
microLife , 2023, 4 , 1–10 

DOI: 10.1093/femsml/uqad027 
Ad v ance access publication date: 5 June 2023 

Short Re vie w 

Putati v e nucleotide-based second messengers in archaea 

Chris van der Does, F r ank Br aun, Hongc heng Ren, Sonja-Verena Albers * 

Molecular Biology of Archaea, Institute of Biology, University of Freiburg, 79104 Freiburg, Germany 
∗Corresponding author. Molecular Biology of Archaea, Institute of Biology, University of Freiburg, Schänzlestr.1, 79104 Freiburg, Germany. 
E-mail: sonja.albers@biologie.uni-fr eibur g.de 

Abstract 

Second messengers transfer signals from changing intra- and extracellular conditions to a cellular r esponse. Ov er the last few decades, 
sev eral n ucleotide-based second messengers hav e been identified and c har acterized in especiall y bacteria and eukar yotes. Also 
in ar c haea, sever al n ucleotide-based second messengers hav e been identified. This r e vie w will summarize our understanding of 
nucleotide-based second messengers in ar c haea. For some of the nucleotide-based second messengers, like cyclic di-AMP and cyclic 
oligoadenylates, their roles in ar c haea have become clear. Cyclic di-AMP plays a similar role in osmoregulation in eury ar c haea as in 

bacteria, and cyclic oligoadenylates are important in the Type III CRISPR–Cas response to acti v ate CRISPR ancillar y pr oteins inv olv ed 

in antiviral defense. Other putati v e n ucleotide-based second messengers, like 3 ′ ,5 ′ - and 2 ′ ,3 ′ -cyclic mononucleotides and adenine 
din ucleotides, hav e been identified in ar c haea, but their synthesis and de gr adation pathways, as w ell as their functions as secondary 
messengers, still remain to be demonstrated. In contrast, 3 ′ -3 ′ -cGAMP has not yet been identified in ar c haea, but the enzymes r equir ed 

to synthesize 3 ′ -3 ′ -cGAMP have been found in sev eral eur y ar c haeotes. F inall y, the widel y distributed bacterial second messengers, 
cyclic diguanosine monophosphate and guanosine (penta-)/tetr aphosphate , do not appear to be present in ar c haea. 

Ke yw or ds: ar c haea, signaling, second messenger, cyclic diadenylate, cyclic oligoadenylate 
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Signaling in archaea 

Archaea constitute one of the three domains of life, next to the 
bacteria and eukaryotes . T hey are found in a wide variety of en- 
vir onments, including extr eme conditions suc h as hydr othermal 
vents , acidic pools , and high-salt lakes , but also in mor e moder ate 
envir onments suc h as the oceans, soil, and human body. Similar 
to bacterial and eukaryotic cells, archaeal cells respond to chang- 
ing conditions and extracellular signals . T he transfer of informa- 
tion encoded within DNA to a protein (e.g. replication, transcrip- 
tion, and translation) in archaea resembles these processes in eu- 
karyotes (Grohmann and Werner 2011 , Ausiannikava and Allers 
2017 , Jenal et al. 2017 , White and Allers 2018 , Schmitt et al. 2020 ,
Wenck and Santangelo 2020 ). Ho w ever, the manner in which en- 
vir onmental c hanges ar e sensed is mor e similar to their bacterial 
counterparts. 

Both in bacteria and in arc haea, signal tr ansduction occurs 
most via one-component systems, which are a direct fusion of an 

input domain to an output domain in a single protein, like repres- 
sors and activators that contain ligand-binding and DNA-binding 
domains (Ulrich et al . 2005 ). In bacteria, signaling also often oc- 
curs via two-component systems. Two-component systems seem 

absent from Crenar chaeota, Nanoar chaeota, and Korar chaeota 
but are found in Haloarchaea and Thaumarchaea (Galperin et 
al. 2018 , Krell 2018 ). Whereas the most observed output of bac- 
terial two-component systems is the regulation of transcription,
this seems less the case for arc haea, wher e onl y a small num- 
ber of two-component systems have a DNA-binding output do- 
main (Galperin et al. 2018 , Krell 2018 ). Indeed, the well-studied 

Che chemosensory pathway is a more sophisticated version of a 
two-component system and plays an important role in regulating 
the rotational direction of the archaellum, the archaeal motility 
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r e pr oduction in any medium, provided the original work is properly cited. For com
tructur e, in r esponse to external stim uli (Quax et al. 2018 , Alte-
oer et al. 2022 ). Re v ersible phosphorylation of proteins by protein
inases and phosphatases in response to external stimuli can also
e used to transduce signals (Esser et al. 2016 ). For example, phos-
horylation and dephosphorylation of regulatory components in 

he arc haellum r egulatory network ar e important for r egulating
he expression of the archaellum (Reimann et al. 2012 , Hoffmann
t al. 2019 , Ye et al. 2020 ). A further method to transfer signals is
econd messengers, which are well studied in both bacteria and
ukaryotes. 

Second messengers are small molecules that ar e involv ed in
ntracellular signaling pathways and mediate the effects of first 

essengers, whic h ar e stim uli suc h as c hemical and bioc hemi-
al signaling molecules or physical cues. First messengers cause a
onformational change in specific receptors that trigger the pro- 
uction, release, import, or degradation of a second messenger.
he second messenger then interacts with the specific target or
ther intermediate stages of the signaling pathway, ultimately 
eading to a cellular response . T here are various types of second

essengers. Curr entl y known second messengers can be catego- 
ized into four distinct groups: (i) ions that signal within and be-
ween different compartments; (ii) gases and fr ee r adicals that
an diffuse through the cell and e v en to other cells; (iii) lipid-
ased messengers that signal within cell membranes; and (iv) 
ucleotide-based messengers and other soluble molecules that 
ignal within the cytosol (Newton et al. 2016 ). 

Nucleotide-based second messengers are involved in many 
iffer ent pr ocesses . T heir presence and function ha ve been
tudied in detail in eukaryotes and bacteria (Newton et al.
016 , Thompson and Malone 2020 ), but significantly less is
nown about their role in archaea. Isomers of the 3 ′ ,5 ′ - and
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Figure 1. Structures of mononucleotide-based second messengers: (A) 
3 ′ ,5 ′ -cyclic nucleotides and (B) 2 ′ ,3 ′ -cyclic nucleotides using 3 ′ ,5 ′ -cyclic 
adenosine monophosphate and 2 ′ ,3 ′ -cyclic adenosine monophosphate 
as examples. 
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′ ,3 ′ -cyclic mononucleotide-based messengers, as well as the
inucleotide-based messengers c-di-AMP, 5 ′ -phosphoaden yl yl-
 

′ ,5 ′ -adenosine (5 ′ -pApA), diadenosine tetr a phosphate (Ap 4 A),
nd oligonucleotide-based cyclic oligoadenylate messengers,
ave been identified in arc haea, wher eas the pr esence of the
idely distributed bacterial second messengers cyclic diguano-

ine monophosphate (3 ′ ,5 ′ -c-di-GMP) and guanosine (penta-
/tetr a phosphate [(p)ppGpp] has not yet been described. In this
 e vie w, we focus on the current knowledge of the occurrence and
ole of nucleotide-based second messengers in archaea. 

ononucleotide-based second messengers 

urr entl y, the best-c har acterized mononucleotide-based second
essengers are 3 ′ ,5 ′ - and 2 ′ ,3 ′ -cyclic nucleotides (see Fig. 1 ), and

uanine penta- and tetr a phosphate (p)ppGpp. 

 

′ ,5 

′ -cAMP 

 

′ ,5 ′ -cAMP was the first mononucleotide-based second messen-
er discov er ed (Sutherland and Rall 1958 ). In animals, it activ ates
rotein kinase A (PKA) to regulate cell growth, metabolism, and
tr ess r esistance thr ough the phosphorylation of v arious pr otein
ubstrates (Turnham and Scott 2016 ). It also targets a family of
yclic nucleotide-gated cation channels (Yau 1994 ) and nucleotide
xchange factors, known as EPAC (de Rooij et al. 1998 ). The com-
ination of EPAC- and PKA-dependent pathways determines the
v er all effects of 3 ′ ,5 ′ -cAMP signaling (Cheng et al. 2008 ). In plants,
 

′ ,5 ′ -cAMP is involved in the regulation of cell-cycle progression
nd plant resistance to bacterial pathogens (Sabetta et al. 2019 ).
 

′ ,5 ′ -cAMP is also the first second messenger described in bacteria
Makman and Sutherland 1965 ) and is primarily associated with
he regulation of carbon utilization (Görke and Stülke 2008 , Green
t al. 2014 ) as well as other central traits such as biofilm formation
Liu et al. 2020 ) and virulence (McDonough and Rodriguez 2011 ). 

In 1986, using a r adioimm unodetection assay, 3 ′ ,5 ′ -cAMP was
dentified as the first nucleotide-based second messenger in ar-
haea. 3 ′ ,5 ′ -cAMP w as sho wn to be pr esent in the cr enarc haea
acc harolobus solf ataricus (formerl y named Sulfolobus solf ataricus ),
he eury ar chaea Haloferax volcanii , and Methanothermobacter ther-
autotrophicus (Leichtling et al. 1986 ). The presence of 3 ′ ,5 ′ -cAMP
as also demonstrated in Halobacterium salinarium using an im-
unoassay kit (Baumann et al. 2007 ). Recently, the concentrations

f 3 ′ ,5 ′ -cAMP were determined in Haloferax volcanii and Sulfolobus
cidocaldarius using mass spectrometry and were approximately
hree to five times higher during exponential growth than in the
tationary phase (Braun et al. 2021 ) (see Table 1 ). The detected lev-
ls of 3 ′ ,5 ′ -cAMP in Haloferax volcanii r emained unc hanged when
he temper atur e w as lo w er ed fr om its optimal temper atur e of
2 ◦C to 25 ◦C. These le v els determined by mass spectr ometry wer e
ignificantly lo w er than those initially observed for Haloferax vol-
anii (Leichtling et al. 1986 , Baumann et al. 2007 ), and the le v els ob-
erved for S. acidocaldarius were much lo w er than those observed
or the closel y r elated Sa. solf ataricus (Leic htling et al. 1986 ). The
bserv ed discr e pancies most lik el y originated fr om the differ ent
etection methods used. The cytosolic 3 ′ ,5 ′ -cAMP concentration
etermined by mass spectrometry would be 1 μM or lower in both
. volcanii and S. acidocaldarius (see Table 1 ). This is close to the lev-
ls observed in eukaryotes, where the intracellular concentration
f cAMP in unstimulated conditions is typically around 1 μM in
ukaryotic cells (Börner et al. 2011 ), but 20–200-fold lower than in
sc heric hia coli , wher e the 3 ′ ,5 ′ -cAMP concentr ation incr eases fr om
20 to ∼180 μm when the growth of E. coli is switched from growth
n low le v els of glucose to growth on excess glucose (Notley-
cRobb et al. 1997 ) . Se v er al possible functions have been assigned

o 3 ′ ,5 ′ -cAMP in Arc haea. Initiall y, it was observ ed that in M. ther-
autotrophicus , 3 ′ ,5 ′ -cAMP le v els wer e higher upon starv ation for
 2 , which suggested that 3 ′ ,5 ′ -cAMP is involv ed in the r egulation
f central metabolic processes (Leichtling et al. 1986 ). It was fur-
her shown that H. salinarum exhibits cell-cycle-dependent fluc-
uations in its 3 ′ ,5 ′ -cAMP le v els (Baumann et al. 2007 ). This ob-
ervation indicated a potential role for 3 ′ ,5 ′ -cAMP in the regula-
ion of the cell cycle of H. salinarum , an effect that w as, b y then,
nly known in certain eukaryotes (Baumann et al. 2007 ). Finally,
 c har acterization of SSO3182, one of the thr ee typical eukaryotic
rotein kinases encoded on the genome of Sa. solfataricus , sho w ed
hat the isolated kinase domain of SSO3182 was inhibited by 3’,5’-
AMP, with an estimated Ki of ∼23 μM (Ray et al. 2015 ), suggesting
 regulatory role for 3 ′ ,5 ′ -cAMP in the level of protein phosphory-
ation. 

3 ′ ,5 ′ -cAMP is synthesized by adenylate cyclases, which convert
TP to 3 ′ ,5 ′ -cAMP and pyr ophosphates. Aden ylate cyclases ar e di-
ided into six distinct classes, all of which are present in bacte-
ia, whereas eukaryotes encode only Class III adenylate cyclases
Khannpnavar et al. 2020 ). Several archaeal genomes encode a
rotein that is often annotated as CyaB-like Class IV aden yl yl
yclase . T hese proteins are members of the CYTH-like domain
uperfamil y (IPR033469), whic h includes Class IV aden yl yl cy-
lases , thiamine triphosphatases , and inorganic tri- or polyphos-
hatases (also known as triphosphatase tunnel metalloenzymes
r TTMs). Recently, using structural and functional approaches,
t was demonstrated that the Saci_0718 protein of S. acidocaldar-
us , which was also previously annotated as an adenylate cy-
lase , does not ha ve this function, but functions as a triphos-
hatase (Vogt et al. 2021 ). Molecular determinants that discrimi-
ate the aden yl yl cyclase fr om the differ ent phosphatase activi-
ies in the CYTH domain family and a systematic sequence sim-
larity network analysis demonstrated that archaeal CYTH en-
ymes ar e functionall y div er gent fr om CyaB-like Class IV aden yl yl
yclases (Vogt et al. 2021 ). 3 ′ ,5 ′ -cAMP is degraded by 3 ′ ,5 ′ -cAMP-
pecific phosphodiesterases (Matange 2015 ). A search of the NCBI
atabases identified some phosphodiesterases annotated as 3 ′ ,5 ′ -
 yclic-AMP phosphodiesterases; ho w ever, for none of these, this
unction has been demonstrated. T hus , although 3 ′ ,5 ′ -cAMP is
r esent in arc haea, pr oteins that either synthesize, degr ade, or in-
eract with 3 ′ ,5 ′ -cAMP have not been characterized, and a more
eneral function of 3 ′ ,5 ′ -cAMP in archaea is currently unknown. 

 

′ ,5 

′ -cNMPs 

n addition, other cyclic nucleotides such as 3 ′ ,5 ′ -cGMP, 3 ′ ,5 ′ -cCMP,
 

′ ,5 ′ -cUMP, and 3 ′ ,5 ′ -cIMP hav e been detected in se v er al or gan-
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Table 1. Concentr ation of (putativ e) nucleotide-based messengers detected in Braun et al. ( 2021 ) after nucleotide extraction and mass 
spectr ometry, conv erted to micromolar concentrations assuming a cytosolic content of 200 mg/mL (Ray et al. 2015 ). 

Organims Haloferax volcanii Sulfolobus acidocaldarius 

Molecule 

Levels during 
exponential growth 

( μM) 

Levels during 
sta tionary gro wth 

( μM) 

Levels during 
exponential growth 

( μM) 

Levels during 
sta tionary gro wth 

( μM) 

3 ′ ,5 ′ -cCMP 0.52 0.13 n.d. n.d. 
3 ′ ,5 ′ -cUMP 0.38 0.20 n.d. n.d. 
2 ′ ,3 ′ -cAMP 30 20 1.0 0.69 
2 ′ ,3 ′ -cGMP 22 13 0.56 0.52 
2 ′ ,3 ′ -cCMP 15 11 0.22 0.32 
2 ′ ,3 ′ -cUMP 0.51 0.40 n.d. ≤ 0.02 
3 ′ ,5 ′ -c-di-AMP 8.2 9.1 n.d. n.d. 
5 ′ -pApA ≤ 0.6 0.22 n.d. ≥ 0 
Ap 4 A 1.9 0.29 125 8.1 

n.d., not detected. 
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isms, but these cyclic nucleotides are found to be less widespread 

than 3 ′ ,5 ′ -cAMP. 3 ′ -5 ′ -cGMP is generated by a guanylate cyclase 
and might function as a second messenger in bacteria (Rauch et 
al. 2008 , Linder 2010 , Ryu et al. 2015 ). Recently, it was demon- 
strated that 3 ′ ,5 ′ -cCMP and 3 ′ ,5 ′ -cUMP cyclases function as part 
of the Pycsar (pyrimidine cyclase system for antiphage resistance) 
family of bacterial antiphage defense systems . T he production 

of these cyclic pyrimidine molecules is trigger ed specificall y by 
phage infection after which effector proteins are activated that 
execute abortive infection through membrane impairment or de- 
pletion of cellular NAD + (Tal et al. 2021 ). These 3 ′ ,5 ′ -cCMP and 

3 ′ ,5 ′ -cUMP cyclases are highly homologous to the adenylate cy- 
clases, but mutations in the active site result in high selectivity 
for pyrimidines . T hey ar e widespr ead in bacteria and found in 

some eury ar chaea (Tal et al. 2021 ). Ho w e v er, with the exception 

of 3 ′ ,5 ′ -cAMP, no other 3 ′ ,5 ′ -cNMPs w ere detected in ar chaea un- 
til r ecentl y; 3 ′ ,5 ′ -cGMP, 3 ′ ,5 ′ -cCMP, and 3 ′ ,5 ′ -cUMP were detected 

using nucleotide extraction follo w ed b y Liquid-Chr omatogr a phy- 
Massspectr oscopy/Massspectr oscopy (LC-MS/MS) in H. volcanii 
(Braun et al. 2021 ). The levels of these three 3 ′ ,5 ′ -cNMPs and 3 ′ ,5 ′ - 
cAMPs were higher in exponentially growing cells than in station- 
ary cells, but no cyclases could be identified in H. volcanii . Simi- 
lar experiments in S. acidocaldarius detected only 3 ′ ,5 ′ -cAMP and 

v ery low le v els of 3 ′ ,5 ′ -cGMP (Br aun et al. 2021 ). Curr entl y, no en-
zymes involved in 3 ′ ,5 ′ -cGMP, 3 ′ ,5 ′ -cCMP, or 3 ′ ,5 ′ -cUMP synthesis 
or degradation in archaea have been characterized. 

2 

′ ,3 

′ -cNMPs 

The 2 ′ ,3 ′ -cNMPs have been identified in eukaryotes, bacteria, and 

archaea. 2 ′ ,3 ′ -Cyclic phosphate termini are produced during RNA 

cleav a ge by man y endoribonucleases, either as intermediates or 
final products (Filipowicz 2016 ). In eukaryotes, they originate from 

trans-phosphorylation (Thompson et al. 1994 ) or RN A c yclase ac- 
tivity (Shigematsu et al. 2018 ), and in E. coli , they have been shown 

to originate from RNase I-dependent RNA degradation (Fontaine 
et al. 2018 ) or RN A c yclase activity (Genschik et al. 1997 ). RNA 3 ′ - 
phosphate cyclases are found in most archaea. No function has 
been established for 2 ′ ,3 ′ -cNMPs. In addition to the cyclic 3 ′ ,5 ′ - 
isomers, mass spectrometry of the cell extracts of H. volcanii and 

S. acidocaldarius identified cyclic 2 ′ ,3 ′ -AMP, cyclic 2 ′ ,3 ′ -GMP, cyclic 
2 ′ ,3 ′ -CMP, and cyclic 2 ′ ,3 ′ -UMP (Braun et al. 2021 ). In H. volcanii ,
the concentrations of the 2 ′ ,3 ′ -cNMPs were ∼30 times higher than 

those of the corresponding 3 ′ ,5 ′ -cNMPs, and the le v els detected 

in H. volcanii were also significantly higher than those detected 
n S. acidocaldarius . The le v els of these nucleotides were higher in
he exponential phase than in the stationary phase . T he le v els of
 

′ ,3 ′ -cUMP w ere lo w er than those of the other 2 ′ ,3 ′ -cNMPs in both
r ganisms, possibl y indicating that 2 ′ ,3 ′ -cUMP is less stable. 2 ′ ,3 ′ -
NMPs may be derived from RNA degradation, as this is a common
ource of 2 ′ ,3 ′ -cNMPs in eukaryotes and bacteria (Fontaine et al.
018 , Thompson and Malone 2020 ). It is not known whether any of
he detected 2 ′ ,3 ′ -cNMPs ar e specificall y synthesized and/or func-
ion as second messengers in these organisms. 

ppGpp and ppGpp 

uanine penta- and tetr a phosphate [(p)ppGpp] wer e first identi-
ed in 1969 in bacteria (Cashel and Gallant 1969 ) and have been
hown to play an important role in the bacterial stringent re-
ponse (Irving et al. 2021 ). Analysis of the cell extracts from S. aci-
ocaldarius and H. volcanii for the presence of the alarmone ppGpp
nd its precursor pppGpp did not detect any (p)ppGpp in the ex-
r acts fr om either species (Br aun et al. 2021 ). This is consistent
ith pr e vious studies that also found that these alarmones were
ot produced in these or ganisms, e v en under str ess conditions

Scoarughi et al. 1995 , Cellini et al. 2004 ). A study on the distri-
ution of (p)ppGpp synthetases and hydrolases across the tree of
ife also suggests that these enzymes are generally rare in archaea
Atkinson et al. 2011 ) . 

inucleotide-based second messengers 

e v er al nucleotide-based second messengers that are built from
wo nucleotides have been identified in prokaryotes . T hey can ei-
her have a cyclic structure like cyclic 3 ′ ,5 ′ -di-GMP (c-di-GMP),
 

′ ,5 ′ -cyclic di-AMP (c-di-AMP), 3 ′ -3 ′ -cGAMP, and 2 ′ -3 ′ -cGAMP, or
ave a linear structure like dinucleotide polyphosphates (Np n N) 

see Fig. 2 ). 

 

′ ,5 

′ -c-di-GMP 

 

′ ,5 ′ -c-di-GMP (c-di-GMP) has been extensiv el y studied in man y
acteria and is involved in the transitions between motile and
essile lifestyles (Hengge 2009 , Römling et al. 2013 , Jenal et al.
017 ), but has also been found to regulate various processes such
s virulence (Tischler and Camilli 2005 ), predation (Hobley et al.
012 ), cellular de v elopment (Tsc ho wri et al. 2014 ), DN A repair
Fernandez et al. 2018 ), and cell sha pe r egulation (Fernandez et
l. 2018 ). c-di-GMP is synthesized by diguanylate cyclases, which
ontain a conserved GGDEF motif and are degraded by phospho-
iesterases with specific EAL or HD-GYP motifs (Tc higvintse v et
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Figure 2. Structures of dinucleotide-based second messengers: (A) 3 ′ ,5 ′ -cyclic diadenosine monophosphate (c-di-AMP); (B) 2 ′ ,3 ′ -cyclic guanosine 
monophosphate-adenosine monophosphate (2’,3’-cGAMP); (C) 3’,3’-cyclic guanosine monophosphate-adenosine monophosphate (3 ′ ,3 ′ -cGAMP); and 
(D) diadenosine oligo ( n = 2–6) phosphate (Ap 2 –6 A). For 2’,3’-cGAMP and 3’,3’-cGAMP, the number of the isomer-determining carbon atom is 
highlighted in red. 
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l. 2010 , Galperin and Chou 2022 ). c-di-GMP le v els can be sensed
y different c-di-GMP binding transcription factors , ribos witches ,
nd protein complexes (Hengge 2009 , Jenal et al. 2017 , Römling
nd Galperin 2017 ), and bacteria often contain multiple diguany-
ate cyclases , c-di-GMP phosphodiesterases , and c-di-GMP binding
utput domains, which allow for the integration of many different
ignals. Although very common in bacteria, c-di-GMP and its (in-
ermediate) degradation product 5 ′ -pGpG could not be detected by

ass spectr ometric anal ysis of the cell extr acts fr om S. acidocal-
arius and H. volcanii (Braun et al. 2021 ) and have also not been de-
ected in other arc haea. Indeed, diguan ylate cyclases a ppear to be
lmost exclusiv el y found in bacteria, similar to pr oteins with all
ther domains associated with 3 ′ ,5 ′ -c-di-GMP signaling (e.g. EAL-
r PilZ-domain) (Römling et al. 2013 ). 

 

′ ,5 

′ -c-di-AMP 

 

′ ,5 ′ -c-di-AMP (c-di-AMP) is essential for the maintenance of cel-
ular osmolarity, and its main function is to regulate the import
nd export of potassium and other osmopr otectiv e molecules
Bai et al. 2014 , Schuster et al. 2016 , Gundlach et al. 2017 , Pham
t al. 2018 , Zarrella et al. 2018 ) . Ther efor e, both low and high
e v els of c-di-AMP ar e detrimental to the cells (Gundlac h et al.
015 , Huynh and Woodw ar d 2016 , Commichau et al. 2019 ). c-di-
MP is also involved in various cellular processes and pathways
uch as DNA integrity sensing (Bejer ano-Sa gie et al. 2006 , Witte
t al. 2008 , Gándara and Alonso 2015 , Gundlach et al. 2016 , Tor-
es et al. 2019 ), antibiotic resistance (Chin et al. 2015 ), control
f cell size and cell wall homeostasis (Corrigan et al. 2011 , Luo
nd Helmann 2012 ), regulation of fatty acid synthesis (Zhang et
l. 2013 ), and biofilm formation (Peng et al. 2016 , Townsley et al.
018 ). c-di-AMP is synthesized by diadenylate cyclases (Corrigan
nd Gründling 2013 , He et al. 2020 , Yin et al. 2020 ) and degraded
y phosphodiester ases, whic h ar e often c har acterized by a DHH-
HHA1 domain, although other c-di-AMP degrading phosphodi-
ster ases hav e also been identified (Commic hau et al. 2019 , He
t al. 2020 ). Degradation of c-di-AMP often occurs via a 5 ′ -pApA
ntermediate. In contrast to the presence of several diguanylate
yclases in many bacteria, in general only one diadenylate cy-
lase is found in most bacteria. Similar to c-di-GMP, c-di-AMP can
ind to transcription factors , ribos witches , and protein complexes
o regulate their activities (Corrigan et al. 2013 , Commichau et
l. 2019 ). c-di-AMP binds diverse proteins, such as proteins with
CK_C (regulator of conductance of K + , C-terminal domain) (Cor-
igan et al. 2013 , Chin et al. 2015 , Kim et al. 2015 ), cystathionine
eta synthase (CBS) (Sureka et al. 2014 , Huynh et al. 2016 , Schus-
er et al. 2016 ), and univ ersal str ess pr otein (USP) (Corrigan et al.
013 , Moscoso et al. 2016 ) domains . T hese proteins then function
s signal transduction and regulatory proteins or directly regu-
ate tr ansport pr oteins. Genomic data anal ysis pr edicted the pr es-
nce of diadenylate cyclases in several Eury ar chaeots (Shenro y
nd Vis wes wariah 2004 , Corrigan and Gründling 2013 ) and in sev-
r al r ecentl y pr oposed candidate arc haeal phyla (Galperin 2023 ).
imilar to bacterial diadenylate cyclases of the DacY/CdaZ class,
e v er al arc haeal diaden ylate cyclases hav e an N-terminal domain
ith a fold similar to the C-terminal alpha/beta domain of pyru-

ate kinase (Braun et al. 2019 , Yin et al. 2020 ). Ho w e v er, the func-
ion of this domain remains unknown. Recently, the N-terminal
omains of different diadenylate c yclases w ere analyzed in more
etail, and a r e vised classification of diaden ylate c yclases w as pro-
osed (Galperin 2023 ). 
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After it was shown that the purified Methanocaldococcus jan- 
nasc hii CdaZ exhibited diaden ylate cyclase activity (K ellenber ger 
et al. 2015 ), H. volcanii was the first archaeon where the presence 
of c-di-AMP in cell extracts was demonstrated (Braun et al. 2019 ).
H. volcanii has a single diadenylate cyclase gene ( dacZ ) that is re- 
sponsible for c-di-AMP production (Braun et al. 2019 ). The dacZ 

gene is essential, and its ov er expr ession leads to cell death, sug- 
gesting the need for tight regulation of c-di-AMP levels. A strain 

with decreased c-di-AMP levels exhibited an increased cell area 
in a hyposalt medium, suggesting a similar function in osmoreg- 
ulation as shown in bacteria (Braun et al. 2019 ). The concentra- 
tion of c-di-AMP was ∼8 μM during both exponential growth and 

stationary sta ges (Br aun et al. 2019 , 2021 ) (see Table 1 ). A simi- 
lar analysis of S. acidocaldarius cells did not identify any c-di-AMP 
(Braun et al. 2021 ). Indeed, proteins with diadenylate cyclase (DAC) 
domains (COG1624) are frequently found in eury ar chaeotes but 
are absent in crenarchaeota (Römling 2008 , Witte et al. 2008 , He 
et al. 2020 ). It is curr entl y unknown whic h pr oteins degr ade c- 
di-AMP in archaea. Possible candidates include nanoRNases/aPa 
phosphatases containing a DHH-DHHA1 domain (arCOG01566), 
whic h ar e found in eury ar chaeotes and may hydr ol yze c-di-AMP 
and/or pApA (Lee et al. 2022 ). No arc haeal pr oteins that bind c-di- 
AMP have been identified, but many eury ar chaeotes contain pro- 
teins with C-terminal TrkA domains that are linked to potassium 

tr ansporters, whic h ar e excellent candidates for c-di-AMP binding.

3 

′ -3 

′ -cGAMP and 2 

′ -3 

′ -cGAMP 

3 ′ -3 ′ -cGAMP is a more recently discovered dinucleotide-based sec- 
ond messenger that has been shown to control diverse processes,
suc h as c hemotaxis in Vibrio c holerae (Davies et al. 2012 ), anaer- 
obic r espir ation in Geobacter metallireducens (Nelson et al. 2015 ),
biofilm formation and motility in E. coli (Li et al. 2019 ), preda- 
tion in Bdellovibrio bacteriovorus (Lowry et al. 2022 , Rangarajan 

and Waters 2022 ), and functions in a prokaryotic anti-phage de- 
fense mechanism (Cohen et al. 2019 , Athukoralage and White 
2022 , Duncan-Lo w ey and Kr anzusc h 2022 ). In pr okaryotes, 3 ′ ,3 ′ - 
cGAMP is produced by cGAS/DncV-like nucleotidyltr ansfer ases 
(called CD-NTases or GMP-AMP cyclases (cGASs) (Kr anzusc h et 
al. 2014 ) or by a more recently discovered class of cGASs that 
ar e structur all y r elated to the GGDEF famil y of diguan ylate cy- 
clases but have ‘Hypr’ GGDEF domains that favor 3 ′ -3 ′ -cGAMP 
pr oduction (Hallber g et al. 2016 ). The 3 ′ -3 ′ -cGAMPs are degraded 

by both EAL and HD-GYP motif-containing phosphodiesterases 
(Hallberg et al. 2016 , Yadav et al. 2019 , Wright et al. 2020 ). The 
cGAS pr oteins hav e also been identified in animals. Mammalian 

cGAS pr oteins ar e structur al and functional homologs of bacte- 
rial CD-NTases (Kr anzusc h et al. 2014 ). In animals, the binding 
of cGAS to double-str anded DNA allostericall y activ ates its cat- 
alytic activity and leads to the production of 2 ′ -3 ′ -cGAMP, which 

functions as a potent agonist of the stimulator of interferon genes 
(STING) pathwa y. T he cGAS-STING pathwa y serves as a crucial el- 
ement of immunity in many organisms (Sun et al. 2013 , Decout et 
al. 2021 ). 

In bacteria, cGAS proteins are involved in the widespread cyclic 
oligonucleotide-based anti-phage signaling systems (CBASSs), a 
family of defense systems against bacteriophages (Cohen et al.
2019 , Millman et al. 2020 , Athuk or ala ge and White 2022 , Duncan- 
Lo w ey and Kr anzusc h 2022 ). Lar ger cyclic oligonucleotides con- 
sisting of three to six AMP molecules and their role in Type III 
CRISPR–Cas (clustered regularly interspaced short palindromic 
repeats and CRISPR-associated genes)-based CBASSs are de- 
scribed below. Central to dinucleotide-based CBASSs are cGAS 
r oteins, whic h gener ate a v ariety of cyclic dinucleotides in r e-
ponse to phage infection, and effector proteins, which are acti-
ated by these cyclic dinucleotides (Whiteley et al. 2019 ). These
BASSs ar e mainl y found in bacteria and hav e been divided into

our classes (Millman et al. 2020 ). Clusters of genes belonging to
he Type IV CBASS class, which is a rare and currently unchar-
cterized class , ha ve been found in the genomes of se v er al eur-
 ar chaea (Millman et al. 2020 ), suggesting the presence of 3 ′ -3 ′ -
GAMP in ar chaea. Ho w ever, 3 ′ -3 ′ -cGAMP and 2 ′ -3 ′ -cGAMP could
ot be detected by mass spectrometric analysis of the cell extracts

rom S. acidocaldarius and H. volcanii , which correlated with the
bsence of dinucleotide-based CBASS systems in the genomes of 
hese two organisms (Braun et al. 2021 ). T hus , although it is likely
hat 3 ′ -3 ′ -cGAMP is present in eury ar chaeotes encoding cGAS-
ased CBASSs, its presence still needs to be confirmed. 

denine dinucleotides 

denine dinucleotides (Ap n A) are formed b y tw o adenosines
ridged at their 5 ′ ends by se v er al phosphates. Diadenosine 5 ′ ,5 ′ ′ ′ -
1, P4-tetr a phosphate (Ap 4 A) is the best-c har acterized Ap n A and
s mostly produced under stress conditions, such as pH or heat
hoc k, tr eatment with heavy metal ions or antibiotics, DNA dam-
ge, and o xidati ve stress; thus, Ap 4 A has been proposed to be an
larmone that signals cellular stress (Lee et al. 1983 , Bochner et
l. 1984 , Johnstone and Farr 1991 , Despotovi ́c et al. 2017 , Fergu-
on et al. 2020 ). Ap 4 A le v els can increase > 100-fold under stress
onditions to concentrations > 300 μM (Varshavsky 1983 , Bochner
t al. 1984 ). Se v er al mec hanisms hav e been pr oposed by whic h
p 4 A functions in response to stress have been proposed (Fergu-
on et al. 2020 ). Under stress conditions that elevate cellular Np4N
oncentr ations, div erse mRNAs and sRNAs acquire cognate Np4
aps (Luciano et al. 2019 , Hude ̌cek et al. 2020 , Luciano and Belasco
020 ). This cap can be methylated and can pr otect mRNA fr om
egradation, thus stabilizing mRNA (Hude ̌cek et al. 2020 ). In Bacil-

us subtilis , Ap 4 A regulates inosine-5 ′ -monophosphate dehydroge- 
ase, thus affecting nucleotide metabolite homoeostasis (Altegoer 
t al. 2022 ). Ap 4 A also binds to other ATP-binding proteins; how-
 v er, it has been questioned whether it only binds to an ATP ana-
og (Despotovi ́c et al. 2017 ). In eukaryotes, Ap 4 A is involved in ac-
ivating the microphthalmia-associated transcription factor dur- 
ng allergic response IgE (Lee et al. 2004 , Yannay-Cohen et al. 2009 )
nd inhibiting the cGAS-STING pathway (Guerra et al. 2020 ). Ap4N
urthermore functions as an extracellular messenger through the 
ctivation of purinoceptors (J anko wski et al. 2009 ), and the acti-
ation of the posttranslational modifiers ubiquitin and ubiquitin- 
ike pr oteins r esults in the formation of Ap 4 A and Ap 3 A (Götz et
l. 2019 ). Ap 4 A is produced by many different enzymes that in-
 olve an ac yl-adenylate and/or enzyme-adenylate intermediate,
ike ac yl-coenzyme A synthetase, DN A and RN A ligases, ubiqui-
in and ubiquitin-like E1 activating enzymes, and non-ribosomal 
eptide synthetases (Ferguson et al. 2020 ), but most commonly
 y aminoac yl-transfer RN A (tRN A) synthetases (Zamecnik et al.
966 , Giammarinaro et al. 2022 ). Several hydrolase families have
een identified that degrade Ap 4 A (Ferguson et al. 2020 ). 

Ap 4 A was found in all three kingdoms. In S. acidocaldarius , the
oncentration of Ap 4 A, as determined by mass spectrometry af-
er nucleotide extraction, was ∼125 μM Ap 4 A in the exponential
tage and decreased ∼18-fold in the stationary stage (Braun et
l. 2019 , 2021 ) (see Table 1 ). In H. volcanii , the concentration of
p 4 A was ∼2 μM Ap 4 A in the exponential stage and decreased
6-fold in the stationary stage (see Table 1 ). As the enzymes that

ynthesize Ap 4 A are diverse and widespread, the specific proteins
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Figure 3. Structure of an oligonucleotide-based second messenger: 
structure of cyclic tetra-adenylate. 
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esponsible for their synthesis in archaea are difficult to identify.
o w e v er, it has been shown that phen ylalan yl-tRNA synthetase

r om Methanosarcina bar keri can pr oduce Ap 4 A (Rauhut et al. 1985 ),
uggesting that tRNA synthetases are a source of Ap 4 A in archaea.

hether they act as second messengers, possibly via stabilization
f mRNAs via 5 ′ ca pping, r emains unknown. 

ligonucleotide-based second messengers 

yclic oligonucleotides of three to six AMP molecules (see Fig. 3 )
ave been shown to function as second messengers in Type III
RISPR–Cas-based CBASSs (Kazlauskiene et al. 2017 , Niewoehner
t al. 2017 , Athuk or ala ge and White 2022 ). CRISPR–Cas systems
r ovide imm unity a gainst inv ading genetic elements, suc h as bac-
eriophages or plasmids, and have been divided into Class I and
lass II systems, with both classes further divided into different

ypes (Makar ov a et al. 2015 ). The Type III CRISPR–Cas systems of
lass I are known for their ability to target both invader RNA and
NA and ar e c har acterized by the pr esence of a Cas10 protein,
hich has two enzymatic functions (Elmore et al. 2016 , Estrella

t al. 2016 , Kazlauskiene et al. 2016 , Tamulaitis et al. 2017 ). The
rst function is to degr ade single-str anded DNA, wher eas the sec-
nd function is the synthesis of cyclic oligoaden ylates fr om ATP.
pon recognition of a target RN A, c yclic oligoadenylates are gen-
rated (Kazlauskiene et al. 2017 , Niewoehner et al. 2017 ), which
ctivate CRISPR ancillary nucleases that indiscriminately degrade
oth host and invader RNA. To control cyclic oligoadenylate levels,
NA nucleases often containing a CRISPR-associated Rossman

old domain that cleaves cyclic oligoadenylates are expressed or
ctiv ated (Athuk or ala ge et al. 2018 , 2020 , Samolygo et al. 2020 ,
olina et al. 2021 ). 
Although S. acidocaldarius encodes a functional Type III CRISPR

ystem that contains a Cas10 subunit (Zink et al. 2021 ) and cyclic
ligoaden ylates wer e detected in the closel y r elated Sa. solf ataricus
Rouillon et al. 2018 ), no cyclic oligoadenylates could be detected
y mass spectrometry after nucleotide extraction. Possibly, this
ligonucleotide can be detected only when cells are infected with
 virus. Also, no cyclic oligoadenylates were detected in H. volcanii ,
ut this was expected because it lacks a Type III CRISPR system

Maier et al. 2013 ). 

onclusions and future perspectives 

ucleotide-based second messengers play important roles in the
ignaling processes in both bacteria and eukaryotes . T he obser-
ations that (i) cyclic di-AMP plays a similar role in osmoregu-
ation as in bacteria; (ii) cyclic oligoadenylate messengers play a
ole in the bacterial and archaeal Type III CRISPR–Cas response to
ctivate CRISPR ancillary proteins involved in antiviral defense;
nd (iii) homologs of enzymes that synthesize 3 ′ -3 ′ -cGAMP are
ound in CBASS systems found in both archaea and bacteria sug-
est that nucleotide-based second messengers in archaea resem-
le these systems in bacteria. The role that cyclic oligoadenylate
essengers play in the bacterial and archaeal Type III CRISPR–Cas

 esponse to activ ate CRISPR ancillary pr oteins has been studied
n quite some detail, but little is still known about the other pu-
ati ve n ucleotide-based second messengers and will r equir e fur-
her studies. Remarkabl y, contr ary to the nucleotide-based sec-
ndary messengers involved in the antiviral defense systems, the
idely distributed bacterial second messengers cyclic diguano-

ine monophosphate, (p)ppGpp, and possibly cAMP, which are in-
olv ed in gener al cellular r egulation systems, do not appear to
lay an important role in archaea. Most likely, the antiviral de-
ense systems are more easily transmitted via lateral gene trans-
er. 
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