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Diverse Functions of Small RNAs (sRNAs)

in Halophilic Archaea: From Non-coding

Regulatory sRNAs to Microprotein-Encoding

sRNAs

Jana Kliemt and J€org Soppa

Abstract The number of experimentally-verified small RNAs (sRNAs) in

haloarchaea has increased tremendously since their discovery in 2009. A recent

dRNA-Seq study led to the identification of about 2900 non-coding primary

transcripts, a number that was much higher than the less than 1900 protein-coding

mRNAs that were detected. Intergenic sRNAs have been studied intensively, and it

was revealed that they have important regulatory functions under many different

conditions. However, the numbers of cis-antisense RNAs and of cis-sense RNAs

are much higher, and thus future research will shift to concentrate on their charac-

terization. Other classes of haloarchaeal sRNAs include tRNA-derived fragments,

which have been shown to be regulators of translation, CRISPR/CAS defensive

sRNAs, C/D box sRNAs that guide methylation, and 7S RNA involved in mem-

brane protein biogenesis. Last, but not least haloarchaea contain hundreds of small

mRNAs that encode microproteins, which represent an emerging field of research.

Taken together, the network of small RNAs in haloarchaea is much larger than

anticipated only a few years ago, and the multitude of sRNAs has changed the view

of the function of haloarchaeal genomes.

10.1 Introduction

Small non-coding regulatory RNAs (sRNAs) exist in all three domains of life,

archaea, bacteria, and eukaryotes. In recent years an ever increasing number of

sRNAs have been discovered, and they were found to be involved in and important

for many different biological processes. Several recent reviews summarize various

aspects of sRNAs in prokaryotes (Wagner and Romby 2015; Kopf and Hess 2015;

Murina and Nikulin 2015; van Puyvelde et al. 2015; Georg and Hess 2011; Waters

J. Kliemt • J. Soppa (*)

Biocentre, Institute for Molecular Biosciences, Goethe-University, Max-von-Laue-Str. 9,

60438 Frankfurt, Germany

e-mail: kliemt@bio.uni-frankfurt.de; soppa@bio.uni-frankfurt.de

© Springer International Publishing AG 2017

B. Clouet-d’Orval (ed.), RNA Metabolism and Gene Expression in Archaea,
Nucleic Acids and Molecular Biology 32, DOI 10.1007/978-3-319-65795-0_10

225

mailto:kliemt@bio.uni-frankfurt.de
mailto:soppa@bio.uni-frankfurt.de


and Storz 2009) and in eukaryotes (Catalanotto et al. 2016; Yang et al. 2016; Borges

and Marienssen 2015; Huang et al. 2013). In addition, very recently it has been

acknowledged that small RNAs can also contain open reading frames and that the

encoded microproteins can have very important functions (reviews: Ramamurthi

and Storz 2014; Storz et al. 2014). This chapter will concentrate on the various

groups of non-coding and coding sRNAs from halophilic archaea, including e.g. cis

antisense RNAs, snoRNAs, and tRNA-derived fragments. On the one hand it

updates two earlier reviews (Babski et al. 2014; Schmitz-Streit et al. 2011), on

the other hand it gives a broader view and includes additional classes like

microprotein-encoding sRNAs. sRNAs from other phylogenetic groups of archaea

are discussed in other chapters of this book.

10.2 Identification of Small RNAs and the Changing View

of the Haloarchaeal Transcriptome

The first archaeal sRNAs were detected in the euryarchaeon Archaeoglobus
fulgidus at the beginning of this century (Tang et al. 2002). Shortly thereafter, it

was unraveled that sRNAs occur also in crenarchaeota (Tang et al. 2005). The first

study with a halophilic archaeon was published a few years later (Straub et al.

2009). A small scale RNomics study with Haloferax volcanii led to the identifica-

tion of 21 intergenic sRNAs and 18 antisense sRNAs (asRNAs). Northern blot

analyses revealed that many of the sRNA genes were differentially expressed,

indicating that the regulatory roles of the respective sRNAs are confined to specific

environmental conditions. The next approach was the bioinformatics comparison of

the intergenic regions of Hfx. volcanii with those of four other haloarchaea, one

crenarchaeon, and one halophilic bacterium (Babski et al. 2011). More than

120 conserved regions that might represent conserved sRNA genes were found.

The expression of 61 of these putative sRNA genes was analyzed using a dedicated

DNA microarray, and 37 genes were found to be expressed under at least one of the

three conditions tested, verifying that the bioinformatics predictions could success-

fully identify sRNA genes.

High Throughput Sequencing (HTS) of cDNA libraries, which was relatively

new at that time, was used to characterize the small transcriptome of sRNAs with

lengths between 17 and 500 nt (Heyer et al. 2012). Thereby, the number of sRNAs

was increased to 145 intergenic sRNAs and 45 asRNAs. RNAs from cultures grown

at six different conditions were used for cDNA library generation, and multiplexing

was used to sort the sequences bioinformatically after a single HTS run. Again, it

was found that many sRNA genes were differentially expressed. Notably, many

sRNAs could only be detected in cultures that were grown under low salt, a

condition that represents considerable stress for haloarchaea. Haloarchaea use the

so-called “salt in” strategy for osmoadaptation. The salt concentration in the
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cytoplasm is as high as in the environment. The consequence of this strategy is that

all biological processes have to be evolutionary adapted to function in the presence

of molar concentrations of salt. Haloarchaeal proteins contain 20% aspartic and

glutamic acid residues and have a high negative charge density at their surface. This

makes them soluble at high salt concentrations, but on the other hand, this makes

them very sensitive to low salt concentrations. Typical haloarchaeal proteins dena-

ture at salt concentrations below 1 M NaCl. Most halophilic bacteria apply the so

called “salt out” strategy, they have a low salt concentration in the cytoplasm and

use organic compatible solutes for osmoadaptation.

Very recently a state of the art differential RNA-Seq (dRNA-Seq) approach was

used to characterize the primary transcriptome of Hfx. volcanii (Babski et al. 2016).
dRNA-Seq makes use of an enzyme that degrades all transcripts without a triphos-

phate at their 50-end, while transcripts with a triphosphate remain untouched.

Comparison of treated and untreated samples allows the differentiation between

primary transcripts and transcripts that were generated by processing or are degra-

dation intermediates. The highly increased sequencing depth led to the identifica-

tion of nearly 2800 novel non-coding transcripts. Remarkably, the total number of

non-coding RNAs was with 2900 considerably higher than the total number of

protein-coding RNAs with less than 1900. Taken together, the view of the

transcriptome and of the genome function of Hfx. volcanii has changed dramati-

cally within the last 6 years. Figure 10.1a schematically shows that according to the

original annotation the genome contained nearly exclusively protein-coding genes

(Hartman et al. 2010). Figure 10.1b illustrates that small-scale RNomics and the

HTS approaches led to the identification of about 200 sRNA genes (Babski et al.

A

B

C

Fig. 10.1 Changing view of the transcriptome and genome function ofHfx. volcanii during recent
years. (a) View based on genome sequencing and annotation in 2010 (Hartmann et al. 2010). (b)

View based on the identification of sRNAs genes in intergenic regions (Heyer et al. 2012). (c)

View based on the very recent dRNA-Seq study (Babski et al. 2016). The arrows indicate

presumed transcription start sites (a, b) and experimentally verified transcription start sites (c)
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2011; Heyer et al. 2012). In stark contrast, the dRNA-Seq study uncovered that the

number of non-coding RNAs is in fact higher than the number of protein-coding

genes (Fig. 10.1c) (Babski et al. 2016). Various different classes of non-coding

RNAs were found, which are discussed below. It can be expected that not all

sRNAs of Hfx. volcanii have been identified yet, because the dRNA-Seq study

was performed using cultures grown under optimal conditions. Because it has been

shown that sRNA genes can be differentially expressed and can be silent under

optimal conditions (see above), it can safely be predicted that further studies with

cultures grown under non-optimal conditions will further enhance the number of

sRNAs of Hfx. volcanii.
dRNA-Seq studies have been performed only for three additional archaeal

species, i.e. Methanolobus psychrophilus (Li et al. 2015), Thermococcus
kodakarensis (Jäger et al. 2014), and Methanosarcina mazei G€o1 (Jäger et al.

2009). For all three species the number of non-coding RNAs was much smaller

than the number of protein-coding RNAs, e.g. only 195 of 2056 transcripts from

M. psychrophilus were non-coding sRNAs. Therefore, the fraction of non-coding

RNAs is not uniformly high in all archaea, and the situation in haloarchaea

resemble the situation in higher eukaryotes, which also contain a higher number

of non-coding transcripts than protein-coding transcripts (Wan et al. 2014).

Table 10.1 gives on overview of the number of three classes of sRNAs and the

number of annotated protein-coding genes for six archaeal species. Only RNA-Seq

studies and dRNA-Seq studies since 2009 have been included, because earlier

small-scale RNomics studies led to much smaller numbers of identified sRNAs. It

should be noted that the numbers should be handled with care, because the number

of different culturing conditions, the sequencing depth, and the bioinformatics

analysis pipeline can tremendously influence the results. Nevertheless, it can be

seen that the numbers especially of intergenic sRNAs and asRNAs (and their ratios)

differ considerably in the six investigated species.

Table 10.1 Numbers of protein coding genes (genome annotation) and of three classes of

non-coding sRNAs (RNA-Seq or dRNA-Seq) in selected archaeal species

Species

No. of

ORFs

Interg.

sRNAs asRNAs iRNAs Reference

Haloferax volcanii 4040 395 1244 1153 Babski et al. (2016)

Methanolobus psychr. 3167 195 1110 1440 Li et al. (2015)

Thermococcus kodak. 2306 69 1018 644 Jäger et al. (2014)

Pyrococcus abyssi 1784 107 215 n.r. Toffano-Nioche et al.

(2013)

Haloferax volcanii 4040 145 45 n.r. Heyer et al. (2012)

Sulfolobus solft. 2994 125 185 n.r. Wurtzel et al. (2010)

Methanosarcina m. 3371 199 43 n.r. Jäger et al. (2009)

n.r. not reported
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10.3 Various Classes of Small Non-coding Regulatory

Haloarchaeal RNAs

10.3.1 Intergenic sRNAs

The intergenic sRNAs were the first sRNAs that have been systematically charac-

terized. Already in the first study two gene deletion mutants have been constructed

and phenotypically analyzed (Straub et al. 2009). One of the mutants could not

grow at the elevated temperature of 51 �C, the other mutant had a severe growth

defect at the low salt concentration of 0.9 M NaCl. Both phenotypes underscored

the high importance of sRNAs for the physiology of H. volanii. In a subsequent

study 27 sRNA gene deletion mutants were generated and characterized (Jaschinski

et al. 2014). For 24 of the 27 mutants a phenotypic difference from the wild-type

could be detected under at least 1 of the 12 tested conditions. In addition, differen-

tial expression of sRNA genes was studied using a variety of different experimental

approaches (Northern blot analyses, reporter gene assays, DNA microarray ana-

lyses). The results of all approaches revealed that sRNAs are important for the

regulation of many biological functions in haloarchaea, which is schematically

illustrated in Fig. 10.2. The biological functions include stress adaptation (which is

proposed to be the major function of sRNAs in bacteria), but also metabolic

regulation, adaptation to the extremes of growth conditions, and, last but not

least, regulation of behavior. Remarkably, more than 10 of the 27 deletion mutants

exhibited a gain-of-function phenotype. As yet this is unprecedented for any sRNA

gene deletion mutant in bacteria. However, gain-of-function phenotypes have also

been described for deletion or depletion of miRNAs in higher eukaryotes (Daniel

et al. 2014). These results illustrate that regulatory circuits did not evolve to ensure

the highest growth rate under one specific (laboratory) condition, but that regulatory

networks were favored that had the highest stability and flexibility under the ever

changing conditions of natural environments.

low salt

high 
salt

high 
temperature

C-source 
glucose nitrate 

respiration
EtOH stress

oxidative 
stress

swarming

stationary 
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exponential 
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Fig. 10.2 Schematic

overview of the diverse

biological functions of

sRNAs in Hfx. volcanii.
The functions have been

deduced from the

phenotypes of sRNA gene

deletion mutants and form

elevated sRNA levels under

specific conditions. The EM

picture of Hfx. volcanii was
supplied by J. Babski,

K. Jaschinski, and J. Soppa

(unpublished data)
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The recent dRNA-Seq study increased the number of intergenic sRNAs to more

than 400. Only a small fraction of them have been studied until now, therefore, the

already uncovered manifold functions of sRNAs in haloarchaea (Fig. 10.2) repre-

sent only the tip of the iceberg. Further work is also needed to identify the

molecular targets of sRNAs, which are presumably primarily protein-coding

mRNAs, as well as the molecular details of sRNA-target RNA interactions and

the molecular mechanisms of regulation. The bioinformatics target prediction

algorithms that have been successfully used with bacteria and methanogenic

archaea have as yet not been successful with haloarchaea, possibly because the

conditions in the high salt cytoplasm are so different from the conditions in

mesohalic species. However, comparisons of the transcriptomes of sRNA deletion

mutants and the wild-type have already led to the discovery of the target mRNAs

for several intergenic sRNAs, and thus it can be expected that experimental

approaches will soon shed light on the details of the regulatory functions of

intergenic haloarchaeal sRNA. Because 72% of all haloarchaeal protein-coding

transcripts are leaderless (Babski et al. 2016), it has been predicted that many

sRNAs might bind to the 30-UTRs of their target mRNAs. This would be analogous

to the eukaryotic miRNAs, which also bind to 30UTRs, and in contrast to bacterial

sRNAs, which typically bind to the 50-region. The sRNA-target mRNA interaction

does not seem to be uniform in archaea, first examples include the binding to the

50-region inM. mazei (Prasse et al. 2013; Jäger et al. 2012) as well as the binding to
the 30UTR inHfx. volcanii (Kliemt, Jaschinski, and Soppa, unpublished data) and in

Sulfolobus solfataricus (Martens et al. 2013).

10.3.2 Cis Sense sRNAs

The analysis of the primary transcriptome of Hfx. volcanii led to the identification

of more than 1100 sRNAs that were encoded in the same direction and within ORFs

of protein-encoding genes (cis sense sRNAs) (Babski et al. 2016). This class of

sRNAs had also been found in previous studies, but had not been further discussed,

because these RNAs might be meta-stable degradation intermediates of the

mRNAs. However, this possibility could be excluded by the experimental design

of dRNA-Seq, which enriches for primary transcripts with a triphosphate at the

50-end. In addition, a high fraction of these internal sRNA genes were preceded by

promoter motifs with a high promoter score, also indicating that a high number of

ORF-internal promoters exist in Hfx. volcanii. Also for Hbt. salinarum a large

number of internal transcripts have been described, that were preceded by tran-

scription factor binding sites. Therefore, it was concluded that a high number

of ORF-internal promoters and cis sense sRNAs exists in Hbt. salinarum (Koide

et al. 2009). ORF-internal promoters at the 30-end of the first of two overlapping

genes can drive the expression of the down-stream protein-coding gene, and in

these cases the transcripts would not be bona fide sRNAs. Such an example

has been characterized for the HVO_2723/HVO_2722 gene pair of Hfx. volcanii
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(Maier et al. 2015a). However, these cases will be only a very minor fraction,

because the ORF-internal TSS were not enriched at the 30-ends of genes, but

distributed throughout the ORFs (Babski et al. 2016). The functionality of stand-

alone internal sRNA genes was proven by overexpression of two examples, which

led to a clear phenotypic difference between the overexpression mutants and the

wild-type (Gomez-Filho et al. 2015). Overexpression of two internal sRNAs

(VNG_aot0042 and VNG_R0052) resulted in a slight increase in growth rate and

an about 50% increase in growth yield, compared with control cultures containing

the empty expression vector. The molecular mechanism of action of the cis sense

sRNAs is not clear and has to be clarified in the future. One obvious possibility is

that the internal sRNAs regulate the protein-coding mRNAs via competition for

RNA-binding proteins, in particular RNases. However, as yet there is no experi-

mental evidence that this is the mode of operation of internal sRNAs. The very high

number of more than 1100 internal sRNAs indicates that they will have an impor-

tant influence on the physiology of haloarchaea, and that the understanding of

regulatory networks in haloarchaea will remain incomplete without the analysis

of internal sRNAs.

A special class of internal sRNAs are Transcription Start Site associated RNAs

(TSSaRNAs). They represent transcripts that are initiated at the promoters of

protein-coding genes, but are terminated soon after initiation (Zaramela et al.

2014). They have been found to occur and to be ubiquitous in all three domains

of life. Most probably they are products of regulatory mechanisms that involve

pausing of RNA polymerase to differentially decide about further elongation or

termination of transcription. Therefore, these sRNAs do not have a regulatory

function themselves, but they are the products of a co-transcriptional regulatory

mechanism.

10.3.3 Cis Antisense sRNAs (asRNAs)

The dRNA-Seq study has revealed that Hfx. volcanii contains more than 1200 cis

antisense RNAs, and thus asRNAs form the largest group of non-coding RNAs

(Babski et al. 2016). During exponential growth under optimal conditions asRNAs

were present to 30% of all protein-coding genes. Figure 10.3 shows that the levels

of the asRNAs and the levels of the cognate sense mRNAs exhibited a very strong

negative correlation, i.e. when the levels of the asRNAs were high, the levels of the

cognate mRNAs were very low, and vice versa. This is a strong indication that the

antisense RNAs are negative regulators of gene expression, and that duplex forma-

tion between mRNA and asRNA leads to degradation. This would require the

presence of a double-strand specific RNase, which still needs to be identified.

The presence of a high fraction of asRNAs is not confined to haloarchaea,

but seems to be widespread in various archaea and bacteria. For example, asRNAs

to 26% of all genes have been found in Methanococcus psychrophilus (Li et al.

2015) and in Pyrococcus abyssii (Toffano-Nioche et al. 2013). Examples for
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bacteria with a high fraction of asRNAs are Staphylococcus aureus with 50% and

Prochlorococcus strains with up to 75% (Georg and Hess 2011).

One specific function of asRNAs in haloarchaea seems to be the regulation of

transposition, which has also been described to be true for bacteria (Brantl 2007).

134 of the 1244 asRNAs of Hfx. volcanii were antisense to the genes of

transposases, underscoring the model of antisense regulation of transposition.

This is not confined to haloarchaea, e.g. asRNAs to transposons have also been

described to occur in T. kodakarensis (Jäger et al. 2014), Sulfolobus solfataricus
(Wurtzel et al. 2010), and M. mazei (Jäger et al. 2009). Regulation of transposition

by asRNAs has also been described to operate in bacteria (review: Ellis and

Haniford 2016). While the regulation of transposition by asRNAs seems to be

wide-spread in prokaryotes, only a minor fraction of asRNAs target transposons,

most are directed against mRNAs encoding proteins of the cellular metabolism.

Future work is needed to unravel the molecular regulatory mechanism of asRNAs

in H. volcanii, irrespective of the identity of their target mRNAs.

10.4 tRNA-Derived Fragments

Recently it was discovered that tRNAs can be cleaved into “tRNA-derived frag-

ments” (tRFs) in all three domains of life. The processing is induced by specific

conditions, e.g. stress conditions, and the resulting fragments can have very differ-

ent half lives and functions (review: Gebetsberger and Polacek 2013). The exis-

tence of tRFs in haloarchaea was discovered in the course of a transcriptome

Fig. 10.3 Scatter plot of the levels of antisense sRNAs and the corresponding mRNAs. The

scatter plot shows the strong negative correlation between the levels of the asRNAs and the

cognate target mRNAs (taken from Babski et al. 2016)
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analysis via High Throughput Sequencing (Heyer et al. 2012). tRFs were found for

11 of the 51 tRNAs of Hfx. volcanii. The tRFs were typically detected under one or
two of the six tested conditions, underscoring the differential generation of tRFs.

Northern blot analysis was performed to determine the lengths of the tRFs from

tRNAGln (about 40 nt) and from tRNAHis (about 65 nt) and to show differential

levels under different conditions.

In an independent approach all sRNAs were identified that could be co-purified

with ribosomes using density gradients (Gebetsberger et al. 2012). The ribosomes

were isolated from cultures that had been exposed to 1 of 11 different stress

conditions, respectively, and the co-isolated sRNAs in the range from 20 to

500 nt were identified by HTS. In total, tRFs from 12 tRNAs could be identified,

which had a length distribution from 10 to 49 nt. However, 1 tRF of 26 nt dominated

the library and generated more than 85% of all reads. It was derived from two

paralogous valine tRNAs (GAC) that are encoded adjacently in the genome of Hfx.
volcanii. Processing of the tRNAVal into the tRF was condition-dependent and

occurred nearly exclusively under alkaline stress at a pH of 8.5. In contrast, the

tRF was absent under optimal conditions and under various other stress conditions,

e.g. a hypoosmotic shock or UV irradiation. The tRFVal was shown to bind to the

small subunit of the ribosome, and it could severely inhibit translation in an in vitro
translation system (Gebetsberger et al. 2012). Furthermore, it could be shown that

binding of tRFVal to the ribosome can displace the mRNA, which results in a stress-

induced global attenuation of translation in vitro and in vivo (Gebetsberger et al.

2016). The processing of tRNAs into tRFs that bind to the ribosome and inhibit

translation represent an extremely fast response to the onset of stress conditions. In

addition, tRNAs are extremely old, and thus it can be speculated that their usage in

stress response circuits started early in evolution, in agreement with the occurrence

of tRFs in all three domains of life.

10.5 CRISPR/Cas Defence Systems in Haloarchaea

It was not less than a sensation as it was discovered about a decade ago that

prokaryotes contain adaptive immune systems that are directed against invading

nucleic acids like phages or plasmids (reviews: van der Oost et al. 2014; Westra

et al. 2014). The systems are comprised of “Clustered Regularly Interspaced

Palindromic Repeats” (CRISPR) and “CRISPR Associated” (Cas) protein genes.

In short, when cells survive the attack of a virus or a plasmid, short sequences of the

attacking nucleic acid are integrated into CRISPR locus as spacer sequences

between repeated motifs. Transcription of the CRISPR locus results in long tran-

scripts, which are processed into small crRNAs that each contain the recognition

motif for one invader. Upon a new infection, the crRNAs direct the Cas proteins to

the foreign DNA (or RNA) and enables its destruction. About half of all bacteria

and nearly all archaea contain such CRISPR/Cas systems. The CRISPR/Cas
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systems are not identical, based on the inventory of the Cas proteins they have been

classified into several groups (Makarova et al. 2011).

The CRISPR/Cas system of H. volcanii has been intensely studied in recent

years (Maier et al. 2012, 2013, 2015b, c; Marchfelder et al. 2012). H. volcanii
contains three CRISPR loci and eight Cas genes. All three CRISPR loci are

transcribed constitutively and thus the system is active in the absence of any

invader. Genetic approaches have been established that allowed the characteriza-

tion of the importance of the repeat sequences, the spacers, and the Cas proteins.

The system has also been modified as a molecular genetic tool to down-regulate the

expression of any gene of interest. A whole chapter of this book is devoted to the

haloarchaeal CRISPR/Cas system, therefore, it will not be discussed any further in

this chapter.

10.6 sRNAs That Are Not Well-Studied in Haloarchaea

In eukaryotes small nucleolar RNAs (snoRNAs) form a large and important class of

sRNAs with a variety of functions (Lui and Lowe 2013). Their canonical functions

are to be part of RNP complexes and guide enzymes to target sites on ribosomal

RNAs, leading either to 20-O-methylation of ribose (C/D box snoRNAs) or to the

formation of pseudouridine (H/ACA snoRNAs). Because archaeal sRNAs fulfill the

same functions and interact with archaeal proteins that are homologous to eukary-

otic proteins, they were also called “snoRNAs” in spite of the lack of a nucleolus or

nucleus in archaea. Recently, it has been proposed to rename them to C/D box

sRNAs and H/ACA guide sRNAs. This terminology will be used when one class of

these sRNAs is discussed, the term “snoRNAs” will still be used when both classes

are summarized. Two recent reviews summarize the knowledge about these classes

of archaeal sRNAs (Tripp et al. 2017; Lui and Lowe 2013).

The number of snoRNAs is especially high in thermophilic archaea, e.g. more

than 80 C/D box sRNAs have been identified in several species of Pyrococcus
(Bernick et al. 2012). In contrast, the number of snoRNAs is very low in

haloarchaea, and only a single C/D box sRNA is present in the genome annotation

of H. volcanii (Hartman et al. 2010). In addition, a second C/D box sRNA has been

characterized that is encoded in an intron of the tRNATrp, and which was shown to

be essential for methylation of the pre-tRNATrp at positions 34 and 39 (Clouet

d’Orval et al. 2001). In any case, the number of snoRNAs in haloarchaea is very

low. Therefore, it is not surprising that the role of archaeal snoRNAs has not been

analyzed in haloarchaea, but in other archaeal groups. A chapter of this book is

devoted to the characterization of archaeal snoRNAs.

In eukaryotes, the 7S RNA is part of the signal recognition particle (SRP), which

is important for the direction of membrane proteins to the cytoplasmic membrane

and their faithful integration. The current model is that the SRP stops translation of

mRNAs for membrane proteins after the signal sequence has been translated, and

translation is restarted after the interaction between SRP and the SRP receptor in the
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membrane have ensured the correct localization of the translating ribosome. One

very early study showed that the 7S RNA is important for the expression of the gene

for the major membrane protein of Hbt. salinarum, Bacterioopsin (Gropp et al.

1992). It was concluded that the 7S RNA is probably essential for the expression of

membrane protein genes in general. Unfortunately, no study followed to verify this

claim for Hbt. salinarum or any other haloarchaeal species. However, it is very

likely that the 7S RNA is indeed important for membrane protein biosynthesis in

haloarchaea in general, because it is conserved also in species that are devoid of

bacterioopsin.

In eukaryotes, many circular RNAs (circRNAs) have been described, and they

are thought to play important regulatory roles in physiological as well as patholog-

ical processes. Recently, the database “circRNADb” was generated, which contains

more than 30,000 human exonic circRNAs (Chen et al. 2016). In archaea a single

study exists that has used circRNA-seq to systematically identify cicRNAs in

Sulfolobus solfataricus (Danan et al. 2012). A large number of circRNAs have

been found, including expected circRNAs like tRNA introns, but the majority were

novel circRNAs of unknown function. Also circular forms of C/D box sRNAs and

of RNase P were found. Also for Pyrococcus furiosus it has been reported that most,

if not all C/D box sRNAs exist not only in linear, but also in circular form

(Starostina et al. 2004). In haloarchaea, it is known that the splicing of introns

from tRNAs and the processing of pre-rRNA leads to circular RNAs (Salgia et al.

2003). However, these circles are thought to be processing intermediates without

further biological function, which are degraded soon after their generation. Based

on the wide distribution in other phylogenetic groups it is tempting to speculate that

also haloarchaea contain circular RNAs with biological (regulatory) functions,

however, no experimental evidence has been presented as yet.

In eukaryotes, studies of non-coding regulatory RNAs have initially focused on

very short RNAs of only about 20 nt, e.g. miRNAs, siRNAs, and piRNAs. In recent

years the so-called “long non-coding RNAs” (lncRNAs) came into focus, and it was

discovered that eukaryotes contain thousands of lncRNAs. However, per definition

lncRNAs are longer than 200 nt. Because the definition of sRNAs in archaea covers

non-coding RNAs from 20 to 500 nt, non-coding RNAs of 200–500 nt are termed

lncRNAs (¼long) in eukaryotes and sRNAs (¼short) in archaea. The majority of

the eukaryotic lncRNAs is longer than 500 nt and lncRNAs can be up to several

thousand nt long. Non-coding RNAs of such lengths have not been discovered yet

for haloarchaea or any other prokaryote.

10.7 Small RNAs Encoding Microproteins

The first genome sequence was published in 1995, it was the genome sequence of

the bacterium Mycoplasma genitalism, an intracellular pathogen with a reduced

genome size. The first genome sequence of the first archaeon, Methanococcus
jannaschii, followed soon after in 1996. Today, only 20 years later, more than
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60,000 prokaryotic genome sequences are available. For the annotation of open

reading frames (ORFs) typically a minimal cutoff of 100 codons was used to avoid

the massive annotation of false positive small ORFs, which are not real genes.

However, this meant that also real small genes that encode microproteins of less

than 100 amino acids escaped annotation. In recent years it became evident that

microproteins are prevalent and have very important functions in all three domains

of live (Eguen et al. 2015; Ramamurthi and Storz 2014; Storz et al. 2014; Cheng

et al. 2011).

Already about 10 years ago a study had focused on the characterization of the

“low molecular weight proteome” of Hbt. salinarum (Klein et al. 2007). The

optimization of several techniques was necessary, because standard experimental

approaches usually work well with medium-sized proteins, but do not perform well

for microproteins. In total, 380 microproteins of less than 100 amino acids could be

identified, which are equivalent to 14% of the annotated proteome. Thus the

microproteins make up a non-negligible part of the total proteome. It was noted

that 20 of these microproteins contain two CPXCG double cysteine motifs and they

were proposed to be one-domain zinc finger proteins. As a proof-of-principle that

these putative zinc finger microproteins can have important regulatory functions the

gene for one of these proteins was deleted (Tarasov et al. 2008). The mutant was

defective in the expression of the bacterioopsin (bop) gene and consequently could

no longer grow phototrophically. Also the replacement of one of the cysteines by a

serine led to a loss bop gene expression and the ability to use light to drive the

energy metabolism. Furthermore, the mutants were unable to synthesize carotinoids

because the transcript level of the phytoene synthase was decreased. These results

underscore the importance of one 60 amino acid microprotein for the physiology of

Hbt. salinarum. Subsequently it was discovered that the transcript was in fact

bicistronic and downstream of the zinc finger microprotein another microprotein

of 55 amino acids was encoded, which also is involved in regulation of bop gene

expression (Tarasov et al. 2011). This further enlarged the regulatory network of

phototrophy of H. salinarum, which was known before to contain several normal-

sized proteins.

The experimental analysis of the low molecular weight proteome has aided the

annotation of small protein genes in other haloarchaea. For example, the annotation

of the genome of Hfx. volcanii currently contains 575 genes for microproteins of

less than 100 amino acids, 69 of which are putative one-domain zinc finger proteins

with two CPXCG motifs. This is equivalent to 14% of all proteins, like in Hbt.
salinarum, and the fraction is higher than the average fraction in prokaryotes, which
is around 11% (Cheng et al. 2011). The vast majority of these microproteins (72%)

are annotated as “hypothetical proteins” and do not have known functions. Some

examples of microproteins with known functions are several ribosomal proteins, the

cold shock proteins, and the Lsm protein. The Lsm (Like Sm) protein belongs to a

large family of RNA-binding proteins. In eukaryotes, Sm and Lsm proteins have

many different functions, for example, they are components of the splicesosome

(review: Wilusz and Wilusz 2013). The Hfq protein also belongs to this protein

family, which is important for the function of intergenic sRNAs in bacteria (review:
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Wilusz and Wilusz 2013). The haloarchaeal Lsm protein has also been shown to

bind sRNAs and to have important regulatory functions, because a deletion mutant

has a very severe growth defect (Fischer et al. 2010).

Also only very few of the 69 Hfx. volcanii putative one-domain zinc finger

microproteins with CPXCG motifs have annotated functions, e.g. as ribosomal

proteins or a small subunit of RNA polymerase. Figure 10.4 shows that proteins

of this family have a very high fraction of charged and hydrophilic amino acids,

which are indicative of binding to many interaction partners and of posttranslational

modifications. It will be interesting to unravel functions of more examples of this

interesting family of microproteins.

The characterization of microproteins has also been started in methanogenic

archaea. Three microproteins of 23–61 amino acid lengths have been identified by

LC-MSMS in cell extracts of Methanosarcina mazei (Prasse et al. 2015). Two of

them had increased levels during mid-exponential growth phase under nitrogen

limitation. Overproduction of the three microproteins resulted in transcript level

changes of 40–159 transcripts. However, phenotypic changes between the wild-

type and the three microprotein overproducers could not be observed (Prasse et al.

2015). Optimization of experimental approaches, e.g. including gel-free LC-MS,

increased the number of experimentally verified microproteins of M. mazei to
28 (Cassidy et al. 2016), and it is easy to predict that the number will further

increase in the future.

Fig. 10.4 Sequences of 19 arbitrarily chosen one-domain zinc finger microproteins ofH. volcanii.
The two CPXCG motifs are underlined. Charged and hydrophilic amino acids are color-coded, as

indicated on top. The HVO numbers (left) are the gene designations in the genome annotation of

H. volcanii (www.halolex.mpg.de)
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The characterization of microproteins and their biological roles is an emerging

field in molecular biology. The German Research Council (DFG) has reacted to this

challenge and is currently setting up a Priority Program, which is devoted to the

analysis of microproteins in prokaryotes and will operate from August 2017 to

July 2023.

10.8 Conclusions and Outlook

The recent improvements of RNA-Seq and derivatives thereof have led to the

identification of thousands of non-coding sRNAs, not only in haloarchaea, but

also in other phylogenetic groups of archaea and bacteria. However, the prevalence

of non-coding sRNAs over protein-coding mRNAs is not universally conserved, but

specific for certain species or groups. Most probably not all sRNAs have been

discovered yet, because their levels vary substantially in different environmental

conditions, and thus further studies under additional conditions will most probably

further increase the numbers of haloarchaeal sRNAs.

The most intensely studied group of sRNAs are intergenic sRNAs, which have

been shown to be important for many biological functions. Future studies will

concentrate on the identification of their target mRNAs, either by experimental

approaches or using optimized bioinformatics approaches, and on the analysis of

their molecular mechanisms of action. The high fraction of leaderless mRNAs in

haloarchaea makes it likely that many sRNAs will be found to interact with the

30-UTRs of their targets.
Haloarchaea contain a much higher number of cis sense sRNAs than intergenic

sRNAs. These cis sense sRNAs have hardly been studied and were long thought to

be degradation intermediates. However, the dRNA-Seq approach ensured that all of

the listed cis sense sRNAs are primary transcripts and no processing intermediates,

and two characterized examples verified that they have a regulatory function

in vivo. The largest group of haloarchaeal sRNAs are asRNAs. The high negative

correlation between their levels and the levels of the cognate mRNAs led to the

prediction that most of them will turn out to be negative regulators of gene

expression. Additional classes of haloarchaeal sRNAs include the crRNAs from

the CRISPR/Cas systems and the tRNA-derived fragments, both of which are being

studied intensively, and snoRNAs and circular RNAs, which have not been studied

until now.

The last group of sRNAs is formed by small mRNAs that encode microproteins

of less than 100 amino acids. The analysis of the roles and mechanisms of

microproteins is an emerging field of research, which has been initiated not only

with haloarchaea, but also with methanogenic archaea and many groups of bacteria.

In summary, haloarchaea contain a zoo of different small RNAs, most of which

have only been identified very recently. It is easy to predict that future work will

lead to unprecedented insight into the RNA regulatory networks in haloarchaea—

and will yield many surprises. The change of concept has only been started, that will
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change of the view on haloarchaeal genomes from protein-encoding entities with a

few RNA genes to DNA molecules that encode mostly RNA—and additionally

contains a minor fraction of protein-encoding genes.
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