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Abstract 

RNA helicases perform essential housekeeping and regulatory functions in all domains of life by binding and unwinding RNA molecules. The 
Ski2-like proteins are primordial helicases that play an active role in eukaryotic RNA homeostasis pathways, with multiple homologs having 
specializ ed functions. T he significance of the e xpansion and div ersity of Ski2-lik e proteins in Archaea, the third domain of life, has not yet been 
established. Here, by studying the phylogenetic diversity of Ski2-like helicases among archaeal genomes and the enzymatic activities of those 
in T hermococcales, w e pro vide further e vidence of the function of this protein f amily in archaeal metabolism of nucleic acids. We sho w that, 
in the course of e v olution, ASH-Ski2 and Hel308-Ski2, the two main groups of Ski2-like proteins, have diverged in their biological functions. 
Whereas Hel308 has been shown to mainly act on DNA, we show that ASH-Ski2, previously described to be associated with the 5 ′ -3 ′ aRNase 
J e x onuclease, acts on RNA by supporting an efficient annealing activity, but also an RNA unwinding with a 3 ′ -5 ′ polarity. To gain insights into 
the function of Ski2, we also analyse the transcriptome of Thermococcus barophilus �ASH-Ski2 mutant strain and provide evidence of the 
importance of ASH-Ski2 in cellular metabolism pathw a y s related to translation. 
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rchaea are critical research models for gaining insights into
he origin of the eukaryotic cell and the evolution of life, as
ell as for studying biogeochemical processes ( 1 , 2 , 3 ). A recent

volutionary scenario proposes that the eukaryal domain orig-
nated within the archaeal domain, arising from the Asgard ar-
haea ( 4 ). Archaea represent a diverse phylogenetic group that
ncludes free-living, extremophile, mesophile, symbiont, and
pportunistic organisms ( 5 ). These micro-organisms share a
igh significant similarity with informational machineries of
ukarya, such as RNA polymerase, but also regulatory mech-
nisms with Bacteria, such as operonic organization. It is now
mportant to fill the gap in our knowledge of fundamental
ost-transcriptional pathways that drive gene expression in
rchaea. One of the key regulators at the nexus of multiple
athways of RNA and DNA metabolism are helicases. In here,
e decode the relevance of SF2 helicase proteins of the Ski2-

ike family in the archaeal domain. 
The Ski2-like family is a restricted family of superfamily

F2 helicase that includes RNA and DNA helicases. Ski2-
ike enzymes are reported in eukaryal and archaeal genomes
 6 ,7 ). Ski2-like helicases display a common helicase core con-
eceived: May 10, 2023. Revised: February 19, 2024. Editorial Decision: Februar
The Author(s) 2024. Published by Oxford University Press on behalf of NAR G

his is an Open Access article distributed under the terms of the Creative Comm
http: // creativecommons.org / licenses / by-nc / 4.0 / ), which permits non-commerci
riginal work is properly cited. For commercial re-use, please contact journals.pe
sisting of two RecA-like conserved domains of the SF2 fam-
ily, a Winged helix domain (WH) and a Ratchet domain. In
addition, accessory domains attached to or inserted into the
conserved domains modulate their activities and functions.
The two RecA-like domains which form a ring around the 3 

′

end of RNA or DNA substrates, contain up to 12 conserved
sequence motifs involved in nucleic acid transaction, in nu-
cleotide tri-phosphate binding and hydrolysis, and in coordi-
nation of unwinding and annealing activities ( 8 ). The reported
Ski2-like helicases possess an unwinding activity with 3 

′ to
5 

′ directionality ( 7 ). The translocation mechanism of Ski2-
like helicase along RNA or DNA has been proposed based
on resolved structures of the archaeal Hel308 helicase from
Archaeoglobus fulgidus ( 9 ) . However, current knowledge on
Ski2-like enzymes mostly comes from model organisms be-
longing to the eukaryal domain. Four Ski2-like RNA heli-
cases (Mtr4, Ski2, Brr2 and Slh1 / Rqt2), all part of large mul-
tiprotein complexes, play critical roles in nuclear and cyto-
plasmic RNA decay, ribosome-associated quality control and
pre-mRNA splicing. These helicases hydrolyse ATP to power
processive RNA unwinding with 3 

′ -5 

′ polarity ( 7 ). Mtr4 and
Ski2 RNA helicases that share biochemical properties are
y 26, 2024. Accepted: February 27, 2024 
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associated with the nuclear or cytoplasmic RNA exosome,
respectively. They are hubs that shape the transcriptome by
orchestrating exosome-dependent 3 

′ -5 

′ RNA decay. To facili-
tate the recruitment of RNA substrates by the RNA exosome,
they uncoil secondary RNA structures and remodel RNP com-
plexes to free the RNA 3 

′ end ( 10 , 11 , 12 , 13 ). Mtr4 interacts
directly with the Rrp6 subunits of the nuclear RNA exosome
and various adaptor factors to form mutually exclusive com-
plexes named TRAMP, PAXT and NEXT to target specific
RNA substrates ( 11 , 14 , 15 , 16 ). Ski2 is part of the Ski com-
plex, composed of the Ski3, Ski8 and Ski7 proteins, that chan-
nels the ribosome-bound RNA to the RNA exosome to trigger
mRNA degradation in the cytoplasm ( 12 , 17 , 18 , 19 , 20 ). Re-
markably, Brr2 and Slh1 / Rqt2 are particularly large RNA he-
licases with duplicated Ski2-like domains ( 7 ). Brr2 is an in-
tegral component of the spliceosomal U5 snRNP and of the
preassembled U4 / U6.U5 tri snRNP, essential for activating the
core splicing machinery ( 21 , 22 , 23 ). Finally, the Ski2-like heli-
case 1 (Slh1, also named Rqt2) was shown to be implicated in
the Ribosome Quality Control pathway (RQC) by being part
of the RQC-trigger complex (RQT) that degrades the stalled
nascent chain during translation arrests ( 24 ,25 ). Recent stud-
ies propose that Slh1 applies a pulling force on the mRNA
resulting in ribosomal subunit dissociation ( 26 ). In eukary-
otes, some Ski2-like enzymes are DNA helicases such as yeast
Mer3 / mammalian HFM1, involved in homologous recombi-
nation ( 27 ,28 ) and eukaryotic PolQ-like helicase involved in
double-strand break repair ( 29 ). 

In Archaea, Hel308 is the best-known member of the Ski2-
like family, originally named Hjm for ‘helix junction mi-
gration’ and identified as a structure-specific DNA helicase.
Studies have reported that Hel308 promotes genome stabil-
ity in the context of DNA replication ( 30 , 31 , 32 ). Homo-
logues designated as PolQ / HelQ are present in eukaryotes
and have been found to play a role in DNA metabolism
( 33 ,34 ). Reports indicate that Hel308 / PolQ has a prefer-
ence for targeting replication forks in Pyrococcus furiosus ,
Methanothermobacter thermautotrophicus , Sulfolobus toko-
daii , Sulfolobus islandicus and humans ( 31 , 32 , 34 , 35 ). More
specifically, Hel308 / Hjm from S. tokodaii and S. islandicus
interact with the Hjc endonuclease and the PINA ATPase, re-
spectively. Both of these enzymes are involved in resolving
Holliday junctions ( 35 ,36 ). Recent studies have suggested that
Hel308 / Hjm from M. thermautotrophicus not only possesses
ATP-dependant DNA helicase activity, but also autonomously
anneals single-stranded DNA without ATP ( 37 ) . More re-
cently, a member of another group of the Ski2-like family was
reported to be part of RNA metabolic pathways ( 38 ). This
factor was initially named ASH-Ski2 for Archaeal Specific He-
licase Ski2 ( 6 ,38 ), but is also known as Eta for Euryarchaeal
termination activity ( 39 ). In Thermococcales, ASH-Ski2 was
proposed to be part of an RNA degrading complex by inter-
acting with the 5 

′ -3 

′ exoribonuclease aRNase J but also to be
involved in the rescue of transcriptional arrest ( 38 ,40 ). Never-
theless, many questions remain open on the roles of Ski2-like
helicases in archaeal DNA and RNA metabolism. 

To address the significance of archaeal Ski2-like helicases,
we studied their diversity and distribution among archaeal
genomes, and we deciphered the biochemical specificities
of ASH-Ski2 and Hel308 from Thermococcales. This study
shows that the enzyme activities of ASH-Ski2 and Hel308,
the major groups of archaeal Ski2-like proteins, are diver-
gent. Hel308 is ubiquitously conserved among the archaeal
domain whereas ASH-Ski2 is restricted to the euryarchaeal 
clade. By comparing the in vitro enzymatic activities of both 

ASH-Ski2 and Hel308 from the Pyrococcus abyssi archaeon,
we confirmed that indeed Hel308 mainly acts on DNA sub- 
strates as previously proposed in P. furiosus and in Sulfolob- 
ales ( 31 , 32 , 35 , 36 ). In addition, we provide the first evidences
that ASH-Ski2 is an RNA-helicase that has an unwinding ac- 
tivity with a 3 

′ -5 

′ polarity and an efficient annealing activity 
of RNA duplexes. Finally, we analysed the transcriptome of a 
�ASH-Ski2 strain to obtain the first indications of the impact 
of ASH-Ski2 on cellular metabolism, notably at the level of the 
translation process. These results are a milestone towards the 
role and importance of the Ski2 helicase family in the RNA 

metabolism of archaeal organisms. 

Materials and methods 

Building a Ski2-type helicase dataset 

219 non-redundant completely sequenced and well anno- 
tated archaeal genomes were retrieved via the API from the 
ENA repository at EMBL-EBI. To increase Archaea’s diver- 
sity, we also retrieved one Asgard proteome from the Pro- 
teome section of UniProt ( Candidatus Prometheoarchaeum 

syntrophicum), and 74 Asgard genomes for which the NCBI 
RefSeq’s genome assembly assessment is annotated as ‘full’ 
(34 Lokiarchaeota, 27 Thorarchaeota, 12 Heimdallarchaeota 
and one Odinarchaeota). However, their sequencing and 

annotation is of lower quality than the other archaeal 
genomes. Ten representative eukaryotic genomes were also 

retrieved from the Proteome section of UniProt ( Arabidopsis 
thaliana , Caenorhabditis elegans , Danio rerio , Dictyostelium 

discoideum , Drosophila melanogaster , Gallus gallus , Giardia 
intestinalis , Homo sapiens , Plasmodium falciparum , Saccha- 
romyces cerevisiae ) for which the Complete Proteome Detec- 
tor (CPD), which estimates the completeness and quality of 
the proteome, is labelled to ‘standard’ and the NCBI Ref- 
Seq’s assessment of genome assembly representation is anno- 
tated as ‘full’. These complete genomes or proteomes were 
processed by a set of perl programs into in house mySQL 

databases. We used the RPS-BLAST program to annotate pro- 
tein sequences according to the conserved domain database 
downloaded from the NCBI ( https://www.ncbi.nlm.nih.gov/ 
Structure/ cdd/ cdd.shtml ) ( 41 ). The two previously identified 

Ski2-like archaeal subfamilies ASH-Ski2 and Hel308-Ski2 ( 6 ) 
are characterized by the COG1202 ( 38 ) and the COG1204,
respectively. The two well-studied human Mtr4 helicase (Swis- 
sProt: P42285) and yeast Ski2 helicase (SwissProt: P35207) 
are both characterized by the COG4581. RPS-BLAST hits 
with one of these three COG showing a score > 60 and an 

alignment covering of at least 60% of the COG were retrieved.
An initial set of 519 archaeal proteins and 70 eukaryal pro- 
teins was first obtained. After careful examination of these 
sequences, we removed 53 archaeal sequences that were par- 
tial or had partially conserved motifs, or that did not have 
all the characteristic motifs of the sub-families. We ended up 

with a set of 466 sequences of archaea, 179 obtained with 

the COG1202 (ASH-Ski2), 287 with the COG1204 (Hel308- 
Ski2) and none with the COG4581 ( Supplementary Table S1 ).
The 70 eukaryal sequences include 44 proteins annotated with 

the COG1204 and 26 with the COG4581. As expected, no hit 
with the COG1202 was obtained since the ASH-Ski2 subfam- 
ily was shown to be specific to Archaea ( 6 ). 

https://www.ncbi.nlm.nih.gov/Structure/cdd/cdd.shtml
https://academic.oup.com/nargab/article-lookup/doi/10.1093/nargab/lqae026#supplementary-data
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elicase phylogenetic tree construction 

rr2 eukaryotic helicases are large proteins that contain two
ki2-like domains (Figure 1 ). However, only the first helicase
omain has been shown to have functional helicase activity
 42 ). Therefore, to compare the eukaryotic Brr2 helicases with
he other Ski2-like helicases, we split their sequences and re-
ained for the alignment only the N-terminal region of the pro-
ein encompassing the first Ski2-like domain, i.e. from the be-
inning of the protein to the end of the first Sec63 domain. The
36 Ski2-like helicases were aligned with Muscle v5 .1 ( https:
/ drive5.com/ muscle5/ ; ( 43 )). In order to eliminate the vari-
bility of the N- and C-term regions of the proteins, the align-
ent has been edited with Jalview ( http://www .jalview .org;

 44 )) to extract the common RecA1-RecA2 core of conserved
esidues from the Q motif to the motif VI. In order to im-
rove the quality of the sequence alignment by removing spu-
ious homologies while retaining informative data, we used
he divvier method ( 45 ) with the divvying filtering option (pa-
ameters: -divvygap -mincol 4 ). This trimmed alignment was
sed to infer the phylogenetic tree. The amino acid substitu-
ion model LG4X + I was selected by modeltest-ng ( 46 ) as
eing the one that best fit the data. The tree was computed
ith iq-tree software ( 47 ). The ultra-fast bootstrap approxi-
ation ( -bb 1000 ) and SH approximate likelihood ratio test

 -alrt 1000 ) were used to estimate the branch supports. The
ree was annotated and visualized with the online tool Inter-
ctive Tree Of Life v6 (iTOL, https://itol.embl.de; ( 48 )). 

rchaeal species tree construction 

o construct the archaeal species tree, we used the 122 mark-
rs that have been identified as reliable for phylogenetic in-
erence ( 49 ). The set of 122 protein markers is characterized
y HMM profiles from the Pfam (v27) and the TIGRFAMs
v15.0) databases. For each genome included in this study, the
roteins were identified by using each profile entry as query
ith the hmmsearch program from the HMMER3 package
ith the –cut_tc (trusted cutoff) parameter ( http:// hmmer.org/ ;

 50 )). The hmmsearch output domain file was parsed to ex-
ract for each genome and for each HMM profile the best pro-
ein hit. However, despite being annotated as ‘full’ in UniProt,
ome Asgard genomes are still partial. To retain a species, we
equired that at least 75% of the markers (90 markers) could
e retrieved. Only 42 out of the 75 Asgard genomes met our
riterion, so the other 33 were excluded from the species tree
econstruction which was performed by considering 259 ar-
haeal species. Protein alignments with HMM profiles were
erged for each marker. We thus obtained 122 sequence align-
ents. The columns of the alignments that had a high deletion

requency were removed with trimal ( -gt 0.1 ) ( 51 ). The qual-
ty of the alignments was estimated using the t-coffee transitive
onsistency score (TCS) ( 52 ). The analysis of the results ob-
ained on each alignment allowed (i) to eliminate sequences
ith outlier TCS values and (ii) to discard two alignments

PF04104.9 and PF01990.12) with a low overall TCS value
TCS < 65). The resulting 120 marker alignments were con-
atenated and if for a given species, the marker protein se-
uence is missing, it is reintroduced into the alignment as gaps.
he model LG + I + G4 + F was selected with modeltest-ng and

he tree was inferred with iq-tree and branch support values
ere determined using ultra-fast bootstrap approximation ( -
b 1000 ) and the SH approximate likelihood ratio test ( -alrt
000 ). The tree was rooted on DPANN Archaea according
to ( 53 ). We compared the topology of the archaeal tree with
those previously published by Parks et al. ( 49 ) and Williams
et al . ( 53 ), respectively. We identified the same phylogenetic
relationships as previously observed between the major taxo-
nomic groups of archaea, despite using a different number of
species genomes for the tree reconstruction. 

ASH and Hel308 phylogenetic tree construction 

ASH and Hel308 sequences have been aligned independently
to further analyse their evolution. The alignments were per-
formed with Muscle v5.1 and the aligned positions were fil-
tered with the divvier method as previously described for
the full helicase sample. It is often difficult to infer a well-
supported phylogenetic tree for individual protein families,
even with the best-fit substitution model, as multiple sequence
alignments usually contain insufficient phylogenetic signal due
to their often too short length. To circumvent these difficul-
ties, we used GeneRax, a maximum likelihood species-tree-
aware phylogenetic inference software ( 54 ), which can in-
fer a rooted family tree directly from the multiple sequence
alignment and a rooted species tree or optimize the topol-
ogy of a previously computed family tree according to the
species tree. We tested both approaches and more relevant
gene tree topologies, i.e. with a higher number of proteins
(genes) predicted to have been inherited vertically, were ob-
tained by providing GeneRax with a starting gene tree. Hence,
for ASH-Ski2 and Hel308-Ski2, we first computed a starting
gene tree by selecting the amino acid substitution model that
best fit the data with modeltest-ng ( 46 ) and inferred phylo-
genetic trees using iq-tree software ( 47 ). The best model LG
+ I + G4 + F was selected for ASH-Ski2 and LG + R4 + F
for the Hel308-Ski2 dataset. The ultra-fast bootstrap approx-
imation ( -bb 1000 ) and the SH approximate likelihood ratio
test ( -alrt 1000 ) were used to estimate the branch supports.
Subsequently, the archaeal species tree, the multiple alignment
and protein tree of ASH-Ski2 or Hel308-Ski2 were provided
to GeneRax. The tree optimization was performed with Sub-
tree Prune and Regraft (SPR) moves ( –strategy SPR ) with the
recommended value of maximum radius ( -max-spr-radius 5 )
used for SPR moves in the tree search. The reconciliation of
the family tree with the species tree is performed by assuming
that genes evolve through gene duplication, gene loss, hori-
zontal gene transfer, and speciation events, i.e. the genes are
vertically inherited ( –rec-model UndatedDTL ). The substitu-
tion models used are those determined above ( –subst_model
LG + I + G4 + F for ASH-Ski2 and –subst_model LG + R4 +
F for Hel308-Ski2). 

Construction of pET11b expression vectors 

The Supplementary Table S2 summarizes the oligonucleotides
used to construct pET11b expression vectors. All construc-
tions were obtained by assembling PCR fragments using InFu-
sion® cloning kit (Takara). Using appropriate sets of oligonu-
cleotides, the pET11b (untagged protein) vectors were lin-
earized by PCR amplification with the PrimeSTAR Max DNA
polymerase (Takara), and the coding sequence of P. abyssi
ASH-Ski2 (PAB2313) and Hel308 (PAB0592) were ampli-
fied from genomic DNA with the Phusion High-Fidelity DNA
polymerase (ThermoFisherScientific). The pET11b vector ex-
pressing the ASH-Ski2 K245A 

variant was generated by site-
directed mutagenesis of its wildtype counterpart with ap-
propriate sets of oligonucleotides using the QuikChange II

https://drive5.com/muscle5/;
http://www.jalview.org;
https://itol.embl.de;
http://hmmer.org/;
https://academic.oup.com/nargab/article-lookup/doi/10.1093/nargab/lqae026#supplementary-data
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Hel308-Ski2

Eukaryal 
PolQ/HelQ

Eukaryal 
Ski2/Mtr4

Eukaryal 
Brr2

Brr2-Ski2

QthoS01.EU537 1590

QthrA01.BAJATHORV1 354

QthoA01.AM324 2363

QthoF01.C4K49 644

QthoE01.C4K47 199

QthoL01.DRO73 1283
QthoR01.EU546 848

QthoG01.C4K48 1852

QthoD01.THORAB25 1322
QthoB01.AM325 2565

QthoP01.E3J86 1765
QthoK01.DRO87 1764

QthoJ01.DRP09 2177
QthoY01.EU527 559

QthoY01.EU527 1336
QthoZ01.EU528 2685

QthoW01.E4H14 2929QthoO01.E4H12 667QheiD01.CME83 926QheiB01.HEIMC2 688QheiI01.EU534 285QheiL01.E3J43 1634QheiK01.E3J70 1000QheiH01.DRP02 1096QlokG01.EU542 1505QlokU01.EU536 738QodiA01.ODINLCB4 509QheiA01.HEIMC3 2460QheiE01.CEE45 1077
QlokN01.EU531 727

QlokX01.EU516 187
QloiD01.EU532 2306

QlokL01.CEE42 2597
QlokW01.E3J90 1751
QlokM01.EU540 1392
QloiA01.EU529 2595

QlokK01.EU539 1674

QloiD01.EU532 146

QlokH01.E3J52 1058

QlokZ01.CEE43 3144

QlokA01.LOKIARCH 2820

QloiG01.BAJALOKI2V1 1159

QloiF01.BAJALOKI1V1 2292

QlokD01.EU547 62

QloiH01.BAJALOKI3V1 433

QlokJ01.EU550 657

PsynB01.DSAG12 1651

QlokC01.DRO88 2361

QlokB01.RBG13LOKI 3102

MemaA01.ABO34625.1

MevaA01.ABR54500.1

MvolA01.ADI35803.1

MaeoA01.ABR56398.1

MokiA01.AEH06344.1

MignA01.AEF97210.1

McspA01.ADC68944.1

MjanA01.AAB99409.1

MferA01.ACV24419.1

MvulA01.ACX72278.1

McinA01.ADG12814.1

NpelA01.AGB33428.1

NaspA01.AFO55500.1

NgreA01.AFZ72876.1

HalaA01.APW99991.1

HxanA01.AEH36250.1

NoccA01.AGB36046.1

HturA01.ADB59209.1

HlarA01.AHF98438.1

HdaqA01.APX97366.1

NmagA01.ASHA

NaegA01.ARS89637.1

NatsA01.AXR83246.1

HrubA01.AGB17215.1

HspeA01.RAD24A

HsalA01.ASHA

HhubA01.ASHA

HsulA01.AKH96664.1

HforA01.APE94581.1

HjeoA01.ADJ13743.1

HgibA01.AKU06437.1

HvolA01.ASHA

HmedA01.AFK18010.1

HlacA01.ACM55662.1

HlitA01.ATW90104.1

HapsA01.AXG09577.1

QhalA01.AEN07067.1

HalsA01.AJF25705.1

HmarA01.RAD24A

HhisA01.AEM55677.1

HtaiA01.AUG46025.1

HtiaA01.CCQ33840.1

HutaA01.ACV12120.1

HmukA01.ACV47162.1

HlspA01.AQL42938.1

NmooA01.ASHA

NphaA01.ASHA

SaruA01.AUV80330.1

HborA01.ADQ68432.1

HwalA01.ASHA

QaarA01.AUX10663.1

SaspA01.AGN01966.1

MhorA01.AKB79391.1

MmazA
01.AAM32076.1

Mace
A01.AAM04826.1

Msic
A01.AKB28418.1

MlacA
01.AKB74067.1

Mba
rA

01
.AAZ72

46
3.1

Mva
cA

01
.AKB44

33
3.1

Mhe
rA

01
.AKB11

99
4.1

Mss
pA

01
.AKB25

66
8.1

Mbu
rA

01
.ABE51

19
0.1

Mem
eA

01
.A

KB84
79

6.1

Mho
lA01

.A
GB49

75
0.1

Mps
yA

01
.A

FV22
46

7.1

Mmah
A01

.A
DE36

30
1.1

Mha
lA01

.A
PH39

71
9.1

Mzh
iA

01
.A

EH60
66

3.1

Mev
eA

01
.A

DI74
73

4.1

Mha
rA

01
.A

ET6
55

85
.1

Msc
oA

01
.A

EB69
22

5.1

Meth
A01

.A
BK1

50
11

.1

Mfor
A0

1.A
GB0

15
27

.1

CmetA
01

.A
BS

56
75

7.1

M
pa

lA
01

.A
CL1

55
73

.1

M
lab

A0
1.
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Figure 1. ( A ) Domain architecture of eukaryal and archaeal Ski2-like helicase family members. The human Brr2 (SNRNP200), Saccharomyces cerevisiae 
Slh1 (G9365), Ski2 (L8084.17) and Mtr4 (J1158) and Pyrococcus furiosus Hel308-Ski2 / Hjm (PF0677) architectures are compared to the one of 
Pyrococcus ab y ssi ASH-Ski2 (P AB Y2313). T he conserv ed SF2 core composed of the R ecA1 and R ecA2 domains are in orange shades. T he Winged Helix 
(WH) and Ratchet domains, outlining the Ski2-like family, are in green shades. The Helix hairpin Helix (HhH) and Helix loop Helix (HlH) found in Brr2 and 
Hel308-Ski2 and the Fibronectin type III domain (FN3) only present in Brr2 are in pink shades. For Brr2, the Ratchet, HhH and FN3 domains are grouped 
together in the Sec63 domain. In Mtr4 and Ski2, the Arch domain (PF13234) in light blue is inserted into the WH domain. Specific accessory domains 
are shown in blue, pink and grey shades. The β hairpin ( β) and the Zinc-Finger (ZF) domains typical of Mtr4 and ASH-Ski2, respectively are in blue and 
gre y. T hree-dimensional str uct ures ha v e been solv ed f or Brr2, Ski2, Mtr4, Hel308-Ski2 and ASH-Ski2 impaired f or its N-terminal domain. T he CO G f or 
each member is indicated. ( B ) Phylogenetic tree and domain organization of archaeal and eukaryal Ski2-like helicases. The tree is rooted to the branch 
that separates the subtrees containing Ski2 and Mtr4 eukaryotic sequences. The branches are coloured according to their ultra-fast bootstrap value 
using a colour gradient from red (bootstrap value of 0) to blue (bootstrap value of 100) with flashy green at midpoint values. The taxonomic origin of the 
sequences is shown in the first outer ring: pink for Euryarchaeota, purple for TACK-group, light green for Asgard, orange for DPANN, light orange for 
environmental samples and turquoise for eukaryotes. To highlight the different Ski2-like subfamilies, their corresponding subtrees are coloured: light 
green for Hel308-Ski2 sequences, light blue for ASH-Ski2 proteins and light purple for Brr2-Ski2 homologs. The Pfam motif architecture for each member 
is specified at the circumference of the tree. Their colour code is given in the legend panel ‘Pfam domains’. The location of reference sequences as well 
as those of P. ab y ssi and T. barophilus ha v e been highlighted. The sequence identifiers for each subtree are in Supplementary Table S1 . 

 

 

 

 

 

 

 

 

XL Kit (Stratagene). The pET11b vector expressing the trun-
cated ASH-Ski2 �N 

was constructed by reverse PCR on the
pET11b::ASH-Ski2 WT using specific phosphorylated oligonu-
cleotides and by DNA ligation (T4 DNA ligase). 

Purification of ASH-Ski2 and Hel308 recombinant 
proteins from P. abyssi 

E. coli BL21-codon+ (DE3) cells freshly transformed with
pET11b::ASH-Ski2, pET11b::ASH-Ski2 �N 

, pET11b::ASH-
Ski2 K245A 

and pET11b::Hel308 vectors were grown in 400 ml
of LB medium at 37 

◦C. Protein production was induced at 
OD 600nm 

0.6 with 0.15 mM IPTG. After 3h of induction 

at 30 

◦C, the cells were collected, suspended in 10 ml of ly- 
sis buffer (50 mM Tris-HCl pH 7.5, 300 mM NaCl, 10% 

glycerol) supplemented with 1 mg.ml −1 of lysozyme and a 
mix of EDTA-free protease inhibitor (cOmplete™, Roche,
Merck KGaA, Darmstadt, Germany), and lysed by sonication 

(4x [5 × 10 sec], 50% cycle, VibraCell Biolock Scientific).
The cleared extracts, obtained by centrifuging the crude ex- 
tract (20 000 g, 4 

◦C, 20 min), were treated with a mix of 
RNase A (20 μg ml −1 ), RNase T1 (1 U μl −1 ) and DNase I 

https://academic.oup.com/nargab/article-lookup/doi/10.1093/nargab/lqae026#supplementary-data


NAR Genomics and Bioinformatics , 2024, Vol. 6, No. 1 5 

(  

A  

f  

T  

t  

C  

a  

f  

f  

A  

c  

e  

A  

t  

i  

c  

a  

2  

f  

W

P

T  

D  

r  

t  

D  

k  

d  

p  

R  

b  

e  

p  

n  

a

N

D  

o  

γ  

v  

f  

p  

a  

a  

c  

t  

t  

P  

w  

u

A

2  

t  

m  

f  

a  

a  

o  

e  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

20 μg ml −1 ) containing 10 mM of MgCl 2 for 30 min at 37 

◦C.
fter a heating step at 70 

◦C for 20 min, the extracts were
urther clarified by centrifugation (20 000 g, 4 

◦C, 20 min).
he recombinant proteins were purified from the soluble frac-

ions to near homogeneity using FPLC (Fast Protein Liquid
hromatography, Äkta-purifier10, GE-Healthcare) by a hep-
rin column (Heparin FF) and ion exchange column (SP-HP
or ASH-Ski2, ASH-Ski2 �N 

and ASH-Ski2 K245A 

, and Q-HP
or Hel308) with a linear gradient of NaCl (300 mM to 1 M).
ll the recombinant proteins were then dialyzed in a buffer
ontaining 20 mM HEPES pH 6.8, 300 mM NaCl, 10% Glyc-
rol. Using Bradford protein assays, protein concentrations of
SH-Ski2, ASH-Ski2 K245A 

, ASH-Ski2 �N 

and Hel308 were de-
ermined to be 15, 5, 2 and 10 μM, respectively. The oligomer-
zation state of ASH-Ski2 was determined by size exclusion
hromatography. 5 μM of the purified protein was loaded on
 size-exclusion Superdex 200 Increase 10 / 300 GL column in
0 mM HEPES pH 7.5, 300 mM NaCl, 5% Glycerol. The
ractions were analysed by Coomassie-blue SDS-PAGE and

estern blotting. 

reparation of radiolabelled nucleic acid substrate 

he 26-nt RNA (RNA 26 ) and the DNA (DNA 26 , DNA 31 ,
NA 50 and DNA 59 ) oligonucleotides were synthesized by Eu-

ofins Genomics. The 50-nt RNA substrate (RNA 50 ) was ob-
ained by in vitro transcription from a PCR fragment where
NA 50 was fused to the T7 promoter using the MEGAscript
it (Ambion). The DNA and RNA substrates were 5 

′ -end ra-
iolabelled using T4 polynucleotide kinase and γ- 32 P-ATP. To
repare nucleic acid duplexes, the radiolabelled short DNA or
NA oligonucleotides were mixed with complementary unla-
elled DNA or RNA strands at a 1:1 molar ratio (100 nM
ach), incubated for 5 min at 95 

◦C in 1 × SSC buffer (com-
osition), and then slowly cooled at room temperature. The
ucleotide sequences of all the substrates used in this study
re given in ( Supplementary Table S3 ). 

ucleic acid binding assay 

ouble filtration binding assays were performed with range
f protein concentrations from 0 to 200 nM and 0.5 nM of
- 32 P-labelled RNA or DNA substrates using a Slot blot de-
ice (Amersham Biosciences). The protein was preincubated
or 10 min at 65 

◦C in 25 mM Tris–HCl pH 7.5, 50 mM NaAc
H 5.2, 5 mM MgCl 2 and 2.5 mM β-Mercaptoethanol. Upon
dding the substrate, the reactions were incubated for 15 min
t 30 

◦C. Free nucleic acids were separated from nucleoprotein
omplexes on double filtration systems using Nylon and Ni-
rocellulose membranes (AmershamTM Hydond-N and Pro-
ran, respectively). Radioactive signals were measured using a
hosphorImager device and quantified with MultiGauge soft-
are. The apparent dissociation constants K D 

were calculated
sing GraphPad Prism 7 software. 

TP hydrolysis assay 

50 nM of recombinant protein were mixed with P. abyssi to-
al RNA or genomic DNA in a 50 mM HEPES pH 7.5, 50
M KCl, 1 mM MgCl 2 , 2 mM DTT buffer and preincubated

or 10 min at 65 

◦C. 2 mM ATP and 0.85 μCi γ- 32 P-ATP were
dded at the 0-time point. The kinetic process was performed
t 65 

◦C. At the indicated time, aliquots were spotted directly
nto the TLC plate (PEI-cellulose, Macherey Nagel SAS, Ho-
rdt, France). TLC were developed with 0.25 M KH 2 PO 4 . Ra-
dioactive signals were measured as previously and the plots
were derived using GraphPad Prism 7 software. Total RNA
or genomic DNA from P. abyssi were prepared according to
( 55 ) and ( 56 ), respectively. 

Helicase unwinding assay 

The unwinding assays were done with 250 nM of protein, 5
nM of γ- 32 P-labeled nucleic acid duplex and a 200-fold excess
of the unlabelled oligo trap (1 μM). The protein was preincu-
bated separately for 5 min at 65 

◦C in 25 mM Tris–HCl pH 8,
50 mM NaAc, 2.5 mM β-Mercaptoethanol, 5 mM MgCl 2 , 5
mM ATP. After addition of the recombinant protein, the reac-
tion mixtures were incubated at 65 

◦C for the indicated times
and then quenched with 0.1% SDS, 8 mM EDTA, 0.1 mg ml −1

Proteinase K, 0.02% Bromophenol blue, and 4% glycerol. The
reaction products were separated on a native 8% polyacry-
lamide gel (1 × TBE, 0.1% SDS) by electrophoresis in 1 × TBE
(200 V, 90 min). Radioactive signals were measured using a
PhosphorImager device and quantified with MultiGauge soft-
ware. All assays were repeated at least three times. The plots
were derived using GraphPad Prism 7 software. 

Strand-annealing assay 

5 nM of radiolabelled substrates and 250 nM of recombi-
nant protein were preincubated separately for 5 min at 65 

◦C
in 25 mM Tris–HCl pH 8, 50 mM NaAc and 2.5 mM β-
Mercaptoethanol. The reactions were started by mixing the
protein and nucleic acid samples. After incubation at 65 

◦C,
samples of 5 μl were withdrawn at the indicated time points.
The reactions were quenched and analysed as above. All as-
says were independently repeated at least three times. 

Transcriptomic analysis 

The strains of Thermococcus barophilus used for tran-
scriptomic were UBOCC-M-3300 and UBOCC-M-3315, re-
spectively harbouring the genotypes �TERMP_RS02570
(old locus tag TERMP_00517) (Wild-Type reference) and
�TERMP_RS02570 �ASH-Ski2. The chromosomal copy of
TERMP_RS08745 (old locus tag : TERMP_01768 , encoding
Tba -ASH-Ski2) was deleted by the pop-in / pop-out method
to generate the T. barophilus �ASH-Ski2 strain as described
in ( 38 ). Biomass productions were performed in standard
growth conditions (TRM with sulphur, anaerobia, 85 

◦C under
atmospheric pressure). Total RNAs were extracted from three
independent exponentially grown cultures (50 ml of culture
containing by means 10 

7 of cells, 6h after inoculation from
over-night stationary culture) and the mean quantity of total
RNAs was 280 ng. μl −1 (RIN = 8.8). 

Samples were sequenced by Genewiz through two inde-
pendent batches of 30 samples in total using a HiSeq Illu-
mina sequencer (paired-end sequencing, 150 bp reads, ∼75M
reads / sample). The quality of each raw sequencing file (fastq)
was verified with FastQC. All files were aligned to the refer-
ence T. barophilus genome (GCA_000151105.2) using STAR
aligner ( 57 ). The read count per sample was computed us-
ing HT-seq count ( 58 ). The raw count table was cleaned for
lowly expressed genes, genes with an averaged raw read count
per sample higher or equal to five were kept. Based on mul-
tivariate data exploration: PCA and hierarchical clustering
with Euclidian distance, the sample WT2 was identified as
outlier and removed from the analysis. Differential analysis
was then applied to compare three mutant samples against

https://academic.oup.com/nargab/article-lookup/doi/10.1093/nargab/lqae026#supplementary-data
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five WT samples using DESeq2 Bioconductor R-package ( 59 ).
DESeq2 normalization was applied on the raw read counts,
taking account of the type and the batch effect, and log 2 fold
change (log 2 FC) values were computed for each gene. P -values
for the significance of each fold change were then computed
and adjusted for multiple testing. Single gene analysis was per-
formed using the RT-qPCR method. cDNA produced on total
RNA template with reverse transcriptase (Superscript VI, In-
vitrogene) and random hexamers was quantified by real-time
qPCR using iTaq universal SYBR Green Supermix (Bio-Rad)
and the ViiA7 AB Applied Biosystems (Life Technologies).
Primer pairs used for amplification are available upon request.
Signals were analysed with Quant Studio Real Time PCR Soft-
ware v1.1 and were normalized to TERMP_RS03110 (old lo-
cus tag TERMP_00623; NTPase). Error bars correspond to
standard deviations of three independent cultures for each
strain. In order to apply a Gene Ontology Analysis with R-
packages we decided to generate our own OrgDb package
for T. barophilus . The two databases Quickgo and UniProt
were merged cleaned and organized according to orgDb re-
quirements. The AnnotationForge Bioconductor R-package
( 60 ) was used to create a custom in-house R-package. In
this database, the type of ontology was missing (Molecu-
lar function (MF), biological process (BP) or cellular com-
ponent (CC)). To complete our in-house R-package ontology
information, other well-annotated genomes (human, mouse,
drosophila, C. elegans , S. cerevisiae ) databases were used in
order to select the type of ontology for common GO terms.
Ontology types for 961 GO terms were found. Gene On-
tology was then performed on the significantly differential
genes (adjusted P -values < 0.05) using ClusterProfiler Bio-
conductor R-package ( 61 ). Transcripts Per Kilobase Million
(TPM) were mapped onto the genome of T. barophilus (Ref-
seq NC_014804.1) with Anvi’o (v7) ( 62 ) as for Thermococcus
piezophilus RNA-seq data processing ( 63 ). 

Results 

Comprehensive search for Ski2-like protein 

members in archaeal genomes 

In contrast to the roles of eukaryotic Ski2-like helicases in
RNA homeostasis, functions and reports of archaeal Ski2-
like helicase family members are still scarce ( 6 ). Among the
SF2 helicase families, the Ski2-like proteins are defined by
unique accessory domains that decorate the helicase core and
provide additional functionalities ( 8 ,64 ) (Figure 1 A). Com-
bined, Ski2-like structures have demonstrated that the molec-
ular ‘core’ of all Ski2-like helicases is a ring-like four domain
assembly of two adjacent RecA-like domains corresponding
to the ‘DEAD’ (RecA1) and ‘Helicase C’ (RecA2) Pfam do-
mains, a winged helix domain and a ratchet domain ( 7 ,65 )
(Figure 1 A). We achieved an in-depth phylogenomic analysis
to get insights into the significance of the Ski2-like helicase
family in Archaea. Our study included 294 archaeal genomes,
of which 219 non-redundant genomes were fully sequenced
and well annotated. To ensure a coverage of archaeal diversity,
we also included 75 Asgard genomes, which are partially an-
notated. To get further insight into the evolutionary relation-
ships among members of this family, we added ten eukaryotic
genomes of representative organisms to highlight the relation-
ships between eukaryotic and archaeal Ski2-like members. 
We performed similarity searches against the COG1202,
COG1204 and COG4581 profiles from the Conserved Do- 
main Database that cover archaeal ASH-Ski2 and Hel308- 
Ski2 helicases as well as eukaryal Mtr4 and Ski2 helicases,
respectively. We collected 536 members, including 70 belong- 
ing to eukaryotes ( Supplementary Table S1 ). A maximum- 
likelihood Ski2-like phylogenetic tree was inferred from the 
multiple sequence alignment of the sole SF2 helicase core re- 
gion composed of the RecA1-RecA2 domains in order to elim- 
inate the variability of the N-terminal and C-terminal regions 
of the Ski2-like proteins. Using the Pfam domain organization 

and the tree topology, we can distinguish four distinct groups 
(Figure 1 B). We named each group based on previously re- 
ported features of some members and their location on the 
tree ( 6 ,7 ). 

Two groups corresponding to two subtrees, well sup- 
ported by bootstrap values of 100%, can be clearly identi- 
fied. The first one, which was used to root the tree, corre- 
sponds to the unique group exclusively composed of eukaryal 
sequences that segregates into two subtrees corresponding 
to Mtr4 and Ski2 proteins respectively and that is charac- 
terized by the COG4581 (Figure 1 B, in white). The second 

group, at the opposite end of the tree, that is monophyletic 
and specific of the archaeal domain, corresponds to the ASH- 
Ski2 proteins and is characterized by the COG1202 (Fig- 
ure 1 B, in blue). The remaining sequences are found un- 
der a same ancestral node and all possess the COG1204.
According to the domain organization and the tree topol- 
ogy, two distinct sub-groups emerged. One sub-group sharing 
a common domain organization, is not monophyletic. This 
subgroup includes the archaeal Hel308 sequences from M.
thermautotrophicus (MtheA01.AAB85310.1; SP: O26901),
S. tokodaii (StokA01.HJM; SP: Q974S1) and S. islandicus 
(SislA01.ACP34435.1; SP: C3MKR0) as well as the eukary- 
otic PolQ and HelQ sequences (Figure 1 B, in green). This 
group was accordingly termed, Hel308-Ski2. Its topology is 
not as well resolved and it harbours a large number of short 
deep branches. Remarkably, we noticed that the Hel308- 
Ski2 eukaryotic sequences branch with the Asgard sequences 
highlighting the close relationship between Asgard and Eu- 
karya ( 66 ). The second sub-group includes eukaryotic Brr2 se- 
quences and forms a well-supported subtree (100% SH-aLRT 

bootstrap support). This sub-group was termed Brr2-Ski2, due 
to the identification of the sec63 Pfam domain in both the ar- 
chaeal and eukaryotic sequences (Figure 1 B, in violet). We ob- 
served that the Brr2-Ski2 subtree emerged from the Hel308- 
Ski2 group. 

The taxonomic distribution of the retrieved archaeal se- 
quences within each of the three groups indicates that most 
archaeal genomes encode Hel308 proteins (Figure 2 ). The ab- 
sence of Hel308 in 18 of the 42 Asgard genomes, includ- 
ing 13 of the 15 Lokiarchaeota genomes, remains question- 
able given the lower quality and incompleteness of these 
genomes. Regarding the ASH-Ski2 group, its members appear 
to be restricted to most euryarchaeal groups, except for the 
Archeoglobales and Thermoplasmata as previously observed 

( 38 ) (Figure 2 ). In this study, we identified ASH-Ski2 mem- 
bers in 38 out of 42 Asgard genomes providing evidence for 
the presence of ASH-Ski2 within the Asgard group. Finally,
the Brr2-Ski2 members are restricted to Halobacteria, two 

genomes of Methanocellales and one Asgard genome ( Can- 
didatus Heimdallarchaeota archaeon LC_3 ) (Figure 2 ). 

https://academic.oup.com/nargab/article-lookup/doi/10.1093/nargab/lqae026#supplementary-data
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Taxonomic groups

Woesearchaeota

Nanohaloarchaea

Micrarchaeota

Diapherotrites

Heimdallarchaeota

Odinarchaeota

Lokiarchaeota

Thorachaeota

Thaumarchaeota

Korarchaeota

Crenarchaeota

Thermococci

Methanopyri

Methanomada group

Thermoplasmatota

Archaeoglobi

Stenosarchaea group

DPANN-group

Asgard-group

TACK-group

Euryarchaeota

Hel308
Genome

ASH
Brr2

Methanomicrobia

Halobacteria

Natrinema sp. J7-2
Natrinema pellirubrum DSM 15624
Haloterrigena turkmenica DSM 5511
Haloterrigena daqingensis JX313
Natrialba magadii ATCC 43099
Natronococcus occultus SP4
Halobiforma lacisalsi AJ5
Natronobacterium gregoryi SP2
Halopiger xanaduensis SH-6
Natronolimnobius aegyptiacus JW/NM-HA 15
Natronolimnobius sp. AArc-Mg
Halostagnicola larsenii XH-48
Halovivax ruber XH-70
Salinarchaeum sp. Harcht-Bsk1
Haloferax gibbonsii ARA6
Haloferax volcanii DS2
Haloferax mediterranei CGMCC 1.2087
Halogeometricum borinquense PR 3
Haloquadratum walsbyi DSM 16790 = HBSQ001
Salinigranum rubrum GX10
Haloplanus sp. CBA1112
Halorubrum lacusprofundi ATCC 49239
archaeon AArc-Sl
Halohasta litchfieldiae tADL
halophilic archaeon DL31
Haloarcula sp. CBA1115
Haloarcula hispanica CGMCC 1.2049
Haloarcula marismortui ATCC 43049
Haloarcula taiwanensis Taiwanensis
Halomicrobium mukohataei DSM 12286
Halorhabdus tiamatea type strain: SARL4B
Halorhabdus utahensis DSM 12940
Natronomonas moolapensis 8.8.11
Natronomonas pharaonis Gabara
Halorientalis sp. IM1011
Halalkalicoccus jeotgali B3
Halobacterium salinarum DSM 671 = R1
Halobacterium salinarum NRC-1; ATCC 700922
Halobacterium hubeiense JI20-1
Halodesulfurarchaeum formicicum HSR6
Halanaeroarchaeum sulfurireducens HSR2
Methanoregula boonei 6A8
Methanoregula formicica SMSP
Methanosphaerula palustris E1-9c
Methanoculleus bourgensis MS2T
Methanoculleus sp. MAB1
Methanoculleus marisnigri JR1
Methanospirillum hungatei JF-1
Methanolacinia petrolearia DSM 11571
Methanocorpusculum labreanum Z
Methanosarcina acetivorans C2A
Methanosarcina siciliae T4/M
Methanosarcina horonobensis HB-1
Methanosarcina mazei Go1
Methanosarcina lacustris Z-7289
Methanosarcina barkeri Fusaro
Methanosarcina vacuolata Z-761
Methanosarcina thermophila TM-1
Methanosarcina sp. MTP4
Methanococcoides burtonii DSM 6242
Methanococcoides methylutens MM1
Methanohalophilus halophilus Z-7982
Methanohalophilus mahii DSM 5219
Methanomethylovorans hollandica DSM 15978
Methanolobus psychrophilus R15
Methanohalobium evestigatum Z-7303
Methanosalsum zhilinae DSM 4017
Methanosaeta thermophila PT
Methanosaeta concilii GP6
Methanosaeta harundinacea 6Ac
Methanocella conradii HZ254
Methanocella paludicola SANAE
Methanocella arvoryzae MRE50
Archaeoglobus fulgidus DSM 4304
Archaeoglobus profundus DSM 5631
Archaeoglobus sulfaticallidus PM70-1
Archaeoglobus veneficus SNP6
Geoglobus acetivorans SBH6
Geoglobus ahangari 234
Ferroglobus placidus DSM 10642
Ferroplasma acidarmanus fer1
Ferroplasma acidiphilum Y
Picrophilus torridus DSM 9790
uncultured archaeon
Thermoplasma acidophilum DSM1728
Thermoplasma volcanium GSS1
Cuniculiplasma divulgatum S5(T) (=JCM 30642; =VKM B-2941)
Aciduliprofundum boonei T469
Aciduliprofundum sp. MAR08-339
Candidatus Methanomethylophilus alvus Mx1201
Thermoplasmatales archaeon BRNA1
methanogenic archaeon ISO4-H5
Candidatus Methanoplasma termitum MpT1
Candidatus Methanomassiliicoccus intestinalis Issoire-Mx1
Methanobacterium sp. MB1
Methanobacterium formicicum BRM9
Methanobacterium subterraneum MO-MB1
Methanobacterium lacus AL-21
Methanobacterium congolense
Methanosphaera sp. BMS
Methanosphaera stadtmanae DSM 3091
Methanobrevibacter millerae SM9
Methanobrevibacter smithii ATCC 35061; PS; DSMZ 861
Methanobrevibacter olleyae YLM1
Methanobrevibacter ruminantium M1
Methanobrevibacter sp. AbM4
Methanothermobacter sp. CaT2
Methanothermobacter thermautotrophicus Delta H
Methanothermobacter marburgensis Marburg
Methanothermobacter wolfeii
Methanothermus fervidus DSM 2088
Methanococcus maripaludis C5
Methanococcus vannielii SB
Methanococcus voltae A3
Methanococcus aeolicus Nankai-3
Methanothermococcus okinawensis IH1
Methanotorris igneus Kol 5
Methanocaldococcus fervens AG86
Methanocaldococcus jannaschii DSM 2661
Methanocaldococcus sp. FS406-22
Methanocaldococcus vulcanius M7
Methanocaldococcus infernus ME
Methanopyrus kandleri AV19
Thermococcus eurythermalis A501
Thermococcus nautili 30-1
Thermococcus gammatolerans EJ3; DSM 15229
Thermococcus guaymasensis DSM 11113
Thermococcus gorgonarius W-12
Thermococcus kodakarensis KOD1
Thermococcus peptonophilus OG-1
Thermococcus profundus DT 5432
Thermococcus pacificus P-4
Thermococcus siculi RG-20
Thermococcus sp. 4557
Thermococcus thioreducens OGL-20P
Thermococcus radiotolerans EJ2
Thermococcus barossii SHCK-94
Thermococcus celer Vu 13
Thermococcus onnurineus NA1
Thermococcus piezophilus CDGS
Thermococcus litoralis DSM 5473
Thermococcus sibiricus MM 739
Palaeococcus pacificus DY20341
Thermococcus barophilus MP
Pyrococcus abyssi Orsay
Pyrococcus horikoshii OT3
Pyrococcus sp. NA2
Pyrococcus furiosus DSM 3638
Pyrococcus kukulkanii NCB100
Thermococcus chitonophagus
Pyrococcus yayanosii CH1
Acidianus sulfidivorans JP7
Acidianus manzaensis YN-25
Acidianus hospitalis W1
Acidianus brierleyi DSM 1651
Metallosphaera hakonensis HO1-1
Metallosphaera sedula DSM 5348
Metallosphaera cuprina Ar-4
Sulfolobus islandicus L.S.2.15
Sulfolobus solfataricus P2
Sulfolobus sp. A20
Sulfolobus acidocaldarius DSM 639
Sulfolobus tokodaii 7
Sulfodiicoccus acidiphilus HS-1
Ignicoccus hospitalis KIN4/I
Ignicoccus islandicus DSM 13165
Acidilobus sp. 7A
Acidilobus saccharovorans 345-15
Caldisphaera lagunensis DSM 15908
Aeropyrum camini SY1
Aeropyrum pernix K1
Hyperthermus butylicus DSM 5456
Pyrodictium delaneyi Su06
Pyrolobus fumarii 1A
Fervidicoccus fontis Kam940
Ignisphaera aggregans DSM 17230
Desulfurococcus fermentans DSM 16532
Desulfurococcus kamchatkensis 1221n
Desulfurococcus mucosus DSM 2162
Thermosphaera aggregans DSM 11486
Thermogladius calderae 1633
Staphylothermus hellenicus DSM 12710
Staphylothermus marinus F1
Pyrobaculum arsenaticum DSM 13514
Pyrobaculum oguniense TE7
Pyrobaculum aerophilum IM2
Pyrobaculum ferrireducens 1860
Pyrobaculum islandicum DSM 4184
Pyrobaculum neutrophilum V24Sta
Pyrobaculum calidifontis JCM 11548
Thermoproteus tenax Kra 1
Thermoproteus uzoniensis 768-20
Vulcanisaeta distributa DSM 14429
Vulcanisaeta moutnovskia 768-28
Caldivirga maquilingensis IC-167
Thermofilum adornatus 1910b
Thermofilum pendens Hrk 5
Thermofilum uzonense 1807-2
Candidatus Korarchaeum cryptofilum OPF8
Candidatus Nitrosopumilus adriaticus NF5
Candidatus Nitrosopumilus sp. AR2
Candidatus Nitrosomarinus catalina SPOT01
Candidatus Nitrosopumilus koreensis AR1
Nitrosopumilus maritimus SCM1
Cenarchaeum symbiosum A
Candidatus Nitrosopelagicus brevis CN25
Candidatus Nitrosotalea devanaterra
Candidatus Nitrososphaera evergladensis SR1
Nitrososphaera viennensis EN76
Candidatus Nitrososphaera gargensis Ga9.2
Candidatus Nitrocosmicus oleophilus MY3
Candidatus Nitrosocaldus cavascurensis SCU2
Candidatus Caldiarchaeum subterraneum
Candidatus Thorarchaeota archaeon
Candidatus Thorarchaeota archaeon
Candidatus Thorarchaeota archaeon
Candidatus Thorarchaeota archaeon
Candidatus Thorarchaeota archaeon
Candidatus Thorarchaeota archaeon SMTZ1-45
Candidatus Thorarchaeota archaeon AB_25
Candidatus Thorarchaeota archaeon
Candidatus Thorarchaeota archaeon
Candidatus Thorarchaeota archaeon
Candidatus Thorarchaeota archaeon
Candidatus Thorarchaeota archaeon
Candidatus Thorarchaeota archaeon SMTZ1-83
Candidatus Thorarchaeota archaeon
Candidatus Thorarchaeota archaeon
Candidatus Thorarchaeota archaeon
Candidatus Thorarchaeota archaeon
Candidatus Thorarchaeota archaeon
Candidatus Lokiarchaeota archaeon
Candidatus Lokiarchaeota archaeon Loki_b32
Lokiarchaeum sp. GC14_75
Candidatus Lokiarchaeota archaeon Loki_b31
Candidatus Lokiarchaeota archaeon
Candidatus Lokiarchaeota archaeon
Candidatus Lokiarchaeota archaeon
Candidatus Lokiarchaeota archaeon
Candidatus Lokiarchaeota archaeon
Candidatus Lokiarchaeota archaeon
Candidatus Lokiarchaeota archaeon
Candidatus Prometheoarchaeum syntrophicum
Candidatus Lokiarchaeota archaeon
Candidatus Lokiarchaeota archaeon
Candidatus Lokiarchaeota archaeon CR_4
Candidatus Odinarchaeota archaeon LCB_4
Candidatus Heimdallarchaeota archaeon LC_2
Candidatus Heimdallarchaeota archaeon
Candidatus Heimdallarchaeota archaeon AB_125
Candidatus Heimdallarchaeota archaeon
Candidatus Heimdallarchaeota archaeon
Candidatus Heimdallarchaeota archaeon
Candidatus Heimdallarchaeota archaeon LC_3
Candidatus Heimdallarchaeota archaeon B3_Heim
archaeon GW2011_AR10
Candidatus Mancarchaeum acidiphilum Mia14
Nanohaloarchaea archaeon SG9
archaeon GW2011_AR20

Figure 2. Taxonomic distribution of Hel308-Ski2, ASH-Ski2 and Brr2-Ski2. The species tree of the archaeal genomes was deduced from sets of 120 
concatenated sequence alignments. The branches are coloured according to their ultra-fast bootstrap value using the same colour gradient as above. 
The tree was rooted on DPANN Archaea according to ( 53 ). The taxonomic colour code is given in the legend panel ‘taxonomic groups’ in the tree order, 
from top to bottom. An indicative genome completeness, based on the presence (green) or absence (red) of the 120 markers used for the tree 
construction, is shown as a histogram adjacent to the species tree. Occurrences of each subfamily are plotted using the same colour code as above. 
Darker shades indicate multiple copies. 
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To go further into the evolutionary routes undertaken by
both ASH-Ski2 and Hel308-Ski2 sequences, we inferred two
maximum-likelihood phylogenetic trees using GeneRax ( 54 )
( Supplementary Figure S1 ). The tree topologies were opti-
mized using the species tree, gene duplication, gene loss, hor-
izontal gene transfer (HGT) and vertical inheritance (called
speciation in GeneRax). We compared the ASH-Ski2 and
Hel308-Ski2 tree topologies with the archaeal species tree
( Supplementary Figure S1 ). The tips of the reconciled protein
tree are linked to the corresponding species of the tree. Incon-
gruences between both trees are revealed by the crossing of
the lines connecting the species to the corresponding protein.
For the reconciled ASH-Ski2 tree ( Supplementary Figure S1 A),
GeneRax predicted 141 events of vertical inheritance, three
duplication events (two being recent duplications correspond-
ing to the presence of duplicated genes in two current species),
25 HGTs and 29 loss events. Only a few incongruences are
observed within taxonomic groups but none between groups
( Supplementary Figure S1 A). For the reconciled Hel308-Ski2
tree ( Supplementary Figure S1 B), GeneRax has predicted 206
events of vertical inheritance, 4 duplications events (two be-
ing recent duplications corresponding to the presence of du-
plicated genes in two current species, and an older one en-
compassing mainly Haloferacales genomes ( Supplementary 
Figure S1 B), 27 HGTs and 57 loss events. A large number
of incongruities are observed, most of them corresponding to
transfers between species of the same taxonomic group and
only two involving a transfer between groups. For both trees,
GeneRax predicted HGTs in the deep branches to reconcile
the order of appearance of the different subtrees. These incon-
gruences are probably due to (i) the quality of the alignment
as these sequences are poorly conserved resulting in an insuf-
ficient number of aligned sites containing a phylogenetic sig-
nal and (ii) methodological problems linked to the tree recon-
struction approach and the substitution model that may not
capture all the complexity of protein evolution even though
the model used was determined as the best suited. For ex-
ample, on the Hel308-Ski2 tree, the Methanomada and Ther-
moplasmata groups are not monophyletic as expected leading
GeneRax to evoke HGTs to reconcile protein and species trees
while this inconsistency may be due to insufficient signal in the
multiple alignment. The same pertains for the Methanomada
group in ASH-Ski2 tree. Regarding the number of loss events,
GeneRax cannot infer the exact number of losses for at least
one reason: if the gene is present in a species that is not sam-
pled, GeneRax will interpret it as a loss. In conclusion, the
GeneRax analysis of our data reveal that the genes encod-
ing ASH-Ski2 and Hel308-Ski2 have evolved mainly by ver-
tical inheritance, despite uncertainties about the deepest tree
branches. Their absence in some genomes would most likely
result from different independent gene loss events. However,
the losses of ASH-Ski2 in Thermoplasmata and Archaeoglob-
ales may have occurred only once in the common ancestor
of each taxonomic group. In contrast, losses of Hel308-Ski2
are scattered in single genomes throughout the archaea taxon-
omy and may result from several independent events, except
in Asgard where this could be due to incompleteness of their
genome. 

ASH-Ski2 and Hel308 of Pyrococcus abyssi 

In order to gain a better understanding of the distinction be-
tween the biological functions of both groups, ASH-Ski2 and
Hel308-Ski2 (denoted also as Hel308 in the following), we 
compared their biochemical activities using Pyrococcus abyssi 
as study model. Both proteins, ASH-Ski2 and Hel308, possess 
accessory domains in addition to the Ski2 core domain (Fig- 
ure 3 A). Hel308 possesses a Helix-Loop-Helix motif in its C- 
terminal region. ASH-Ski2 harbours a N-terminal extension 

with four strictly conserved cysteines that have the propensity 
to form in a zinc-finger domain ( Supplementary Figure S2 ).
Alignments of the predicted structures of ASH-Ski2 �N 

and 

Hel308 of P. abyssi obtained with AlphaFold software show 

a similar Ski2-core fold (RMSD = 1620) but they differ by 
three insertions for Hel308 and by an extra insertion of three 
α-helices in the ASH-Ski2 �N 

ratchet domain ( Supplementary 
Figures S2 and S3 ). To evaluate the properties of ASH-Ski2 

and Hel308, we purified wild-type and variants recombinant 
proteins ( Supplementary Figure S4 A). In this study, we used 

protein buffers with 300 mM of salt to stabilize P. abyssi pro- 
teins in vitro , as our previous studies have demonstrated ( 38 ).
This salt concentration is also consistent with the intracellular 
ionic strength of approximately 350 mM determined for P. fu- 
riosus under physiological conditions ( 67 ). ASH-Ski2 �N 

and 

ASH-Ski2 K245A 

recombinant proteins lack the specific ASH- 
Ski2 N-terminal domain and motif I known to be crucial 
for the binding of ATP, respectively. In addition, using gel 
exclusion chromatography, we showed that ASH-Ski2 is a 
monomeric enzyme ( Supplementary Figure S4 B). Accordingly,
Hel308 was previously shown to be monomeric ( 35 , 36 , 68 ).
Next, we compared the affinities of ASH-Ski2 and Hel308 to 

bind nucleic acids and their capacities to hydrolyse ATP, to 

unwind RNA and DNA overhang duplex substrates and to 

anneal RNA and DNA strands ( Supplementary Table S3 ). 

ASH-Ski2 and Hel308 nucleic acid binding affinities 

To test the capacity of both proteins to bind single-stranded 

nucleic acids, we used a nitrocellulose-filter binding assay 
( Supplementary Figure S5 A). Briefly, radiolabelled 50nt-DNA 

(DNA 50 ) or 50nt-RNA (RNA 50 ) substrates were incubated 

with increasing concentration of protein (0–200 nM). To de- 
termine the apparent dissociation constant ( K D 

), the percent- 
age of bound fraction was plotted against protein concentra- 
tion (Figure 3 B). Similar K D 

values were observed for Hel308,
ASH-Ski2 and its variant proteins using DNA 50 or RNA 50 as 
substrates (Figure 3 B and Supplementary Figure S5 B). This 
indicates that ASH-Ski2 and Hel308 show no binding speci- 
ficity either towards RNA or DNA molecule. Hence, it seems 
that the base specificity is not responsible for binding in nu- 
cleic acids. It is more likely that the phosphate backbone is 
involved in the binding process. Finally, the N-terminal exten- 
sion of ASH-Ski2 does not hold a major nucleic acid bind- 
ing site ( Supplementary Figure S5 B). Altogether, we showed 

that the presence of ATP did not affect nucleic acid affinity 
constants ( Supplementary Figure S5 C). Finally, we observed 

that the binding curves show a sigmoidal shape with a Hill 
coefficient superior to 1 (S-shape curves), indicating positive 
binding cooperativity or multiple binding sites. Most likely,
more than one molecule of protein binds to multiple sites 
on a single molecule of 50 nt nucleic acids. This feature was 
also described in the case of the archaeal helicase aLhr2 ( 69 ).
Further binding assays were conducted to compare the bind- 
ing of single-stranded RNA (ssRNA) and double-stranded 

RNA (dsRNA) ( Supplementary Figure S5 D). The results sug- 
gest that ASH-Ski2 has a higher tendency to bind to ssRNA 

https://academic.oup.com/nargab/article-lookup/doi/10.1093/nargab/lqae026#supplementary-data
https://academic.oup.com/nargab/article-lookup/doi/10.1093/nargab/lqae026#supplementary-data
https://academic.oup.com/nargab/article-lookup/doi/10.1093/nargab/lqae026#supplementary-data
https://academic.oup.com/nargab/article-lookup/doi/10.1093/nargab/lqae026#supplementary-data
https://academic.oup.com/nargab/article-lookup/doi/10.1093/nargab/lqae026#supplementary-data
https://academic.oup.com/nargab/article-lookup/doi/10.1093/nargab/lqae026#supplementary-data
https://academic.oup.com/nargab/article-lookup/doi/10.1093/nargab/lqae026#supplementary-data
https://academic.oup.com/nargab/article-lookup/doi/10.1093/nargab/lqae026#supplementary-data
https://academic.oup.com/nargab/article-lookup/doi/10.1093/nargab/lqae026#supplementary-data
https://academic.oup.com/nargab/article-lookup/doi/10.1093/nargab/lqae026#supplementary-data
https://academic.oup.com/nargab/article-lookup/doi/10.1093/nargab/lqae026#supplementary-data
https://academic.oup.com/nargab/article-lookup/doi/10.1093/nargab/lqae026#supplementary-data
https://academic.oup.com/nargab/article-lookup/doi/10.1093/nargab/lqae026#supplementary-data
https://academic.oup.com/nargab/article-lookup/doi/10.1093/nargab/lqae026#supplementary-data
https://academic.oup.com/nargab/article-lookup/doi/10.1093/nargab/lqae026#supplementary-data
https://academic.oup.com/nargab/article-lookup/doi/10.1093/nargab/lqae026#supplementary-data
https://academic.oup.com/nargab/article-lookup/doi/10.1093/nargab/lqae026#supplementary-data
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Figure 3. ( A ) Domain protein organization of WT and variants of ASH-Ski2 and Hel308 from P. abyssi . Motif involved in ATP binding and hydrolysis are 
indicated in red, in coordination between nucleic acids and ATP binding in yellow and in nucleic acids binding in blue. ASH-Ski2 K245A results from the 
mutation of the lysine 245 in alanine and ASH-Ski2 �N corresponds to the protein deleted for the N-terminal zinc finger domain. ( B ) Nucleic acid binding 
assa y s w ere perf ormed using 0.5 nM of radiolabelled [ γ-32 P]ATP RNA 50 or DNA 50 incubated with increasing concentrations of ASH-Ski2 (upper panel) 
and Hel308 (lo w er panel) ranging from 0 to 200 nM. RNA 50 or DNA 50 -protein comple x es are retained on the nitrocellulose membrane while unbound 
RNA 50 or DNA 50 molecules are trapped on DEAE nylon membrane ( Supplement ary dat a, Figure S5 A). The percent ages of bound and unbound 
substrates are quantified o v er protein concentration to calculate the apparent affinity constant K D values are indicated in the lower panel table. Values 
represent means of at least three independent experiments. ( C ) ATPase activity of ASH-Ski2 and Hel308 was measured by incubation of radiolabelled 
[ γ- 32 P]ATP at 65 ◦C with 250nM of recombinant protein. Aliquots were taken after increasing times of incubation as indicated. The reaction products 
w ere analy sed b y TLC ( Supplement ary dat a Figure S6 A). T he e xtents of ATP h y droly sis are plotted o v er time. Each datum is an a v erage of three separate 
experiments. Same experiments were carried out in presence of P. abyssi total RNA (+RNA). A control without protein is shown (Ø). 
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than dsRNA substrates, which is in line with the observation
that Ski2-like helicases operate on overhang homoduplex sub-
strates ( 7 ). 

ASH-Ski2 and Hel308 are nucleic-acid dependent 
ATPases 

To measure the capacity of ASH-Ski2 and Hel308 to hydrol-
yse ATP, we performed ATPase assays at 65 

◦C with an excess
of ATP, and in the absence or presence of total RNAs or DNAs
extracted from P. abyssi cells . The release of inorganic phos-
phate was followed over time ( Supplementary Figure S6 A).
Our results show that both total RNA and genomic DNA
stimulate ASH-Ski2 and Hel308 ATPase activities (Figure 3 C
and Supplementary Figure S6 B, respectively). In absence of
nucleic acids, only residual ATP hydrolysis was observed.
This is consistent with the general properties of helicases
that adopt active states through conformational change me-
diated by nucleic acid binding ( 70 ). As observed for other
SF2 helicases, ATP hydrolysis can be inactivated by mutat-
ing conserved motifs in the active site formed by the two
RecA1 and RecA2 domains. The ASH-Ski2 K245A 

protein mu-
tated in the conserved motif I did not exhibit ATPase ac-
tivity ( Supplementary Figure S6 C). On the other hand, the
truncated ASH-Ski2 �N 

, restricted to the Ski2-core domain,
conserved its capacity to hydrolyse ATP meaning that the
N-terminal extension domain of ASH-Ski2 does not inter-
fere with ATP hydrolysis ( Supplementary Figure S6 C). We
observed a noteworthy distinction in the ATP hydrolysis ki-
netics of ASH-Ski2 and Hel308, indicating a slower kinet-
ics for ASH-Ski2 when compared to Hel308 (Figure 3 C
and Supplementary Figure S6 B). It is therefore concluded
that ASH-Ski2 has a lower level of ATPase activity than
Hel308. 

ASH-Ski2 and Hel308 have different unwinding and 

annealing activities and substrate specificities in 

vitro 

Previous works reporting RNA or DNA helicase activities
propose that ATP hydrolysis promotes the unwinding activ-
ity of helicase enzymes ( 8 ,71 ). In this regard, we predicted
that ASH-Ski2 would have low unwinding activity compare
to Hel308 given their respective ATPase activities reported
above. To assess this hypothesis, we tested the capacity of
both proteins to unwind nucleic acid duplexes by using 3 

′

or 5 

′ overhang RNA 50 / RNA 26 or DNA 59 / DNA 31 homodu-
plex substrates ( Supplementary Table S3 ). These substrates
were chosen on the basis of previous studies on M. thermau-
totrophicus and P. abyssi Hel308 ( 32 ,69 ). In our experimen-
tal setup, we used duplexes with the shortest strand labelled
at its 5 

′ end. First, a protein-free control was done to assess
temperature-dependent unwinding of RNA and DNA duplex
substrates at 65 

◦C (Figure 4 A and Supplementary Figure S7 A).
We noticed, as expected, a weaker stability of DNA versus
RNA duplexes which explain the increased lengths of used
DNA substrates. The kinetics of strand dissociation were fol-
lowed by incubating the pre-formed duplexes with purified
proteins, in presence of ATP and of an excess of unlabelled
oligo traps ( Supplementary Figure S7 A). This is to prevent
the reverse pairing reaction by capturing the released single
strand RNA 50 or DNA 59 generated over time. The percent-
age of newly-formed single strands was plotted over time. It
took 40 min for ASH-Ski2 to unwind > 75% of 3 

′ overhang
3 

′ RNA 50 / RNA 26 and < 60% of 3 

′ DNA 59 / DNA 31 duplexes 
(Figure 4 A, left panel). The unwinding activities were even 

less efficient (only 35%) for a 5 

′ overhang 5 

′ RNA 50 / RNA 26 

duplex ( Supplementary Figure S7 B). Altogether, this indicates 
that ASH-Ski2 has a helicase activity with a preference for 3 

′ 

overhang RNA duplexes. The 3 

′ to 5 

′ unwinding polarity pref- 
erence is consistent with the polarity observed for other mem- 
bers of the Ski2-like family including Hel308 from M. ther- 
mautotrophicus ( 7 ,32 ). Furthermore, ASH-Ski2 �N 

showed 

identical kinetics of strand dissociation as the wild-type pro- 
tein indicating that the N-terminal domain is not determi- 
nant in this activity ( Supplementary Figure S7 C, upper panel).
Surprisingly, a slower kinetics of strand dissociation was ob- 
served for ASH-Ski2 K245A 

with no ATPase activity as shown 

above. This indicates that ATP hydrolysis is not a strict re- 
quirement for strand-dissociation activity, in our experimen- 
tal conditions. This may explain why, in the absence of ATP,
an activity of 50% is still observed for the wild-type protein 

( Supplementary Figure S7 C, lower panel). It is possible that,
in this case, the energy required for duplex separation is pro- 
vided by the sole binding of the protein to the nucleic acid sub- 
strate. We performed similar assays with Hel308 which was 
reported to be a helicase with as strong DNA unwinding ac- 
tivity in M. thermautotrophicus and S. solfataricus ( 32 , 35 , 68 ).
Indeed, and in contrast to ASH-Ski2, Hel308 could rapidly 
unwind 80% of 3 

′ overhang 3 

′ DNA 59 :DNA 31 duplexes af- 
ter only 2 min of incubation but was unable to unwind 3 

′ 

overhang RNA duplexes (Figure 4 A, right panel) as observed 

in previous work ( 69 ). Altogether, we concluded that ASH- 
Ski2 and Hel308 have significantly divergent activities and 

substrate preferences. 
Furthermore, we tested the reverse reaction by investigat- 

ing the ability of ASH-Ski2 and Hel308 in annealing RNA 

or DNA single strand oligonucleotides into homoduplexes 
by using the same set of oligonucleotides and experimental 
conditions (Figure 4 B & Supplementary Figure S8 ). The per- 
centage of newly formed duplexes was plotted overtime at 
65 

◦C. A control without protein was run in parallel to mon- 
itor spontaneous temperature dependent duplex formation 

( Supplementary Figure S8 A). Remarkably, ASH-Ski2 assem- 
bled very efficiently 3 

′ -overhang RNA homoduplexes (up to 

80% in < 2 min of incubation) (Figure 4 B, left panel). It has 
been demonstrated that the level of protein concentration di- 
rectly impacts this activity ( Supplementary Figure S8 B). In 

contrast, ASH-Ski2 assembled very poorly DNA substrates 
(Figure 4 B, left panel and Supplementary Figure S8 A). In 

this case, the percentage of formed duplexes is similar to 

that observed in the protein-free control. These results in- 
dicate that ASH-Ski2 has a robust strand-annealing activ- 
ity with a clear preference for RNA substrates. This activ- 
ity is not dependant of the N-terminal domain since iden- 
tical kinetics were observed with the ASH-Ski2 �N 

protein 

variant ( Supplementary Figure S8 C). We conclude that, un- 
der our experimental conditions, ASH-Ski2 mainly adopts 
a state compatible with strand-annealing activity. Interest- 
ingly, ASH-Ski2 K245A 

variant showed a reduced capacity of 
strand-annealing with a plateau reaching only 50% of du- 
plexes indicating that only proportion of this protein vari- 
ant adopts a state compatible with strand-annealing activity 
( Supplementary Figure S8 C). In contrast to ASH-Ski2, Hel308 

shows only a very low strand-pairing capacity, close to the 
control, regardless of the substrates used (Figure 4 B, right 
panel). Altogether, we conclude that ASH-Ski2 and Hel308 

https://academic.oup.com/nargab/article-lookup/doi/10.1093/nargab/lqae026#supplementary-data
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Figure 4. Unwinding and annealing activities of ASH-Ski2 and Hel 308. ( A ) Kinetics of strand dissociation by ASH-Ski2 (left panel) and Hel308 (right 
panel) in the presence of ATP are shown for 3 ′ overhang duplexes (3 ′ RNA 50 / RNA 26 and 3 ′ DNA 59 / DNA 31 ). ( B ) Kinetics of strand association by ASH-Ski2 
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ave significantly divergent in vitro activities and substrate
references (Figure 4 C). 

ranscriptome analysis of thermococcus 

arophilus ASH-Ski2 � strain 

onsidering the outlined activities of ASH-Ski2, we analysed
ts effect on RNA metabolism in vivo by conducting transcrip-
ome analysis. As the present methods do not allow genome
odification of P. abyssi , we opted to employ T. barophilus,
 hyperthermophile Euryarchaeota species from the Thermo-
occales order that is closely related and phylogenetically sim-
ilar, and was initially collected from the same environments.
We were able to generate the ASH-Ski2 � strain by delet-
ing the TERMP_RS08745 gene (previously known as locus
tag TERMP_01768) as detailed in reference ( 38 ). Consid-
ering that the ASH-Ski2 amino acid sequences of P. abyssi
and T. barophilus share 90% similarity, it is postulated that
the two orthologous proteins possess comparable biochem-
ical properties. RNA was extracted from cultures that were
exponentially grown and then subjected to RNA sequenc-
ing. The statistical analysis conducted showed that levels of
452 transcripts were significantly altered (with an adjusted
P -value < 0.05). A total of 231 transcripts demonstrated
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an increase in abundance, whereas the abundance of 221
transcripts decreased in the �ASH-Ski2 strain, as opposed
to the wild-type strain (Figure 5 A and B; Supplementary 
Table S4 ). Amongst these differentially expressed genes,
60 demonstrated a change of more than two-fold, with 40
being up-regulated and 20 being down-regulated. To con-
firm the high throughput data, several genes were subjected
to single-gene RT-qPCR ( Supplementary Figure S9 ). The find-
ings imply that ASH-Ski2 plays a role in the regulation of the
level of 25% mRNAs. In addition, we observed a significant
number of gene clusters, specifically 94 genes in 17 clusters,
among the up-regulated transcripts. We defined gene clusters
as a group of at least three neighbouring genes co-regulated
and associated with the same activity. The largest group con-
sisted of ribosomal proteins (TERMP_RS00440-00535), fol-
lowed by genes involved in the histidine synthesis pathway
(TERMP_RS02155-02200), genes encoding ABC-type trans-
porters and membrane proteins (TERMP_RS02960-02975)
and Na(+)-pumping / NADH-ubiquinone oxidoreductase ion
transporters (TERMP_RS04255-04285). We carried out a
GO enrichment term analysis to categorize impacted RNAs
and to identify potentially affected cellular processes. Genes
that were under-expressed in �ASH-Ski2 strain did not
show any significant GO enrichment. Two categories, namely,
‘structural constituent of ribosome’ (GO:0003735, MF) and
‘ribosomal RNA binding proteins’ (GO:0019843, MF), were
significantly enriched among up-regulated genes due to an ac-
cumulation of transcripts encoding 24 ribosomal proteins, in-
cluding 10 out of 25 proteins of the 30S subunit and 14 out
of 39 proteins of the 50S subunit ( Supplementary Table S5 ). 

Discussion 

Here, we investigated the phylogenetic diversity of archaeal
Ski2-like family members and their biochemical activities us-
ing Thermococcales as models. The present study provides the
first insight into the evolution of the Ski2-like helicase fam-
ily in Archaea and the first evidence of Ski2-like members
in Asgard genomes. We also discovered that, in total, three
main groups of archaeal Ski2-like proteins exist, denoted as
Hel308-Ski2, Brr2-Ski2 and ASH-Ski2, respectively. A phy-
logenetic divergence between ASH-Ski2 and Hel308 was ob-
served and their respective activities were found to be dif-
ferent. Hel308 exhibits DNA helicase activity, initially doc-
umented in ( 30 , 31 , 32 ). In contrast, ASH-Ski2 demonstrates
RNA helicase activity, as reported in here. The two different
activities suggest different cellular roles. 

Hel308-Ski2 DNA helicases are ubiquitous in 

Archaea 

Our study shows that the major group of Ski2-like helicases
that includes Hel308-Ski2 members is almost ubiquitous and
should have evolved by vertical inheritance (Figure 1 B and
Supplementary Figure S1 ). We propose that the absence of
Hel308-Ski2 in single genomes scattered throughout the ar-
chaea taxonomy results from independent loss events, except
in Asgard where this may be due to the incompleteness of their
genome. Eukaryotic PolQ / HelQ DNA helicases have been
found to branch with the Hel308-Ski2 Asgard sequences (Fig-
ure 1 B), consistent with the hypothesis that eukaryal domain
emerged from Asgard archaea ( 1 ,2 ). Previous work assigned

the function of archaeal Hel308 members to DNA metabolism 
( 32 , 35 , 36 ). Consistently, by conducting series of biochemical 
assays to compare the in vitro enzymatic activities of both 

ASH-Ski2 and Hel308 proteins from the P. abyssi archaeon,
our study confirms that Hel308 mainly acts on DNA sub- 
strates while ASH-Ski2 can act on both DNA and RNA. This 
discrepancy may be attributed to the existence of domain 5 

(Helix Loop Helix) (termed ID-H in Supplementary Figures S2 

and S3 ) in the C-terminal domain of Hel308, which serves 
as an autoinhibitory domain specifically towards DNA tar- 
gets during unwinding activities ( 68 ). This region is not con- 
served in ASH-Ski2 ( Supplementary Figures S2 ). The dis- 
crepancy within their C-terminal domains could account for 
the difference in substrate specificities between Hel308 and 

ASH-Ski2. 

Unexpected discovery of the new group of Ski2-like 

helicases, Brr2-Ski2 

Unexpectedly, this study also identifies a new subfamily of 
Ski2-like helicases, the archaeal Brr2-Ski2 group, which is re- 
stricted to Halobacteria and Methanocellales. Indeed, the ar- 
chaeal Brr2-Ski2 clustered with Brr2 eukaryotic homologs un- 
der a same ancestral node, forming a well-supported subtree 
(100% SH-aLRT bootstrap support) which appears to emerge 
from the Hel308-Ski2 group (Figure 1 B). Given tree location 

of archaeal sequences, narrow taxonomic distribution and the 
identification of the eukaryotic sec63 domain (Pfam PF02889) 
in the C-terminal part of some members, we propose that the 
archaeal Brr2-Ski2 sequences have been acquired through at 
least three independent horizontal gene transfer events (in the 
ancestor of Halobacteria, in the ancestor of two Methanocel- 
lales species, and in the Asgard C. Heimdallarchaeota ar- 
chaeon LC_3 ) from eukaryotic genomes that are not sam- 
pled in our study (Figure 1 B). To our knowledge, no study 
reports cellular functions of any halobacteria nor methanocel- 
lales Brr2 members. It was shown that the eukaryal Brr2 

proteins are RNA helicases, with assigned roles in the dy- 
namic regulation of the core splicing machinery ( 21 , 22 , 23 ).
It should be noted that no pre-mRNA splicing like events in- 
volving a spliceosome like-machinery have been described in 

Archaea. Therefore, it is difficult to predict if archaeal Brr2- 
Ski2 members also act as RNA helicases in Halobacteria or 
Methanocellales. 

ASH-Ski2 members are conserved RNA helicases in 

most Euryarchaea and Asgard 

In addition, our study carried out with a large set of genomes,
not only confirms our previous observation ( 38 ) showing that 
ASH-Ski2 group members are restricted to most Euryarchaeal 
group but also, unexpectedly, identified a new subset of ASH- 
Ski2 members in Asgard genomes (38 out of the 42 genomes 
considered in this study) (Figure 2 ). All ASH-Ski2 members 
contain a N-terminal domain with four strictly conserved cys- 
teine residues, which have the propensity to form a zinc finger 
domain. Our analysis shows a good congruence between the 
archaeal species and the ASH-Ski2 trees. Therefore, we pro- 
pose that genes encoding ASH-Ski2 were inherited vertically 
and that a member was encoded in the genome of the ancestor 
of the present-day Asgard, TACK and Euryarchaeota species.
This gene would have been independently lost in the com- 
mon ancestor of the three taxonomic groups, Archaeoglob- 
ales, Thermoplasmatales and TACK. In conclusion, this study 
settles that the ASH-Ski2 branch of the tree is monophyletic 

https://academic.oup.com/nargab/article-lookup/doi/10.1093/nargab/lqae026#supplementary-data
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log2FC > 1.0 40 genes
20 genes

A
down-regulated

B

Figure 5. Effect of the deletion of the gene encoding ASH-Ski2 on the T. barophilus transcriptome. ( A ) 452 transcripts out of 2181 were differentially 
expressed in T. barophilus ASH-Ski2 � strain. Decreased transcripts are shown in light orange and increased in dark orange. 60 transcripts showed 
> 2-fold change (log 2 FC higher than 1); 40 were up- and 20 down-regulated. ( B ) Read mapping and differential gene expression—the blue concentric 
circles represent the wild-type and ASH-Ski2 � reads. Each ray represents a gene expression level. Red bars represent transcripts accumulated in 
ASH-Ski2 � and green bars down-regulated transcripts, (ratio over wild-type). Some of the significantly up-regulated and down-regulated gene clusters 
are highlighted. 
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ith only archaeal members and suggests an important phys-
ological role of ASH-Ski2 in archaeal cells. 

Our work also provides the first evidence that ASH-Ski2
rom the P. abyssi archaeon supports an unwinding activity
ith a 3 

′ -5 

′ polarity and, surprisingly, an efficient annealing
ctivity to form RNA duplexes (summarized in Figure 4 C). To
ssess the function of ASH-Ski2 RNA helicase in Thermococ-
ales cells, we conducted a search for any effect of ASH-Ski2
n T. barophilus transcriptome landscape, but we found no
lear pathway involving ASH-Ski2. We detected a deregula-
ion of 25% of genes, with 3% being up- and down-regulated
ore than two-fold. Additionally, these changes in gene ex-
ression are not associated with a growth phenotype under
ptimal growth conditions. It is plausible that ASH-Ski2 plays
 pivotal role in stress conditions that are yet to be identi-
ed. Moreover, certain deregulated genes are clustered on the
enome and potentially form operons. 

The individual functions of eukaryotic Mtr4 and Ski2 RNA
elicases in nuclear and cytoplasmic RNA degradation are
inked to specific nuclear and cytoplasmic ribonucleases, re-
pectively . Additionally , the cytoplasmic Ski2, which is a co-
actor of the SKI complex, has recently been demonstrated to
play a crucial role in directing ribosome-bound RNA to the
RNA exosome in humans ( 17 ). The eukaryotic Mtr4 / Ski2
and ASH-Ski2 members are separated on the phylogenetic
tree, it is conceivable that they exhibit divergent biochemi-
cal activities and perform distinct cellular functions. Notably,
the eukaryotic Ski2 RNA helicase hydrolyses ATP to facili-
tate RNA unwinding in a processive manner with 3 

′ -5 

′ po-
larity ( 7 ). The study demonstrates that ASH-Ski2 predomi-
nantly conducts annealing on RNA and exhibits minimal un-
winding activity. It is also plausible that an unidentified factor
stimulates the unwinding and ATPase activity, similar to eu-
karyal Mtr4 activated by ZCCHC8 ( 72 ). We tested whether
aRNase J, which was shown to interact with ASH-Ski2 in
vitro through its N-terminal domain, could affect ASH-Ski2
activity. We found no significant changes in either ATPase or
annealing / unwinding activities. This is consistent with our
finding that the N-terminal domain is not critical for ASH-
Ski2 activity in vitro ( Supplementary Figures S6 C and S7 C).
However, other studies suggest that ASH-Ski2 might be in-
volved in transcription termination ( 39 ,73 ). ASH-Ski2 from
Thermococcus kodakarensis (denoted as Eta) has been shown
to have a translocase activity in vitro ( 73 ). The interaction be-

https://academic.oup.com/nargab/article-lookup/doi/10.1093/nargab/lqae026#supplementary-data
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tween ASH-Ski2 / Eta and RNA polymerase is suggested to be
mediated by the ratchet domain residues, rather than the N-
terminal domain that is unique to the ASH-Ski2 group. In the
reported studies, the ability of ASH-Ski2 / Eta was only tested
on DNA duplex substrates and not on RNA duplex substrates.

Concluding remarks 

In conclusion, this work presents valuable evolutionary and
functional insights into the Ski2-like helicase family, essential
for further research in this field. We show that, in the course of
evolution, ASH-Ski2 and Hel308-Ski2, the two main groups
of archaeal Ski2-like proteins have diverged in structure and
function. By interacting with a variety of adaptor proteins,
these helicases may target different types of RNA or DNA
substrates. Indeed, S. tokodaii and S. islandicus Hel308 were
shown to interact with the Hjc endonuclease and the PINA
ATPase, respectively, both involved in the resolution of Hol-
liday junctions ( 35 ,36 ) while Thermococcale ASH-Ski2 was
shown to interact with the 5 

′ -3 

′ exoribonuclease, aRNase J
( 38 ). More specifically, this work opens many questions about
the biological roles and structures of ASH-Ski2 RNA helicases
identified in Euryarchaea and Asgard and on their spectre of
action. It should be mentioned that aRNase J is absent from
the Asgard phylum suggesting that ASH-Ski2 encoded in As-
gard genomes may have a divergent function or it is possi-
ble that another unidentified ribonuclease may act together
with ASH-Ski2 in Asgard archaea. Further characterisation of
the molecular mechanisms coordinated by ASH-Ski2 protein
helicases in these biological systems would enhance our un-
derstanding of their functions and evolution routes, notably
in the context of the emergence of Eukarya from a branch
within the Asgard phylum ( 1 ,2 ). Next challenges are to under-
stand how ASH-Ski2 helicases act, recognize their RNA tar-
gets and to determine if the link between ASH-Ski2 helicases
and the translation apparatus exist in the context of RNA
surveillance pathways as observed in Eukarya. Finally, the co-
ordination of the annealing / unwinding activities of ASH-Ski2
with the actions of RNA-degrading machines remains to be
understood. Interestingly, a variety of proteins with biologi-
cal roles ranging from bacterial translational regulation to the
maturation of eukaryotic transcripts, RNA editing and viral
infection have been shown to accelerate RNA / RNA anneal-
ing ( 74 , 75 , 76 , 77 , 78 ). 
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