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ABSTRACT
The alarmone nucleotides guanosine pentaphosphate (pppGpp) and tetraphosphate (ppGpp), collectively
referred to as (p)ppGpp, are key regulators of bacterial growth, stress adaptation, antibiotic tolerance and
pathogenicity. We have recently shown that the Small Alarmone Synthetase (SAS) RelQ from the Gram-
positive pathogen Enterococcus faecalis has an RNA-binding activity (Beljantseva et al. 2017). RelQ’s
activities as an enzyme and as an RNA-binding protein are mutually incompatible: binding of single-
stranded RNA potently inhibits (p)ppGpp synthesis in a sequence-specific manner, and RelQ’s enzymatic
activity destabilizes the RNA:RelQ complex. RelQ’s allosteric regulator, pppGpp, destabilizes RNA binding
and activates RelQ’s enzymatic activity. Since SAS enzymes are widely distributed in bacteria, and, as has
been discovered recently, are also mobilized by phages (Dedrick et al. 2017), RNA binding to SASs could
be a widespread mechanism. The initial discovery raises numerous questions regarding RNA-binding
function of the SAS enzymes: What is the molecular mechanism underlying the incompatibility of RNA:SAS
complex formation with pppGpp binding and (p)ppGpp synthesis? What are the RNA targets in living
cells? What is the regulatory output of the system – (p)ppGpp synthesis, modulation of RNA structure and
function, or both?
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(p)ppGpp-mediated signaling

Bacterial signaling nucleotides regulate their numerous protein
targets either via allosteric (i.e., binding to a dedicated regula-
tory site) or orthosteric (i.e., competing with the substrate in
the active site) mechanisms.1 One of the most well-studied clas-
ses of signaling nucleotides is guanosine pentaphosphate
(pppGpp) and tetraphosphate (ppGpp), collectively referred to
as (p)ppGpp – key regulators of bacterial growth, stress adapta-
tion, pathogenicity and antibiotic tolerance.2,3 In Escherichia
coli, (p)ppGpp signaling is orchestrated by two large multi-
domain proteins RelA and SpoT, the namesakes of the RelA/
SpoT Homolog, RSH, protein family.4 Both RelA5 and SpoT6

synthesize (p)ppGpp from GDP and GTP using ATP as a
donor of the pyrophosphate moiety. SpoT – but not RelA –
also hydrolyzes pppGpp and ppGpp, yielding GTP and GDP,
respectively.7 The hydrolytic function of SpoT is essential since
uncontrolled overproduction of (p)ppGpp is fatal for bacteria.6

The enzymatic activities of the two E. coli RSH enzymes are
regulated allosterically. Synthesis of (p)ppGpp by RelA is
strongly induced by ‘starved’ ribosomal complexes loaded with
cognate deacylated tRNA in the A-site that accumulate upon
amino acid limitation.8 Activation by ‘starved’ ribosomes is fur-
ther potentiated by the very product of RelA-catalyzed reaction,
(p)ppGpp.9 SpoT is regulated by numerous stress signals, such
as fatty acid10 and carbon source6 limitation.

Single-domain RSH enzymes that either synthesize (Small
Alarmone Synthetases, SASs11-14) or hydrolyze (Small Alarmone
Hydrolases, SAHs15) (p)ppGpp have stepped into the limelight

in the last decade. Both classes are widely distributed in bacteria,
but are universally absent in the phyla that lack the ‘long’ RSHs
i.e., in the Plantomycetes, Verrucomicrobia and Chlamydiales
(PVC) superphylum.15,16 Bacterial SAHs are uncharted territory
with knowledge about these enzymes limited to mapping out
their phylogenetic distribution.15 The biological role and regula-
tion of SAS enzymes are better understood. Alkaline shock and
cell wall stresses such as treatment with antibiotics targeting the
cell wall (e.g., vancomycin) induce overexpression of SASs, lead-
ing to an increase in (p)ppGpp levels, which, in turn, renders
bacteria more resilient to stress; genomic disruption of the SAS
genes inactivates this adaptive tolerance mechanism.12,14,17

Several allosteric regulatory mechanisms of SAS enzymes have
recently been discovered. First, it was shown that the enzymatic
activity of the SAS RelQ from Gram-positive pathogen Entero-
coccus faecalis is activated by pppGpp and, to a lesser extent –
ppGpp.18 Subsequent crystallographic analysis of Bacillus subtilis
RelQ ortholog YjbM (aka SAS1) by Steinchen and colleagues
revealed that the enzyme forms a highly symmetric homote-
tramer that binds two pppGpp molecules at the interface
between subunits, allosterically activating the enzyme’s catalytic
activity.19 In 2017 using biochemical assays, we discovered that
E. faecalis RelQ binds to single-stranded RNA.20 This complex
formation leads to the inhibition of RelQ’s enzymatic activity in
a sequence-specific manner, and the allosteric activator of RelQ,
pppGpp, counteracts the effect20 (Fig. 1). This constitutes an
example of two archetypical regulatory paradigms combined
within a single protein – namely, RNA binding activity and a
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switch in catalytic activity in response to a secondary nucleotide
messenger. In this Point-of-View article, we compare and con-
trast RelQ with the archetypical bacterial RNA-binding proteins
CsrA, Hfq and ProQ and outline the immediate research
questions.

Archetypical bacterial RNA-binding proteins: CsrA,
Hfq and ProQ

RNA-binding proteins (RBPs) exert their regulatory functions
through complex formation with target RNAs.21 Classical exam-
ples of this paradigm are the carbon storage regulator CsrA (aka
RsmA), broadly distributed across bacterial phyla,22-24 and proteo-
bacterial RNA chaperones Hfq,25,26 and ProQ.27,28 Binding of
these RBPs to RNA targets is sequence and structure specific. Hfq
uses two RNA-binding interfaces to target single-stranded U-rich
(proximal and lateral interfaces) and A-rich (distal interface)
sequences.29-32 CsrA binds single-stranded GGA motifs located in
the loops of hairpin structures.29,33,34 The binding preferences of
ProQ are not as well understood; a transcriptome-wide study
mapping its RNA targets (rather than the binding sites per se)
identified a diverse set of highly structured small regulatory RNAs
(sRNAs) without yielding any obvious sequence consensus.35

Rather, the interaction seems to be structure-driven, with a strong
preference for double-stranded RNA over single-stranded.36,37

Broadly speaking, mRNA binding by RBPs regulates gene
expression via two strategies. In the case of CsrA, formation of
a stable CsrA:RNA complex is the key to regulation. The regu-
latory GGA element recognized by CsrA is a part of the Shine-
Dalgarno motif (AGGAGGU) that directs ribosomal binding
to mRNA,38,39 thus CsrA inhibits translation through direct
competition with the ribosome.40,41 In the case of RNA chaper-
ones Hfq and ProQ, complex formation is transient and cata-
lyzes structural rearrangements of the target RNA.42,43 The
process often involves a third partner – an sRNA – that is com-
plementary to the mRNA target. sRNA binding is the ultimate
mRNA regulator, acting through several strategies, including
translational repression of the mRNA often followed by degra-
dation by RNase E,44,45 stabilization of mRNA by masking the

RNase E cleavage site46 or inhibition of transcription via Rho-
dependent termination.47,48

Small Alarmone Synthetase RelQ as an RNA
binding protein

In the case of the E. faecalis SAS RelQ, two paradigms – nucleotide-
mediated signaling and RNA binding – are combined within a sin-
gle protein.20 Acting as an enzyme, RelQ increases the levels of the
alarmone nucleotide (p)ppGpp, thus increasing tolerance to cell
wall stressors such as antibiotics ampicillin and vancomycin.12,14,17

In its role as an RNA-binding protein, RelQ binds single-stranded
RNA – and the RNA binding leads to the inhibition of its enzy-
matic activity in a sequence-specific manner.20 Enzymatic experi-
ments using derivatives of a model mRNA encoding a Met-Phe
dipeptide have outlined the specificity of RelQ’s inhibition: i) RNA
is more potent than DNA, ii), single stranded RNA is more potent
than double-stranded, and iii) the two GG elements of the Shine-
Dalgarno sequence (GGAGG) are key to the RNA’s performance
as an inhibitor. (p)ppGpp synthesis and pppGpp binding are
mutually incompatible with RelQ:RNA complex formation, sug-
gesting the possibility that the RelQ:RNA interaction acts as a regu-
latory switch between inactive and active forms of the enzyme
(Fig. 1).

However, all of the experiments so far were performed with
purified protein in a test tube. There are more questions than
answers: What are the RNA targets of RelQ in live cells and
what is the biologic role of the interaction? What is the molecu-
lar mechanism of E. faecalis RelQ SAS inhibition by RNA and
why is pppGpp binding and (p)ppGpp synthesis incompatible
with RNA binding? To determine the biologic relevance of
RNA binding to RelQ, one has to demonstrate the connection
between the biochemistry and the cellular function, as mani-
fested in an observable phenotype, e.g. cell wall stress sensitivity
of strains lacking the SAS enzymes.12,14,17

Before we outline the possible roadmap for assessing the in
vivo relevance of RelQ:RNA interactions, let us dissect RelQ as
a potential RBP. Could it be a bona fide RBP given the bio-
chemical data? If so, what kind of RBP – an RNA chaperone

Figure 1. RelQ:RNA interaction as a regulatory switch. RelQ’s enzymatic activity is potently inhibited by association with single stranded RNA in a sequence-specific man-
ner with a putative Shine-Dalgarno-like consensus, GGNGG. Association of the primary allosteric regulator pppGpp or, to a lesser extent, the secondary allosteric regulator
ppGpp strongly counteracts inhibition by RNA and destabilizes the RNA:RelQ complex. The protective effect is especially strong when the primary allosteric regulator
pppGpp synergizes with the preferred substrate, GDP. Both enzymatic activity and mRNA binding could serve as cellular effectors, acting via intracellular concentration of
the alarmone and via direct interaction with RNA, respectively. The figure adopted from Beljantseva et al. (2017) with minor modifications.20
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(like Hfq) or a regulator working via formation of a stable com-
plex with its target RNA (like CsrA)? RelQ’s affinity to the tested
RNA oligonucleotides (EC50 of 1–2 mM20) is modest in compari-
son with RBPs CsrA, Hfq and ProQ that all have characteristic
equilibrium affinities, Kd, in the range of 1–50 nM.33,34,36,37,43,49

In the case of Pseudomonas bacteria, Hfq co-acts with another
protein – a Pseudomonas-specific Catabolite repression control,
Crc – which, while lacking affinity for RNA itself, greatly
increases the affinity of Hfq for RNA.50,51 Given the low affinity
of RelQ for RNA, one could imagine that it may have a similar
protein partner, but there is no experimental evidence for this
exotic possibility. Therefore, RelQ’s affinity to RNA is seemingly
too low to be physiologically relevant if one were to think within
the standard RBP:RNA regulatory framework.

However, in the absence of pppGpp, RNA is a dramatically effi-
cient inhibitor of RelQ’s synthetic activity: 100 nM single-strand
RNA completely abolishes the ppGpp synthesis by 250 nM RelQ
(62.5 nM homotetramer).20 Therefore, it is likely that the regula-
tory output of the system is not modulation of RNA structure and
function, but (p)ppGpp synthesis by RelQ. In this case, it is the
RNA that is in control of the signaling system, just like deacylated
tRNA in the ribosomal A-site is the ultimate activator of the enzy-
matic activity of ‘long’ RSHs Rel52 and RelA.8

By shifting the focus to inhibition of RelQ’s enzymatic activ-
ity – rather than RNA binding per se – binding and inhibition
should be considered separately when it comes to determining
the functional consensus RNA sequence: the best binder is not
necessarily the best inhibitor. Our understanding of the
sequence specificity of RelQ inhibition is based on the enzy-
matic assays that identified two GG motifs in the model single-
stranded RNA as the key sequence elements for inhibition of
ppGpp synthesis. Binding specificity per se has been studied
less extensively, limited to electrophoretic mobility shift assays
demonstrating that RelQ virtually does not bind double-
stranded RNA and DNA.20 As was recently done for Hfq,29,30

and CsrA,29 one can apply genome-wide approaches to identify
RelQ’s RNA targets in the cell. This suite of related methods
relies on UV-induced crosslinking, isolation of RNA:protein
complexes and deep sequencing of the bound RNA

fragments.53 Note that these kind of experiments select for the
best RNA binders, rather than the best inhibitors. However,
there can be no inhibition without binding, so the results of
such genomic analyses would give a list of candidate RNA regu-
lators that can be tested for inhibitory activity in vitro.

The first step toward uncovering the molecular mechanism of
RelQ’s co-regulation by RNA and pppGpp is by mapping the
RNA-binding site of the protein. In addition to solving the struc-
ture of the RNA:RelQ complex directly with X-ray or NMR,
there are two promising experimental approaches. The first is
protein cross-linking coupled with mass spectrometry, XL-MS,
using purified SAS complexed with a chemically synthesized
RNA oligonucleotide. In the XL-MS workflow the UV-irradiated
protein:RNA complexes are specifically digested by proteases, the
resultant peptides resolved on liquid chromatography, and ana-
lyzed by mass spectrometry yielding the location of the cross-
linked amino acid residues.54 The second approach is hydrogen
deuterium exchange mass spectrometry, HDX.55 This method
has been successfully applied to study nucleotide substrate bind-
ing to B. subtilis RelQ (aka SAS1 or YjbM).19 In the HDX work-
flow RelQ in the presence and absence of the RNA ligand is
mixed with D2O-containing buffer, and the kinetics of hydrogen
exchange to deuterium in amide groups of the protein backbone –
a proxy for their mobility and solvent accessibility – is followed by
mass spectrometry upon quenching the reaction by lowering the
pH. The structural data can be directly validated by mutagenesis
and enzymology, yielding RNA-insensitive RelQ variants. These
mutants, in turn, can be tested in vivo for cell wall stress pheno-
types and used as specificity controls for the genome-wide RNA
fishing approaches described above.

Evolutionary diversity of bacterial and phage
SAS enzymes

The discovery of E. faecalis RelQ’s regulation by (p)ppGpp and
RNA is the first glimpse into a mechanism that is likely to be used
by other bacterial SAS enzymes. Phylogenetic analyses have
uncovered the evolutionary diversity of bacterial SAS enzymes
constituting 12 subfamilies.15 These can now be tested for

Figure 2. Examples of the evolutionary diversity of bacterial and phage SAS enzymes. The B. subtilis genome encodes two SAS enzymes: RelQ (aka SAS1 or YjbM) and RelP
(aka SAS2 or YwaC).12 Mycobacterial phage Phrann encodes a toxic SAS gp29 that is neutralized by a putative inhibitor, gp30, encoded as a downstream gene.57 In M.
smegmatis SAS MS_RHII-RSD possesses an RNase HII domain.56 Schematic RSH phylogeny and domain nomenclature are as per Atkinson et al. (2011),15 with minor modi-
fications: HD: (p)ppGpp hydrolase; SYNTH: (p)ppGpp synthetase; H: SAS-specific helix 5a that mediates tetramerisation20 (shown with a dotted outline where this function
is unconfirmed but sequence homology is present); Inhib: putative gp29 inhibitor, gp30; RHII: RNase HII; TGS: Threonyl-tRNA Synthetase, GTPase, and SpoT domain; Heli-
cal: conserved helix domain; ZFD: Zn finger domain; ACT: Aspartate kinase, Chorismate mutase and TyrA domain.
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inhibition by RNA, e.g., one can test whether there are functional
differences between B. subtilis RelQ and closely related RelP: Are
both proteins equally sensitive to inhibition by RNA and activa-
tion by pppGpp (Fig. 2)? And if so; do all SAS enzymes share the
same sequence/structure specificity for the RNA targets?

Another interesting experimental target is M. smegmatis
SAS MS_RHII-RSD: in addition to a ppGpp synthetase
domain, this SAS contains an RNase HII domain, and is impli-
cated in the R-loop-induced stress response.56 Finally, Dedrick
and colleagues have recently demonstrated mobilization of SAS
enzymes by mycobacterial Phrann and related viruses.57 Sur-
prisingly, the phage-encoded SAS gp29 is highly cytotoxic, and
the effect is countered by co-expression of an adjacent phage
gene, gp30.57 In this respect these two proteins behave like a
toxin-antitoxin (TA) pair58 – a widespread mechanism mediat-
ing both phage addiction and phage immunity.59 Neither the
mechanism of gp29 cytotoxicity (overproduction of (p)ppGpp?
RNA binding?) and its inhibition by gp30 (direct inhibition via
gp29:pg30 complex formation?) are known.

Concluding remarks

Recent structural and biochemical investigations of SAS
enzymes have uncovered unexpected interactions with ligands
that activate (in the case of pppGpp18,19) or inhibit (in the case
of RNA20) their enzymatic activity. The biological significance
of either of these interactions is unclear, and concerted micro-
biological, genomic and structure-functional investigations are
necessary to bridge the gap. We have even less information
about SAH enzymes and it might well be that these humble sin-
gle-domain enzymes also hold exciting surprises.
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