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Abstract

Bacterial noncoding RNA (ncRNA) classes longer than 200 nucleotides are rare, but are
responsible for performing some of the most fundamental tasks in living cells. RNAs such as 16S
and 23S ribosomal RNA, group | and group Il introns, RNase P ribozymes, tmRNAs, and
coenzyme B, riboswitches, are diverse in structure and accomplish biochemical functions that
rival the activities of proteins. Over the last decade, a number of new classes of large ncRNAs have
been uncovered in bacteria. A total of 21 classes with no established functions have been identified
through the use of bioinformatics search strategies. Based on precedents for bacterial large
ncRNASs performing sophisticated functions, it seems likely that some of these structured ncRNAS
also will prove to carry out complex functions. Thus, determining their roles will provide a better
understanding of fundamental biological processes. A few studies have produced data that provide
clues to the purposes of some of these recently-found classes, but the true functions of most
classes remain mysterious.

Diversity of Large ncRNA Functions

Although bacteria harbor far fewer long ncRNAs than eukaryotes, the known classes of large

structured ncRNAs in bacteria perform essential roles in the core processes of information
transfer, metabolism, and physiological adaptation (1). For example, many classes are
central to genetic information processing: ribosomal RNAs act as ribozymes (2) to translate
MRNAs, RNase P ribozymes process precursor tRNAs (3, 4), tmRNAs rescue stalled
ribosomes (5, 6), and riboswitches bind ions and metabolites to regulate gene expression (7—
10). Furthermore, most of the large structured ncRNA classes whose functions are known
operate as ribozymes that perform essential chemical reactions such as peptide bond
formation (2), RNA splicing (11, 12) and RNA cleavage (3). Two of these ribozyme classes,
namely group | and group Il introns, are sometimes components of selfish genetic elements
that both splice MRNAs and mobilize to various regions in DNA genomes (13, 14). Of

course many self-splicing ribozymes also carry protein coding regions, located either in their
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exon flanks or inserted into non-critical portions of their ribozyme structure. However, these
coding regions are usually incidental to the main functions performed by the ncRNA’s
structure. Collectively, these ncRNAs have an enormous influence on both genetic and
cellular processes, which suggests the intriguing possibility that newly-found large ncRNA
classes may also serve fundamental roles in biology.

Given what we currently know about bacterial ncRNAs, these additional classes can be
expected to possess functions ranging from catalytic activity to gene regulation, but also may
have biological and biochemical functions that have yet to be observed for RNA. It is not
practical at this time to put boundaries around the possible set of functions for these
ncRNAs. However, it seems highly unlikely that large ncRNAs that have extensive and non-
repetitive conserved sequences, and that have complexly-folded structures, will prove to
perform only simple biochemical tasks like base-pairing to another RNA or serving as a
passive binding site for a protein factor.

Notably, where are the ribozymes that promote chemical transformations typical of
metabolic enzymes? To date, ribosomes are the only natural ribozymes known to perform
chemistry other than phosphoester transfer or hydrolysis. If a newly-found ribozyme class
performs a critical task, but is a legacy biocatalyst from the RNA World (15) that has
persisted in deeply-branching bacterial lineages, the RNA might have a role that has been
replaced by proteins in eukaryotic organisms. Or, it is also possible that the ncRNA serves a
purpose for which an RNA molecule is well-suited, and, therefore, the ncRNA has emerged
more recently in evolution.

To date, seven classes of large structured ncRNAs (consistently greater than 200 nucleotides)
with established biochemical functions are known to exist in bacteria (Figure 1). These RNA
classes are defined by their distinct biochemical functions and/or distinct consensus
sequence and structural models. The signal recognition particle (SRP) RNA is excluded here
because many representatives are shorter than 200 nucleotides (16). Three additional
putative classes of large ncRNAs, called OLE (17), GOLLD (18), and HEARO (18), have
been investigated to some degree, but their biochemical roles are not well understood.
Another 18 possible large ncRNA classes were recently discovered by using bioinformatics
and await experimental validation (19). If all of these candidates indeed represent additional
classes of large ncRNAs, establishing their functions would increase the number of large
ncRNA activities in bacteria by four fold.

Based on the considerable size and structural sophistication of these ncRNA candidates, we
believe that significant opportunities exist to discover entirely new biological and
biochemical roles for RNA in modern cells. Importantly, all structured bacterial ncRNAs
larger than 350 nucleotides with known functions are catalytic RNAs or function in catalytic
complexes (Figure 1). Moreover, by using the number of multi-stem junctions and
pseudoknots as a metric for structural complexity, we also note that ncRNAs with the most
sophisticated structures tend to be ribozymes. These observations support the hypothesis that
some of the additional mysterious large ncRNAs with sizes and structural complexities
similar to those of known ribozymes might possess hidden catalytic abilities.
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Discovery of Novel ncRNAs

Computational search strategies have been very productive for revealing hundreds of
structured ncRNA classes in bacteria. For example, comparative sequence analysis
algorithms have been used to identify multiple novel classes of riboswitches (19-23) and
ribozymes (24, 25), as well as exceptionally large and structurally complex ncRNAs (17, 18,
A. Roth, Z. Weinberg, K. Vanderschuren, M. H. Murdock, E. Poiata, and R. R. Breaker,
unpublished data). Each of the ncRNA classes discussed below was uncovered
computationally through such phylogenetic analyses. This general method identifies
nucleotide positions that exhibit strong sequence conservation and secondary-structure
features that are supported by nucleotide covariation indicative of Watson-Crick base-
pairing.

Bacterial genomic and metagenomic DNA sequences are particularly amenable for searches
directed toward the discovery of structured RNA molecules with functions other than coding
for proteins. First, the abundance of bacterial genomic sequence data provides a deep dataset
for conducting searches for novel ncRNA classes by using comparative sequence analysis.
Second, structured RNAS such as ribozymes and riboswitches have never been observed to
reside entirely within the coding regions of messenger RNAs. Noncoding nucleotides
comprise only a small fraction of the total nucleotides within most bacterial genomes. Thus,
undiscovered classes of structured RNAs are enriched in these noncoding regions, which
reduces the demands placed on computer algorithms that use comparative sequence analysis
as a search mechanism. Third, the expansive evolutionary separations between many diverse
bacterial species allow researchers to gain confidence in novel RNA classes that remain
exceptionally well conserved.

These features of bacterial genomes permit the use of computational search strategies to
uncover the most common ncRNA classes. However, such RNAs that are exceedingly rare
cannot easily be identified by existing comparative sequence analysis algorithms. These
searches fail when they do not have sufficiently distinct representatives of a ncRNA class for
comparison. Fortunately, sequencing technologies, sequence databases, and computational
resources continue to grow and improve. Therefore, the future of ncRNA discovery via
computational searching is promising, and offers the opportunity to discover ever rarer
ncRNAs that exist only in small biological niches.

Large ncRNAs with Unknown Functions

Among the most common functions for the highly-structured ncRNA classes, which
excludes less structured classes such as bacterial SRNAs (26), are RNA self-cleavage (24,
25, 27) and riboswitch-mediated ligand binding and gene control (28). Most representatives
of these natural self-cleaving ribozyme and riboswitch classes are shorter than 200
nucleotides. Thus the discovery of a novel structured ncRNA class whose representatives are
consistently longer than 200 nucleotides should encourage researchers to consider possible
biochemical functions other than RNA self-cleavage or riboswitch regulation. Below are
brief descriptions of large bacterial RNAs whose functions have yet to be established.
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The OLE (Ornate, Large, Extremophilic) RNA class was first described in 2006 based on the
discovery of 15 representatives from bacterial genomes (17). Currently, there are 657 unique
representatives known that reside exclusively in the genomes of extremophilic species and
environmental metagenomes (K. A. Harris, Z. Zhou, M. L. Peters, S. G. Wilkins, and R. R.
Breaker, submitted for publication). Strikingly, this RNA is found in a wide range of species
in Firmicutes, wherein about half of its ~600 nucleotides are conserved with covariation
supporting a complex secondary structure comprised of several multistem junctions (Figure
2) (17, 29, 30). The intricate network of bulges and loops and the positioning of conserved
nucleotides suggest that this RNA forms a complex tertiary structure that is critical for its
function.

Because OLE RNAs are so widespread in anaerobic extremophiles, it is tempting to
speculate that they may have a role in protecting these species from the extreme
environments in which they thrive. Transcriptome analysis in Bacillus halodurans revealed
that o/e, the gene for OLE RNA, is one of the most highly expressed. Excluding rRNA and
tRNA transcripts, the OLE RNA is the sixteenth most abundant transcript under normal
growth conditions. OLE RNA abundance further increases when cells are exposed to short-
chain alcohols, including ethanol, which is produced during anaerobic growth (30). Again
excluding RNAs responsible for translation, OLE RNA becomes the fifth most common in
cells grown in the presence of 5% ethanol. OLE RNA is surpassed in abundance only by
SRP RNA, tmRNA, and two mRNAs. Under these conditions, OLE RNA transcripts are
processed and remain relatively stable, with a half-life of approximately three hours (30).

The ole gene is commonly embedded in a large operon that contains genes involved in
isoprenoid biosynthesis, DNA repair, coenzyme metabolism, and transcription regulation
(17). Directly downstream of o/e is a gene of unknown function that encodes the OLE-
Associated Protein (OAP). The position of the tandem-arranged o/e and oap genes
immediately downstream of the /spA gene and immediately upstream of the dxs gene is
highly conserved in almost all of the bacterial genomes carrying OLE RNA (K. A. Harris, Z.
Zhou, M. L. Peters, S. G. Wilkins, and R. R. Breaker, submitted for publication). This
suggests that the role of OLE RNA might be related to cell membrane biochemistry, given
that the IspA protein (geranyltranstransferase) and the Dxs protein (1-deoxy-D-xylulose-5-
phosphate synthase) are key enzymes in the isoprenoid biosynthesis pathway (31).

OAP is a 21-kDa, predicted four-helix transmembrane protein that specifically binds OLE
RNA /n vitro (29). The complex has an apparent 2:1 OAP:OLE RNA stoichiometry,
suggesting that the protein might function as a dimer. Because OAP is predicted to be a
transmembrane protein and binds OLE RNA, the ability of OLE RNA to localize to cell
membranes was examined by using fluorescence in situ hybridization (FISH) microscopy.
Indeed, OLE RNA localizes to the cell membrane, but only in the presence of OAP (29).
This finding again suggests that the function of OLE RNA might be related to the
biochemistry of membranes, or perhaps cell walls.

Knockouts of both o/eand oap show they are not essential in B. halodurans (30) when
grown under normal conditions. However, growth of B. halodurans strains lacking the ofe
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and/or oap genes is reduced five-fold compared to wild-type cells in the presence of 5%
ethanol. Alcohols can cause a range of stresses to bacterial cells, such as increased
membrane permeability that allows ions and small molecules to enter the cytoplasm (32).
Therefore, cells have ethanol-induced responses to upregulate specific pathways and make
changes to protein and lipid composition of the cell membrane (33-35). Because OLE RNA
and OAP localize to cell membranes (29), the ribonucleoprotein (RNP) may have a role in a
response mechanism to this stress, such as stabilizing or producing membrane components
to fortify against leakage. Furthermore, B. halodurans cells lacking ofe and/or oap genes are
less tolerant of growth in cold temperatures (30) and other growth conditions (K. A. Harris
and R. R. Breaker, unpublished data). Still, it is not known how OLE RNAs help cells adapt
to these stresses.

OLE RNA is currently the most prevalent structured ncRNA class larger than 500
nucleotides whose function is unknown. This distinction alone makes it a particularly
attractive target for further analysis. Moreover, OLE RNAs are among the most complex and
well-conserved ncRNAs known to exist in bacteria (Figure 1). Nearly all RNAs that are
similar in size and structural complexity to OLE RNAs whose functions are already known
(e.g. RNase P, group | and Il self-splicing RNAs) function as ribozymes with biologically
important activities. Therefore, establishing the biochemical function of OLE RNAs will
likely reveal the action of a new ribozyme, or meaningful knowledge about a fundamental
aspect of the cells that carry this molecule.

GOLLD RNA

With an average of more than 800 nucleotides, the GOLLD (Giant, Ornate, Lake- and
Lactobacillales-Derived) RNA is the third-largest bacterial ncRNA discovered to date,
behind only 16S and 23S rRNA (18). A common arrangement originally reported for
GOLLD RNAs includes numerous RNA substructures that are indicative of the formation of
an exceedingly complex tertiary structure (Figure 3). A total of 391 representatives have
been identified in Lactobacillales and Actinomycetales orders, and among environmental
DNA sequences. The motif consists of distinct 5'- and 3’-domains. The 3’ half is highly
conserved, contains most of the long-range interactions, and is present in all GOLLD RNAs.
The 5" half appears to diverge into variant structures where some substructures are absent or
substituted (18). This type of domain variation is not uncommon for complex structured
RNAs (36).

GOLLD RNAs are commonly encoded by bacteriophages, frequently located adjacent to
tRNA genes (18). However, genes for GOLLD RNAs are sometimes present in bacterial
genomes and unaffiliated with bacteriophages. This suggests that GOLLD RNAs have a
biochemical function that is beneficial to both bacterial cells and the viruses that infect them
or, alternatively, are a type of selfish genetic element.

Approximately 15% of the examples carry tRNAs embedded within a variable region of the
motif. The significance of these overlapping arrangements is unclear. For example, the
biochemical function of GOLLD RNAs might somehow relate to the processing or activity
of tRNAs. Alternatively, GOLLD RNAs might have a function that is completely
independent from tRNAs, and they are only occasionally co-expressed as an efficient way to
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produce large amounts of specific ncRNAs that are separated by post-transcriptional
processing. As observed in the initial report (17), Lactobacillus bacteriophages and
prophages often have large noncoding regions surrounding their tRNA genes.
Bacteriophages also exhibit high rates of host-parasite recombination and are capable of
both horizontal and vertical genetic transfer (37, 38). Consequently, there is a possibility that
GOLLD RNAs are not relevant to the bacteriophage life cycle.

Experiments performed in Lactobacillus brevis, which harbors the go/ld gene in a prophage,
revealed that when the prophage is induced, GOLLD RNA expression levels correlated with
bacteriophage particle production. Mapping of the 5'- and 3’-termini of these RNAs
demonstrated that the entire predicted structure of GOLLD RNA is produced (18). Given the
wide distribution of go//damong a number of bacteriophages, it is plausible that GOLLD
RNA has a useful function for phage reproduction. However, initial analysis of a
bacteriophage carrying a go//dknockout resulted in mutant phages that reproduced without
evidence of a replication defect (39). Therefore, the biochemical function of GOLLD RNA
does not seem to be essential for the replication of phages, at least in certain bacterial hosts.

HEARO RNA

The proposed HEARO (HNH Endonuclease-Associated RNA and ORF) RNAs are highly
structured molecules of ~350 nucleotides surrounding an embedded open reading frame
(ORF) (18). The motif does not have many highly-conserved nucleotides, but exhibits
plentiful evidence for covariation to support the formation of many base-paired regions.
HEARQO representatives are located in species from ten different bacterial phyla,
predominantly Firmicutes, Proteobacteria, Cyanobacteria, and Actinobacteria. One example
in the archaean Methanosarcina mazeihas previously been reported (18). However, in some
bacterial species, dozens of searo genes are present. This pattern of Aearo distribution is
strongly indicative of a function as a selfish genetic element. Such mobile elements can
operate as RNA or DNA (40). It is not yet clear that HEARO functions as a structured
ncRNA, or whether its function is manifested as a structured single-stranded DNA (sSDNA)
element.

In most instances, the motif contains an embedded ORF that encodes a putative HNH
endonuclease. the presence of this protein-coding region indicates that the motif is at least
occasionally transcribed. Indeed, expression of the HEARO RNA was detected in one
bacterium (18). HNH endonucleases are a family of homing endonucleases, which are
commonly embedded within group | and group Il introns and are involved in the transfer of
these elements (41). Close relatives of the HEARO ORF include the ORF associated with
I1S605 selfish genetic elements. These are known to exploit small structured DNA motifs as
part of their replicative cycle (42). Each HEARO representative is much larger and complex
than these IS element ssDNA motifs, and so it is unclear if they are related. Experiments to
seek self-splicing activity of HEARO RNA transcripts have yielded no positive results (18).
Further research is needed to determine if the RNA is processed, interacts with any proteins,
and ultimately is functional as an RNA polymer beyond coding for an endonuclease.
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T-Large ribozymes are permuted group Il introns

In rare instances, computational approaches to discover structured ncRNAs reveal distant
variants of known ncRNA classes (e.g. 43-46). A large RNA called “T-Large” was found
(A. Roth, Z. Weinberg, K. Vanderschuren, M. H. Murdock, E. Poiata, and R. R. Breaker,
unpublished data) that resembles group |1 self-splicing introns, but is circularly permuted.
This RNA does promote phosphoester transfer reactions like those required for normal RNA
splicing, and even exploits the same splice sites. However, these splice sites are present in
the precursor RNA in reverse order, such that the ribozyme yields a circularized rather than
linear exon product and yields a branched T-like product rather than a lariat intron. T-Large
representatives are fairly widespread in Proteobacteria, Cyanobacteria, and Deinococcus-
Thermus phyla, and are common in environmental DNA samples. Unfortunately, the
biological role of the unusual RNA splicing reaction products produced by T-Large
ribozymes has yet to be established.

Other newly-discovered large ncRNAs

With the exception of T-Large, the ncRNA classes noted above have unknown biochemical
functions. All the RNAs have unclear biological roles, and we are even uncertain whether
the complex structure of the HEARO motif is relevant as an RNA molecule or as a single-
stranded DNA. Although we have not studied each of these ncRNA candidates continuously
for the last decade since their discoveries (17, 18), the fact that their biochemical and
biological functions remain mysterious is both intriguing and cautionary. Perhaps new
functional features of RNA will be revealed and new biological processes exposed upon
establishing the roles these RNAs serve. However, it is inherently challenging to study the
biochemical functions of an RNA whose connection to a specific biological process remains
obscure.

Intriguingly, there is reason to believe that additional large bacterial ncRNA classes will
continue to be revealed as new genomes are sequenced and new bioinformatics methods are
developed. Recently, at least 16 candidate large ncRNA classes have been reported as part of
a collection of 224 structured RNA motifs (19), which add to the list of candidates reported
previously (18). The most noteworthy classes are discussed below, whereas the remaining
motifs are listed in Table 1. Full descriptions of all these ncRNAs can be found in the
previous publications describing their initial identification (17-19).

(i) IMES-1 RNA—Several IMES (ldentified in Marine Environmental Sequences) ncRNA
classes that are abundantly expressed were uncovered by comparative sequence analysis
(18). With an average length of ~220 nucleotides, the IMES-1 class (also reported elsewhere
as Groups 3, 4, 11, and 19 psRNA) (47), is the longest of the four IMES RNA classes
identified. Its secondary structure contains one pseudoknot, one multistem junction, and
features a large number of highly conserved nucleotides.

Metatranscriptome data from cells isolated from the Pacific Ocean revealed the presence of
IMES-1 RNA with a five-fold higher abundance than that measured for 5S rRNA (18, 47,
48). It is unclear why these RNAs are so highly expressed, but RNAs with this high level of
expression are extremely unusual. Unfortunately, the over 400 examples of IMES-1 have
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been located only in environmental metagenomes, making it challenging to study this
ncRNA and establish its biological importance.

(i) ROOL RNA—The ROOL (Rumen-Originating, Ornate, Large) RNAs were originally
identified (19) among metagenomic DNA sequences isolated from cow rumen. A total of
397 distinct examples have been identified predominantly in the Lactobacillales and
Clostridiales orders. The predicted secondary structure of the ROOL motif (19) makes it one
of the most complex ncRNAs (Figure 1). However, it has fewer highly-conserved
nucleotides than most other structured ncRNAs of similar size.

ROOL RNAs share some contextual similarities with GOLLD RNAs, such as frequent
proximity to tRNA genes, association with bacteriophages and prophages, and occurrence in
species of Lactobacillales. ROOL RNAs however do not have any recognized sequence or
structural similarities to GOLLD RNAsS, other than the fact that both RNA classes exhibit
intricately-folded structures with several pseudoknots. GOLLD and ROOL RNAs are the
most complexly structured bacterial large ncRNAs of unknown function (Figure 1). It is
possible that they have similar biological functions, but certainly their distinct structures
merit separate classifications.

(iii) raiA motif RNA—Discovered in Firmicutes and Actinobacteria, the raiA RNA class
has 1347 representatives that exhibit a moderately complex secondary structure containing
two pseudoknots and two multistem junctions (19). This RNA motif is named for its
frequent occurrence in the 5 untranslated region (UTR) of raiA genes. This gene encodes
the RaiA protein, which binds ribosomes to halt translation during cell stress (49). The raiA
motif RNA potentially functions as a cis-regulatory ncRNA. However, these RNAs are
occasionally more than 600 base-pairs upstream of the neighboring protein-coding region,
and are sometimes closer to the 3" end of the gene located immediately upstream,
commonly comFC. Bacterial cis-regulatory RNAs rarely reside in the 3° UTRs of the genes
they control. Therefore, it seems unlikely that raiA motif RNAs control expression of
ComFC proteins, which are involved in genetic competence for DNA uptake (50).

The raiA motif RNA is also found upstream of genes encoding periplasmic binding proteins
(PBPs) that transport a variety of substrates. Again, it seems possible that raiA motif RNAs
function as riboswitches or another type of cis-regulatory domain, but ligand candidates that
trigger changes in gene expression are not immediately apparent.

(iv) Additional candidates—A major challenge when initially evaluating candidate
structured ncRNAs is to build confidence in the hypothesis that they even represent RNAs.
For example, there are three candidates that are striking with regard to their size and
structural complexity, but it is possible that they actually function as ssDNAs. The ARRPOF
(Area Required for Replication in a Plasmid of Fusobacterium) motif, and the GEBRO (GC-
Enriched, Between Replication Origins) motif (19) are two of the most complexly-structured
ncRNA candidates of unknown function (Figure 1). They each form multiple pseudoknots
and carry a large number of conserved nucleotides. These complex nucleic acid structures
presumably aid in plasmid replication or perform regulatory roles associated with plasmids.
Similarly, the PAGEV (Plasmid-Associated gamma-Proteobacteria Especially Vibrionales)
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motif also frequently is present in plasmids (19). It is not yet certain what polynucleotide
form these structures use to carry out their biological functions.

A fourth ncRNA candidate that might actually function as a sSDNA, called 1S605-o0r7B-1,
appears to form one multistem junction and one pseudoknot (19). Representative of this
class reside 3" of genes encoding a transposase of the 1S605 OrfB family. The 1S605 family
of transposases use sSDNA as a transposition intermediate (42, 51). Thus, it is possible that
the 1S605-o0rfB-1 motif is functional as ssSDNA, but employs a secondary structure that is
much larger and more complex than analogous elements in other 1S605 representatives.

An additional ten large ncRNA motif candidates are summarized in Table 1. These ncRNAS
may be new large ncRNA classes, but it is not certain that they form structures sophisticated
enough to perform challenging biochemical functions. The Bacteroidales-2, HOLDH
(Human Oral, Large, Distant to HINT), MISL (Mostly Independently Structured, Large),
and RT-2 (Reverse Transcriptase 2) motifs possess some distinct secondary structure
features. However, we do not currently have any additional clues to speculate on their
functions beyond what has been stated previously (19). Clostridiales-3, EGFOA-assoc-1,
ilvB-OMG, lysM-Actino, RT-7, and throat-1 are potential new large ncRNAs, but they do
not appear to form complex structures (18).

Experimental Validation of Novel ncRNA Functions

Due to the tremendous outputs of bioinformatics search pipelines, there is a growing number
of interesting large ncRNA candidates to study. However, the challenge of assigning
functions to these NcRNA classes remains a difficult barrier to surpass. In past decades,
novel ncRNAs were sometimes discovered by researchers who were studying a particular
biological or biochemical process. As a result, they had strong clues regarding the possible
function of the RNA, as was the case for RNase P (3), group | (11) and group Il (12) introns,
and ribosomes (2). The discovery of a novel ncRNA class by bioinformatics sometimes
provides fewer clues regarding its function, and so additional experimental tactics are
needed to define its biological and biochemical activities.

Below we briefly describe some of these possible experimental approaches, which have been
useful for those elucidating the functions of other biomolecules, such as proteins or
eukaryotic long ncRNAs (IncRNAs). This is hardly an exhaustive list, and surely each
ncRNA class will need tailored experiments for in-depth analysis. As the field moves
forward, new approaches will undoubtedly be developed to characterize these challenging
NncRNAs.

Bacterial genetics

Bacteria tend to cluster genes into operons that code for proteins involved in a single
biochemical or physiological process, such as a metabolic pathway or a stress response.
Therefore, it might be possible to infer the function of a ncRNA that frequently clusters with
genes for a given biological pathway. The information derived from the genomic location of
a ncRNA has been particularly useful for determining the functions of c/s-acting ncRNA
regulatory elements, especially if the gene association of the ncRNA gene is highly
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conserved. For example, the location of a ncRNA sequence upstream of a metabolite
synthase gene is a strong indication that the RNA functions as a riboswitch that responds to
the metabolite made by the enzyme encoded immediately downstream.

If the large ncRNA of interest resides in a genetically-tractable, culturable organism,
genetics-based methods can be very powerful. Expression levels of the ncRNA can be
determined by transcriptomics analysis under specific growth conditions (52). Gene
deletions and overexpression constructs can be used to determine if the ncRNA is essential,
or if there are particular phenotypes associated with the ncRNA (30, 53). Additionally,
plasmids can be transformed into a knockout strain to express mutated or truncated versions
of the ncRNA. If deleterious ncRNA mutations are identified, genetic screens may be used
to identify gene mutations that rescue the phenotypes of defective cells or binding partners
(54). RNA-seq of the knockout strains or cells grown under stress conditions may provide
insight into genes upregulated to compensate for the loss of the ncRNA.

Biochemistry and chemical biology

Experiments that probe direct binding interactions of the ncRNA with small molecules,
metabolites, or ions can be useful in determining if ncRNAs have a ligand or cofactor (55,
56). Modified nucleotides are critical for the structure and function of some of the known
noncoding RNAs, such as rRNAs and tRNAs. Unfortunately, it is not yet known if any of the
large ncRNAs described herein (Table 1) carry such modification. If a candidate ncRNA is
naturally modified, this might hinder the biochemical analysis of RNAs made by in vitro
transcription using only the four standard nucleotides. There are a myriad of RNA pull-down
and co-purification methods paired with mass spectrometry or sequencing to identify
proteins, DNAs, or RNAs that interact with the ncRNA of interest (57, 58). Techniques such
as gradient profiling by sequencing (Grad-seq), which captures RNAs based on their
biochemical profiles and protein interactions, can provide valuable clues to implicate the
ncRNA in particular biochemical pathways if the RNA binds proteins of known functions
(59). Cells also can be treated with antibiotics or chemical inhibitors that target specific
biosynthetic pathways to provide additional phenotypic insights. For example, genetic
knockout cells lacking the ncRNA might exhibit unusual growth characteristics when
exposed to unusual nutrient sources, or otherwise sub-lethal doses of antibiotics or other
toxic agents (53).

Structural biology and biophysics

High-resolution structure models, such as those generated by x-ray crystallography analyses,
are important for ascertaining the molecular details of ncRNAs. Unfortunately, with large
ncRNAs that likely interact with proteins, it has not been practical to make attempts to
crystallize a potentially floppy, long ncRNA that might lack critical binding partners.
Perhaps cryo-electron microscopy (cryo-EM) methods employed with ncRNAs gently
removed from their cellular environments could yield useful data regarding the fine
structures of ncRNAs and their biochemical partners. Otherwise, careful structural analysis
might need to await the outcomes of other experiments seeking to establish fundamental
details of the functions of candidate large ncRNAs.
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Unlike eukaryotic INcRNAs that can be visualized in cells by FISH microscopy, bacterial
cells are significantly smaller, making it difficult to precisely determine the cellular
localization of RNAs in bacteria. However, with high-resolution microscopes and
mathematical modeling, subcellular localization of RNAs can be determined with techniques
such as FISH or live-cell MS2—-GFP (bacteriophage MS2 coat protein fused to green
fluorescent protein) (60). Such methods can be particularly informative if the ncRNA is
naturally abundant and localizes to a prominent feature in a bacterial cell, such as the cell
membrane (29).

Prospects for Large ncRNA Discoveries and Impacts

Most of the large ncRNAs discussed herein have functions that remain elusive. Because of
their striking complexity, sequence conservation, and differences from known ncRNA
classes, their biochemical and biological roles are likely to be novel. The key challenge in
this area will be to decipher the precise functions of these ncRNAs. New large ncRNA
classes appear to present more difficulties for those seeking to establish functions than most
previously discovered ribozymes and ncRNAs, which were typically discovered more
serendipitously. The first ribozyme to be experimentally validated, a self-splicing group |
intron, was uncovered in an mRNA that was known to be spliced (11). The RNase P RNA
was known to be a component of a pre-tRNA-processing ribonucleoprotein complex before
ribozyme activity was demonstrated (3). By contrast, large bacterial ncCRNAs such as OLE
RNA, GOLLD RNA, and a variety of others do not yet exhibit an obvious link to a known
biochemical process.

Indeed, the biological functions of some ncRNA classes, such as tmRNAs (6) and 6S RNAs
(61), took decades from their initial discovery date to elucidate. It seems likely that this lag
time between discovery and functional validation might also occur for many of these newly-
found ncRNA classes, which are all less widespread and perhaps have less prominent
functions than tmRNAs and 6S RNAs. For instance, OLE RNAs were first reported twelve
years ago (17), and GOLLD RNAs (18) nine years ago. Some progress in elucidating the
structural and functional characteristics have so far only been reported for OLE RNAs (29,
30).

The accelerating rate of genome sequencing and the ever-expanding amounts of
metagenomic data ensure that more novel ncRNASs will continue to be found. Despite the
challenging tasks of experimentally validating their functions, each new ncRNA offers the
possibility of identifying processes that have never been observed in biology previously.
These and future discoveries will continue to alter the landscape of known RNA functions. If
the known large ncRNAs, many of which have revolutionized our understanding of biology,
are any indication of the impact of these classes of unknown function, then it will be well
worth the effort.
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Figure 1. Size and structural complexity of large and highly-structured ncRNAsin bacteria
Structural complexity is represented by the number of multistem junctions and pseudoknots

present in the predicted secondary structure models as described previously (17).
Overlapping points representing different ncRNAs are depicted with split circles. Narrowly
distributed ncRNAs and ncRNAs with fewer than two multistem junctions and pseudoknots
were omitted. For example, noncoding RNAS such as large SRNAs and CRISPR RNAs are
commonly longer than 200 nucleotides, but have repetitive and simple hairpin secondary
structures that are bound by proteins. Although, 23S rRNA forms the active site for the
peptidy! transferase reaction catalyzed by ribosomes, 16S rRNA functions in complex with
the catalytic RNA component and is classified accordingly.

Microbiol Spectr. Author manuscript; available in PMC 2018 July 12.




Page 16

Harris and Breaker

o =
Q, — [=]
=% < o o
oo’ w22 55
ks -
< o ® E06 % 598 5 .0.02
< o ‘e S = -0 FE=E N =
0, e ®22 o~ 002§ oo o o
o S 856 Ec£ 26 B o o
< S0 S EfEw HDOD 290 crmoOW e B
< e Eof C55 8.,8°%" g ¢
= ‘0 D5s O 7 ==L = S
UUY.\. < E S m da..._e ..m._wrmeNN qw
e’ °, < =05 goon oo 2 @, [<F I
% o @ SEE S22 SeeS o o »n
..\\. U= = 5a 555 2 z .o.. in o >
.I\.GIA“ & o cC o > > g5
- c
oy o E B £ _C 2
@g>
.Y:aY L G\\Y. ® o X
.cz.R R.\\G oD > z.. n @ iy
R.; ) ol < e o%=75 PN << E <
<2 /... = [} < < CJIR Z o N
o < [ Teh Lr>00000X>0™ U Yy res =
) [:4 RO AR IS Y= =
> ZO>0D 0x200000> 0 > w g =
@ o (L] ] S | °
o, == <@, 2% 0% eo-0 o) = O
Oa x> e 9O 5-« 2 o
(-18] D=2 = o T
< O c O
E=>— - o
0=0 T O D
<=2 3 O o
S=a P
<05 >0 £ g
05 B
53 2
88 5
S S >
- 35 O )
B~ 8 >
>0 25
§2 €8
o5 € o
S = o w
e c o
5 [<5]
D o7
IS S @
T © O
82 € 8
g% o 8
v S O
S s S
> <
rerex><o < %
U R W:O @
rr0008>xD0 < c £
o ) 2 ® o nY o5
< »o>0o®uoxs>>evuo-eeexu®u = o = O
< LEile TR0 RRLTRelRll0l © %mm
& VrOUO_ LEDSEES>VVOee>>U_0 o o .=
@ = > =
[¢] 4 L oD
Yy = cC_ o o
(L) < O o T
o, 9 T = C
5880 ) NS T &
o> Qqpo> Y.\\.. ) m [ad @
..az.R >~ 20 50 g E
< o %@ - 9 2.2 =
= 0, %° L 2c o 5
] IJR CC\\GYRR Lk & o
- Q -
w . < s,
- o -
® pEE>ED_
(@] ®ge

Author Manuscript Author Manuscript Author Manuscript Author Manuscript

Microbiol Spectr. Author manuscript; available in PMC 2018 July 12.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnuely Joyiny

Harris and Breaker Page 17

c=GRR [
GOLLD RNA AnR \:R A
)
R V=R s o
’%. [ GNRA| ) Yog ol
“ : . :
A - Yatal ] (]
G v -
pseudoknot i“\“. B Ry / v oy o R~
$ise ryes®™
otlG %’A'“ﬁ...ﬁ
] e G -e
5—eGGCo Ugire® UoR

& isspsevsd %, b
(‘ARY‘\G.R g R...Rpu.' G A E. R -0 | G-g ‘e
= G Re Y -0 AR [ ] AAGOAAAAGU®YYYRO® ®OABRARU™ |G o0

Y u=A ] ® | 3 )

o
A S £D s

Qe .G.\.\.‘RR g R=Y \A E:g 0-129 nt pseudoknot | I
.R e Gect” o
Y p |
4 - i

[ 1 u

- L]
u Y

Figure 3. Consensus sequence and secondary structure model for GOLLD RNAs
This model is based on the alignment of sequences identified in (17). Notable predicted

substructures include two E-loops, three GNRA tetraloops, and five pseudoknots. Of the 20
hairpin loops, five form pseudoknots or represent the GNRA tetraloops. A total of 12 of the
remaining 15 hairpin loops carry highly-conserved nucleotides, suggesting that they might
be involved in forming RNA tertiary contacts that are important for the function of GOLLD
RNA. Other annotations are as described for Figure 2.
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Table 1
LargencRNAsin bacteria with unpublished functions

The initial reports of these RNA motifs were published elsewhere (15-17).

RNA Avg. Size #  Nucleotide Conservation® ~Taxa

ARRPOF 260 78 35%  Fusobacteria

Bacteroidales-2 419 355 56%  Bacteroidales

Clostridiales-3 252 559 40%  Clostridiales

EGFOA-assoc-1 251 23 64%  environmental

GEBRO 349 66 49%  Streptococcus (Firmicutes)

GOLLD 829 391 34%  Firmicutes, Actinobacteria

HEARO 350 3283 29%  Firmicutes, Proteobacteria, Cyanobacteria, Actinobacteria
HOLDH 401 22 52%  environmental

ilvB-OMG 209 39 70% OMG group (y-Proteobacteria)

IMES-1 217 491 59%  marine environmental

1S605-0rfB-1 213 444 37%  Enterococcus (Firmicutes)

lysM-Actino 211 359 54%  Actinomycetales

MISL 782 55 33%  \errucomicrobia

OLE 596 657 40%  Firmicutes

PAGEV 223 123 33%  +y-Proteobacteria

ralA 211 1347 43%  Actinobacteria, Firmicutes

ROOL 581 397 17%  Firmicutes, Fusobacteria, Tenericutes

RT-2 214 482 21%  Coriobacteriales (Actinobacteria), Clostridiales (Firmicutes)
RT-7 201 202 34%  Bacteroidales

T-Large 765 291 33%  Proteobacteria, Cyanobacteria, and Deinococcus—Thermus
throat-1 294 63 71% throat and tongue metagenomes

# . . N .
Number of examples, with data derived from the microbial dataset of RefSeq version 63.

Page 18

a . - . . - . .
Nucleotide conservation is computed as a percentage of the average size in nucleotides divided by the total number of nucleotides conserved in

75% or more of the representatives for each motif.
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