic conflict systems have been incor-
porated into roles such as rRNA processing, nonsense-
mediated decay (NMD) and NMD-like processes (68), the
misfolded protein response, and other stress-related re-
sponses in the endoplasmic reticulum (44). The RtcB lig-
ase was ‘institutionalized’ as the primary ligase in tRNA
maturation via intron-excision. However, on several occa-
sions (e.g. fungi and land plants) it was displaced by the
ATP-grasp ligases (306). Similarly, they were also incorpo-
rated into lineage-specific processes such as kinetoplastid
RNA-editing (252). The previously-documented antagonis-
tic regulatory roles for the Hen1-like methylases and cer-
tain polyA polymerase-related TRF clade Pol� NTases in
eukaryotic RNAi systems (207–209) might again represent
a eukaryote-specific regulatory adaptation of components
ultimately drawn from mobile bacterial RNA repair path-
ways. The discovery reported here of prim-pol domains and
inactive KptA phosphatases in kinetoplastid Dicer-like pro-
teins suggests that such recruitment in lineage-specific eu-
karyotic RNAi contexts might be more extensive (Figures
3X and 6A and B). Finally, as part of this study we un-
covered mobile bacterial vault systems which code for or-
thologs of the eukaryotic Major Vault Protein (MVP) with
SPFH9/band-7 and multiple N-terminal repeats (Supple-
mentary Material). Given that they exactly mirror the ar-
chitecture of their eukaryotic counterparts we propose that
they are likely to constitute a toroidal complex similar to
the eukaryotic vault and bind ncRNAs. While these bac-
terial versions are the likely precursors of their eukaryotic
cognates, their exact roles in RNA biology still remain ob-
scure.

Viral acquisitions of RNA repair systems

Given that host counter-viral responses in both eukaryotes
and prokaryotes involve deployment of RNA-targeting ef-
fectors that limit viral protein synthesis or replication by
different means, it is not surprising that viruses have repeat-
edly acquired RNA repair components. Distinct viral lin-
eages, including the caudate bacteriophages, NCLDVs, and
baculoviruses have acquired similar ligase systems (Figure
3B–D, H, L, M and P). All of these systems are likely to
function similarly in restoring host or viral RNAs which
have been damaged by the deployment of a RNase effector.
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In the case of multiple eukaryotic RNA viruses, 2H phos-
phoesterase domains have been incorporated into the viral
proteome and might serve an important function in pro-
cessing viral RNAs (159). Several bacteriophages, NCLDVs
and baculoviruses also contain the RlaP NTase found asso-
ciated with both ATP-grasp and RtcB RNA ligases in cellu-
lar systems (Supplementary Material). Since it might occur
either as a standalone protein or in association with ligase
domains, we suspect that this protein might have an impor-
tant role in RNA repair on its own. Finally, the viral RNA
repair systems might have been the progenitors of some of
the enzymes, such as the Rnl1-like ATP-grasp ligases. In-
deed, it is even possible that such viral sources contributed
comparable enzymes to eukaryotes on more than one occa-
sion.

CONCLUSIONS

As the current survey indicates, there are several notable
directions that remain unexplored both in terms of effec-
tors and the repair mechanisms deployed against them. On
the effector side, the past several decades have yielded a
vast increase in the knowledge of the mechanisms, struc-
ture, and mode of delivery of RNA toxins. However, a bet-
ter understanding of the targets of specific toxins, partic-
ularly those which do not appear to target tRNA and are
likely to be active against rRNA, mRNA, or some other
RNA class, need further work. At the same time, little is
known of the constraints governing the timing, cellular con-
text, and strength (i.e. environment, stress conditions, and
absolute expression) of the deployment of many of these
RNA toxins. Finally, while much research has been devoted
to understanding RNase and ribodeglycosylating toxins,
fundamental questions regarding the biochemistry of other
more recently-described classes, like the RNA deaminase
and possibly ADP-ribosylating toxins that modify RNA,
remain as yet unanswered.

Recognition of their diversity and elucidation of the dis-
tinct mechanisms utilized by RNA-repair systems has re-
sulted in a profound shift in the understanding of how the
cell copes with toxin-induced RNA damage (307). How-
ever, several fundamental questions relating to both the bio-
chemistry and ecological significance of these systems await
further exploration. In terms of biochemistry, we have out-
lined several domains in this survey that necessarily need
further investigation in terms of their activities, such as the
MJ1316, PS�, the RlaP NTase, band-7/SPFH, and prim-
pol domains. Likewise, several whole systems with these and
other components, such as the novel ligase systems com-
bined with PIN domain nuclease, are in need of further
investigation. We also have very little knowledge regard-
ing what repair systems might be deployed against ribodeg-
lycosylating and deaminase toxins and whether effector-
independent RNA damage plays a major role in eliciting
a repair response. Further, issues such as the coordination
between multiple domains in the large proteins, such as the
eukaryotic Swiss army-knife proteins, and the functional
interface between RNAi and RNA repair remains unex-
plored. At a higher level of function, the arms race between
the classes of toxins effecting RNA damage and the classes
of repair systems countering them remains in need of more

detailed exploration in terms of functional correspondence
between the various effector and repair systems. Among the
most pressing ecological questions are the inter-relationship
between factors such as inter-organismal conflicts and in-
tracellular conflicts with invasive entities and the role of
RNA repair as a mechanism of surviving damage caused
by effectors in such conflicts.

Hence, we hope that the survey provided helps guide fu-
ture wet-lab studies investigating such unanswered ques-
tions pertaining to RNA repair.
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