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Abstract

HEPN (Higher Eukaryotes and Prokaryotes Nucleotide-binding) RNases are an emerging class of
functionally diverse RNA processing and degradation enzymes. Members are defined by a small
a-helical bundle encompassing a short consensus RNase motif. HEPN dimerization is a universal
requirement for RNase activation as the conserved RNase motifs are precisely positioned at the
dimer interface to form a composite catalytic center. While the core HEPN fold is conserved, the
organization surrounding the HEPN dimer can support large structural deviations that contribute to
their specialized functions. HEPN RNases are conserved throughout evolution and include
bacterial HEPN RNases such as CRISPR-Cas and toxin-antitoxin associated nucleases, as well as
eukaryotic HEPN RNases that adopt large multi-component machines. Here we summarize the
canonical elements of the growing HEPN RNase family and identify molecular features that
influence RNase function and regulation. We explore similarities and differences between
members of the HEPN RNase family and describe the current mechanisms for HEPN RNase
activation and inhibition.
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Introduction

Ribonucleases are central to RNA processing and degradation pathways, driving important
cellular activities such as viral RNA decay for adaptive immunity, mRNA splicing for
alternative gene expression, and precursor ribosomal RNA maturation for ribosome
production. The HEPN (Higher Eukaryotes and Prokaryotes Nucleotide-binding) family is a
class of RNA binding proteins with a subset of members possessing endoribonuclease
activity (Grynberg, Erlandsen, and Godzik, 2003). The HEPN family was first established
based on a canonical a-helical fold and is now referred to as the HEPN domain. The poor
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sequence conservation of HEPN domains has historically presented challenges with their
identification; however, many well-characterized endoribonucleases have been reclassified
as HEPN RNases, such as the eukaryotic UPR (unfolded protein response) factor Irel, as
well as novel HEPN endoribonucleases have been identified, including the bacterial Cas13
subfamily responsible for coordinating phage defense (Anantharaman et al., 2013; Shmakov
et al., 2015). As the HEPN RNase family continues to expand into new areas of RNA
biology, there is a growing need to understand the structure and regulation of these
functionally diverse enzymes.

The HEPN RNase family features a broad class of endoribonucleases that can play critical
roles in human health and disease. The recent explosion of newly classified HEPN RNases
yielded over 38 unique members (Anantharaman et al., 2013). Several HEPN RNases have
been linked to human disease, including neurological disorders and cancer, and hold
therapeutic potential in the mitigation of viral illnesses and the advancement of
transcriptome editing technologies. HEPN RNases are found in all kingdoms of life and
process distinct RNA substrates, including tRNA, rRNA, mRNA, and viral RNA targets
(Anantharaman et al., 2013). Despite their functional diversity, all HEPN RNases are metal-
ion independent and catalyze RNA cleavage through a shared mechanism of 2’-O-
transesterification resulting in 2°-3 cyclic phosphate and 5’ -hydroxyl RNA ends (Pillon
and Stanley, 2018; East-Seletsky et al., 2016; Shigematsu, Kawamura, and Kirino, 2018).
Over the last 5 years, seminal contributions in HEPN RNase biology have led to significant
advances in the field, yet how HEPN RNases recognize their distinct RNA targets and
catalyze RNA cleavage remains poorly defined. In this review we focus on recent advances
pertaining to the structure and function of HEPN RNases, as well as summarize the current
models for HEPN RNase regulation.

Molecular characteristics of HEPN RNase domains

The HEPN domain is a universal signature of all HEPN family members and harbors key
molecular features necessary for endoribonuclease activity. HEPN domains are small a-
helical domains that typically range from 100 to 120 residues (Anantharaman et al., 2013).
The HEPN domain core adopts a compact architecture formed by four a-helices (a1, a2,
a3, a4) of variable length that fold into a canonical up-down arrangement (Figure 1). The
RNase class of HEPN members also encode the consensus RNase motif R¢pxxxH (where ¢ is
the polar residue N, H, or D and x is any amino acid ranging between 3-5 residues)
(Anantharaman et al., 2013). The highly conserved RNase motif is surface exposed and
located at the junction between a3 and the a3-a4 insertion element of the core HEPN
domain (Figure 1). The arginine residue at the first position (R1) and histidine residue at the
last position (H6) are exclusively conserved and indispensable for HEPN endoribonuclease
activity (Pillon et al., 2019; Lee et al., 2008; Huang et al., 2014; Liu et al., 2017). Moreover,
there is mounting evidence indicating that the polar residue at the second position ($2) also
plays an important role in RNA cleavage (Pillon et al., 2019; Lee et al., 2008; Pillon et al.,
2020). Considering there are numerous HEPN members that lack the R¢xxxH motif, future
studies are needed to determine whether they are catalytically inactive or divergent forms of
HEPN RNases that rely on an RNA cleavage mechanism independent of the RxxxH motif
(Anantharaman et al., 2013).
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HEPN domains can accommodate permutations that likely contribute to their functional
versatility. The canonical HEPN domain is most often formed from the consecutive
arrangement of its four core a-helices in an N- to C-terminal direction (a1l — a2 — a3 —
a4). However, there are several HEPN RNases that reveal exceptions to this rule. For
instance, HEPN a2-a.4 precedes a1 in the primary sequences of Cas13a and Cas13d
orthologs, yet they retain the canonical a-helical bundle fold (Figure 1A). HEPN a-helical
arrays are also disrupted by large domain insertions, as seen with many Cas13 HEPN1
domains (Liu et al., 2017; Zhang et al., 2018). Smaller insertion elements (up to 60 residues)
are also seen in many HEPN RNases and are often located between a2 and a3 of the
domain core (Anantharaman et al., 2013). The a2-a3 insertion elements are structurally
diverse and can take on the form of a single loop, a-helix, or p-hairpin, as well as appear as
a complex mixture of secondary structure elements (Figure 1) (Anantharaman et al., 2013).
The relative positioning of a1l can also deviate dramatically to allow the formation of an
RNA binding site or accommaodate structural features from neighboring domains (Figure
1A). Many HEPN RNases also harbor a discrete kink within a4 resulting in an alternative
trajectory for downstream helical residues (Figure 1B-D) (Anantharaman et al., 2013). In
addition to structural deviations, a small subset of HEPN RNases also encode a second
consensus motif Exxx[K/R] (where x is any amino acid residue) upstream of the RNase
RxxxH motif (Anantharaman et al., 2013). While this second motif is thought to play an
important role in RNA cleavage, its precise function and limited retention among HEPN
RNases remains unexplained. With the growing list of distinct HEPN folds, it is clear that
some HEPN members emulate the canonical fold, while others display dramatic structural
deviations. As the repertoire of high-resolution structures of HEPN members continues to
expand, we will likely continue to discover new ways the HEPN domain can accommodate
structural permutations for its repurposing in diverse RNA processing and degradation
pathways.

A single HEPN domain is insufficient for RNA cleavage and must dimerize in transor in cis
to form a composite RNase active site. Both homodimerization and heterodimerization have
been observed amongst members of the HEPN RNase family, however trans-
homodimerization appears to be more common. Upon proper association of the HEPN
domains, the variable HEPN a.2-a.3 insertion element forms a prominent cleft with the
RNase RéxxxH residues lining the base of the cleft (Figure 2). To form the catalytic center,
the neighboring copies of a3 cluster in an antiparallel configuration at the dimerization
interface to align the conserved R¢xxxH motifs. As a result, the HEPN arginine (R1) and
polar (¢2) residues are precisely positioned across from the conserved histidine (H6) residue
in the neighboring HEPN monomer (Figure 2). The molecular basis for R¢xxxH mediated
RNA cleavage has yet to be ascribed, however recent work suggests H6 likely promotes 2" -
OH nucleophilic attack, R1 stabilizes the transition state, and R1 along with ¢2 supports
proper coordination of the RNA within the active site (Anantharaman et al., 2013; Pillon et
al., 2020). To understand the requirement for two juxtaposed copies of the R¢xxxH motif,
biochemical studies have characterized chimeric variants of distinct HEPN RNases where a
single copy of the invariant arginine (R1) or histidine (H6) residue were mutated. While
some chimeric HEPN RNases, such as the Cas13 subfamily and RNase PNK, were sensitive
to these changes, others, including Irel and RNase L, retained their RNA cleavage activity
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suggesting there is variability amongst HEPN RNase active sites (East-Seletsky et al., 2016;
Pillon et al., 2020; Abudayyeh et al., 2016; Korennykh and Walter, 2012; Han et al., 2014).

Structural architecture of functionally distinct HEPN endoribonucleases

The HEPN domain is an ancient protein fold that has evolved to support a broad class of
endoribonucleases that orchestrate diverse RNA processing and degradation pathways. For
instance, prokaryotic HEPN endoribonucleases are CRISPR (clustered regularly interspaced
short palindromic repeat)-associated nucleases, abortive infection system nucleases, and the
toxic components to several bacterial toxin-antitoxin modules (Anantharaman et al., 2013).
Moreover, eukaryotic HEPN endoribonucleases form large multi-subunit complexes and are
members to the family of Nuclease-integrated Kinase super assemblies (NiKs) (Pillon and
Stanley, 2018). NiKs-associated RNases support stress-activated pathways, such as the UPR
and the antiviral response, as well as play an essential role in ribosome production. In the
following section we will highlight select HEPN RNases to describe their distinct cellular
roles and unique structural organization.

CRISPR-Cas associated HEPN nucleases.

There are two subsets of HEPN RNases that have recently been associated with CRISPR-
Cas systems, including Cas13 and Csm6/Csx1. CRISPR-Cas systems provide microbial
organisms with adaptive immunity against foreign genetic elements, such as RNA transcripts
generated from phage genomic DNA, through a multi-step process of adaptation, expression,
and interference (Knott and Doudna, 2018). Immunity is acquired through a process known
as adaptation whereby foreign genetic elements are integrated into microbial genomic
CRISPR-arrays, providing cells with a “molecular memory” of the foreign genetic element.
The expression (or transcription) of microbial CRISPR arrays leads to the generation of
precursor CRISPR-RNAs (crRNA) that are processed into mature crRNAs before they
associate with CRISPR associated (Cas) nucleases to form “surveillance” or “interference”
complexes. These active surveillance complexes scan for foreign nucleic acids by looking
for complementarity to the crRNA. Once sufficient base-pairing has been achieved, the Cas
nuclease is activated leading to cleavage (also referred to as interference) of the target and
immunity against the foreign nucleic acid.

CRISPR-Cas systems can be divided into two classes based on the organization and
architecture of the Cas effectors. Class 1 CRISPR-Cas systems are defined by the presence
of multiple effector genes with differing functions, whereas the less common Class 2
systems have a single multifunctional effector (Makarova et al., 2020). There is extensive
diversity amongst CRISPR-Cas systems and each class can be further divided into three
types based on the effector proteins. Class 1 systems include Types I, I, and IV while Class
2 systems include Types 11, V, and VI (Makarova et al., 2020; Koonin and Makarova, 2019).
HEPN nucleases are found in both CRISPR classes. Cas13 nucleases, which are large
multifunctional effectors are the defining members of Class 2 Type VI, whereas Csm6 and
Csx1 are ancillary factors that belong to Class 1 Type IlI.

Cas13 subfamily ——Cas13 CRISPR effectors were identified only five years ago from a
large-scale computational pipeline designed to identify previously undetected CRISPR-Cas
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systems (Shmakov et al., 2015). This approach predicted Cas13 (originally called C2c2 for
class 2 candidate 2) candidates from a number of bacterial species. The only homology
between these predicted effectors and other known proteins was the presence of two
conserved HEPN RNase motifs (R¢xxxH), suggesting that Cas13 effectors possess RNase
activity (Shmakov et al., 2015). This finding was soon confirmed by several independent
studies that showed that the two HEPN domains of Cas13 support RNA-guided
endoribonuclease activity (East-Seletsky et al., 2016; Abudayyeh et al., 2016). In addition to
the two HEPN domains, Cas13 effectors also contain a second RNase active site that is
responsible for processing the precursor crRNA (East-Seletsky et al., 2016). The discovery
of this new class of HEPN-containing CRISPR effectors that target RNA instead of DNA
has led to an explosion in the development of RNA-guided RNA-targeting applications
(Patchsung et al., 2020; Abbott et al., 2020; Abudayyeh et al., 2019; Terns, 2018; Ackerman
et al., 2020).

To date four different subtypes of Cas13 effectors have been identified named A, B, C, and
D (Abudayyeh et al., 2016; O’Connell, 2019; Shmakov et al., 2017; Konermann et al., 2018;
Yan et al., 2018; Smargon et al., 2017). Beyond the HEPN catalytic motifs, little sequence
homology exists amongst the different Cas13 subtypes (Koonin and Makarova, 2019;
O’Connell, 2019). With the exception of Cas13c, multiple structures of the different Cas13
subtypes have been determined in recent years (Table 1). Despite the lack of sequence
identity, all Cas13 effectors adopt a bi-lobed architecture that is reminiscent of the Cas9
effectors. The bi-lobed organization includes a recognition lobe (REC) responsible for
crRNA binding and processing, as well as a Nuclease lobe (NUC) comprised of two HEPN
domains. Below we summarize the molecular details of the HEPN nuclease domains for
Cas13 effector subtypes that have been characterized to date. For more specific details on
pre-crRNA recognition and processing along with crRNA spacer organization, please see the
following recent reviews on Cas13 effectors (O’Connell, 2019; Garcia-Doval and Jinek,
2017).

Casl3a (Type VI-A) was the first Cas13 effector to be identified and as such remains the
most well characterized (East-Seletsky et al., 2016; Abudayyeh et al., 2016). Cas13a is the
largest of all the Cas13 subtypes and is composed of six distinct domains including an N-
terminal domain (NTD), two helical domains, two HEPN domains, and a linker domain
(Figure 3A). The NTD and the first helical domain, which contains the crRNA processing
active site, form the REC lobe. The NUC lobe is composed of the first HEPN domain, which
is divided in half by the second helical domain, a linker domain, and the second HEPN
domain. Both HEPN domains are significantly larger than the canonical HEPN domain, and
contain several additional a-helices and a small B-hairpin insertion between a2 and a3
(Figure 1A and 3B). These extra components make important intramolecular contacts with
other subdomains and are also critical for recognition of the crRNA stem-loop (Liu et al.,
2017). The structures of Cas13a from Leptotrichia shaii (Lsh) and Lachno spiracease
bacterium (Lba) revealed that the dual RNase active sites are completely independent of one
another, with the HEPN active site positioned on an external concave surface (Figure 3B)
(Liuetal., 2017; Knott et al., 2017).
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Casl13b (Type VI-B) was identified from a bioinformatics analysis in 2017 designed to
discover novel Class 2 effectors lacking the typical CRISPR associated proteins, Casl and
Cas2 (Shmakov et al., 2017; Smargon et al., 2017). Cas13b effectors have two HEPN
domains located at the N- and C-terminus of the protein, but aside from the HEPN domains
their overall domain organization is distinct from other Cas13 effectors (Figure 3A). Two
subclasses of Cas13b have been discovered thus far based on the presence of two different
accessory proteins, Csx27 and Csx28, which effect the activity of Cas13b. Csx27 is
predicted to form a membrane channel for single stranded DNA (Makarova et al., 2019) and
has been shown to repress Cas13b activity (Smargon et al., 2017). In contrast, Csx28
enhances RNA cleavage activity of Cas13b through an unknown mechanism. Csx28 has a
putative HEPN domain that has yet to be characterized, but it is tempting to speculate that
this additional HEPN domain could also contribute to Cas13b-mediated RNA cleavage
(Smargon et al., 2017). Structures of Cas13b from Berheyella zoohelcum and Prevotella
buccae have shown that despite the location of the HEPN domains at the extreme N- and C-
termini of the protein, the two HEPN domains come together to form a solvent exposed
RNase active site (Figure 3B) (Zhang et al., 2018; Slaymaker et al., 2019).

Casl13d (Type VI-D) effectors were discovered in 2018 from an expanded bioinformatics
search looking for proteins with two HEPN domains (Konermann et al., 2018; Yan et al.,
2018). While they share less than 8% sequence similarity with Cas13a effectors, Cas13d
effectors have a similar domain organization (Figure 3A-B). Cas13d is about 20% smaller
than all other Cas13 effectors, which may be advantageous for /n vivo RNA targeting
applications. The other notable difference is the presence of members of a family of
accessory proteins known as WY L-domain containing proteins, named after the presence of
three conserved amino acids (Yan et al., 2018). WYL proteins are found in many other
CRISPR-Cas and microbial defense systems. WYL has been shown to enhance the nuclease
activity of Cas13d. While the precise mechanism is unclear, recent work revealed that WYL
has a high affinity for single strand RNA, which may aid in recruitment of RNA substrates to
Casl3d (Zhang et al., 2019). Structures of Cas13d from Ruminococcus and Eubacterium
siraeum revealed a bi-lobed architecture that is reminiscent of the structural organization of
Casl3a (Figure 3B) (Zhang et al., 2018; Zhang et al., 2019).

Csm6/Csx1 —Csm6 and Csx1 form a distinct family of HEPN nucleases that function as
ancillary factors for Type 111 CRISPR-Cas systems. Type-Il1l CRISPR-Cas systems are
defined by the presence of the Cas10 signature nuclease, and are further subdivided into four
subtypes (A-D) based on the composition of additional proteins. Csmé HEPN nucleases are
found in Type I11-A, while Csx1 HEPN nucleases are found in the other three subtypes
(Makarova et al., 2020). One distinction of Type-111 systems is that they degrade both DNA
and RNA from foreign invaders through a unique signal transduction cascade (Niewoehner
etal., 2017; Kazlauskiene et al., 2017). Type-l1l Csm CRISPR-Cas effectors have a large
multi-subunit ribonucleoprotein complex that includes Cas10, crRNA, and a number of
additional Csm factors. The nuclease domain of Cas10 is activated to degrade single strand
DNA non-specifically upon target RNA binding, while additional Csm factors specifically
cleave bound RNA. Beyond nuclease activity, an additional function of the Cas10 complex
is the synthesis of a second messenger known as cyclic oligoadenylate (cOA). This cyclic
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messenger is synthesized by the PALM domain of Cas10 from individual ATP molecules
following activation by target RNA binding (Niewoehner et al., 2017; Kazlauskiene et al.,
2017). Following synthesis, cOA then binds to the HEPN nuclease Csm6/Csx1 and activates
the HEPN domain to non-specifically cleave RNA (Niewoehner et al., 2017; Kazlauskiene et
al., 2017).

Like most HEPN RNases, Csx1 and Csm6 rely on HEPN homodimerization for RNase
activity. Structures of Csm6 and Csx1 have been determined from several organisms (Table
1). Crystal structures of Csmé from Enteroccocus italicus and Thermococcus onnurineus
revealed that it is composed of two domains including an N-terminal CARF (CRISPR
Associated Rossman Fold) domain and a C-terminal HEPN domain (Figure 3C) (Garcia-
Doval et al., 2020; Jia et al., 2019).. Csm6 assembles into a homodimer with both the CARF
and HEPN domains participating in dimer formation (Figure 3D). Dimerization of the
CARF domain forms the binding pocket for cOA whereas dimerization of the HEPN
domains forms the RNase active site. In addition to the CARF and HEPN domains,
Sulfolobus islandicus (Sis) Csx1 also contains a helix-turn-helix (HTH) domain between the
CARF and HEPN domains. Similar to Csm6, both the CARF and HEPN domains
homodimerize, however SisCsx1 further oligomerizes into a stable hexamer. The hexamer is
formed by an extension (hexamerization helix) following a2 in the HEPN domain.
Hexamerization of SisCsx1 is essential for RNase activity and is likely important for
facilitating cooperativity between the three RNase active sites (Molina et al., 2019).

Toxin-antitoxin associated HEPN nucleases.

There are numerous HEPN RNases associated in toxin-antitoxin (TA) systems. TA systems
are ubiquitous in prokaryotes and archaea and can support diverse cellular functions
including cell survival during times of stress. All TA systems contain a toxin component
along with its inhibitor, the antitoxin component. Based on the interaction mode of the toxin-
antitoxin pair, TA systems can be classified into six discrete types. The Type 11 system is the
largest and best characterized, comprising a small protein toxin and a small protein
antitoxin. The toxin-antitoxin loci are co-expressed and its protein components form a stable
toxin-antitoxin complex that sequesters and inhibits the toxin. Upon the detection of a stress
signal, the antitoxin is degraded by proteases resulting in the release and activation of the
toxin (Jurénas and Van Melderen, 2020). While Type Il toxins are diverse, they share a
common role in suppressing protein synthesis by targeting rRNA, mRNA or tRNA
substrates (Christensen and Gerdes, 2003; Jiang et al., 2002; Liu et al., 2008; Winther and
Gerdes, 2011; Winther et al., 2013). By inhibiting protein translation, the toxin induces cell
growth arrest and provides an opportunity for stress acclimation.

Toxins belonging to the Type Il TA system are typically RNases regulated by their
specialized antitoxin auxiliary factor. To safeguard cells from non-specific disruption of
protein translation, Type Il TA systems are encoded within bicistronic loci where the
antitoxin often precedes the toxin to ensure the RNase toxin is immediately inhibited upon
translation. Type Il antitoxins typically encode two modules, a toxin binding domain for
RNase inhibition and a DNA binding domain for TA operon autorepression. To inhibit the
toxin RNase, the antitoxin often interacts with the RNase active site thereby mimicking
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substrate and sterically occluding the catalytic residues. While Type 1l TA pairs assemble
into macromolecular complexes of varying size and complexity, the RNase toxin and its
antitoxin often present in stoichiometric ratios. Likewise, Type VII TA systems can also
feature RNases where the antitoxin neutralizes the nuclease toxin through an enzymatic
reaction (Yao et al., 2020). In the section below, we will highlight specialized features of
three HEPN containing TA systems: HepT-MntA, LsoA-LsoB, and RnlA-RnIB.

HepT —The Type VII TA toxin HepT (HEPN toxin) of the two-gene module HEPN/MNT
represents an unusual member of the HEPN RNase family. Unlike most HEPN RNases that
are encoded within multi-domain proteins, HepT homologs are single domain proteins
encoding a minimal HEPN core. The small footprint of HepT homologs likely reflects its
role in TA systems, as toxins are often small in size (typically less than 20 kDa) (Otsuka and
Yonesaki, 2012). For instance, HepT subgroup | homologs from Geobacillus harbors a
remarkably small HEPN domain (10 kDa) along with the canonical HEPN RNase motif,
whereas subgroup Il homologs encode a slightly larger HEPN domain (16 kDa) and
encompass both the RNase motif (R¢xxxH) and its less-prevalent secondary motif
(Exxx[K/R]) (Anantharaman et al., 2013; Alkhalili, Wallenius, and Canbéck, 2019).
Prokaryotic HepT homologs can also be found fused to a MNT (minimal
nucleotidyltransferase) partner. In some cases the RNase motif has been lost in the HepT-
MNT fusion pair, while others retain an intact R¢xxxH motif (Anantharaman et al., 2013).
As limited work has focused on the characterization of prokaryotic HepT homologs, future
studies are needed to confirm their RNase activity, as well as define the regulation of these
atypical HEPN members.

Structural studies of the Shewanella oneidensis HepT toxin in complex with its MNT
antitoxin (MntA) partner reveals an unexpected higher-order arrangement. S. oneidensis
HepT interacts with MntA to form a hetero-octameric arrangement comprising 6 HepT
toxins and 2 MntA antitoxins (Figure 4A) (Jia et al., 2018). This rare stoichiometry deviates
from the general rule that TA macromolecular assemblies comprise one toxin for every 1-2
antitoxins. Correspondingly, the VapBC TA system also forms a hetero-octameric assembly,
and yet it retains stoichiometric amounts of VapC toxin to VapB antitoxin (Bendtsen et al.,
2017; Das et al., 2014; Dienemann et al., 2011). The HepT-MntA complex forms three
discrete HepT homodimers interspaced by MntA antitoxins (Figure 4A) (Jia et al., 2018;
Yao et al., 2015). The juxtaposed RNase motifs (RNxxxH) lie at the base of deep clefts
decorated with positively charged residues that likely interact with the RNA backbone to aid
proper substrate alignment. The shape and size of the HepT RNase cleft is also likely to be
important for conferring its mMRNA specificity as it could easily accommodate single strand
RNA, but would occlude structured and double stranded RNAs (Jia et al., 2018).

LsoA/RnIA ——The Type Il TA toxins LsoA and its functional homolog RnlA are HEPN
RNases involved in phage defense (Otsuka and Yonesaki, 2012; Koga et al., 2011). LsoA
has 20% sequence identity and 45% sequence similarity to RnlA (also known as RNase LS).
Despite their low sequence identity, both LsoA and RnlA adopt the canonical HEPN domain
fold, encode the conserved RNase R¢xxxH motif, and catalyze viral mRNA cleavage
(Otsuka and Yonesaki, 2012). To prevent spurious RNase activity, LsoA and RnlA are
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inhibited by the bacterial antitoxins LsoB and RnIB, respectively. Viruses have evolved their
own antitoxins to inhibit TA systems, such as the T4 phage antitoxin protein (Dmd) that can
directly inactivate LsoA and RnlA RNase activity, thereby halting viral MRNA degradation
and defeating the bacterial defense system (Otsuka and Yonesaki, 2012; Wan et al., 2016;
Otsuka et al., 2007).

Structural studies of LsoA and RnlA toxins reveal that they contain inactive HEPN catalytic
centers. Unlike HepT toxins, LsoA and RnlA toxins are larger (~ 40 kDa) multidomain
proteins. LsoA and RnlA are characterized by their N-terminal domain (NTD), central N-
repeated domain (NRD), and C-terminal HEPN domain (also known as the Dmd binding
domain (DBD)) (Figure 4B—C) (Otsuka and Yonesaki, 2012; Wei et al., 2013). Structural
studies of RnlA revealed an association between its HEPN domains, but through non-
canonical HEPN a-helices. This novel HEPN dimerization mode prevents the formation of a
composite RNase active site by positioning the R¢xxxH motifs at opposite ends of the
macromolecule (Figure 4B) (Wan et al., 2016; Wei et al., 2013). As the field moves forward,
it will be important to confirm this unusual structural architecture in cells and define the
molecular basis for RNase activation. Similar to RnlA, structural characterization of LsoA
bound to its viral Dmd antitoxin captures the HEPN RNase in an inactive state. The LsoA
NTD was poorly resolved, however the central NRD and C-terminal HEPN domains were
well defined. Interestingly, the structural fold of RnlA and LsoA are homologous, and yet
the LsoA HEPN domain did not form a homodimer, but instead formed a complex with the
viral Dmd antitoxin (Figure 4C). Dmd sits in a concave groove formed by the relative
positioning of the LsoA NRD and HEPN domains where it associates with the R¢xxxH
motif and sterically occludes formation of the composite HEPN RNase site (Wan et al.,
2016).

NiKs associated HEPN RNases.

To date, all confirmed eukaryotic HEPN RNases belong to the NiKs family of RNA
processing and degradation machines (Anantharaman et al., 2013; Pillon and Stanley, 2018).
A defining characteristic of NiKs members are their dual nuclease and kinase components.
The nuclease component comprises the HEPN RNase, whereas the kinase component is
variable and can encompass either a protein kinase, pseudo-protein kinase, or RNA kinase
(Pillon and Stanley, 2018). To achieve RNase activity, the nuclease and kinase components
assemble into higher-order structures (i.e. super assemblies) which are either constitutive in
nature or induced upon ligand binding. These complex and intricate assemblies form the
canonical HEPN RNase active site and also provide the structural infrastructure to allow for
kinase-dependent regulation of the RNase catalytic center. NiKs members also harbor
specialized features that are important for their diverse cellular functions. For instance, NiKs
members include Irel, involved in the UPR; RNase L, associated with the antiviral response;
and RNase PNK, responsible for ribosome production. In the following section we will
highlight the unique features of these bifunctional machineries and their roles in eukaryotic
RNA processing and decay.

Irel —The Irel endoribonuclease was characterized well before its classification as an
HEPN RNase or NiKs family member (Cox, Shamu, and Walter, 1993; Sidrauski and

Crit Rev Biochem Mol Biol. Author manuscript; available in PMC 2022 February 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Pillon et al.

Page 10

Walter, 1997; Mori et al., 1993). Irel is conserved across eukaryotes and initiates a stress
response upon the detection of unfolded and/or misfolded proteins in the endoplasmic
reticulum (ER) (Korennykh and Walter, 2012; Coelho and Domingos, 2014; Maurel et al.,
2014). Upon stress-dependent activation, Irel targets HAC1Z/XPBI1 mRNA for alternative
splicing and ER-bound mRNAs for decay to augment the protein folding capacity of the ER
(Korennykh and Walter, 2012). Irel is a multi-domain protein harboring an N-terminal
luminal domain followed by a transmembrane helix, a globular Ser/Thr protein kinase
domain, and a C-terminal HEPN domain (also referred to as the kinase extension domain
(KEN)) (Figure 5A). The transmembrane helix anchors Irel to the ER membrane
positioning the luminal domain inside the ER in search of aberrant proteins whereas the
protein kinase and HEPN RNase domains remain in the cytosol where they can access a
variety of RNA targets (Korennykh and Walter, 2012; Maurel et al., 2014; Chalmers et al.,
2019). Similar to other HEPN RNases, Irel relies on HEPN dimerization to form a
functional composite RNase active site (Lee et al., 2008; Korennykh et al., 2009). Upon the
detection of misfolded protein, the luminal domains associate and subsequently promote the
formation of an extensive homodimerization interface that spans across the entire length of
the protein, including its protein kinase and HEPN domains (Lee et al., 2008; Karagoz et al.,
2017). Upon Irel dimerization, the juxtaposed protein kinase domains undergo #rans-
autophosphorylation followed by activation of the HEPN RNase catalytic center (Lee et al.,
2008; Sidrauski and Walter, 1997; Korennykh et al., 2009; Aragon et al., 2009; Gardner et
al., 2013; Gardner and Walter, 2011). Structures of dimeric Saccharomyces cerevisiae Irel
reveal a parallel back-to-back dimer configuration where the HEPN RNase motifs are
positioned at the dimer interface to form the composite RNase site (Figure 5B) (Lee et al.,
2008; Credle et al., 2005). Interestingly, structures of mouse and human Irel have yet to
produce the back-to-back arrangement, but instead show a face-to-face dimer where the
HEPN RNase motifs are found at opposite ends of the HEPN homodimer (Table 1) (Ali et
al., 2011; Sanches et al., 2014; Feldman et al., 2016). While the functional significance of
the face-to-face arrangement remains unclear, it has been suggested to promote Irel trans-
autophosphorylation (Adams et al., 2019). On the other hand, it is widely accepted that the
back-to-back configuration represents the RNase active state and that all Irel orthologs are
likely to adopt this arrangement during RNA cleavage.

RNase L —Since its discovery over two decades ago, extensive characterization of the
RNase L endoribonuclease has revealed key insight into its intricate function and regulation
(Wreschner et al., 1981; Floyd-Smith, Slattery, and Lengyel, 1981; Dong et al., 1994).
RNase L is conserved in higher-eukaryotes where it localizes to the cytoplasm for antiviral
signaling (Chakrabarti, Jha, and Silverman, 2011; Gusho, Baskar, and Banerjee, 2016;
Khodarev, 2019). As seen with all NiKs members, RNase L is a multi-domain protein
composed of an N-terminal ankyrin-repeat domain, central pseudo-protein kinase domain,
and C-terminal HEPN endoribonuclease domain (Figure 5A) (Huang et al., 2014). The
RNase L pseudo-kinase and HEPN domains have extensive sequence and structural
homology to Irel, although RNase L is thought to lack protein kinase activity due to
nonconventional residues in its central domain (Huang et al., 2014; Han et al., 2014). The
RNase L HEPN domain retains all the canonical HEPN RNase features, including its
conserved RNase RéxxxH motif. Upon detection of viral RNA, the interferon-induced
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oligoadenylate synthetase 3 (OAS3) produces the RNase L ligand, 2”,5’-oligoadenylate (2—
5A) (Kristiansen et al., 2011; Li et al., 2016; Schwartz and Conn, 2019). The RNase L
ankyrin-repeat domain binds 2-5A triggering RNase L homodimerization and priming of the
HEPN RNase active site (Figure 5B) (Gusho, Baskar, and Banerjee, 2016; Dong and
Silverman, 1995). In its dimeric state, RNase L targets a wide variety of viral and
endogenous RNAS to promote translational reprogramming where proteins responsible for
innate immunity are preferentially synthesized (Khodarev, 2019; Dong and Silverman, 1995;
Andersen et al., 2009; Rath et al., 2015; Rath et al., 2019; Nogimori et al., 2019; Burke et
al., 2019).

RNase PNK ——The HEPN nuclease of RNase PNK is critical for ribosome production.
RNase PNK is conserved across eukaryotes and comprises the Lasl (Las1L in mammals)
endoribonuclease and Grc3 RNA kinase (Figure 5A) (Pillon et al., 2017). Both its Las1
nuclease and Grc3 RNA Kkinase activities are essential for life and play integral roles in
precursor rRNA processing (Gasse, Flemming, and Hurt, 2015; Heindl and Martinez, 2010;
Pillon, Sobhany, and Stanley, 2018; Castle et al., 2010). During ribosome assembly,
numerous RNA spacers are removed from the precursor rRNA transcript (for a
comprehensive review please see (Henras et al., 2015)). RNase PNK targets the 1TS2
(internal transcribed spacer 2) RNA spacer for degradation by initiating an rRNA processing
cascade in the nucleolus. To mark the ITS2 for decay, the Lasl HEPN RNase first cleaves
the ITS2 before the Grec3 RNA kinase phosphorylates the 5" hydroxyl end of the ITS2 cut
site (Gasse, Flemming, and Hurt, 2015; Fromm et al., 2017). The resulting monophosphate
signals ITS2 RNA decay by a phosphate-dependent 5”-exoribonuclease and 3’-
exoribonuclease (Fromm et al., 2017). Since the Grc3 RNA kinase must phosphorylate the
ITS2 for precursor rRNA processing, RNase PNK represents the first NiKs family member
where both the nuclease and kinase components directly modify the RNA target.

The RNase PNK structure adopts unique features that emphasize its distinction from other
NiKs family members. Unlike Irel and RNase L, RNase PNK is composed of two
independently translated enzymes. To promote proper assembly of the RNase PNK
multienzyme complex, the Las1 RNase and Grc3 RNA kinase rely on each other for protein
stability (Castle et al., 2013). Another notable difference is that RNase PNK is a constitutive
complex, whereas Irel and RNase L rely on stress-induced signals for higher-order
assembly (Pillon et al., 2017). Las1 is a multi-domain RNase encoding an N-terminal HEPN
domain followed by a poorly characterized coiled-coil domain (Figure 5A). Cryo-EM
structures of RNase PNK resolved the Las1 HEPN domain confirming its juxtaposed RNase
RHxxxH motifs, however its C-terminal coiled-coil domain has remained refractory to
traditional structural biology approaches (Pillon et al., 2019). The RNase PNK complex
adopts a hetero-tetrameric butterfly-like assembly (Figure 5B). The ‘body’ is comprised of a
Las1 homodimer whereas each ‘wing’ is formed by a protomer of the Grc3 RNA kinase.
The relative positioning of Lasl and Grc3 forms two symmetric RNA binding clefts at the
interface of the body (Las1) and wings (Grc3). While an RNA-bound structure of RNase
PNK has yet to be determined, the cleft, lined by the Lasl nuclease and Grc3 RNA kinase
active sites, is likely an important RNA binding site.
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Regulation of HEPN RNases

To date, the mechanism for HEPN endoribonuclease regulation is poorly understood. High
resolution structures have described in great detail the requirement for HEPN dimerization
whereby the associating HEPN domains are precisely oriented to form a composite RNase
site across the dimer interface (Pillon et al., 2019; Huang et al., 2014; Liu et al., 2017; Jia et
al., 2018). And yet, it is clear that proper HEPN dimerization alone is insufficient for RNase
activation. In the absence of endogenous RNA substrates, the juxtaposed R¢xxxH motifs are
too far apart to support RNA cleavage (Lee et al., 2008; Zhang et al., 2018). This suggests
there are additional HEPN active site rearrangements that are required for RNA catalysis.
Therefore, HEPN RNase activation is likely a two-step process where HEPN dimerization
primes the RNase active site, but that a secondary signal, likely the RNA substrate itself,
induces additional conformational changes within the active site to license RNA cleavage. In
addition to HEPN activation, cells also rely on precise and efficient mechanisms to inhibit
HEPN RNases. Nuclease inactivation is vital for protecting the cell from catastrophic RNA
destruction, however the modes of HEPN inhibition remain largely unclear. In the following
section, we will summarize the current models for HEPN RNase activation and inhibition.

Prokaryotic HEPN RNase activation.

The success of CRISPR-Cas associated HEPN RNases Cas13 and Csmé in transcriptome
editing applications has led to advancements in our understanding of HEPN nuclease
activation (Koonin and Makarova, 2019; O’Connell, 2019; Barrangou and Horvath, 2017).
Comparison of LshCas13a structures in both the apo and crRNA-bound binary complex
revealed that upon crRNA binding, LshCas13a undergoes a large conformational change
leading to the creation of a closed crRNA channel, however crRNA binding alone does not
cause large conformational changes within the HEPN RNase site (Liu et al., 2017).
Structures of the ternary Leptotrichia buccalis (Lbu) Cas13a complex, including the crRNA
and target RNA, revealed that upon target RNA binding both LbuCas13a and the crRNA
undergo significant conformation changes (Liu et al., 2017). These conformational changes
result in the movement of HEPN1 towards HEPN2 and the activation of non-specific
cleavage of single strand RNA (Figure 6A). To date, only binary crRNA-bound structures of
Cas13b have been solved, in which the two HEPN motifs are spaced too far apart to support
RNA cleavage (Zhang et al., 2018). A combination of thermal denaturation and site-directed
mutagenesis studies suggest that in contrast to Cas13a, which binds target RNA along a
solvent exposed channel, Cas13b must undergo an opening of its central channel to allow for
target RNA binding (Slaymaker et al., 2019). Ternary structures of Cas13d bound to both the
crRNA and target RNA revealed that analogous to Cas13a, target RNA binding triggers the
activation of the HEPN active site. Upon target RNA binding the catalytic HEPN motif from
the HEPN2 domain moves approximately 4 A closer to the catalytic HEPN motif from
HEPN1 (Zhang et al., 2018). Therefore, HEPN RNase conformational rearrangements
appears to be a common requirement for CRISPR-Cas associated HEPN activation.

Toxicity of the RnlA toxin is stimulated by the RNase HI nuclease suggesting a novel
mechanism of HEPN activation (Naka et al., 2014). RNase HI associates with RnlA through
its central NRD domain suggesting an allosteric mechanism for regulating its C-terminal
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HEPN domain. RNase Hl is the only known factor to directly enhance toxin activity,
although most RNase LS family members harboring an HEPN domain also encode an
upstream RNase H domain (Anantharaman et al., 2013). While the precise mechanism for
RnlA activation by RNase HI remains unclear, one possibility is that the RNase HI nuclease
may pre-process RNA targets to aid with subsequent RNA cleavage by the RnlA HEPN
RNase. Paradoxically, RNase HI also promotes RnlA inhibition by interacting with its
antitoxin, RnIB (Naka et al., 2017). To define the molecular basis of RnlA regulation by
RNase HI, comprehensive structural studies of RnlA in complex with its regulatory factors
and RNA substrates are needed.

Eukaryotic HEPN RNase activation.

Distinct conformational states of RNase PNK shed light on a possible mechanism for Lasl
RNase activation. Structures of RNase PNK in its apo and ATP-bound states reveals a
conformational change that spans across the entire hetero-tetrameric complex. These global
conformational changes are reminiscent of a butterfly flapping its wings and alter the width
of the RNA binding cleft found at the junction between the Lasl nuclease and Grc3 RNA
kinase. In addition to large scale changes, structural studies of RNase PNK also captured
local changes at the HEPN RNase active site. In the presence of nucleotide, RNase PNK
adopts two dominant conformations. In one state, the conserved polar residue (H2) of the
Las1l HEPN RHxxxH motif is oriented away from the catalytic center where it is too far to
coordinate RNA bound at the active site (Figure 6B). In the other state, H2 was captured
pointing towards the center of the RNase active site (Pillon et al., 2019). Biochemistry and
yeast genetics have confirmed the importance of this conserved histidine residue in ITS2
cleavage and ribosome production, suggesting conformational changes to H2 may allow
RNase PNK to toggle between an inactive and active RNase state (Pillon et al., 2019; Pillon
et al., 2020). While this working model will require follow-up studies, it appears that RNase
activation of the RNase PNK complex is regulated by a conserved Histidine Switch.

Prokaryotic HEPN RNase inactivation.

Activation of the CRISPR-Cas associated HEPN nucleases Csm6/Csx1 provide immunity
for microbial cells, however following the clearance of the foreign pathogen these RNases
must be inactivated to avoid deleterious outcomes such as growth arrest (Rostgl and
Marraffini, 2019). These specialized Type-111 CRISPR-Cas effectors function as intricate
ribonucleoprotein complexes where the associated Cas10 subunit synthesizes the Csm6/
Csx1 HEPN activating signal, cOA. Recent work identified a ring nuclease that degrades
cOA providing a molecular “off-switch” for Csm6/Csx1 nuclease activity (Athukoralage et
al., 2018). This ring nuclease can either be translated independently from the CRISPR-Cas
system or encoded within the Csm6 enzyme itself. Considering that this unique CRISPR
cOA signaling pathway has been identified in a number of bacterial species, follow-up
studies are needed to discover the precise mechanism for resetting CRISPR-Cas associated
HEPN nucleases Csm6/Csx1. Recent work identified a new mechanism of viral inhibition of
the CRISPR associated Cas13a nuclease from Listeria seeligeri. The listeriaphage ($LS46)
encodes for a viral anti-CRISPR protein named AcrVIA1 that inhibits Cas13a and thus
blocks CRISPR-Cas acquired immunity. A combination of cryo-EM and biochemistry
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revealed that AcrVIA1 binds to Cas13a and prevents binding of target RNA and HEPN
nuclease activation (Meeske et al., 2020).

Antitoxins share a common mechanism of HEPN toxin inhibition by blocking its RNase
motif. Structural characterization of the bacterial LsoA HEPN toxin bound to its viral Dmd
antitoxin revealed an extreme case of HEPN steric occlusion. The interaction interface
supporting the LsoA-Dmd heterodimer overlaps with the canonical interaction interface of
HEPN dimers, preventing the formation of a LsoA homodimer and composite RNase active
site (Wan et al., 2016). Moreover, the viral antitoxin encodes a well-defined a-helix which
aligns to the LsoA HEPN R¢xxxH motif blocking its solvent accessibility. Similarly, access
to the S. oneidensis HepT HEPN RNase site is obstructed by the MntA antitoxin through
two distinct mechanisms. First, the rare hetero-octomeric HepT-MntA arrangement positions
the MntA molecules at the entrance of the neighboring HepT RNase clefts. For example, the
extended MntA a-helix (MNT-a4) directly inserts into the RNase clefts of the peripheral
HepT dimers whereas a second MntA a-helix (MNT-a.2) lies along the edge of the central
HepT RNase cleft (Figure 4A) (Jia et al., 2018). Secondly, MntA catalyzes HepT
adenylylation by modifying a highly conserved tyrosine residue found immediately
downstream of the HepT HEPN motif (RpxxxHXxY) (Yao et al., 2020). While HepT
polyadenylylation does not alter the conformation of the HEPN RNase site, it has been
suggested to disrupt access of the HepT RNase cleft (Yao et al., 2020).

Eukaryotic HEPN RNase inactivation.

Irel activation is suppressed by the ER Hsp70 chaperone, BiP. To prevent spurious activation
of the UPR, the luminal domain of inactive monomeric Irel associates with the BiP
chaperone, thereby inhibiting Irel RNase activation (Oikawa et al., 2009; Pincus et al., 2010;
Kopp et al., 2019). As such, BiP is a gatekeeper of Irel activation, where BiP dissociation is
a prerequisite for initiating the Irel activation cascade. As an inhibitor of Irel, the BiP
chaperone promotes its inactive monomeric form by blocking Irel self-association (Gardner
et al., 2013; Amin-Wetzel et al., 2017). It is only during ER stress that BiP dissociates from
Irel allowing the luminal domain the opportunity to sense misfolded proteins and trigger
Irel-mediated RNA processing (Gardner et al., 2013; Gardner and Walter, 2011; Pincus et
al., 2010). In addition to BiP and misfolded proteins, Irel also relies on additional signals to
modulate RNase activity. For instance, the Irel transmembrane domain has been suggested
to sense ER membrane distortions that would restrict Irel diffusion and promote Irel
dimerization (Gardner et al., 2013; Liu, Schrdder, and Kaufman, 2000; Promlek et al.,
2011).

Pharmacological inhibition of Irel selectively targets small molecules to the HEPN RNase
domain. A small group of hydroxyl-aryl-aldehyde (HAA) compounds (MKC9989,
OICR464, OICR573) have been identified as potent inhibitors of Irel RNase activity
(Sanches et al., 2014). Comparison of mouse Irel apo and HAA inhibitor-bound structures
reveals a common binding mode within the HEPN domain and suggests a mechanism for
Irel inactivation. The HAA inhibitors bind a shallow groove formed in part by the Irel
HEPN RNxxxH motif (Figure 6C). The polar asparagine (N2) residue is within hydrogen
bonding distance of the methoxy group of the HAA compounds, and the invariant histidine
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(R6) mt-stacks with HAA aromatic rings (Figure 6C) (Sanches et al., 2014). Additional
surrounding aromatic (F889, Y892) and basic residues contribute to HAA affinity and
specificity for the Irel RNase site. While a ternary complex of Irel bound to both its HAA
inhibitor and RNA target has yet to be determined, molecular modeling suggests HAA
compounds do not occlude RNA binding, but induce subtle conformational changes to the
conserved HEPN RNase N2 and H6 residues that dramatically reduce RNA cleavage
efficiency (Sanches et al., 2014).

HEPN nucleases in human health and disease

Accurate RNA expression, processing, and decay are vital for fundamental cellular
processes and human health. As a central player in RNA biology, the functionally diverse
HEPN family is gaining attention with its disease-causing defects. Below we highlight links
between dysregulated HEPN RNases and disease, as well as discuss their promise in RNA-
based therapeutics.

Neurological dysfunction.

HEPN RNases Irel and Las1L have emerged as important determinants of neurological
dysfunction. Irel is associated with several central nervous system (CNS) diseases,
including Alzheimer’s, Parkinson’s, and Huntington’s diseases (for comprehensive review
please see (Ni et al., 2018)). The precise mechanism for Irel dysregulation in CNS disease
remains poorly defined, but has been linked to its role in XPBZ mRNA splicing. While
XPBI1 RNA processing has traditionally been viewed as having a protective role, recent
evidence suggests its dysregulation may also have adverse effects in disease contexts, such
as Alzheimer’s disease and Post-traumatic stress disorder (PTSD). For instance, Irel
signaling in the brain shows a positive correlation between Irel RNase activation and
Alzheimer’s disease progression (Duran-Aniotz et al., 2017). Correspondingly, conditional
genetic knockouts of the Irel HEPN RNase domain alleviated Alzheimer’s behavioral
phenotypes in mice (Duran-Aniotz et al., 2017). A similar trend is seen with rat models for
PTSD where pharmacological inhibition of the Irel HEPN RNase attenuates the apoptotic
phenotype driving pathogenesis (Li, Han, and Shi, 2015; Zhao, Han, and Shi, 2016). The
Las1lL HEPN RNase is also linked to neurological disorders, such as X-linked intellectual
disability and congenital lethal motor neuron disease (Butterfield et al., 2014; Hu et al.,
2016; Tran et al., 2020). While the molecular basis for Las1L dysregulation in neurological
disorders remains undetermined, its disease-associated mutations cluster in the poorly
characterized Las1L coiled-coil domain, underscoring the urgent need to understand the
function and regulation of this elusive coiled-coil domain.

Innate immunity.

RNase L plays a central role in amplifying an antiviral response upon detection of foreign
RNA. RNase L is activated in response to numerous viruses, including the
encephalomyocarditis virus and West Nile virus (Flodstrom-Tullberg et al., 2005; Samuel et
al., 2006; Scherbik et al., 2006). To escape detection, several viruses coordinate their own
signaling cascade to inhibit 2-5A-dependent RNase L activation. Of particular note is the
MERS (Middle East Respiratory Syndrome) coronavirus which encodes the NS4b viral
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protein responsible for 2-5A degradation and subsequent RNase L inhibition (Thornbrough
etal., 2016). The TMEV (Theiler’s murine encepahalomyelitis virus) mouse virus also
inhibits RNase L by encoding the L* viral protein responsible for interacting with the RNase
L ankyrin-repeat domain to prevent 2-5A binding and RNase L dimerization (Sorgeloos et
al., 2013; Drappier et al., 2018). Considering novel human viruses, such as the Saffold
cardiovirus, also encode a homologous L* viral protein (Chiu et al., 2008; Zoll et al., 2009),
follow-up studies are needed to determine the extent of RNase L inactivation mechanisms in
human pathogens. This is especially critical in light of COVID-19 since therapeutic
activation of the RNase L-directed innate immune response may provide an effective
strategy for the clearance of SARS-CoV-2 (Severe Acute Respiratory Syndrome coronavirus
2) and other human RNA viruses (for more details please refer to (Park and Iwasaki, 2020)).

Irel and RNase L are associated with cancer risk and progression. RNase L has tumor
suppressive activities in a variety of cancers, including prostate and lung cancers. For
example, RNase L-mediated antiviral signaling is impaired in lung cancer. Recent studies
exploring the effects of pharmacological induction of RNase L in lung cancer reports RNase
L activation, irreversible DNA damage, cell cycle arrest, and apoptosis of cancer cells (Yin
etal., 2019; Yin et al., 2019). Similar to its antitumor effects, RNase L is also a prostate
cancer susceptibility gene. Hereditary prostate cancer patients often encode RNase L
mutations that result in enhanced androgen receptor signaling and cell migration (Dayal et
al., 2017). Unlike RNase L, the Ire1 HEPN RNase has cancer-promoting functions that have
yet to be well-defined. Cancer cells are under chronic ER stress due to low nutrient and high
cell proliferation conditions. Therefore, upregulated UPR signaling factors such as Irel can
have prosurvival activities in cancer cells. To bypass canonical Irel activation, cervical
cancer relies on the UPR modulator YiplA to phosphorylate Irel for RNase activation
(Taguchi et al., 2017). Constitutive Irel activation upregulates anti-apoptotic factors and
increases nutrient availability by enhancing protein recycling through dysregulated
autophagy pathways (Taguchi et al., 2017).

Transcriptome editing.

Over the past few years the Cas13 effectors have emerged as an important molecular toolkit
for detecting and manipulating RNA /n vivo, opening the door for many clinical applications
(East-Seletsky et al., 2016; O’Connell, 2019; Pickar-Oliver and Gersbach, 2019; Murugan et
al., 2017; Zhang, 2019; Gootenberg et al., 2018; Gootenberg et al., 2017). For example, one
key application of Cas13 technology is the detection and inhibition of single stranded RNA
viruses, such as SARS-CoV-2. Recent experiments have shown that Cas13 can be
programmed to cleave multiple types of single stranded RNA viruses and inhibit viral
replication (Freije et al., 2019). Moreover, a Cas13 based RNA detection system named
SHERLOCK (specific high-sensitivity enzymatic reporter unlocking), as well as variants to
this approach have been shown to be powerful alternatives to quantitative PCR for detection
of SARS-CoV-2 RNA (Patchsung et al., 2020; Joung et al., 2020; Arizti-Sanz et al., 2020;
Fozouni et al., 2020).
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Conclusion and perspectives

Ground-breaking work in the past few years has led to the identification and characterization
of the emerging family of HEPN RNases, and yet many outstanding questions remain.
Structural studies of HEPN members have been powerful in uncovering canonical and
specialized elements of HEPN RNases (Table 1), however substrate-bound structures
encompassing endogenous RNA targets have thus far proven elusive. As the HEPN field
moves forward, significant effort is needed to reveal RNA-bound structures of HEPN
RNases at discrete states along their RNA processing and degradation pathways.
Furthermore, it will be important to apply non-traditional approaches to map proteome-wide
HEPN interactomes to identify novel and dynamic auxiliary factors. The role of HEPN
RNase paralogs and isoforms is another aspect of HEPN RNase biology that has yet to be
explored in great detail. Characterization of human Irel paralogs Irela and Irelp, encoded
by ERNIand ERNZ, has recently uncovered a novel mode of HEPN RNase regulation.
While both Irel paralogs harbor protein kinase and HEPN RNase domains, Irelp was shown
to bind Irela and negatively regulate its RNase activity through a poorly defined mechanism
(Grey et al., 2020). Moreover, publicly available databases describe four predicted Las1L
isoforms that have yet to be confirmed or biochemically characterized. As several HEPN
RNases are linked to tissue-specific diseases (i.e. brain), it will be important to understand
the specialized roles of HEPN RNases across tissue types. Finally, computational analysis of
the HEPN family has formed a long list of putative HEPN RNases that have yet to be
confirmed as genuine nucleases (Anantharaman et al., 2013). These candidates will require
validation and comprehensive characterization before we can begin to grasp the far-reaching
impact of the HEPN RNase family in shaping the RNA world.
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Structural organization of HEPN domains. Ribbon diagrams of HEPN domains from HEPN

RNase family members: (A) Leptotrichia buccalis Casl3a (PDB ID: 5XWP), (B)

Shewanella oneidensis HepT (PDB ID: 5YEP), (C) Saccharomyces cerevisiae Irel (PDB ID:

2RI10), (D) Sus scrofaRNase L (PDB ID: 401P), and (E) Chaetomium thermophilum

RNase PNK (PDB ID: 60F3). The canonical four a-helical bundle (a1, a2, a3, a4) is
colored in red, yellow, green and blue, respectively. Insertions between a2 and a3 are shown
in dark grey and kinks to a4 are highlighted using a blue arrowhead. The canonical HEPN

RNase R¢xxxH motif is circled and conserved residues are colored in magenta.
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Figure 2.
Composite HEPN RNase active sites. Orthogonal views of the surface representation of

dimeric HEPN RNase family members: (A) L. buccalis Casl3a (PDB ID: 5XWP), (B) S.
oneidensis HepT (PDB ID: 5YEP), and (C) C. thermophilum RNase PNK (PDB ID: 60F3).
Each HEPN monomer is colored in dark (HEPN) or light grey (HEPN"). The canonical
HEPN RNase motifs are colored in magenta. Insets are zoom in views of HEPN a.3 which
encompass the conserved HEPN R¢xxxH motif.
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Figure 3.
Structural architecture of CRISPR-Cas associated HEPN RNases. (A) Domain architecture

of Cas13 subtypes A, B, C, and D. (B) Ribbon diagrams of L. buccalis Cas13a (PDB ID:
5XWP), Prevotella buccae Casl3b (PDB ID: 6DTD), and Eubacterium siraeum Cas13d
(PDB ID: 6E9F) colored as seen in panel A. The HEPN RNase motifs are colored in
magenta and the composite RNase active sites are boxed. The bound RNA is shown in grey.
(C) Domain architecture of CRISPR-Cas associated Csm6 RNase. Abbreviation CARF
defines CRISPR-associated Rossman-fold. (D) Ribbon diagram of 7hermococcus
onnurineus Csmé (PDB ID: 606S) colored as seen in panel C.
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Figure 4.
Architecture of toxin-antitoxin associated HEPN RNases. (A) Domain architecture and

corresponding ribbon diagram of S. oneidensis HepT-MntA hetero-octamer (PDB ID:
5YEP). Toxin HepT protomers are colored in shades of blue and the antitoxin MntA
protomers are shown in grey. The HEPN RNase matifs are highlighted in magenta and the
composite HEPN RNase active sites are boxed. The MntA a-helices (a2 and a4) important
for HEPN inactivation are labeled. (B) Domain architecture and corresponding ribbon
diagram of the Escherichia coli RnlA homodimer (PDB ID: 4180). The RnlA homodimer
does not form a composite HEPN RNase active site because the conserved motifs are on the
opposite ends of the dimer interface (red dashed box). (C) Domain architecture and
corresponding ribbon diagram of £. coli LsoA toxin in complex with T4 phage antitoxin
Dmd (PDB ID: 5HY3). The LsoA NTD could not be resolved. The LsoA NRD and HEPN
domains are shown in green and blue, respectively. Single HEPN RNase motif is colored in
magenta and boxed in red. The Dmd viral antitoxin (orange) interacts with the HEPN motif,
mimicking substrate binding.
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Figureb.
Structural architecture of NiKs-associated HEPN RNases. (A) Domain architecture of Irel,

RNase L and RNase PNK. Domains outlined with a dashed border have no available
structural information. (B) Ribbon diagrams of S. cerevisiae Irel (PDB IDs: 2BE1, 2RI0),
Sus scrofaRNase L (PDB ID: 401P), and C. thermophilum RNase PNK (PDB ID: 60F3)
colored as seen in panel A. The HEPN RNase motifs are colored in magenta and the
composite RNase active sites are boxed. The poly-valine peptide (orange) mimics an
unfolded protein in the Irel structure. White cylinders represent the Irel transmembrane
domain and the grey bar depicts the ER membrane. RNase L ligand 2-5A is shown as greens
sticks.
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Figure®6.
HEPN RNase active site regulation. (A) Ribbon diagram of the RNase active site from L.

buccalis Cas13a bound to crRNA and target RNA (PDB ID: 5XWP, 5XWY). The inactive
state is shown in light grey and the active state is colored magenta. HEPN1 undergoes
conformational changes, such as rearrangement of its RHxxxH motif (black arrow), for
RNase activation. (B) Ribbon diagram of C. thermophilum RNase PNK RNase active site
(PDB ID: 60F2, 60F3). The polar residue (H2) from the RNase RHxxxH motif undergoes a
conformational change to orient H2 towards the catalytic center. This conserved histidine is
essential for rRNA processing and is referred to as the Histidine Switch (His Switch). (C)
Surface rendering of the Mus musculus Irel HEPN domain bound to the HAA inhibitor,
MKC9989 (orange) (PDB ID: 4PL3). Inset shows a zoom in view of the HAA inhibitor
binding site. Irel HEPN residues, such as RNase N2 and H6 residues, along with
surrounding aromatic residues (grey) directly coordinate the HAA inhibitor. Dotted black
lines show hydrogen bonds.
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