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Phylogenomics & Molecular studiesof Lhr-type SF2 helicasesin Archaea and Bacteria.

Helicases are proteins that use ATP energy to unwind nucleic acids and to remodel protein-
nucleic acid complexes. They are involved in almost every aspect of the DNA and RNA
metabolism and participate in numerous repair mechanisms maintaining cellular integrity.
Helicases are classified into six superfamilies (SF1-6). The Lhr-type proteins belong to SF2
helicases that are poorly characterized to date. A phylogenomic study performed by Chamieh
et al classified SF1 and SF2 helicases from archaeal sequenced genomes and showed that Lhr-
type proteins are ubiquitous in Archaea (Chamieh et al. 2016). Another study conducted by
Clouet D’orval et al, determined the interaction networks of proteins involved in RNA
metabolism, such as the ribonuclease aRNase J and the helicase ASH-Ski2, they identified a
cross-talk between the translation, RNA degradation and transcription machineries in
Thermococcales a group of -hyperthermophilic Archaea- and remarkably Lhr-type helicase
was found to be a partner in these networks (Phung et al. 2020). In this context, my PhD
thesis aim to perform in-depth phylogenomic analyses of Lhr-type helicases in Archaea and to
extend this work further to bacteria, to dissect the molecular function of alLhr2 in
Thermococcus barophilus, a model organism used for biochemical and genetic studies in
Thermococcales. Further, we aim to investigate the role of the bacterial Lhr (bLhr) helicase in
E.coli where the gene is co-transcribed with the RNase T in proteobacteria.

The first part of our work was initiated with a bibliographic survey (published book chapter;
Hajj et al, 2019)/ followed by phylogenomic studies on the Lhr-type proteins. We were able to
define the Lhr-type proteins as ubiquitous enzyme in Archaea and identify five orthologous
groups. Based on these analyses, we proposed an evolution route for the five archaeal and
bacterial Lhr groups and hypothesize on their functions in the cell (Hajj et al, Manuscript in
preparation). In a second part, we focused on the molecular study of alLhr2 from
Thermococcus barophilus (Tbar). To investigate the enzymatic activities of Tbar-aLhr2,
alhr2 gene was cloned and the recombinant protein recombinant Thar-aLhr2 protein produced
using the pET expression system in E. coli. We demonstrated that Thar-aLhr2 is an ATPase
that has the same affinity for single stranded DNA and RNA and can specifically anneal and
unwind DNA/RNA duplex with a 3° overhang. Finally, proteomic and transcriptomic analyses
were performed to identify Tbar-aLhr2 protein network and to determine the effect of Ihr2
deletion (Alhr2) on gene expressions in T. barophilus. In light of all these results, we propose
that Thar-aLhr2 is involved in transcription or/and DNA repair in Thermococcales and acts on
R-loops (RNA/DNA duplex) (Hajj et al, Manuscript in preparation). In the third part of the
work, we initiated a functional study of the bLhr helicase of E. coli (Eco). To examine a
putative interaction between Eco-bLhr and RNase T that are expressed as an operon, the Eco-
blhr gene was cloned and the recombinant Eco-bLhr protein produced. RNase T is a
ribonuclease known to be involved in DNA repair and tRNA/rRNA metabolism.

Finally, we discussed and compared the putative role(s) of Lhr helicases in Bacteria and
Archaea in RNA metabolism and DNA repair in eliciting RNA as a key player in the repair of
DNA damage.



Etudes phylogénomiques et moléculaires des hélicases de type Lhr chez les Archaea et
les Bactéries

Les hélicases, classées en six superfamilles (SF1-6), sont des protéines qui utilisent I'énergie
de I'ATP pour dérouler les acides nucléiques et pour remodeler les complexes protéines-
acides nucléiques. Elles sont impliquées dans presque tous les aspects du métabolisme de
I'ADN et de I'ARN en participant a de nombreux mécanismes de maintien de l'intégrité
cellulaire. Les protéines de type Lhr sont des hélicases SF2 qui sont pour la plupart non
caractérisées. Récemment, par des approches phylogénomiques, Dr H. Chamieh et ses
collaborateurs ont classé toutes les hélicases SF1 et SF2 présentes dans les génomes
d'Archaea et ont montré que les protéines de type Lhr sont ubiquitaires (Chamieh et al. 2016).
De plus, en déterminant les reseaux d'interaction des protéines impliquées dans le
métabolisme de I'ARN, comme la ribonucléase aRNase J et I'nélicase ASH-Ski2, Dr B.
Clouet-d'Orval et ses collaborateurs ont identifié un lien entre les machines de traduction, de
dégradation de I'ARN et de transcription chez les Thermococcales -archaea hyperthermophile-
avec, au sein de ces réseaux, une protéine annotée comme une hélicase de type Lhr (Phung et
al. 2020). Dans ce contexte, les travaux de ma these ont pour objectif d'effectuer des analyses
phylogénomiques approfondies des hélicases de type Lhr chez les archées et les bactéries, de
disséquer la fonction moléculaire de aLhr2 chez Thermococcus barophilus, organisme modele
pour les études biochimiques et génétiques chez les Thermococcales, et d'étudier le réle de
I'nélicase Lhr de E. coli ou le géne Ihr est en opéron avec le géne codant pour la RNase T.
Dans une premiére partie, une étude bibliographique (publication d’un chapitre de livre ; Hajj
et al, 2019) et des analyses phylogénomiques ont permis de définir les protéines de type Lhr
comme ubiquitaire chez les archées et d'identifier cing groupes d’orthologues. Ces analyses
permettent de proposer un chemin évolutif pour les protéines Lhr d’archées et de bactéries et
d’émettre des hypothéses sur leurs fonctions dans la cellule (Hajj et al, Manuscrit en
préparation). Dans une deuxieme partie, nous nous sommes focalisés sur I'étude moléculaire
de aLhr2 de Thermococcus barophilus (Thar). Pour étudier les activités enzymatiques de
Thbar-aLhr2, le gene alhr2 a été cloné et la protéine recombinante Thar-aLhr2 exprimée a
I’aide du systéme d'expression pET chez E. coli. Nous avons déemontré que Thar-aLhr2 est
une ATPase avec une affinité similaire pour I'ADN et I'ARN simple brin qui peut
spécifiqguement former et dérouler des duplex ADN/ARN avec une extrémité 3' sortante.
Enfin, nous avons effectué des analyses protéomiques et transcriptomiques pour identifier le
réseau de protéines associées a Thar-aLhr2 et pour déterminer I’'impact de la délétion du géne
alhr2 (Aalhr2) sur I’expression génique chez T. barophilus. Au regard de ces résultats, nous
proposons que Thar-aL.hr2 est impliqué au niveau de la transcription et/ou de la réparation de
I'ADN chez les Thermococcales en agissant au niveau des « R-loop » (duplex ARN/ADN)
(Hajj et al, Manuscrit en préparation). Dans une troisieme partie, nous avons initié une étude
fonctionnelle de I'hélicase bLhr de E. coli (Eco). Pour tester I’interaction entre Eco-bLhr et la
RNase T qui sont exprimées au sein d’un méme opéron, le géne Eco-blhr a été cloné et la
protéine recombinante Eco-bLhr exprimée. La RNase T est une ribonucléase connue pour étre
impliquée dans la réparation de I'ADN et le métabolisme des ARNt et ARNT.

Finalement, une discussion permet de comparer le(s) role(s) propose(s) pour les hélicases de
type Lhr chez les bactéries et les archées en dégageant I’ARN comme acteur clé dans la
réparation des dommages de I'ADN.
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INTRODUCTION



|-ARCHAEA

1-Discovery & Classification

1-1 Archaea domain in thetree of life

Prior to the work of Carle Woese and Georges E. Fox in 1977, the domains of life were
represented as a tree with only two branches corresponding to the eukaryotes and
prokaryotes.Their work revolutionised evolutionary biology by proposing a tree of life
consisting of three domains: Eukaryotes, Bacteria and Archaea (Woese and Fox 1977)(Olsen
and Woese 1993) (FIGURE 1 & FIGURE 2A). Initially, the archaeal domain was referred as
“Archaeobacteria” domain which included methanogenic bacteria and the bacterial domain as
“Eubacteria” which included all other bacteria. The first complete genome of autotrophic
archaea the one of Methanococcus jannaschii (Bult et al. 1996) (FIGURE 1). This step
provided the first opportunity to compare complete genetic complements and biochemical

pathways among the three domains of life.

Archaea were for a long time considered only as extremophiles (Cavicchioli 2011). Indeed,
their habitats are diverse under conditions where few bacteria and eukaryotes can tolerate.
They are found in swamps (methanogenic, anoxic habitats) (Knittel et al. 2005), in
hypersaline waters such as the Dead Sea (Halophiles) (Zvyagintseva, I.S, Tarasov, A.L 1988),
at very high temperatures such as in hydrothermal vents on the seabed or in hot springs such
as in Yellowstone Park (Thermophiles) (Gugliandolo and Maugeri 2019), or, conversely, in
permanently cold conditions such as the dry lakes of the Antarctic (Psychrophiles) and at
extreme pH levels (Acidophiles and Alkaphiles; (DeLong 1992; Fuhrman et al. 1992).

For more than 20 years, archaeal microorganisms have been classified into two groups
(clades): the Euryarchaea and the Crenarchaea (Olsen and Woese 1993) (FIGURE 1). This
classification was based on pairs of paralogous genes, the translation factors EFTu/ EFG and
two related ATPase subunits. This study showed that Crenarchaeota have the same “sulfur-
dependent” thermophilic phenotype, while the Euryarchaeota are phenotypically diverse. The

predominant Euryarchaeal phenotype was the methanogenic.

Since 2002, with the development of high throughput sequencing techniques and the progress
of phylogenomic analyses, several new groups such as Korarchaea, Nanoarchaea and
Thaumarchaea were identified (FIGURE 1).
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FIGURE 1. Timeline and milestonesin the discovery of Archaea.

Archaea as a domain of life (in red) and of the different archaeal taxonomic groups (in blue). Key
features (in black) and dates are indicated.

DPANN: Diapherotrites, Parvarchaeota, Aenigmarchaeota, Nanoarchaeota and Nanohaloarchaeota;
TACK: Thaumarchaeota, Aigarchaeota, Crenarchaeota, and Korarchaeota.
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Schleper et al 1995 (6) Bult et al 1996 (7) Barns et al 1996 (8) DeLong and Karl 2001 (9) Huber et
al 2002 (10) Brochier-Armanet et al. 2008 (11) Guy & Ettema 2011 (12) Spang et al 2015 (13)
Castelle and Banfield 2018 (14) P Lépez-Garcia 2020.




The Thaumarchaeota phylum was initially classified as mesophilic Crenarchaeota (Fuhrman
et al. 1992; DeLong 1992). Subsequent comparative genomics based on concatenated data set
of 53 ribosomal proteins common to archaea and eukarya revealed that Thaumarchaeota
forms a separate and deep-branched phylum within the archaea phylogeny (Brochier-Armanet
et al. 2008) (FIGURE 1).

From 2011, the phylogeny of the archaea is enriched with a new classification that establishes
the TACK group, which includes Thaumarchaea, Aigarachaea, Crenarchaeea and Korarchaea,
and the DPANN group, which is characterised by small genomes (~0.5 to 1.5 Mbp) and made
up of Diapherrites, Parvarchaea, Aenigmarchaea, Nanoarchaea and Nanohaloarchaea (Kellner
et al. 2018). The Aigarchaeota phylum was proposed base on the sequencing of Candidatus
Caldiarchaeum subterraneum genome, a thermophilic  uncultivated organism
phylogenetically close to Thaumarchaeota and Crenarchaeota (Nunoura et al. 2011)
(FIGURE 1). Interestingly, this genome encoded for eukaryotic-like proteins of the ubiquitin-
proteasome system which identify it as part of a new archaeal phylum. The name
Aigarchaeota, from the Greek « acyn », meaning «dawn» or «aurora», these organisms
represent intermediate characteristics of hyperthermophilic and mesophilic archaea (Nunoura
et al. 2011). Two years later, the Geoarchaeota phylum was proposed based on the analysis of
sequences of four metagenomes from microbial acidic mat samples at high temperatures and a

low oxygen concentration of the Yellowstone Park (Kozubal et al. 2013).

Since then, with the expansion of metagenomics and single-cell sequencing technics (Rinke et
al. 2013), current data with more than 201 archaeal genomes available on the NCBI site,
allow to further extend this diversity and to clarify this phylogeny with the identification of
Geoarchaea, Bathyarchaea and Verstraetearchaea within the TACKSs and new lines affiliated
to the Euryarchaea group (Spang et al. 2015; Zaremba-Niedzwiedzka et al. 2017; Da Cunha et
al. 2018; Eme et al. 2018; Spang et al. 2017). In 2011, phylogenetic trees based on
Maximume-likelihood using ribosomal 16S RNA sequences allowed identifying a distinct
superphylum composed of the «Thaumarchaeota, Aigarchaeota, Crenarchaeota et
Korarchaeota» phyla also called «TACK» superphylum (Guy and Ettema 2011) (FIGURE 1).
In addition, a new superphylum so-called «xDPANN» named after the acronym of its five
phyla: Diapherotrites, Parvarchaeota, ARMAN, Nanohaloarchaea, Aenigmarchaeota (Kellner
etal. 2018) (FIGURE 1).
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A. In the ‘three primary domains’ (3D) scenario, the eukaryotes (purple), archaea (blue) and Bacteria
(green) form three primary domains, each with a specific most recent common ancestor. B. In the ‘two
primary domains’ (2D) scenario, archaea and bacteria are the two primary domains.

Branch lengths and number of lineages within each domain are arbitrary.

(ARCHAEA AND THE MEANING OF LIFE, Microbiology Society).




In 2015, with the discovery of the new branch of the Lokiarchaea found in marine sediments
near Loki Castle (hydrothermal vents in the middle based on metagenomic data from the
Atlantic Ocean), the phylogeny of the archaea opens new perspectives on the common
ancestor of eukaryotes and archaea (Spang et al. 2015) (FIGURE 2). Based on this new
classification, two evolutionary scenarios are proposed according to phylogenomic
approaches and are the subject of much debate (Gribaldo and Brochier-Armanet 2020). The
first one, so-called 3D model, proposes three branches of life with a common ancestor
preceding the diversification of archaea and eukaryotic sister lines (Zhu et al. 2019; Da Cunha
et al. 2018; Forterre 2013) (FIGURE 2A). The second one, so-called 2D model, proposes a
two-branch tree with the eukaryotic domain emerging from the Asgard domain (FIGURE
2B) (Williams et al. 2020; Eme and Ettema 2018; Spang et al. 2018; Eme et al. 2018;
Gribaldo and Brochier-Armanet 2020; Dacks et al. 2016; Klinger et al. 2016; Hug et al. 2016;
Doolittle 2020). This scenario is based on the discovery of genes coding for eukaryotic
signature proteins (ESP) present in all members of the Asgard lineage (Spang et al. 2018;
Eme et al. 2018; Zaremba-Niedzwiedzka et al. 2017) and more specifically in the
Heimdallarchae group (Williams et al. 2020; Zaremba-Niedzwiedzka et al. 2017; Schleper
and Sousa 2020).

1-2 Taxonomy Classification

Current archaeal taxonomy includes four superphyla: the DPANN, Euryarchaea, TACK, and
Asgard groups (Spang et al. 2017) (FIGURE 3).

The DPANN are characterized by their small size genomes of ~0,5 a 1,5 Mbp. This
superphylum includes 10 phyla: Aenigmarchaeota, Altiarchaeota, Diapherotrites,
Mamarchaeota, Micrarchaeota, Nanoarchaeota, Nanohaloarchaeota, Pacearchaeota,
Parvarchaeota, and Woesearchaeota (Castelle and Banfield 2018) (FIGURE 3). Analyses
based on phylogenetic markers suggest that the DPANN superphylum diverged early from the
archaeal tree (Dombrowski et al. 2020).

The Euryarchaeota includes 12 orders for which complete genomes were sequenced and

strains could be cultivated: Methanopyrales, Thermococcales, Archaeoglobales,
Methanobacteriales, Thermoplasmatales, Halobacteriales, Methanomicrobiales,
Methanosarcinales ~ Methanococcales,  Methalocellales,  Methanoplasmatales,  and
Nanohaloarchaea (Sakai et al. 2008; Spang et al. 2015) (FIGURE 3). Initial classification was
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based on the SSU rRNA phylogeny (Mihajlovski et al. 2008; Paul et al. 2012)(Narasingarao
et al. 2012). Now a large number of uncultivated organisms from environmental studies have
been added. More specifically, hyperthermophiles of the Thermococcales order which has the
largest number (around 300) of isolates and 45 species is composed of three genera: the
Thermococcus (Zillig et al. 1983), the Pyrococcus (Fiala and Stetter 1986), and the
Palaeococcus (Takai et al. 2000) Thermococcales organisms are hyperthermophilic, their
temperatures of optimal growth vary between 80 and 100°C (Prieur et al. 2004).

The TACK superphylum includes the Thaumarchaeota, Aigarchaeota, Crenarchaeota,
Korarchaeota, and Bathyarchaeota order (Spang et al. 2015; Inagaki et al. 2003).
Bathyarchaeota is constituted of 25 subgroups (Zhou et al. 2018). Crenarchaeota phylum is
divided into five orders: Desulfurococcales, Sulfolobales, Thermoproteales, Acidilobales, and
Fervidicoccales (Prokofeva et al. 2009; Perevalova et al. 2010) (FIGURE 3). Most
Thermoproteales and Desulfurococcales are anaerobic and hyperthermophilic. Sulfolobales
are mostly aerobic and their growth temperatures are lower than for the two other groups.
Thaumarchaeota represents a very diverse phylum comprising 8 classes, 10 orders, 28
families, 31 genus, and 103 species (Sheridan et al. 2020). Most of the genomic divergence in
this phylum is driven by gene duplication or loss and by horizontal gene transfer (Hua et al.
2018). Comparative genomics shows that Thaumarchaeota and Aigarchaeota share 1154
genes with their common ancestor. The genetic diversity of Aigarchaeota is essentially

generated by horizontal gene transfer (Hua et al. 2018).

The Asgard are composed of Lokiarchaeota, Thorarchaeota, Odinarchaeota, and
Heimarchaeota (Zaremba-Niedzwiedzka et al. 2017) (FIGURE 3). Recently was added
Promethearchaeum symtrophicum to Lokiarchaeota (Imachi et al. 2020) (FIGURE 1). This
major discovery opens many perspectives and will provide new elements insights into
eukaryogenesis (Schleper and Sousa 2020). The Asgard phylum branches as a sister clade to
the TACK (Guy and Ettema 2011) (FIGURE 3).

15



Diapherotrites
Nanohaloarchaeota _\Woesarchaeota

Pacearchaeota D PA N N

ParvarChaeota
Micrarchaeota )
Aenigmarchaeota
ANME-1
Archaeoglobi Haloarchaea .
Methanosarcina
Methanosarcina
Nethano- Methanocella
acteria/pyri MBGD Methanomicrobia
Theionarch
Methano
fastidiosa Methanomas
U Aciduli- Thermdx_ Siliicoc.
- rofundi plasmata
/MSBL P P
archaea
Verstraet
Geoarchaeota
archaeota Thermonroteal
Korararchaeota ermoproteales
/ //Desulfuroccocales
Sulfolobales
—Heimda Fervidicoccales TACK
rchaeota Thaum
Thorarchaeota Aig archaeota
. athy
. Lokiarchaeota archaeota
Odinarchaeota archaeota

N

Asgard

FIGURE 3. Archaeal taxonomic tree.

Euryarchaeota

Schematic illustration of the archaeal phylogenetic tree. So far, archaea are divided into four major

lineages: Euryarchaea (purple), TACK (orange), DPANN (blue), and Asgard (gold-yellow).
(Spang et al 2017).




2-Archaea ar e ubiquitous micro-or ganisms

At present, archaea are considered to be ubiquitous organisms present in all terrestrial
environments, i.e. about 20% of the biomass of the oceans (DeLong and Pace 2001), as well
as in the human microbiota, on the skin, and in the digestive and respiratory systems.
However, their impact on human health remains to be determined. (Drancourt et al. 2017,
Mihajlovski et al. 2010; Oxley et al. 2010; Lurie-Weinberger and Gophna 2015; Gaci et al.
2014; Brugére et al. 2014; Moissl-Eichinger et al. 2018; Koskinen et al. 2017).

The Halobacteriaceae family of archaea dominates the Vestfold Hills lake in Eastern
Antarctica with a salinity of 320 g.I"* and temperatures between -14 and -18°C (DeMaere et
al. 2013). Two orders of Euryarchaeota are particularly adapted to halophilic environments,
the Halobacteriales and the Nanohaloarchaea (Zvyagintseva, 1.S, Tarasov, A.L 1988). These
organisms can grow at a high salt concentration of 2.5 to 5.2M of NaCl for the most extreme,
and of 0.5 to 2.5M for the moderate halophiles. Psychrophilic uncultivated archaea were
discovered in the oceans where the water temperature is around 4°C (DeLong 1992; Fuhrman
et al. 1992). Euryarchaeota were also identified in mesophilic environments (temperature up

to 50°C), such as rice fields for certain methanogens (Knittel et al. 2005).

In terrestrial or maritime hot springs environment and hydrothermal vents, hyperthermophilic
archaea belonging to both Crenarchaeota and Euryarchaeata superphyla were isolated
(Gugliandolo and Maugeri 2019). Non-cultivated Crenarchaeota were also found in non-
thermophilic environments such as the marine water column, the gut of a deep-sea cucumber,
and in lake sediments (Besseling et al. 2019)(MclInerney et al. 1995)(MacGregor et al. 1997).

2-1 Archaea of the geochemical terrestrial cycles.

Euryarchaeota are mostly strict anaerobic and autotrophic, and some heterotrophs can be
found (Schonheit et al. 2016). Methanogenesis is the main metabolic process in autotrophs.
Methanogenic archaea gain energy by reducing C1 and C2 compounds, including CO2,
formate, acetate, methanol, ethanol, methylamines, and methyl sulfides to methane (Garcia et
al. 2000; Liu and Whitman 2008). Based on substrate use, traditional methanogenic
Euryarchaeota lineages are characterized as hydrogenotrophic (H2 and CO2), aceticlastic
(acetate), methylotrophic (X-CH3), and H2-dependent methylotrophic (H2 and X-CH3).
Methanobacteriales, Methanococcales, Methanopyrales, Methanocellales, and

Methanomicrobiales are strictly hydrogenotrophic (Liu and Whitman 2008). Some members

17


https://www.sciencedirect.com/topics/agricultural-and-biological-sciences/halobacteriaceae
https://www.sciencedirect.com/topics/earth-and-planetary-sciences/salinity

of the Methanosarcinales perform hydrogenotrophic methanogenesis (Welander and Metcalf
2005) but they are also capable of aceticlastic and/or methylotrophic methanogenesis
(Fournier 2009). Furthermore, Euryarchaeota includes sulfate-reducers as Archaeoglobus
(2011).

Most Crenarchaeota are anaerobic. For energy-generating metabolism, sulfur (S) is commonly
used by these archaea as an electron acceptor (Leigh and Whitman 2013). Besides, many
other electron acceptors are used by various species including oxygen (02). Regarding
electron donors, besides hydrogen gas (H2), aerobes may also use Sulfur as an electron donor.
Many Crenarchaeal species may also use organic compounds (Leigh and Whitman 2013).
Some marine Crenarchaeota are also capable of nitrification, suggesting these organisms may
affect the oceanic nitrogen cycle (Stein and Klotz 2011).

Thaumarchaeota which can perform the oxidation of ammonia to nitrite represents the only
archaeal taxonomic group that resides in large numbers in the global aerobic terrestrial and
marine environments on Earth (Kimble et al. 2018). Archaea which are sulfur-dependent are
confined mostly to hot environments. Acidophiles and anaerobic non-thermophilic methane
oxidizers have a potential impact on the environment as they release metals. However, the
metabolisms of a large number of archaea remain to be explored (Offre et al. 2013).

Hence, archaea are important for the cycle of organic and inorganic carbon, nitrogen, and
sulfur, and influence greenhouse gas emission. Anaerobic archaea can perform important
steps in the carbon cycle and exclusively methanogenesis and anaerobic methane oxidation
(Offre et al. 2013).

2-2 The archaeome

It is now known that host-associated microbial communities have an important role in shaping
the health and fitness of plants and animals. It was recently shown that the archaeal
community, the so-called archaeome, is now an important component of host-associated
microbiomes. The archaeome is composed of various lineages, Euryarchaeota dominates the
archaeal species in animals (Janssen and Kirs 2008; Snelling et al. 2014; Shi et al. 2015).
Methanogenic archaea have been detected in the mammalian gastrointestinal tract with a
diversity limited to four orders: Methanomicrobiales, Methanosarcinales, Methanobacteriales,
and Thermoplasmatales (Moissl-Eichinger et al. 2018).

Using high-throughput sequencing approaches, members of Euryarchaeota and Crenarchaeota
orders were identified within the human gut microbiome (Gill et al. 2006; Oxley et al. 2010).
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So far, only Haloferax massiliensis strain could be successfully isolated and characterized
from the human gut (Khelaifia and Raoult 2016).

Archaea showed positive effects on human health. Methanomassiliicoccales strains might be
used as probiotics against metabolic disorders associated with TMA (trimethylamine)
produced by gut bacteria (Borrel et al. 2017). A recent molecular and culture-based study has
also shown the presence of methanogens in brain abscesses (Drancourt et al. 2017), which
means a possible involvement of archaea in the pathogenicity of this severe infection.
Thaumarchaeota represents a detectable part of the human skin microbiome (Probst et al.
2013). The ammonia-oxidizing Nitrososphaera could potentially be associated with a
reduction in smell and an improvement in the skin constitution. Using quantitative PCR, the
abundance of archaea on human skin was shown to be influenced by human age and skin
physiology (Moissl-Eichinger et al. 2017).

Although no archaeal species causing disease has been identified yet (Bang and Schmitz
2015), the methanogenic archaea in the gastro-intestinal tract contribute to methane
production and have been recently shown to potentially be involved in disease-relevant
processes (Borrel et al. 2020).

Archaea represent a significant component of the plant microbiome. Methanogens and
ammonium-oxidizing archaea have been found to colonize the rhizosphere and the roots of
plants at high abundances, as they can provide anoxic micro-niches (Herrmann et al. 2008).
Also, recent studies on the natural vegetation of alpine bogs revealed that the plant genotype

also influences colonization by archaea (Herrmann et al. 2008; Aminov 2013)

3-Specific archaeal characteristics

Archaea are unicellular microorganisms whose size varies between 0.1 and 15um (Eun et al.
2018). Archaeal cells have a variety of shapes. Some of them have a typical round (shell)
(Zinder and Dworkin 2006) rod (bacillus) or shapes (Huber et al. 1987), comparable to those
observed in bacteria. Archaea could also have a disc, spiral, or filament shape (Burns et al.
2004; Pivovarova et al. 2002). However, despite their shape similarities with bacteria, most
archaeal cells do not possess peptidoglycan and have membranes containing isoprene-based
lipids attached to glycerol-1-phosphate through ether bonds (Langworthy et al. 1972; Tourte
et al. 2020). Archaeal genomes have a high gene density and consist of a circular chromosome
ranging in size from 0.49 to 5.75 Mbp, for Nanoarchaeum equitans and Methanosarcina

acetivorans, respectively (Kellner et al. 2018; Wang et al. 2015; Koonin and Wolf 2008).
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3-1 Archaeal S-layer

Most archaea have a rigid protein layer that surrounds the cell and that could help in
maintaining shape and regulating intracellular chemical composition (Klingl 2014). In most
cases, this outer layer is an S-layer for Surface layer composed of proteins and glycoproteins.
The S-layer is found in almost all archaeal organisms excepting for Halococcus, Ignicoccus,
Natronococcus, Methanobrevibacter, Methanosphaera, Thermoplasma, and Thermosphaera
aggregans (Albers and Meyer 2011; Richards et al. 2018; Gambelli et al. 2019). The S-layer
protein structures show an oblique, square, or hexagonal symmetry, depending on which the
geometry and size of the pores between the S-layers (Albers and Meyer 2011). S-layers are
between 5 and 25 nm of thickness and are rather straight on the outer surface, while the inner
surface is wavy. All archaeal proteins in the S-layer are N- or O-glycosylated (Jarrell et al.
2014).

3-2 Archaeal lipidic membrane

Archaea have a membrane founding a barrier between the cell and its environment (FIGURE
4). This cell membrane is deeply different from that of bacteria and eukaryotes with four
major differences (Jain et al. 2014)(Siliakus et al. 2017). The basic constituents of the
archaeal membranes are phospholipids with glycerol with an L-chirality (L-glycerol)
(FIGURE 4). The presence of distinct stereoisomers implies the distinct enzymes having
active sites of different topologies (Carbone et al. 2015). The nature of the bond between
glycerol and the side chains of phospholipids also differs. Archaea use an ether bond to link
isoprenoid hydrocarbon side chains to the sn-glycerol-1-phosphate backbone, while in
bacteria and eukaryotes fatty acid side chains are linked via an esther bond (Corcelli et al.
2012)(Jain et al. 2014) (FIGURE 4). The side chains of the lipids in bacterial and eukaryal
membranes are composed of fatty acids of 16 to 18 carbons, while archaea have isoprene
chains of 20 carbons. The unique membrane lipids of archaea have been implicated in the

survival and adaptation of the organisms to extreme environments (Jain et al. 2014).

Recently, Asgard suggests a possible clue to eukaryotic membrane complexity (Kalde et al.
2019; Zaremba-Niedzwiedzka et al. 2017). Asgard genomes encode a repertoire of
eukaryotic-like proteins including, homologs essential for cytoskeleton as actin (Stairs and
Ettema 2020), which is critical for membrane remodeling in eukaryotes (Pollard and Cooper

2009); exosome biosynthesis pathways as ESCRT-I, Il, and 11l systems (Spang et al. 2015).;
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Transport Protein Particle (TRAPP), essential for exocytosis, endocytosis, protein sorting, and
cytokinesis (Kalde et al. 2019; Zaremba-Niedzwiedzka et al. 2017); regulatory systems as
small GTPases (Dey et al. 2016), also implicated with BAR domains, and longin domains in
building, maintaining, and defining many membrane-bound compartments (Rout and Field
2017); protein transporter, as the coatprotein complex 11 (COPII) responsible for the transport
of protein cargoes from the Endoplasmic Reticulum (ER) to the Golgi apparatus (Schlacht and
Dacks 2015).

3-3 the Archaeal motility structure: the Archaellum

Archaea possess a unique motility structure termed archaellum (Aminov 2013; Shahapure et
al. 2014). The flagellum in bacteria and the archaellum are both considered as a rotating
structure. Although their compositions and structural organizations are fundamentally
different (Jarrell and Albers 2012). The direction of the rotation of the motility structure in
archaea, is performed by the chemotaxis system in a manner similar to the flagellar system in
bacteria (Briegel et al. 2015) except that the chemotaxis system of archaea requires an adaptor
protein to allow communication with the archaellum motor (Quax et al. 2018). The
archaellum allows archaea to look for favorable conditions for their growth by moving
towards nutrients and oxygen (Quax et al. 2018). For example, Halobacterium salinarum has
an archaellum at one or two poles depending on the growth state (5 to 10 filaments on one
pole under optimum growing conditions and 5 to 10 filaments on each pole in deficiency

conditions) (Tarasov et al. 2000).
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FIGURE 4. Lipidsof archaeal, bacterial and eukaryotic cell membrane.

The lipids found in the archaeal membrane are fundamentally different from those found in eukaryotic
and bacterial membranes. In eukaryotes and bacteria, the glycerol moiety is ester-linked to an sn-
glycerol-3-phosphate backbone, whereas in archaea the isoprenoid side chains are ether-linked to an
sn-glycerol-1-phosphate moiety. The figure shows the structure of monolayer-forming tetraether lipids
found in some archaea, for example, the thermoacidophilic archaeon Thermoplasma acidophilum, in
which the hydrophobic core consists of C40C40 caldarchaeol.

(Sonja-Verena Albers and Benjamin H. Meyer 2011)




4-Archaeal study models

Because Archaea and Eukarya share a related-informational system (see Part 1-FIGURE 2),
studies on archaeal models helped to discover new functions in eukaryotes. For instance, the
identification of a new family of DNA topoisomerase type Il in archaea contributed to the
identification of the SPO11 protein responsible of chromosome breakage during meiotic
recombination in Eukarya (Bergerat et al. 1997). Importantly, several hereditary diseases or
cancers are caused by mutations in genes encoding human proteins that have homologous
counterparts in archaea (Shin et al. 2014). Therefore studying archaeal homolog proteins, for
example, in hyperthermophilic archaea, facilitates protein structure-function analyses (Vieille
and Zeikus 2001). In this case, due to the stability of thermophilic proteins, while expressed in
mesophilic hosts, thermophilic or hyperthermophilic enzymes resist heating treatment and
chemical denaturants (such as a solvent or guanidinium hydrochloride). Finally, enzymatic
assays at high temperatures allow using higher substrate concentrations, lower viscosity,
fewer risks of microbial contaminations, and often higher rates of reaction.

Nevertheless, the main challenge for using archaea as a study model lies in the difficulties in
the cultivation of archaeal strains and the lack of genetic markers which have impeded the
development of genetic tools in archaea (Farkas et al. 2013; Adam et al. 2017; Baker et al.
2020). So far, it is possible to transform some Crenarchaeal and Euryarchaeal strains, to delete
or replace genes using the Pop-in Pop-out technique, and to express proteins carrying a tag in
vivo (Allers and Mevarech 2005; Farkas et al. 2013; Atomi et al. 2012).

The development of a genetic system in these archaea offered a new tool for their usage as
study models. Owing to their thermostable enzymes, thermophilic archaea of kingdoms of
Euryarchaeota and Crenarchaeota, as mentioned, have always been of interest to biochemists
and structural biologists. They offer significant potential for biotechnology, and for
researchers wishing to use a multidisciplinary approach that combines genetics with
biochemistry. Therefore, genetic systems have been developed for methanogens (Kohler and
Metcalf 2012) and halophiles (Leigh et al. 2011) as well as thermophilic Euryarchaeota (Thiel
et al. 2014), Thermococcales, and Crenarchaeota (Portnoy and Schuster 2006; Wagner et al.
2012). We will cite here some examples of archaeal strains used as study models for different
purposes (Table 1).

Sulfolobus acidocaldarius is part of the aerobic hyperthermophilic Sulfolobales which are the

most developed Crenarchaeota models due to their potential to be easily transformed, their
sensitivity to a wide range of antibiotics and their low mutation rate despite high-temperature
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environment (Wagner et al. 2012)(Aagaard et al. 1996) (Table 1). For example,
Sacidocaldarius was used to study transcription machinery, replication proofreading at high
temperatures (Langer et al. 1995; Pihler et al. 1989) (Grogan et al. 2001; Grogan 2003;
Lundberg et al. 1991). In addition, special features of S. acidocaldarius including its capacity
to grow synchronously in culture and intercellular chromosomal gene exchange have
facilitated studying archaeal cell cycle (Aagaard et al. 1995; Grogan 1996). We can also
mention that Sulfolobus islandicus and Sulfolobus solfataricus, another Sulfolobales strains,
help to investigate host-virus interactions and catabolic enzymes as GAPDH
(Glyceraldehyde-3-phosphate dehydrogenase), and Phosphoglycerate kinase (Brasen et al.
2014). (Li et al. 2016; Zhang et al. 2016, 2013a)(Reno et al. 2009; Held and Whitaker
2009)(Albers and Driessen 2008). However, S. solfataricus genome houses several hundred

mobile elements which cause significant genetic instability (Brugger et al. 2002).

Haloferax volcanii is an aerobic and mesophilic archaea with an optimum growth temperature

of 45°C (Table 1). It is a strict halophilic archaea adapted to salty environment (optimal
concentration of 2.5 M). The genome of H. volcanii DS2 was completely sequenced (Hartman
et al. 2010). The H26 is the strain commonly used in the laboratory. This strain has a deletion
in the pyrE2 gene encoding orotate phosphoribosyltransferase, involved in the de novo
synthesis of uracil, and is used as a selection and counterselection marker (Bitan-Banin et al.
2003). The easy growth conditions, the short generation time, and simple genetics have made
H. volcanii a model organism for haloarchaeal biology with a wide number of genetic tools
which allows insertion-deletion of sequences via homologous recombination (Bitan-Banin et
al. 2003), protein labeling (Zatopek et al. 2018) and inactivation of specific genes expression
via the CRISPR system (Maier et al. 2019). Gene expression reporters based on f-
galactosidase and green fluorescent protein (GFP) are also available in H. volcanii. Finally,
H. volcanii is useful for the production of biotechnologically attractive halophilic enzymes
with application potentials in sustainable fine chemical synthesis, bioprocessing,

bioremediation, biofuel, and bioplastic production (Haque et al. 2020)

Pyrococcus abyss is a hyperthermophilic archaea isolated for the first time in hydrothermal

vents located in northern Fiji at a depth of 2000m (Erauso et al. 1993) (Table 1). Its optimum
growth temperature is 96°C with a doubling time of 33min. For the cultivation of this strain at
a temperature of 90°C under anaerobic conditions and at a pH of 6.4 are required. The

genome of Pyrococcus abyssi is one of the first to be sequenced and annotated (Cohen et al.
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2003; Gao and Wang 2012). Its chromosome is around 1.7 Mbp with a GC percentage of
around 44%, codes for over 1800 proteins, and has a plasmid (pGT 5). Although genetic tools
have not yet been developed for this strain, it is considered a model organism in the study of
DNA maintenance (Pluchon et al. 2013). The stability and resistance of its thermophilic

proteins make it a model organism for biochemistry.

Thermococcus barophilus is an hyperthermophilic archaea of the order of thermococcales,

closely related to P. abyssi, which serves now as a standard genetic model which was
developed by M. Jebbar's team and used in this study (Table 1) (Thiel et al. 2014). T.
barophilus strain MP was the first true hyperthermophilic piezophile archaeon isolated in
1993 from a deep-sea hydrothermal vent at depth of 3550 meter on the Mid-Atlantic Ridge
(Marteinsson et al. 1999). The name Thermococcus barophilus has Greek roots, thermo for
heat, kokkos for the spherical cells, baros for weight, and philos for loving. Overall, the name
means "organism with a spherical body that gravitates to heat and to the pressure of the water
column.” The genome of T. barophilus has been sequenced and annotated (Vannier et al.
2011), and strains with multiple genetic backgrounds have been constructed (Thiel et al. 2014;
Marteinsson et al. 1999; Birien et al. 2018). T.barophilus is anaerobic and sulfur-metabolising
archaeon and grows in a rich medium from 48°C to 100°C, with an optimum at 85°C, and
within a pressure range of 0.1 to 85 MPa, with an optimum of 40 MPa. T.barophilus is an
obligate piezophile for temperatures over 95°C (Thiel et al. 2014). The strain overexpresses a
heat shock protein when grown at low pressure (0.3 MPa), indicating that this organism could
sense low pressure as a stress (Vannier et al. 2011, 2015). The genetic manipulations
established in T.barophilus rely on uracil auxotrophy and simvastatin resistant as selectable
markers, using pop-in/pop-out method (Thiel et al. 2014). In this context, T.barophilus is now
considered as an appropriate model to decipher the molecular mechanism in Thermoccales. In
this context, in this study, we proceeded to perform biochemical, transcriptomics, and
proteomics studies on aLhr2 from T. barophilus strain.

25



Table 1 Archaeal organism models.

Phylum CRENARCHAEA EURYARCHAEA
Order Sulfolobales Halobacteriales Thermococcales
: Sulfolobus Haloferax Pyrococcus Thermococcus
Strain ; - . i .
acidocaldarius volcanii abyssi barophilus
) . deep-sea .
Habitat Terrestna@ solfataric Sea hydrotherma chimney hydro-
springs Lake ocean vent thermal vent
acidophilic 3-4 M salt High-pressure
Growth Aerobic Aerobic Anaerobic Anaerobic
80 °C 45°C 96 °C 85°C
Genetics Genetics
. Genetics Biochemistry Molecular
Molecular Biology s
Biology

Some characteristics of the main archaeal study model
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5-M osaic aspects of archaeal infor mational system

The archaeal informational systems i.e. molecular machines implicated in replication,
transcription, translation, recombination, and DNA repair processes are closely related to
those identified in eukaryotes with the addition of bacterial-like features (Brochier-Armanet et
al. 2011; Lyu and Whitman 2017). In this context, archaeal informational systems feature

some mosaic aspects.

5-1 Replication

Archaea have a circular chromosome, similar to that of bacteria (Raymann et al. 2014,
Kelman and Kelman 2014; Yao and O’Donnell 2016), with one or more origins of replication
(ORC) depending on the species (Kelman and Kelman 2018). The replication is initiated by
the formation of the Cdc6-MCM protein complex at the origin of replication (Table 2). Cdc6
is homologous to the eukaryotic Cdc6 protein and allows the recruitment of the MCM
helicase (MiniChromosome Maintenance) which locally unwinds the DNA duplex and
initiates the formation of the replication fork (Sakakibara et al. 2009) (Kelman et al. 1999;
Costa and Onesti 2009; Kelman et al. 2020). This complex then recruits the GINS and GAN
factors, which play an essential role in the establishment and maintenance of replication forks
(Marinsek et al. 2006; MacNeill 2010). GAN (for GINS-associated nuclease) is a protein of
the DHH phosphoesterase family and is homologous to the eukaryotic Cdc45 protein
(Makarova et al. 2012; Oyama et al. 2016; Marinsek et al. 2006; Nagata et al. 2017). Once the
double-stranded DNA (dsDNA) has been unwounded by MCM helicase, the RPA proteins
(for replication protein A) bind and overlap the exposed single-stranded DNA (ssDNA)
(Dickey et al. 2013). Some archaea contain one to several homologs of eukaryotic RPA, as in
Pyrococcus furiosus and Pyrococcus abyssi which include a trimeric complex RPA41/
RPA14/ RPA32 (Komori and Ishino 2001) or Methanocaldococcus jannaschii (Kelly et al.
1998) which has only one. In other archaea the RPA proteins are similar to bacterial SSBs or
contain both bacterial and eukaryotic homologs (Wadsworth and White 2001; Raymann et al.
2014). DNA synthesis in archaea is performed by two DNA polymerases, PolB (homologous
in eukaryotes) and PolD (unique for archaea) (Greenough et al. 2015). As these DNA
polymerases move only in the 5 'to 3' direction and the unwound DNA duplex is antiparallel,
primase (p41 and p46) synthesized the discontinuous strand in the form of a series of Okazaki
RNA fragments (Bocquier et al. 2001; Chemnitz Galal et al. 2012; Frick and Richardson
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2001). The PCNA factor (for proliferating cell nuclear antigen) is recruited by the Replication
Factor C (RFC) and combines with DNA polymerase to give it a high processivity. PCNA
forms a trimeric ring that encircles dsDNA and then binds to DNA polymerase for fast and
efficient DNA strand synthesis. PCNA also interacts with other factors of nucleic acid
metabolism and the cell cycle, via its PIP motif and is also involved in DNA repair (Pan et al.
2011). Fenl endonuclease and Ligl DNA ligase are then recruited for RNA primer removal
and DNA ligation, respectively (Balakrishnan and Bambara 2013; Henneke 2012). Data on
the termination of archaeal replication is limited, the circular nature of their chromosomes
suggests a mechanism similar to that of bacteria that terminates in a ter region of the
chromosome using the Tus protein (Duggin et al. 2011). However, neither the presence of a
ter-like sequence nor that of a protein homologous to Tus has been described in archaea.
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Table 2 Archaeal replication machinery

_ Protein
Function
complexes
Origin recognition Cdc/ORC
Replicative helicase MCM
Helicase loader Cdc6
Pre-IC GINS
RPA
ssDNA-binding protein
SSB
Elongation complex Primase
Sliding clamp PCNA
Clamp loader RFC
Replicative DNA polymerase PolB/D
Primer removal Fenl

Proteins implicated in DNA replication in archaea. Protein complexes highlighted in green

have homologues in Eukaryotes.
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Archaea Bacteria

Sulfolobus solfataricus Saccharomyces cerevisiae Thermus aquaticus
(PDB 2PMZ) (PDB 1NT9) (PDB 116V)
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FIGURE 5. RNAP subunitsin the three domains of life.

A.The X-ray structures of archaeal RNAP, eukaryotic RNAPII, and bacterial RNAP. B. Subunits
composition of RNA polymerases in the three domains of life. The coloured circles indicate
corresponding subunits in the structures above.

Adapted from (Werner 2008)




5-2 Transcription

The transcription machinery in Archaea is a unique RNA Polymerase (RNAP) composed of
10 subunits in Euryarchaea and 12 subunits in Asgard and TACK (FIGURE 5A). In
addition, crenarchaeal RNAPs have an extra-specific subunit, Rpol3 (Korkhin et al. 2009).

These subunits are homologuous of the subunits of the eukaryotic RNA polymerase Il
(FIGURE 5B) (Bell et al. 1998)(Hirata et al. 2008). For a reminder, in eukaryotes, RNA
polymerase | (RNAPI) transcribes rRNAs, RNA polymerase Il (RNAPII) mRNAs and non-
coding RNAs, and RNA polymerase 1l (RNAPIII) 5S rRNAs, tRNAs, and some snRNAs
(Armache et al. 2013). Basal transcription factors that direct transcription initiation and
elongation are similar between archaeal RNAP and RNAPII (Rowlands et al. 1994; Qureshi et
al. 1997; Hausner and Thomm 2001; Gehring et al. 2016) (FIGURE 5B).

The transcription cycle includes three steps, initiation, elongation, and termination (Werner

2013) (FIGURE 6). In archaea, three elements are required during initiation, the B-
recognition-element BRE and TATA box, both are DNA sequences that are recognized by
basal transcription factors, TFB «Transcription Factor B» and TBP «TATA-Binding Protein»,
respectively, and the transcription start site (TSS) at +1 position (FIGURE 6). These
elements influence subsequent steps in the promoter opening more specifically the RNAP
recruitment. The pre-initiation complex composed of TBP, TFB, and RNAP, is critical and
sufficient for the formation of the nascent transcription bubble and for RNA synthesis in
archaea in vitro (FIGURE 6) (Werner and Weinzierl 2002). In contrast to the TBP and TFB
factors, the identified BRE consensus differs strongly between archaea (Bell et al.
1999)(Lagrange et al. 1998), the TATA-box consensus shows strong conservation from
archaea to eukaryotes. (Babski et al. 2016; Jager et al. 2014; Li 2015; Wurtzel et al. 2010).
The TFE factor, by its binding to the RNAP clamp, facilitates the separation of DNA strands
and the loading of the DNA template strand on RNAP (i.e. Opening of RNAP clamp and
formation of transcription bubble) (FIGURE 6). The formation of the transcription bubble by
the TFE is facilitated by the AT-rich region between the BRE element and the +1 position
requiring less energy for the DNA strands unwinding (Smollett et al. 2017). This organization
is close to that found in bacteria (Zuo and Steitz 2015). To begin the elongation step in
archaea, the pre-initiation complex recruits Spt4/5, homologous of the bacterial NusG
(FIGURE 6). The substitution of TFE by Spt4/5 at the same RNAP binding site allows the
transition from initiation to transcription elongation (Grohmann et al. 2011).
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FIGURE 6. Archaeal transcription machinery.

Schematic representation of the archaeal transcription machinery including RNAP and other
transcription factors during initiation, elongation, and termination steps.

TBP: TATA-binding protein; BRE: The B recognition element; TFIIB: Transcription factor Il B;
RNAP: RNA polymerase; TEC: transcription elongation complex.




Transcription termination remains the least understood step in RNA synthesis in archaea. In
bacteria and eukaryotes, several DNA sequences and factors are able to induce the
dissociation of the elongation complex (EC) triggering the termination of transcription. In
archaea, the aCSPF1 protein which is the homolog of eukaryotic CPSF73 possesses an
endoribonucleolytic with preference to CA dinucleotides (Phung et al. 2013). The archaeal
homologous of the RPB1 and RPB2 subunits of RNAP have been found in the aCPSF1
interaction network of Pyrococcus abyssi (Phung Thesis, 2017). A recent study has shown
that aCPSF1 (named FttA in the publication) is able to cleave and release nascent transcripts
originating from the elongation complex in Thermococcus kodakaraensis and proposes a
mechanism in which aCPSF1/FttA would be responsible for the termination of transcription
(Sanders et al. 2020). However, a functional interaction between RNAP and aCPSF1/FttA
remains to be shown. The mechanisms of transcription termination in archaea remain to be

determined and may vary among archaeal groups.

The majority of sequenced Archaeal genomes encode multiple orthologous of general
transcription factors responsible for regulating the level of gene expression in the cell (Peeters
et al. 2015). Transcription factors may act by activating or repressing the transcription. For
example, the binding of transcriptional repressor to the sequence overlapping the BRE
element or the TATA-box prevents the access of TBP/TFB basal transcription factors (Lee
and Young 2013; Lipscomb et al. 2009; Dahlke and Thomm 2002). Usually, transcriptional
activators bind to a primary operator site upstream or partially overlapping the BRE element,
so-called UAS (Upstream Activating Sequence), stimulating the recruitment of TBP /TFB to
the promoter through protein-protein interactions (Wilkinson et al. 2010; Ochs et al. 2012).

Most of archaeal transcriptional regulators identified so far possess bacterial-like DNA
binding domains, such as RHH (ribbon-helix-helix) and HTH (helix-turn-helix) motifs
(Aravind and Koonin 1999; Pérez-Rueda and Janga 2010). Based on in silico analyzes, it is
predicted that the Leucine Responsive-Regulatory Protein (Lrp) family, a well-known family
of regulators in bacteria, is widely present in archaea (Brinkman et al. 2003). Lrp-like proteins
have been annotated in all available genomes of archaea and are considered one of the most
abundant families of proteins regulators of transcription (Pérez-Rueda and Janga 2010;
Wurtzel et al. 2010; Charoensawan et al. 2010). Archaeal Lrp-like regulators usually bind

close to the promoter region, allowing the formation of a ternary complex TBP-TFB-Lrp.

33



These regulators can affect the formation of the PIC in a positive and negative way (Peeters
and Charlier 2010).

In eukaryote, chromosomal DNA is structured by histones, which together form nucleoprotein
complexes called nucleosomes. Among archaea, almost all known Euryarchaeota genomes
encode counterparts of histones. Some Crenarchaeota genomes encode for proteins capable of
structuring DNA in such a way similar to histones (Mattiroli et al. 2017). In M.jannaschii, the
UAS is located directly upstream of the rubredoxin (rb2) promoter
downstream of the TATA box. Both histones and the Lrp-type regulator Ptr2 have been
shown to bind this region (Ouhammouch et al. 2003; Ouhammouch and Geiduschek 2001).
Ptr2 transcription factor binds to the UAS and activates transcription by recruiting TBP to the
promoter, which leads to high expression levels. In the absence of Ptr2, the histone tetramers
bind to the UAS resulting in transcriptional repression. The binding of TBP and TFB can
overcome transcriptional repression mediated by the histones (Ouhammouch et al. 2003;
Ouhammouch and Geiduschek 2001).

Other transcription factors are also widespread in archaea, such as MarR, ArsR/SmtB and
TrmB (Lee et al. 2008; Lemmens et al. 2019; Itou et al. 2008; Kumarevel et al. 2009). So far,

only a minor group of all existing archaeal regulators has been characterized.

5-3 Trandation

Even though archaeal mRNAs have bacterial features (no introns and a 5’ triphosphate at the
5’end), archaea have a translation apparatus close to those described in eukaryotes (Lecompte
et al. 2002; Londei 2005). Translation of mRNAs starts with the recruitment of the small
subunit of the ribosome and the initiation factors.

Ribosomes are ribonucleoprotein particles composed of conserved rRNAs that carry catalytic
activity (ribozyme) and ribosomal proteins. They consist of a large and a small subunit, the
30S and 50S subunits in archaea, forming a binding site for aminoacylated tRNAs (site A), a
binding site for deaminoacylated tRNA (site P), and a tRNA exit site (E site). The 30S subunit
consists of 16S RNA and 25 proteins and allows the sequence of the mMRNA to be decoded.
The 50S subunit contains 23S and 5S RNA and 39 ribosomal proteins which structure the
catalytic site. Ribosomal proteins of archaea are either universal or homologous to those of
eukaryotes (Lecompte et al. 2002; Armache et al. 2013; Ban et al. 2000, 2014).

Archaeal initiation factors are alFl, alF1A, alF2, and alF5B which are homologous to
eukaryotic factors Table 3 (Kyrpides and Woese 1998; Benelli and Londei 2011; Schmitt et
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al. 2019). alF1 contributes to the identification of the initiation codon, alF1A occupies the A
site and alF2 allows binding of the tRNA.I to the P site. Once the initiator codon is recognized,
the large 50S subunit is recruited using the factor alF5B. Another factor alF6, homologous to
factor elF6, is certainly involved in translation but its role in archaea as in eukaryotes is not
clearly identified (Benelli and Londei 2009). The elongation steps are mainly controlled by
two proteins with GTPase activity found in the three domains of living organisms: aEF1A and
aEF2 Table 3. During the first step, an amino-acylated tRNA enters the A site of the
ribosome and recognizes the codon of the mRNA with the help of the factor aEF1A. The
second step is the transpeptidation during which the amino acid carried by the tRNA in site A
is added to the nascent peptide chain carried by the tRNA in the site P. aEF1B allows the
recycling of aEF1A-GDP into aEF1A-GTP. Translocation is the last step and causes the
reciprocal movement of the ribosome and the mRNA which causes the shift of the codon in
the A site. It is the binding of the aEF2 factor which allows the translocation of the ribosome
and the release of the tRNAs from the site E. The termination of translation and the recycling
of ribosomes have been little described in archaea. Termination occurs when the ribosome
recognizes one of the three stop codons (UAA, UAG or UGA) at site A and requires the
intervention of the release factor (RF) aRF1 which is homologous to eukaryotic eRF1
(Kobayashi et al. 2012). The dissociation of ribosome subunits and their recycling is
coordinated by the ABCEL protein which is homologous to eukaryotic ABCE1 (Barthelme et
al. 2011).
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Table 3 Translation factor in Archaea

Name Function Eukaryotic
homologues
alF1A Unkonwn/ A site of ribosome alF1A
alF5B Adjusts tRNAI in P site alF5B
Initiation alF1 Recognition start codon alF1
factors
alF2 Position tRNAI/ P site alF2
alF6 Ribosomal subunits dissociation ? alF2
aEF1A aminoacyl-tRNA to ribosome- eEF1A
GTP
Elongation aEF1B | Recycling of aEF1A-GDP/ eEF1B
factors
aEF1A-GTP
aEF2 GTP hydrolysis eEF2
. aRF1 Recognize of stop codons eRF1
Termination
factors ABCE1 Dissociation of ribosome subunits ABCE1

The function and eukaryotic homologous of archaeal translation initiation and elongation

factor.
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5-4 Post-transcriptional regulation of gene expression

The study of archaea is very important to understand the evolutionary history of life, but also,
they are used as a simplified context to the study of eukaryotes, notably for studying the
fundamental processes conserved across all domains as RNA metabolism. Even after 40 years
of research on archaea, numerous elements of the mechanism of post-transcriptional
regulation of the gene expression are still to be determined.

The key players in RNA processing and degradation are the ribonucleases (RNases). RNases
catalyze the exo- or endoribonucleolytic cleavage of phosphodiester bond and act in a
complex with other enzymes such as RNA helicases, poly (A) polymerases, and
pyrophosphohydrolases. To date, only ten families of RNase have been reported (Clouet-
d’Orval et al. 2018). Endoribonucleolytic activities are carried by the universal RNase H,
RNase P, and RNase Z endonucleases which are involved in tRNA and rRNA maturation
processes. Shared with eukaryotes, the EndA and Nobl RNase are also important in those
processes.

The 3°-5’ exoribonucleolytic activity i.e. degradation of RNAs from their 3 ’end, is critical in
all three domains of life. In archaea, this activity is provided by two 3'-5' exoribonucleases:
the RNA exosome and the aRNase R. The archaeal exosome, which is homologous to the
eukaryotic exosome, is found in a vast majority of archaea groups except for the
Methanomicrobials, Haloferacales, Halobactériales, and Methanococci groups (Clouet-
d’Orval et al. 2018). The core of the archaeal exosome is composed of a trimer of
Rrp41/Rrp42-dimer which forms the barrel, the catalytic site is carried by Rrp4l. The
exosomal cap is a heterotrimer composed of the RNA binding proteins Rrp4 (which have an
RNA binding domain S1 and KH) and /or Csl4 (have an S1 and ZN domain) (Witharana et al.
2012). aRNase R, homologous of the bacterial RNase R, is found only in Methanomicrobials,
Haloferacales, and Halobacteria (Clouet-d’Orval et al. 2018).

The B-CASP family, which comprises RNA cleavage (CPSF73 and RNase J) and DNA repair
(Artemis, SNM1 and PSO2) enzymes, is part of the metallo-p-lactamase superfamily, found
in the three domains of life (Dominski et al. 2013). Among the B-CASP enzymes, two groups
have emerged based on their cellular functions and phylogenomic, one is homologous to the
eukaryotic protein CPSF73 and the other to the bacterial RNase J protein. RNase J
exonuclease is found in bacteria, Euryarchaea, and plants. In bacteria, the RNase J
ribonuclease has a key role in rRNA maturation and mRNA turnover (Linder et al. 2014;
Durand and Condon 2018; Mathy et al. 2007)(Dominski et al. 2013). The 5'-3'
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exoribonucleolytic activity of aRNase J is very processive in vitro and was firstly identified in
Thermococcales and Methanococci (Clouet-d’Orval et al. 2010; Levy et al. 2011). Recently it
was shown that aRNase J is specifically engaged with the ASH-Ski2 helicase, homologous of
the eukaryotic Ski2, and the RNA exosome (Phung et al. 2020) (FIGURE 7). This underlines
the mosaic aspect of archaeal RNA machinery that harbor RNases and helicases with
homologs in eukaryotes and bacteria. More specifically, aRNase J, ASH-Ski2 and the RNA
exosome in Pyrococcus abyss have an extended shared protein network (Phung et al. 2020).
Interestingly in the network of Paby-ASH-Ski2 and the RNA exosome, a partner annotated as
a helicase of the Large-related-helicase super family (Lhr2) was identified (FIGURE 7). One
of the purposes of this PhD study is the study of the structure-function of Lhr2.
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FIGURE 7. Mosaic molecular machinery involved in RNA metabolism in Archaea.

The complex formed by the exoribonuclease aRNase J and ASH-Ski2 helicase is involved with the
RNA exosome in mRNA processing in Archaea. Lhr2 helicase is found in the protein interaction
network of ASH-Ski2 and the aExosome.




II-HELICASES

1-Discovery of Helicase enzymes as cellular motors

The discovery of proteins capable of ATP-dependent enzymatic unwinding of duplex DNA
was first reported in the late 1970s (FIGURE 8) (Abdel-Monem et al. 1976; Abdel-Monem
and Hoffmann-Berling 1976). The Helicase | was isolated from E. coli, but later shown to be
encoded by the Tral gene of the F episome (Abdel-Monem et al. 1983). Three years after,
Hoffmann-Berling coined the term ‘“helicase” for these proteins (Kuhn et al. 1979).
Thereafter, numerous DNA helicases were discovered in the three kingdoms of life: in the
eukaryotic lily plant (Hotta and Stern 1978); in bacteriophage (Venkatesan et al. 1982); in
mammals (Hibscher and Stalder 1985), in viruses with SV40 protein (Stahl et al. 1986), in
yeast (Sugino et al. 1986); in human (Tuteja et al. 1990); and in 1992 and 1996 respectively
the first mitochondrial and chloroplast DNA helicase were identified (Hehman and Hauswirth
1992). Subsequently, the first biochemically active malaria parasite DNA helicase

from Plasmodium cynomolgi was reported (Tuteja et al. 2002) (FIGURE 8).

Remarkable progress was shown over the years in developing experimental techniques to
detect and measure the unwinding activity of the helicases (Brosh and Matson 2020). From
the S1 nuclease digestion assay (Abdel-Monem et al. 1976) to native polyacrylamide gel
resolution of helicase reaction products used for gene 4 protein (Matson et al. 1983). A similar
strand displacement assay to measure helicase activity in vitro was also used for the
bacteriophage T4 gene 41 protein (Venkatesan et al. 1982). Subsequently, Fluorescence
resonance energy transfer to monitoring in real-time the unwinding helicase activity
(Bjornson et al. 1994). In 2004, the Single-molecule manipulation technique using optical
tweezers allowed measuring the rate, lifetime, and processivity of the UvrD helicase as a
function of ATP, and for estimating the step size (Dessinges et al. 2004). One year after, a
technique combining optical tweezers and fluorescence microscopy so called °’single-
molecule’” was useful to understand the relationship between the three-dimensional structure

of the protein and its function (Comstock et al. 2015).
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FIGURE 8. Timeline of helicases discovery.

Discovery of first bacterial DNA unwinding enzyme in 1976; DNA helicases are involved in DNA
replication in 1977; First eukaryotic DNA helicase in 1978; Discovery of Walker A and Walker B
motifs 1982; DNA helicases displace nucleic acid-binding protein in 1983; DNA helicases are
involved in DNA repair in 1984; First eukaryotic RNA helicase in 1985; First DNA helicase
discovered in viruses and yeast in 1986; Helicases translocate on nucleic acid strand in 1988;
Helicases were classified into two superfamilies in 1989; Discovery of DEAD-box RNA helicases and
classification of helicases into two superfamilies in 1989; and the classification of helicases in six

superfamilies in 1993.




Therefore, DNA helicases were discovered because of their ability to catalyze the separation
of the complementary strands of dsDNA, this activity fulfills a function of this class of
enzyme in a range of biological processes. The first studied function of helicases was in DNA
replication revealed in the phage ¢ X174 (Scott et al. 1977) (FIGURE 8) and in E.coli where
the Rep helicase was showed to use the energy of ATP to separate dsDNA at the replication
fork (Aoyama and Hayashi 1986). The replication function of helicases relies also on the
ability of these enzymes to displace nucleic acid-protein complex, firstly showed for the T4
Dda helicase (Bedinger et al. 1983) (FIGURE 8). The translocation activity of helicases was
firstly predicted for the gene 4 protein that binds and translocates on the single-stranded
template (Myers and Romano 1988). The mechanism of helicases translocation on dsDNA
during the replication process was demonstrated for the primosome of E.coli (Lee and
Marians 1989). The role of DNA helicases in DNA repair was also investigated over the year.
In 1984, genetic studies demonstrated the importance of E.coli RuvA, RuvB, and RuvC in
recombinational repair (Lee and Marians 1989). Subsequently, it has been shown that the
ATPase/helicase RuvB together with the DNA binding protein RuvA catalyzed HJ (Holliday
junction) branch-migration in an ATP-dependent manner (Parsons et al. 1992). This discovery
was significant and was the first to link human RecQ helicases to numerous diseases of

premature aging and cancer (Karow et al. 2000; Constantinou et al. 2000).

From the end of the 1970s, several laboratories were trying to reconstitute eukaryotic protein
synthesis in vitro. The first helicase shown to unwind duplexed RNA was the eukaryotic
translation initiation factor, elF4A (Ray et al. 1985) (FIGURE 8). The role of this RNA
helicase in translation initiation was then established in eukaryotes (Pause and Sonenberg
1993). Later, RNA helicases were shown to be involved in mRNA splicing (PRP5 and PRP28
of yeast) (Wassarman and Steitz 1991), in ribosome assembly (SrmB and DeaD of E.coli)
(Fuller-Pace and Lane 1992), in rRNA processing (Fuller-Pace et al. 1993), and in E.coli
RNA degradome (Py et al. 1996) suggesting that these proteins have a role in the modulation
of RNA structure (Tanner and Linder 2001).
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2-Helicase Classification

2-1 The six superfamilies of helicases

The first classification of helicases by Walker and his collaborators described in 1982 was
based on the sequence analysis of a- and B-subunits of ATP synthase proteins, including a
known bacterial ATPase, the recombination protein RecA, adenylate kinase, and myosin from
both nematode and rabbit. They identified two clustered amino acid regions which shared
strong similarity with other ATP-binding proteins (Walker et al. 1982) (FIGURE 8). These
motifs, popularly known as Walker loop or P-loop (phosphate-binding loop), occurred at
positions corresponding to the proposed nucleotide-binding site in the protein crystal structure
(Pai et al. 1977). The association of these sequences with actual ATP-binding appeared to be
established. Thus, the motif GXXXXGKT was proposed as a common nucleoside
triphosphate (NTP) binding fold present in each of the analyzed proteins. An alignment of the
amino acid sequences corresponding to the Walker A and B of the bacterial RecD helicase
with a viral NTP motif-containing RNA helicase was then described (Gorbalenya et al.
1988a).

In 1989 Linder and colleagues observed that several proteins (nine helicases including elF4A)
that displayed RNA-dependent ATPase activity and/or helicase activity with RNA duplexes
shared conserved motifs in their amino acid sequence (Linder et al. 1989) (FIGURE 8). This
family named DEAD-box was then developed to include about 30 proteins in a wide range of
organisms from bacteria to humans (Schmid and Linder 1991).

Basing on primary structure analyses, the presence of seven conserved amino acid motifs
found in a superfamily (SF) of proteins was observed, and three superfamilies and two
families of putative helicases were described (Gorbalenya et al. 1988b, 1989). the computer-
aid analysis of the amino acid sequences of helicases helps classifying helicases and putative
helicases: The DEAD and DEAH families were represented as two protein families within
SF2. SF1 comprises a number of prokaryotic and eukaryotic putative helicases including the
Senl-like family. the majority of the putative helicases of RNA viruses belong to SFI, SF2, or
SF3. The SF4 helicase includes DnaB helicase and gp4l and gp4 of bacteriophage. Rho
helicase is found in the SF5.

Subsequently, It has also become apparent that many nucleic acid motors are members of the
AAA+ (ATPases Associated with various cellular Activities), represented as Superfamily 6
(Singleton et al. 2007). With the accumulation of the structure of many helicases families, it

was possible to integrate the data from sequence, structure and mechanism to classify the
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existing helicases (Singleton and Wigley 2002). As a result of their classification, Singleton
and his colleagues proposed the existence of six helicase superfamilies (SF1-SF6) (Singleton
et al. 2007)). In 2010, Fairman-Williams and his colleagues redefine the classification of SF1
and SF2 based on the accumulation of new structural data from several SF1 and SF2 families.
This allowed to complement and extend the existing categorizations (Fairman-Williams et al.
2010) (FIGURE 9). The classification proposed by Fairman-William was a helpful step
toward explaining common features as well as differences among specific helicases.
e SF1and SF2 helicases

The two largest acknowledged superfamilies, SF1 and SF2 group the non-hexameric helicases
performing diverse cellular functions. The SF1 includes three subfamilies UvrD, Pifl-like,
and Upfl-like, and the SF2 comprises ten subfamilies; the RecG-like, RecQ-like, Ski2-like,
T1R, Swi/Snf, RIGI-like, DEAD-box, DEAH/RHA, and NS3/NPH-II (Fairman-Williams et
al. 2010) (FIGURE 9). The SF1 and SF2 subfamilies include a minimum of three members
from each organism (Fairman-Williams et al. 2010).

Helicases can also be subclassified according to the polarity of unwinding or translocating
along with DNA/RNA strand (Fairman-Williams et al. 2010). For example, the UvrD/Rep
helicases which belong to the SF1A subfamily translocate in the 3’to 5° direction (Matson
1989), while the Pifl-like and UPF1-like helicases which belong to the SF1B subfamily
translocate in the 5 to 3’ direction (Chakrabarti et al. 2011; Sanders 2010).

Interestingly, SF1 & SF2 subfamilies either contain exclusively DNA or RNA helicases, or
both (Fairman-Williams et al. 2010) (Table 4). In families with both DNA and RNA
helicases, individual proteins mostly function either as RNA or DNA helicase. For example,
based on in vitro activity assays, the DEAD-box helicases bind specifically RNA substrates
(Tanner and Linder 2001; Rocak and Linder 2004); while the RecQ-like, RecG-like, Swi/Snf,
T1R, and Rad3/XPD bind exclusively DNA substrates (Chu and Hickson 2009; Azeroglu and
Leach 2017; Durr et al. 2005; Liu et al. 2008; Jankowsky et al. 2011). The DEAH/RHA and
Ski2-like are able to target both RNA and DNA substrates (He et al. 2011; Johnson and
Jackson 2013). Regarding the SF1 superfamily, only the UPF1-like helicases are able to
precede both DNA and RNA substrates (Azzalin and Lingner 2006).

The hallmarks of SF1 and SF2 superfamilies is a conserved helicase core formed by the two
RecA-like domains in tandem (RecAl and RecA2) (FIGURE 10A). The common helicase
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core of both superfamilies contains characteristic and conserved sequence motifs, where the
similarity is higher within each family and the level of similarity in most motifs decreases
throughout the respective superfamilies (Fairman-Williams et al. 2010). Amino acid residue
motifs are conserved in at least 75% of the proteins belonging to the given superfamily of
helicases. These motifs are usually clustered in a core region of 200-700 amino acids,

separated by stretches of non-conserved sequences (Gorbalenya and Koonin 1993).

Table 4. Nucleic acid preference of SF1 and SF2 helicases families.

Nucleic Acid Preference
DNA RNA

Subfamily Superfamily

DEAD-box

DEAH/RHA

NS3/NPH-I1I

Ski2-like

+l+ |+ [+ +

RIG-I-like SF2

RecQ-like

RecG-like

Swi/Snf

T1R

Rad3/XPD

UvrD/Rep

L+ |+ |+ |+ |+ |+ ]|+ ]|+ +]+

Pifl-like SF1

Upfl-like + +

Nucleic acid preference indicates the ability to unwind either DNA or RNA. (Fairman-
Williams et al. 2010).
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FIGURE 9. SF1 and SF2 subfamilies.

Schematic unrooted cladogram showing the three SF1 subfamilies (right), and the 10
SF2 subfamilies (left).

From (Fairman-Williams, Guenther, and Jankowsky 2010).
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FIGURE 10. The catalytic core of helicase superfamilies.

A. Schematic representation of the helicase core observed in each superfamily, and the distribution of
the different motifs. The SF1 and SF2 possess two RecA-like domains in tandem. The SF4 and SF5
are hexameric helicases, each monomer possesses one RecA-like domain. The SF3 and SF6 helicases
are also hexameric, each monomer possesses one AAA+ domain. B. Cartoon structural representation
of monomeric and hexameric helicases with RecA-like and AAA+ domains. C. A comparison
between the RecA and the AAA+ folds. Both RecA and AAA+ belong to the ASCE subgroup of the P
loop NTPases, and comprise a 5-stranded parallel b —sheet flanked by helices both in front and behind
the plane of the sheet. The secondary structure elements that are common to the ASCE proteins are
shown in blue: the P loop containing the Walker A motif (WA) is shown in red, the Walker B motif in
dark blue, the catalytic glutamate in violet (E), the arginine finger (R) in green and the Sensor I (SI)
and Sensor Il (SII) in orange. The AAA+ is characterized by a C-terminal helical domains (in orange)
(Franziska Bleichert, Michael R. Botchan, and James M. Berger 2017).




Helicases of SF1 and SF2 superfamilies are generally monomeric but some candidates are
able to function as monomers or dimers. Each monomeric SF1 or SF2 helicase consists of two
RecA domains (Velankar et al. 1999; Maluf et al. 2003; Bujalowski et al. 1994; Lee and Yang
2006). For example, the UvrD SF1 and the SF2 Hel308 helicases form an active dimer in
solution, while the T4 Dda and HCV NS3 form monomeric helicases and translocases
(Stelter et al. 2013; Richards et al. 2008b)(Eoff and Raney 2006) (FIGURE 10B).

The RecA-like domains belong to the ASCE subgroup of the P loop NTPases, and comprise a
five-stranded parallel B-sheet, flanked by helices both in front and behind the plane of the
sheet (Story and Steitz 1992; Story et al. 1992) (FIGURE 10C). The Walker A motif (WA) is
located between the strand B-1 and helix a-1 (Walker et al. 1982) (FIGURE 10C) . The
Walker-B motif (WB), is located between the strand B-4 and helix a-4. An arginine finger
similar to those first observed in GTPase activating proteins helps coupling ATP binding and
hydrolysis to large-scale conformational changes between adjacent RecA folds (FIGURE
10C) (Wittinghofer et al., 1997). Another component of the active site is the conserved
glutamate which primes a water molecule for the nucleophilic attack on the y-phosphate group
of ATP. The conserved glutamate occurs immediately downstream of the Walker B aspartate
(FIGURE 10C) (Hilbert et al. 2015; Leipe et al. 2003). Finally, a polar residue at the C-
terminal tip of strand B-5, sensor-I1 (SI), is conserved in many RecA-like ATPases and might
function as a y-phosphate sensor in order to transmit conformational changes to other parts of
the protein upon ATP binding (lyer et al., 2004b; Story and Steitz, 1992; Yoshida and Amano,
1995).

The helicase catalytic core fold is highly conserved in SF1 and SF2, but it is now clear that
these enzymes perform diverse functions on nucleic acids both in vitro and in vivo due to the
existence of accessory domains outside the helicase core. For example, the XPD helicase is
involved in transcription and Nucleotide Excision Repair (NER) (Kuper et al. 2014) while the
RecQ helicase is involved in the repair of double-strand breaks (DSBs) (Bernstein et al.

2010), even that both belong to SF2 superfamily.
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e Archaeal SF1 & SF2 helicases (book chapter Hajj et al 2018-PUBLICATION 1)

Few studies address the role of helicases in archaea particularly at the cellular level and only a
few members from the SF1 and SF2 families were characterized. In the frame of this thesis
work, we review the SF1 and SF2 subfamilies of helicases from the archaeal domain in a
book chapter (PUBLICATION 1, (Hajj et al. 2019). Phylogenomic studies from archaea
sequence genomes showed the distribution and occurrence of SF1 and SF2 families in archaea
(Chamieh et al. 2016). This study showed that SF1 superfamily in archaeal sequenced
genomes comprises only two subfamilies, the Upfl-like and UvrD-like. No archaeal homolog
of Pifl-like was identified. Similarly, no homologs of SF2 RecG-like and DEAH/RHA
helicases were found in archaea, and the archaeal SF2 superfamily includes the Swi2/Snf,
RIG-1, DEAD-box, Rad3/XPD, Ski2-like, Rad25/XPB, RecQ-like, UvrB, Cas3, Sfth, reverse
gyrase, T1R, and Lhr helicase families. The distribution of helicases identified by genome-
wide analysis by Chamieh and her colleagues in archaea, human and E.coli is represented in
Table 5. Structural analysis of helicases showed the conservation of the helicase core (e.g
RecAl and RecA2) and as mentioned before the accessory domains provide substrate
specificity to the helicase. Several biochemical and genetics studies were performed on
archaeal helicases, in addition to determination of the three-dimensional structure of the
protein. We can cite the well-studied Hef RIG-I-like helicase firstly identified from the
hyperthemophilic archaeon Pyrococcus furiosus as a protein factor that can stimulate holiday
junction resolution by the Hjc resolvase (Newman et al. 2005; Komori et al. 2002; Nishino et
al. 2005). It was suggested that this helicase plays a role in processing stalled replication forks
as it produces splayed duplexes from DNA forks and four-way junctions and on fork-
structured DNA in vitro (Lestini et al. 2010). Hence, a book chapter was published where we
reviewed the literature on the current knowledge of archaeal SF1 and SF2 helicases (Hajj et
al. 2019). Many archaeal helicases remain to be studied such an SF2 specific helicase
characteristic of Euryachaoeta named ASH from the ski2-like family (Manon Batista thesis,
2020) and the Lhr-type SF2 family which is the subject of this PhD work.
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Table 5. Distribution of helicases in the three domains of life.

_ _ Organism
Subfamily | Superfamily :
Archaea Human E.coli

DEAD-box + + +
DEAH/RHA + +
ERCCA4/RIG- + +

I/Hef/XPF
Ski2-like + + +
Cas3 +
RecQ + +
Rad52 SE2 + +
Swi/Snf2 + +
T1R + +
XPD/Rad3- + + +
like/DinG

Lhr
Sfth
Reverse +
gyrase
UvrD-like + + +
Pifl-like SF1 + +

Upfl-like + + +

The table represents the presence (+) or absence (-) of SF1 and SF2 helicases revealed by
genome-wide analysis in archaea, human, or Ecoli. (Chamieh et al, 2016)



e SF3to SF6 helicases

Briefly, the SF3 to SF6 superfamilies form hexameric toroid structures (ring structure)
(Dillingham 2011; Lohman et al. 2008; Patel and Picha 2000) (FIGURE 10B). Helicases of
the SF3 comprise viral helicases for example the E1 helicase of Papillomaviruses (Enemark
and Joshua-Tor 2006) (FIGURE 10B). The SF4 superfamily is often associated to primase
enzyme during replication. This superfamily includes helicases from bacteriophage as GP4 of
T7 phage, bacteria as the replicative helicase DnaB, and mitochondria (TWINKLE helicase)
(Fernandez-Pevida et al. 2015) (FIGURE 10B). The SF5 includes the replicative and
transcription termination factor Rho helicase (Thomsen and Berger 2009). The superfamily
SF6 includes the replicative helicase Mini Chromosome Maintenance (MCM) of the pre-
replication complex in eukaryotes and archaea and the RuvB helicase in bacteria (Meagher et
al. 2019) (Byrd and Raney 2017) (FIGURE 10B).

The hexameric structure of the SF3 to SF6 helicases shows six subunits (monomer),
containing each one variant of ASCE. The SF4 and SF5 helicases use the RecA-like variant,
while those of the SF3 and SF6 use another variant of ASCE, the AAA+ fold (Medagli and
Onesti 2013) (FIGURE 10B). the AAA+ domain is structurally similar to the RecA-like and
possesses a distinct a/f fold (Ogura and Wilkinson 2001) (FIGURE 10C). The AAA+
domain contains 200-250 amino acids with a central s-sheet in f5-51-f4-53-52 strand order.
The f-sheet is flanked on both sides by a-helices to form a three-tiered a-$-a sandwich.
Features that distinguish AAA+ family members from other P-loop NTPases include the
insertion of 4 between £1 and £3, the lack of an antiparallel p-strand adjacent to 55, and the
lack of any additional strands directly adjacent to either 5 or 2 (Hanson and Whiteheart
2005)(lyer et al. 2004b)(lyer et al. 2004b, 2004a) (FIGURE 10C). The AAA+ domain has in
addition to the Sensor |1, the Sensor | motif which might play a role in orienting the catalytic

water molecule for the attack on the y phosphate (Thomsen and Berger 2008).

The ATP binding sites are also located at the interface between each two adjacent subunits of
the hexameric helicase. The interaction between the ATP molecule and these sites brings
closer the Walker A and Walker B motifs and the arginine amino acid which allow the
hydrolysis of the ATP (Yoshimoto et al. 2010; Goetz et al. 1988). The ATP hydrolysis
induces conformational changes between each of the two subunits which induce the

movement along the nucleic acid substrate. The ring structure forms a channel that encircles

52



the DNA or RNA substrate which stabilizes the enzyme binding to the substrate and allows a

diversity of processes (Joo et al. 2019).

Many examples exist, the unwinding activity of DNA in the 5’-3” direction, that allows the
DNA polymerase to synthesize a complementary strand during the replication (DnaB in
E.coli) (Egelman et al. 1995). The hexameric ring of RuvB, a member of the AAA+ helicase
family, encircles and translocate along dsDNA and then promotes branch migration of
Holliday junctions (Neuwald et al. 1999)(Miyata et al. 2000).

One example of hexameric RNA helicase is the Rho transcription termination factor. Rho
binds RNA by recognizing the rut site (Rho utilization site), and translocate in the 5°-3’
direction. Binding of Rho helicase to the transcript induces the closing of the ring to encircle
nucleic acids. The interaction between nucleic acids and Rho factor induces ATP hydrolysis

and translocation of the helicase (Miyata et al. 2000; Sachsenmaier and Waldsich 2013).

2-2- Structural characteristics and conserved motifs of SF1 & SF2

The conserved helicase core formed of RecAl and RecA2 includes seven motifs located as
follows: motifs Q I, la, Il, and Il in domain RecAl and motifs IV, V, and VI in domain
RecA2 (FIGURE 11A) (Fairman-Williams et al. 2010). The two domains are separated by a
cleft, where the conformational changes induced by ATP binding and hydrolysis are expected
to take place. Motif | (Walker A), with motif 1l (Walker B), and V1 have the highest level of
sequence conservation across the two SFs while the consensus sequence of the other motifs is
different between SF1 and SF2 but also from one SF2 subfamily to another. These residues
are located at the cleft between the two RecA-like domains (Leipe et al. 2002) (FIGURE
11B). Their arrangement corresponds to their functional role in ATP hydrolysis. Motif 1V, Ia,
Ib, Ic, IVa, V, and Vb are located at the opposite face of the ATP hydrolysis site on the two
RecA-like domains and contribute to the formation of the nucleic acids binding channel
(Dehghani-Tafti et al. 2019) (FIGURE 11B).

The binding of ATP, in the presence of RNA or DNA substrate, results in a "closed"
conformation which causes a rotation of 20° between the two RecA domains. The hydrolysis
of ATP and the release of ADP leads to the "open" conformation (Jarmoskaite and Russell
2014). These changes in conformation confer to the helicases the unwinding or annealing

activity (Yang and Jankowsky 2005).
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FIGURE 11. SF2 helicase core.

A. Schematic representation of the localization of the SF1 and SF2 conserved motifs on the RecAl
and RecAz2 and their functions. The Q, I, I, VI are implicated in NTP binding and hydrolysis. Motifs
la and Ib are implicated in nucleic acid binding. Motifs la, Ib, Ic, IV, lva, and V are implicated in RNA
substrate binding. And finally, motif Il and Va are implicated in the coordination between NTP
binding and hydrolysis and Nucleic acid unwinding. B. Schematic representations of SF2 helicase.
The subdomains are as indicated, and the RecAl and RecA2 subdomains form a motor core and adopt
a “RecA”-like fold. Nucleotide cofactor is bound in a cleft between these two subdomains.




Q motif

This motif was firstly discovered in the DEAD-box helicases (Tanner et al. 2003). It consists
of an amino acid sequence containing invariant glutamine (Q), hence its name. In yeast, site-
specific mutagenesis studies show that the Q motif of elF4A is involved in ATP binding and
hydrolysis (Tanner et al. 2003). The glutamine amino acid of the Q motif coordinates the
adenine residue of ATP, and though led to ATP hydrolysis (FIGURE 11). This motif is
absent in helicases with no preference for ATP such as NS3/NPH-11 and DEAH/RHA (Tanner
2003). Nevertheless, in other helicases, it has been shown that this motif is involved in DNA
binding and not ATP (Ding et al. 2015). Motif Q is also implicated in the affinity of DEAD-
box helicases to RNA substrates and the regulation of their helicase activities (Cordin et al.
2004).

Motif | (Walker A)

In the consensus sequence (AXXGXGKT), the lysine (K) of GKT binds the B and y phosphates
of the ATP molecule, and the mutation of lysine to the uncharged amino acid asparagine
abolished the binding of ATP (FIGURE 11B) (Pause and Sonenberg 1992). The side chain of
the invariant K of motif | bound the Mg2+ ion, and the B phosphate of the bound NTP and
may act to stabilize the transition state during catalysis. Mutation in this motif leads to an
ATPase-deficient mutant, which also lacked helicase activity, demonstrating that ATP
hydrolysis was required for the unwinding of duplex nucleic acid (Hall and Matson 1999).

Motif la

This motif was shown to be involved in ssDNA binding (FIGURE 11) (Marintcheva and
Weller 2003). Mutational analysis in this motif in UL9 helicase of HSV-1 showed that
mutants exhibited wild-type levels of intrinsic ATPase activity with severe defects in SSDNA-
stimulated ATPase activity and ssDNA binding (Marintcheva and Weller 2003). These results
indicate that residues from the la motif contribute to the ssDNA-binding and helicase

activities of UL9 and are essential for viral growth.

Motif |1 (DEXX)

This motif is shared by all known and putative helicases (FIGURE 11). Mutational analysis
in the D of DEAD shows the implication of this motif in ATP hydrolysis, and the helicase
activity of mutants was affected (Pause and Sonenberg 1992). With the growing number of

identified helicases, some variations in motif 11 have been observed, and these are arranged in
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different subgroups of SF2 such as DEAD, DEAH (Studer et al. 2020), DEXH (Jankowsky
and Jankowsky 2000) and DEAH box proteins (Gilman et al. 2017).

Motif 111

This motif is implicated in the coordination of ATP hydrolysis and nucleic acids binding to
mechanical activity including translocation (Zhang et al. 2013b). Mutational analysis shows
that mutants in this motif retained ATPase activity but lacked significant helicase activity
(Graves-Woodward et al. 1997). This motif is also important for converting the energy from
ATP binding and hydrolysis to RNA helicase activity and RNA binding affinity (Banroques et
al. 2010).

Moatif Il1a

This motif comprises a conserved tyrosine which stacks on the adenine of the ATP molecule
(Fairman-Williams et al. 2010; Nishikiori et al. 2012). This motif frequently annotated
as motif IV is specific for the SF1 family (Nishikiori et al. 2012)

Motif IV

This motif has a phenylalanine in its consensus sequence (FIGURE 11). In DEAD-Box
proteins this conserved amino acid was shown to be required for the cooperation of ATP-
dependent binding of RNA substrates (Banroques et al. 2008).

Motif IVa

This motif is specific for SF2 (Fairman-Williams et al. 2010). Mutational analysis shows the
implication of this motif in DNA-stimulated ATPase activity. In addition, the conserved Q
residue in the QxxR motif is predicted to help in RNA binding (Durr et al. 2005).

Motif V

This motif interacts with the sugar-phosphate backbone of the DNA. The motif V has shown
to be implicated in nucleic acid affinity and in ssDNA-dependent ATP hydrolysis (Graves-
Woodward and Weller 1996) (FIGURE 11) . This motif is also involved in the NTP
hydrolysis step required for potyvirus RNA helicase activity, thus playing an essential role in
virus RNA replication inside the infected cell (Fernandez et al. 1997).

Motif VI
This motif is required for the nucleic acid-dependent NTP hydrolysis (FIGURE 11).

Mutational analysis shows that this motif has an effect on a variety of activities including
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ssDNA binding, ATP hydrolysis, and ligand-induced conformational change (Sriskanda and
Shuman 1998). The fact that this motif is close to both the NTP binding site and the DNA
binding site suggests that it is may act to communicate between the two sites and is required
for the helicase to move along the DNA substrate (Hall and Matson 1999) (FIGURE 11B).

Putative helicases share these motifs but do not necessarily confirm it as an active helicase,
though their activity was not yet demonstrated. For example, the SF2 NS3h translocate on
ssDNA as a monomer, but the translocase activity does not correspond to comparable DNA

unwinding activity or protein-displacement activity (Matlock et al. 2010).

In almost all cases, non-conserved accessory domains are attached to or inserted within the
RecA-like fold and provide the specificity of action and the regulation of the enzymatic
activity such as Zn-fingers, OB-folds, dsRBDs (Cui et al. 2008; He et al. 2010; Zhang and
Grosse 2004) (FIGURE 11A).
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FIGURE 12. Helicases unwinding activity features.

A. Helicases (purple oval) are able to unwind duplex structure in 3’ to 5’ or in 5’ to 3’ direction. B.
Unwinding step size depends on the number of unwounded base pair between two successive rate-
limiting steps (kinetic step size) or per one hydrolyzed ATP molecule (chemical step size). Two types
of active unwinding mechanism exist: The inchworm model C. and the rolling model D.




3-Biochemical and mechanistic activities

3-1 NTP binding and hydrolysis

The specificity of the hydrolyzed nucleotide varies among helicase families. Most helicase
preferentially hydrolyze ATP relative to the other three nucleoside triphosphate types (UTP,
GTP, and CTP) (Singleton and Wigley 2003). The conserved amino-acid motifs of helicases
play a critical role in defining nucleoside triphosphate preference. For example, the Q motif of
the DEAD-box helicase family confers specificity for ATP (FIGURE 11) (Tanner 2003).
Usually, a divalent metal cation binds specially to the 3 and y phosphates of the NTP (Frick et
al. 2007). This metal ion is an essential component of the overall reaction of ATP binding and
hydrolysis. Most helicases use magnesium as a cofactor (Jezewska et al. 2005). But other
metal ions may substitute Mg2+, as for the UvrD helicases where Co2+ could support a
catalytic efficiency similar to that with Mg2+ (Curti et al. 2007). Generally, the NTPase
activity of helicases is stimulated by its binding to nucleic acid substrates. For example, the
Prp2 and Prp3 of the DEAH/RHA helicase family have a very low NTPase activity in absence
of nucleic acid substrates. Their NTPase activity is stimulated by RNA or DNA regardless of
its nucleic acid sequence (Kim et al. 1992; Tanaka et al. 2007). However, some helicases
display an NTPase activity independently of the presence of nucleic acid. This is the case of
the replicative helicase DnaB, which is able to hydrolyze all NTPs molecules even in the
absence of DNA substrates (Roychowdhury et al. 2009).

3-2 Unwinding activity

The energy from NTP hydrolysis is required for helicase binding to the substrate and
subsequent activities (Singleton and Wigley 2003). The unwinding activity of a helicase is a
complex process that can be characterized by numerous features such as polarity,

processivity, step-size, and mechanism of action.

The polarity of unwinding is defined by the orientation of the protein translocation on
nucleic-acid strand, from the 5’ to 3” or 3’ to 5° (FIGURE 12A). Most helicases show a
unidirectional polarity even though some bipolar helicases were identified (Wong et al. 2013)
such as HerA, a helicase of thermophilic archaea (Constantinesco et al. 2004). In vitro, the
unwinding activity of most of the studied helicases requires a single loading single-stranded
DNA or RNA (Rajagopal and Patel 2008; Singh et al. 2019) to unwind double-stranded
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nucleic acids and are unable to unwind duplexes with blunt ends. Exceptions are BLM and
E.coli RecQ helicases, that are able to unwind blunt-end duplex DNA structure (Hishida et al.
2004; Mohaghegh et al. 2001). For blunt-ended duplex processing, some helicases were
suggested to bind DNA duplex and to generate a sSDNA loading strand for ATP-dependent
DNA translocation and unwinding. For example, the Lhr protein of Methanothermobacter
thermautotrophicus is able to remodel fork DNA substrate which would yield the sSDNA
needed to trigger the ATP-dependent DNA translocation, thus unwinding the fork (Buckley et
al. 2020).

The processivity of helicases is defined by the number of base-pair separated before the
release of the enzymes from the DNA or RNA substrate (Chakrabarti et al. 2019). Some
helicases exhibit a high processivity with a separation of several kilo base-pairs per second, as
for the RecB and RecD of the RecBCD complex involved in DNA repair in E.coli (Lohman
and Fazio 2018) and the Upfl helicase, a highly processive helicase that tightly holds onto
NA, allowing long-lasting action (Kanaan et al. 2018). While other helicases are able to
unwind only some base pair before the release of the enzyme from its substrate (Kanaan et al.
2018). The processivity of a helicase depends on the oligomeric state and the type of nucleic
acid substrate (Patel and Donmez 2006). For example, the Pifl helicase is able to unwind a
duplex substrate in its dimeric state only, while the monomeric state of the protein is inactive
on double-stranded substrate (Barranco-Medina and Galletto 2010). Also, some helicases
show a higher processivity to unwind RNA/DNA duplexes than DNA/DNA duplexes
substrates (Byrd and Raney 2017).

The step size of helicases is defined in two different ways (FIGURE 12B). 1-The kinetic step
corresponds to the number of bases or base pairs unwound between two successive rate-
limiting steps that are repeated during DNA unwinding (Lucius et al. 2003). For exemple, a
kinetic step size of 3bp means that the helicase proceeds through a slow conformational
change that occurs every three base pairs. 2-The chemical step size refers to the number of

base pairs unwound per one molecule of hydrolyzed ATP (Eoff and Raney 2010).

Mechanism of action Two different mechanisms for unwinding activity was described,
active, and passive. In a passive mechanism, the helicase is not involved directly in the
destabilization of the dsDNA but waits for the base pairs to open spontaneously by thermal

fluctuations before it moves and binds the newly opened bases (Manosas et al. 2010). This
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type of mechanism is attractive for helicases that can move and occupy one base at a time
Since the terminal bp at the junction opens and closes at a very fast rate (Guéron and Leroy
1995; Patel and Donmez 2006). The active mechanism requires the binding of the helicase to
both ss and duplex DNA at an unwinding junction simultaneously (Lohman and Bjornson
1996; Xie 2016). Different types of active mechanisms of unwinding were described. The
«inchworm model» (Yarranton and Gefter 1979) (FIGURE 12C), and the «rolling model»
(FIGURE 12D) (Lohman and Fazio 2018; Lohman and Bjornson 1996) require the functional
helicase to possess at least two DNA binding sites (Lohman 1992, 1993). These sites
accommodate intermediates in which two regions of ssDNA are bound simultaneously to the
helicase. These two models were proposed for Rep/PcrA helicases (Bird et al. 1998; Velankar
et al. 1999). A third model, the «torsional mechanism» in which the enzyme binds
simultaneously the two strands of DNA at the ssDNA/dsDNA junction to unwinds the
dsDNA has been also described (Lohman 1992). Finally, regarding the unwinding of the ring-
shaped helicases, it was proposed that one of the single strands passes through the center of
the ring-shaped protein, while the complementary single strand passes along the outside of the
ring (Patel and Picha 2000).

3-3 Annealing activity

Some helicases were shown to catalyze a strand-annealing activity (Bansbach et al. 2009;
Yusufzai and Kadonaga 2010) (FIGURE 13A). For example, the BLM helicase (Bloom
Syndrome Helicase) possesses a DNA annealing activity suggesting a role in the processing
of Okazaki fragments during DNA replication by inhibiting illegitimate recombination
(Bartos et al. 2006). Moreover, the annealing activity of the p68 and p72 RNA helicases
(yeast nuclear DEAD-box RNA helicases) rearrange the RNA secondary structure (Rdssler et
al. 2001). The annealing activity, contrary to the unwinding activity, appears to be
independent of ATP hydrolysis (Chamot et al. 2005) (FIGURE 13 A&B). The annealing
activity of helicases is influenced by the substrate length. For example, when the duplex
length of the complementary region of the nucleic acid substrate increase, the annealing
activity is higher, as in the case of BLM helicase (Machwe et al. 2006). The DNA unwinding
and strand annealing activities can be uncoupled. For example, the annealing activity of
RecQ5p helicase is comprised in its C-terminal region (Garcia et al. 2004). Furthermore,
studies of RECQ4 protein revealed that some missense mutants lose unwinding activity but

still possess strand annealing activity (Xu and Liu 2009).
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FIGURE 13. Mechanistic functions of helicases.

A. Helicases (purple oval) use ATP hydrolysis energy for duplex unwinding B. In the absence of ATP,
some helicases are able to anneal nucleic acid duplex. C. Helicases use the energy of ATP hydrolysis
also for translocating and protein displacement along nucleic acid substrate D. The inchworm model

of translocation on ssDNA is represented. The alternative tight and lose interactions are indicated by

the hand icons (Gao et al 2020).




3-4 Translocation and protein displacement

Monomeric SF1 and SF2 helicases used inchworm mechanism to translocate along with
nucleic acid. This mechanism implicates the helicase to move by alternating affinities
between domains (RecAl and RecA2) and ssDNA (FIGURE 13C) (Gao and Yang 2020).
Each helicase has at least two ssSDNA attaching points (Lee and Yang 2006). The binding of
ATP induces domain closure. The RecAl and the associated DNA exiting channel loose
contacts with the 3’ half of ssDNA and release one nucleotide, while domain RecA2 still
holds the 5” half of the ssDNA near the single-double stranded junction. During ADP and Pi
releases, the RecA domains open up, and the RecA2 releases the ssSDNA and allows it to
move towards the exit by one nucleotide. The translocation is of one nucleotide per ATP
hydrolysis (Saikrishnan et al. 2009).

During their translocation, many helicases share the ability to remove proteins from DNA for
replication, recombination, transcription, or repair processes to occur (FIGURE 13D). For
example, the E.coli RecBCD helicase displaces nucleosomes during unwinding (Eggleston et
al. 1995). The DExH/D helicases have been demonstrated to disrupt RNA-protein
interactions without an unwinding activity (Fairman et al. 2004).

During replication, the MCM helicase functions as replicative helicase in archaea and
eukaryotes (Shin et al. 2003). In eukaryotes, this helicase disrupts nucleosomes, probably
with the aid of histone modifications and chaperones (Alabert and Groth 2012). When
provided with ATP, the archaeal MCM helicase has the ability to unwind DNA bound by
DNA-binding proteins notably the HMtA2 histone, the transcription repressor TrpY, and the
transcription pre-initiation complex and dislodge proteins from dsDNA (Shin et al. 2007).
Head-collisions with RNAPs cause fork pausing during the replication (Merrikh et al. 2011).
in vitro, the dsDNA translocase Mfd provides a potential backup mechanism after a head-on
collision by displacing the RNAP (Pomerantz and O’Donnell 2010). In E.coli, Rep and UvrD
helicases, can each promote movement of replisomes along with protein-bound DNA in
vitro and in vivo (Guy et al. 2009; Boubakri et al. 2010).
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4-General cellular functions of DNA & RNA helicases

Due to their dominant presence, it is necessary to understand helicases functional role in the
biological processes and their interactions with various cofactors and proteins of different

biological pathways.

By their mechanical activities, helicases were found to be implicated in almost all biological
processes involving DNA (DNA helicase) or RNA (RNA helicase) (Pyle 2008; Jankowsky
and Fairman 2007). RNA helicases are essential for most processes of RNA metabolism such
as translation (Shen and Pelletier 2020), transcription (Epshtein et al. 2010), ribosome
biogenesis (Martin et al. 2013), RNA splicing (Cordin and Beggs 2013), RNA transport
(Gong et al. 2005), RNA editing (Li et al. 2011), RNA decay (Khemici and Linder 2018), and
R-loops processing (Chakraborty and Grosse 2011). They also play an important role in
sensing viral RNAs (Hardwick and Luisi 2013; Khemici and Linder 2018; Jarmoskaite and
Russell 2014; Brining et al. 2018; Linder and Jankowsky 2011; Skourti-Stathaki et al. 2011).
Many cellular processes, such as transcription, DNA replication, recombination, and repair,
involve the separation of nucleic acid strands that necessitates the use of a plethora of DNA
helicase (Brosh and Matson 2020; Knoll and Puchta 2011).

In human, more than fifty helicases have been characterized biochemically, and around ten of
them are associated with pathologies (Mohaghegh et al. 2001; Xu and Liu 2009; Cantor and
Guillemette 2011). Among these are the dual RNA/DNA helicase, Senataxin, an orthologous
of the yeast RNA helicase (Senlp), which plays a role in the maturation of ncRNAs and R-
loops processing (Dutta et al. 2020). Defects in senataxin cause the neurodegenerative
disorder ataxia with oculomotor apraxia 2 (AOA-2) (Yiice and West 2013). The XPB and
XPD subunits are associated with three genetic disorders: xeroderma pigmentosum (XP),
cockayne syndrome (CS) and trichothiodystrophy (TTD) (Coin et al. 2007; Rouillon and
White 2010; Richards et al. 2008a; Tirode et al. 1999).

In bacteria, genetic studies for helicases were performed and two helicases were shown to be
essential for the survival of the cell: The chromosome replication fork helicase DnaB, and the
PcrA DNA helicase (Subramanya et al. 1996; Velankar et al. 1999; Soni et al. 2003). All
sequenced bacterial genomes encode an essential hexameric helicase equivalent to DnaB
of Escherichia coli (Zhang et al. 2014; Marie et al. 2017).
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Helicases function does not rely only on the conserved motifs, but also on accessory domains
located around their structural cores which frequently contain specific additional
functionalities such as DNA-binding, protein-binding, or oligomerization.

The eukaryotic DHX29 is a large multidomain helicase that carries accessory domains, the
WH domain, the ratchet domain, and the OB domain, forming a complex regulatory network
(Dhote et al. 2012). The WH domain performs the binding to the 40S subunit, while the OB
domain mediates RNA-stimulated NTPase activity and inhibits basal NTPase activity in the
absence of RNA. Mammalian DDX3 and its yeast ortholog Ded1 play roles in the export and
translation initiation of mMRNAs and act as translational repressors (Tarn and Chang 2009).
The protein contains in addition to the helicase core N- and C-terminal extensions, which
appear to mediate interactions with other proteins as elF4G, PABP, elF4E, and elF4F that
ensure the recruitment of Ded1/DDX3 to specific mMRNAs (Hilliker et al. 2011; Shih et al.
2008; Soto-Rifo et al. 2012).

The bacterial SF2 RecG helicase contains beside the SF2 helicase domain a Wedge domain,
which specifically binds at the junction of DNA arms (Singleton et al. 2001). Aromatic
residues within this domain are essential for this substrate recognition. This domain is capable
by itself of binding Holliday junctions with high affinity, but not replication forks (McGlynn
and Lloyd 2001). In addition, when the wedge domain is deleted, the RecG still displays
helicase activity, but with reduced substrate affinity (Briggs et al. 2005; McGlynn and Lloyd
2001). Thus, the wedge domain is seen as a substrate specificity factor and a processivity
factor.

The XPD helicases possess a C-terminal FeS domain. When this domain is disrupted, XPD
still binds to sSDNA and has DNA-dependent ATPase activity (Rudolf et al. 2006; Pugh et al.
2008). The FeS domain contains a wedge structure implicated in DNA duplex separation
(Spies 2014).

The UvrB helicase is known for its function in DNA repair. The helicase comprises a f3-
hairpin accessory domain implicated in DNA binding and lesion detection (Webster et al.
2012). Mutagenesis studies have shown that residues of the B-hairpin domain are essential for

the handover of DNA from UvrA to UvrB and damage recognition (Van Houten et al. 2005).

RNA helicases frequently function in multi-subunit complexes, for example, the degradosome
complex in bacteria and the translation initiation and the mRNA spliceosomal complex in
eukaryotes.In eukaryotes, The DEAD-box protein elF4Alll is an essential part of the EJC
multiprotein complex (Ballut et al. 2005). The EJC complex is probably involved in
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nucleocytoplasmic transport of spliced mRNA, as well as the nonsense-mediated mMRNA
decay pathway (NMD) (Le Hir et al. 2000). elF4Alll binds spliced mRNA in the exon
junction complex (Shibuya et al. 2004). The ATP hydrolysis activity of elF4Alll is inhibited
in the presence of the MAGOH-Y14 dimer of the EJC complex. Although, its RNA binding
retains a very high affinity (Noble and Song 2007). In E.coli, the degradosome is a
multiprotein complex involved in the processing of rRNA and the degradation of mRNA
(Carpousis 2002). RhIB helicase is an important functional component of the RNA
degradosome, and it is activated by the protein-protein interactions with the C-terminal
portion of the ribonuclease RNase E. A region of the C-terminal domain that lies at a distance
from the helicase's catalytic site of RhIB is probably responsible for recognizing the RNase E
peptide (Chandran et al. 2007). The interaction between RNAseE and RhIB boosts the
ATPase activity and represses the RNA binding activity of the helicase. Similar
degradosomes assemble in B. subtilisand Staphylococcus aureus containing the CshA
DEAD-box RNA helicase (RhIB-equivalent), and RNases Y (functional equivalent of RNase
E) (Lehnik-Habrink et al. 2011).
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FIGURE 14. Studied bacterial and archaeal L hr-type protein.

A. The primary structure of Ecol-Lhr protein. The gene encoding Ecol-Lhr occurs in a gene cluster
with Ecol-RNAseT. B. The primary (up panel) and tertiary (lower panel) structure of Msme-Lhr PDB
5V9X revealed the organization of SF2 RecAl and RecA2 helicase core (light pink), a WH domain
(forest green) and a novel domain specific for Lhr-type named Domain4 (blue). C. The primary
structure of Pput-Lhr protein. A gene cluster including Pput-lIhr gene with an exonuclease, a ligase and
a metallophosphoesterase encoding genes is represented. D. The primary structure of Mthe-Lhr2
protein.




5-L hr helicase subfamily belonging to SF2

In this work, we are going to characterize the Lhr-type from the SF2 superfamily. Lhr for the
(longest helicase related) protein was firstly discovered in E.coli in 1995 (Reuven et al.
1995). Lhr is a large protein (1507 and 1538 amino acids residues in Mycobacterium
smegmatis and E. coli, respectively) (Reuven et al. 1995; Ordonez and Shuman 2013). Lhr
helicases are prokaryotic since members of this family were only found in bacteria and
archaea, and it is particularly abundant in actinomycetes and proteobacteria (Ordonez and
Shuman 2013). Lhr-type family belongs to the superfamily 2 of helicases. Bacterial Lhr-type
protein comprises the conserved helicase core of two RecA-like domains in tandem and
an additional C-terminal domain formed by a Winged-helix domain (WH) and a specific Lhr-
type Domain 4 (Ejaz et al. 2018) (FIGURE 14). The structure of the C-terminal extension is
not yet resolved and the exact function of Lhr-type family remains unclear. Specific studies

aimed to decipher Lhr-type activities and protein partners in archaea and bacteria (Table 6).

5-1 Lhr bacterial helicases

In bacteria, and particularly in E.coli, the importance of Lhr rose from its occurrence in a
cluster with RNase T encoding gene (FIGURE 14A) (Reuven et al. 1995). This interaction
has been demonstrated at the transcriptional level, as the Lhr and RNase T are co-transcribed,
but this interaction at the protein level was not established neither in vitro nor in vivo.
Mutational analysis showed that Ecol-Lhr encoding gene is a non-essential gene. Compared to
the WT, Ecol-Alhr strains display the same rates of recovery; do not show growth defects
(compared to the WT) at low (22°C) and high (44°C) temperatures; no increased sensitivity to
UV and H,0O;; and no effect on the efficiency of the phage P1-mediated transduction, which
was also tested for double mutants (Ihr with other helicase genes: recA, recB, recD, uvrA,
uvrB, uvrD, rep, and rho) (Reuven et al. 1995). Nevertheless, double mutant strain AradA and
Alhr showed lower sensitivity to AZT (antimicrobial) and Ciprofloxacin (antibiotic), affecting
the DNA repair, but not to UV relative to the radA single mutant (Cooper et al. 2015). Thus
mutations in RadA cause synergistic effects with those in the Lhr helicase, which led to
propose that Ecol-Lhr protein may act redundantly to RadA in DNA repair or is required to

remove potential lesions that require RadA for repair (Cooper et al. 2015).
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In Mycobacterium smegmatis, the level of MRNA encoding Msme-Lhr was increased by > 2-
fold upon damage by UV irradiation or by treatment with mitomycin C, a DNA crosslinker.
The expression of Lhr in mycobacteria is upregulated in these conditions (Rand et al. 2003).
Msme-Lhr is a nucleic acid-dependent ATPase and dATPase with a preference for DNA over
RNA. The optimal cofactor for the ATPase activity is Ca®". In addition, Msme-Lhr is a 3°-5’
helicase and translocase. When provided with ATP, the protein is able to unwind 3'tailed
DNA duplex, Y-forked DNA, and RNA/DNA duplex (only with DNA loading strand). No
duplex dissociation activity of the protein was detected on blunt duplex DNA and 3'-tailed
RNA duplex (Ordonez and Shuman 2013) Table 6. The helicase preference towards 3’ RNA-
DNA tailed hybrids questions the exact role of Lhr which might also function in RNA
metabolism (Ordonez and Shuman 2013).

The crystal structure of Msme-Lhr (1-856) in complex with AMP-PNP and a single-stranded
DNA confirm Lhr as a new SF2 helicase family in terms of domain organization (Ejaz et al.
2018) (FIGURE 14B). The structure defines the conserved helicase core (RecAl and
RecAz2), followed by a winged-helix (WH) domain and Domain 4 (FIGURE 14B).

The WH-domain displays a similar fold to the one observed in Hjm and RecQ helicases
organization (Ejaz et al. 2018). The domain widely represented in the three domains of life
(Giraldo 2003), is found in different cellular pathways from transcription regulation to RNA
processing (Teichmann et al. 2012). The WH of Ecol-RecQ have a role in DNA binding
(Huber et al. 2006), and in binding to E. coli SSB, forming a complex with enhanced helicase
activity (Gangloff et al. 1994). Although, This domain is not required for DNA unwinding
(Kocsis et al. 2014). The ATPase activity of Hel308 from Archeoglobus fulgidus was found to
be independent of the WH domain (Bdttner et al. 2007).

Domain 4 is a novel structural module whose function is unknown. Mutational analysis
performed by introducing punctual mutations in Msme-Lhr domains shows the importance of
some amino acids in the protein binding to nucleic acid and mechanical activity (Ejaz et al.
2018). The Arg297 of the domain 2 (RecA2) is critical for coupling ATP hydrolysis to
movement on the ssSDNA loading strand. Thr145 (RecAl) and 1le528 (WH domain) are
essential for duplex nucleic acid unwinding. Ser253, Trp255, and Lys410 amino acid forming
the RecA2 side chain are important in the contacts of the protein to the 5" DNA segment.
Finally, the Trp597 (Domain 4) is important for coupling ATP hydrolysis to DNA

translocation and therefore duplex unwinding (Ejaz et al. 2018).
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Pseudomonas Putida has two copies of lhr gene in its genome, one encodes an Lhr with a
shorter amino acid sequence than the other so-called Pput-Lhrcore (Ejaz and Shuman 2018)
(FIGURE 14C). This protein was shown to possess an enzymatic activity that matches
Msme-Lhr, with some differences Table 6. Pput-Lhrcore has ssDNA-dependant ATPase
activity more active in the presence of Manganese than Calcium as cofactor. Pput-Lhrcore is
able in presence of ATP to unwind RNA/DNA duplex when the loading strand on the 3’
extremity is a single-stranded DNA and the displaced strand is either RNA or DNA. The
protein is also able to dissociate DNA/DNA duplex, but not RNA/RNA duplex. Moreover,
genome context analysis shows that some bacterial and archaeal Ihr gene including that of P.
Putida occurs in a gene cluster with three other genes (FIGURE 14C). A
metallophosphodiesterase (MPE), with endonuclease activity (putative homologous of
Mrell), and genes that are genetically related to a putative DNA ligase and a putative
exonuclease in some bacterial genomes. The occurrence of this cluster suggests a role in a
DNA repair pathway in bacteria. However, a preliminary experiment in vitro showed that
Pput-Lhrcore and Pput-MPE do not form a complex when they are mixed (Ejaz and Shuman
2018). Altogether, these results suggest the role of bacterial Lhr helicase in DNA repair but

supplemented genetic and functional analysis are required for confirming this hypothesis.
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Table 6. Studied enzymatic activities of Lhr protein from archaea and bacteria.

Archaea Bacteria
Lhr-type
S.sol M.the M.sme P.put
Structure Monomer Dimer ND Monomer Monomer
DNA-Independent -ATP/dATPase | -ATP/dATPase
ND -DNA -Manganese
ATPase -Calcium
Ky 105 nM Ky 37.104 nM
13 Polarity 3'-5' 3-5' 3'-5' 3'-5'
% Translocase ND ND Yes Yes
I
© . . -Fork -Fork Fork DNA ssDNA ssDNA
= Nucleic acid 3ail 3"-tail
£ Binding - tai -3-tal
& dsDNA dsDNA
C
L -fork DNA | No HJ and -3'tail DNA -3'tail DNA
Unwinding | -3'tail activity | forked -fork DNA, -RNA:DNA
(ATP dsDNA -RNA:DNA (DNA loading
dependent) (DNA loading | strand)
strand)
Annealing “Fork
(ATP -Fork DNA ND ND ND
. DNA
independent)

This table summarizes the enzymatic activities showed by the studied archaeal (Sulfolobus
solfataricus and Methanothermobacter thermautotrophicus and bacterial (Mycobacterium
smegmatis and Pseudomonas putida) Lhr proteins. The indicated nucleic acid substrate or

cofactor are preferred by the protein for ATPase, translocase, nucleic acid binding,
unwinding, and annealing. ND: not determined.

72



5-2 Lhr archaeal helicases

In archaea, two Lhrs are commonly found in the sequenced genomes (Chamieh et al. 2016).
They differ by the presence of a cysteine-rich region which occurs in some metal-binding

proteins in the C-terminal region of Lhr2 protein (Chamieh et al. 2016).

In Qulfolobus islandicus the deletion of an Lhr-type encoding gene (ASiRe_1605) increases
the mutant strain sensitivity to MMS (DNA alkylating agent, methyl methane-sulfonate) and
leads to the downregulation of many genes (Song et al. 2016). Some of these genes encode for
enzymes involved in nucleotide metabolism and DNA repair. The mutant also shows the
silencing of over 80 genes located at a specific region. From these silenced genes we can cite:
a methyltransferase of the FkbM family (SRe 0853), glycosyltransferase family I, and Il
(SRe_0869 and SRe 0874), 1S6 family transposase (SRe _0856), and glycoside hydrolase
family 1 (SRe_2224).

Biochemical analysis of Hel112 of Sulfolobus solfataricus of the Lhr-type family showed that
it is a helicase that forms a stable monomer and dimer in solution (De Felice et al. 2007). It is
a nucleic-acid dependant ATPase, ATP-dependent DNA helicase, and 3’-5” translocase. The
protein binds in preference forked DNA substrate in its dimeric and monomeric form. The
dimeric form is also able to bind 3'-tail dsDNA, HJ (Holliday junction) structure, and
negatively supercoiled plasmid DNA Table 6. The dimeric protein binds ssDNA with low
affinity while the monomer has no affinity for this substrate. Only the dimeric protein
possesses an ATP-dependant unwinding activity with forked DNA, 3'tail dsDNA, and HJ
structure. The protein is unable to dissociate bubble or blunt-ended DNA. Finally, both
monomeric and dimeric forms are able to re-associate in an ATP-independent manner forked
DNA. In addition, the dimeric protein can assemble Y-shaped forks and ssDNA to form HJ
structure. Hence Ssol-Hel112 can bind and promote HJ substrate processing. Hence, it was
supposed to be a homolog of the eukaryotes RecQ family helicases, despite the absence of
RecQ domains in Ssol-Hel112 sequence (Valenti et al. 2012).

Lhr of Methanothermobacter thermautotrophicus is a 3’-5’ translocase that exhibits binding
affinity for forked DNA (Buckley et al. 2020) (FIGURE 14D). The protein is able to
dissociate in preference HJ and forked DNA structure but also 3’tail dsDNA, 3'tail
RNA/DNA duplex with DNA loading strand. No unwinding activity was detected on blunt

dsDNA in our conditions in vitro.
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Lhr2 of Pyrococcus abyssi was detected in the protein interaction network of proteins
implicated in DNA replication and repair, the replication protein RPA, the DNA helicase
Rad25, the DNA repair AIKA protein, and the N-glycosylase/DNA lyase OGG1 protein
(Pluchon et al. 2013) (FIGURE 15). Paby-Lhr2 was also identified in the RNA helicase
ASH-Ski2 and the RNA exosome interaction networks (Phung et al. 2020) (FIGURE 15). No
mechanistic or functional study of Pbay-Lhr2 or any thermococcales Lhr2 has yet been

established.
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FIGURE 15. Protein-protein interaction networksincluding Lhr 2.

Networks were obtained with the pull-down assay using (Hisg)-Paby-ASH-Ski2 (gold line), (Hisg)-
Paby-RPA (blue line), (Hisg)- Rrp4l (pink line), (Hisg)- Rad25-like (green line), (Hisg)-OGGL1 (red
line) and (Hisg)-DNA-TOPO | (black line) as bait protein. Lhr2 protein was found to be common in
these networks that include proteins implicated in RNA metabolism (shadow of purple) and in DNA
replication and repair (shadow of blue).
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INTRODUCTION

In 1977 Carl Woese and collaborators identified Archaea as a separate domain of life. Since then,
Archaea have been considered as valuable study models to understand the diversity of life styles on
earth [1]. The first-discovered Archaea were distinguished by their ability to thrive in challenging
habitats such as high salinity, pH, temperature, and high pressure. However, novel high-throughput
sequencing methods permitted the identification that Archaea constitute a considerable fraction of
the Earth’s ecosystems with astonishing diversity and omnipresence. Remarkably, archaeal micro-
organisms are found to play pivotal roles in geochemical cycles as well as being part of human gut
microbiota [2,3].

Original classification based on 16S rRNA showed that the archaeal phylogeny embraces two
major phylogenetic groups, named Euryarchaeota and Crenarchaeota [4]. Subsequently, phyloge-
nomic analyses using an increasing number of sequenced archaeal genomes led to the characteriza-
tion of several phyla, including Euryarchaeota and two main “superphyla,” namely the
TACK superphylum (Thaumarchaeota, Aigarchaeota, Crenarchaeota, and Korarchaeota) and the
DPANN superphylum (Diapherotrites, Parvarchaeota, Aenigmarchaeota, Nanoarchaeota, and
NanohaloArchaea) [5,6]. Metagenomics analyses allowed the identification of a novel archaeal
clade, named Asgard, with an expanded repertoire of eukaryotic signatures. These findings provide
novel hypothesis on the origin of Eukarya within the archaeal domain [7].

At first glance, archaeal cells look like bacterial cells, however unusual composition of mem-
brane lipids and cell envelope made irrevocably clear the existence of profound differences
between Archaea and Bacteria. Archaeal membranes are composed of ether lipids instead of ester
lipids and the cell envelope does not contain peptidoglycan [8]. While Archaea share some bacterial
essential functioning systems of energy metabolism, the informational processing system which
includes DNA replication, transcription, and translation, are closely related to Eukarya [9—12].
Moreover, the archaeal genome is organized by either eukaryotic-like histone proteins or
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2 CHAPTER 1 ARCHAEAL SF1 AND SF2 HELICASES

bacterial-like nucleoid-associated proteins [13]. In this mosaic setting, we are interested in deci-
phering the panel of helicases existing in Archaea that would drive numerous fundamental meta-
bolic pathways.

Helicases are molecular motors that couple the use of energy to countless biological processes.
By catalyzing the separation of double stranded nucleic acids into a single stranded one and the dis-
sociation of nucleic-acid associated proteins, helicases participate in all aspects of DNA and RNA
metabolism, and help in chromatin remodeling [14—17]. Helicases are grouped into six superfami-
lies (SF1—6) based on amino acid sequence similarity, oligomeric state (monomeric or hexameric),
activity (substrate as single-stranded DNA (ssDNA), double-stranded DNA (dsDNA), or RNA,
translocating activity), and polarity (5’ —3’, 3’ = 35') [16] (Fig. 1.1). The two largest acknowledged
superfamilies, SF1 and SF2, which group nonhexameric helicases, perform diverse cellular func-
tions in DNA replication, repair, recombination, RNA metabolism, and protein translation. SFs3—6
form hexameric toroid structures (Fig. 1.1) [18—20]. SF3 helicases comprise viral helicases.
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(A) Domain organization of SF superfamilies and (B) occurrence of SF1 and SF2 helicases in Archaea.

Helicases are classified into six superfamilies which include the hexameric helicases SF3 to SF6 and the non
hexameric helicases SF1 and SF2. SF1 and SF2 helicases share a conserved helicase core composed of two
RecA-like domain folds (HD1 in yellow and HD2 in red). SF1 helicases present multiple insertions within the
helicase core. SF1 and SF2 helicases are divergent in their N- and C-terminus which are attributed to the diversity
of helicase functions in vivo (represented by gray boxes). Crystal structure of SF2 DEAD-box helicase from
Methanococcus janaschii, Pdb: 1HV8. Crystal structure of hexameric helicase E1 from papillomavirus,

Pdb: SA9K.




INTRODUCTION 3

SF4 and SF5 function as replicative and transcription termination factors, respectively. SF6 include
the minichromosome maintenance helicases and the RuvB helicase [20,21].

The SF1 and SF2 helicases are characterized by a conserved helicase core formed by two RecA
domains which consist of nine characteristic sequence motifs named Q, I, Ia, Ib, and II to VL
These motifs slightly differ between SF1 and SF2 and among those Walker A (motif I) and Walker
B (motif II) bind NTPs (Fig. 1.1) [22,23]. The specificity of action of SF1 and SF2 helicases has
been mostly attributed to their accessory domains present at their N- and C-terminus in addition to
their conserved helicase core. SF1 and SF2 were also classified based on their translocation polar-
ity. Two groups emerged: the SF1/2A and SF1/2B with 3'—5" or 5'—3’ translocation polarity,
respectively [16]. Another classification was further refined based on the sequence conservation of
bacterial and eukaryal-like helicases and on structural and mechanistic features allowing the identi-
fication of twelve distinct families (Fig. 1.1) [24]. The SF1 includes UvrD-like/Rep, Pif-1-like, and
Upfl-like families, whereas the SF2 accounts for the Rec-G like, RecQ-like, XPD/Rad3/DinG, Ski-
2 like, type 1 restriction enzyme helicase subunit (T1R), Swi2/Snf, XPF/Hef/ERCC4/RIG-I nucle-
ase helicase, DEAD-box, and the DEAH/RHA families [18,25,26].

To overcome the gap of knowledge on archaeal helicase families, a comprehensive in silico
analysis allowed retrieving the first exhaustive list of SF1 and SF2 helicases in Archaea. Each fam-
ily was named based on knowledge of the function of their bacterial and eukaryotic counterparts
(Fig. 1.1) [27]. Most of the already-known SF1 and SF2 families are represented in Archaea. Two
major archaeal SF1 families could be defined, the UvrD-like and Upfl-like. Remarkably, the SF1
helicases are mostly restricted to the Euryarchaecoeta phylum [27]. In addition, none of the
sequenced archaeal genomes encode the Pif-1-like helicases which have been shown in Eukarya to
be involved in the maintenance of both the mitochondrial and nuclear genomes [28]. Finally, all
the major SF2 families were retrieved in the archaeal classification with the exception of the bacte-
rial Rec G-like involved in DNA replication, recombination and repair [29], and the DEAH/RHA
families that functions in premessenger RNA splicing and ribosome biogenesis [30] (Fig. 1.1).
Structural and mechanistic studies were reported for some members of these families [31—37].
Nevertheless, associated cellular processes have not been yet addressed.

THE Uvr AND XP HELICASE FAMILIES

Helicases play essential roles at different steps of the DNA repair pathways. Nucleotide excision
repair (NER), base excision repair (BER), and DNA mismatch repair (MMR) are the main known
pathways, and all act on one of the two strands of the damaged DNA. Among these pathways,
NER is the most versatile one and seems to be conserved in all domains of life [38—40]. Briefly,
an initial recognition of DNA damage is followed by excision of the damaged base of the ssDNA.
These steps require the coordinated action of DNA repair helicases and nuclease enzymes to detect
the damaged DNA. The existence of NER pathway in Archaea has not been formally demonstrated,
but it is suggested based on the presence of NER pathway like-enzymes. Most archaeal genomes
encode for a homologue of the eukaryotic XP (Xeroderma pigmentosum) helicases. In addition, few
encode for a homologue of the prokaryotic Ultraviolet repair (Uvr) helicase [27,40]. It has been
suggested that Archaea use a simplified version of the eukaryal NER pathway and that the bacterial
NER systems come from horizontal gene transfer from mesophilic archaeal species [40].
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Briefly, the Uvr A/B/C/D proteins are known to be the key actors of the NER pathway in
Bacteria [41]. Helicase activities are required in two steps of the NER pathway: the first one carried
out by the UvrB helicase verifies the damage, whereas the second is part of the post-incision com-
plex and involves the UvrD or PcrA activity which removes the excised fragment containing the
damage.

The Archaeal UvrD-Like Helicase

The UvrD-like helicases are described as SF1 helicase with a 3’—5’ polarity. These helicases con-
sist of two RecA helicase core domains HD (named la and 2a) and two inserted auxiliary domains
1b and 2b within both HD domains, respectively (Fig. 1.2). These auxiliary domains possess DNA
binding motifs [42]. Genes encoding UvrD-like helicases are particularly abundant in genomes of
the Euryarchaoeta, in particular in the Halobacteriales and Methanosarcinales clades [27].
However, euryarchaeal UvrD-like helicases show an extreme divergence of their N- and C-terminal
unstructured regions that are proposed to interact with UvrB. Intriguingly, the UvrD encoding genes
do not show the same taxonomic distribution as the other Uvr-like proteins across the archaeal phy-
logeny. This questions the physiological role(s) of the UvrD-like helicases in Archaea [27]. In fact,
UvrD from Escherichia coli has been shown to play other roles in DNA replication by acting on
Okazaki fragments and in methyl-directed mismatch repair (MMS) [43—46].

The Archaeal UvrB-Like Helicase

The UvrB-like helicases have been described as SF2 helicase with a 3'—5' polarity and, based on
E. coli UvrB, a weak ATPase and unwinding activities. Further findings on Mycobacterium UvrB
suggest that UvrB-like proteins could also display strong ATPase and helicase activities [47,48].
The crystal structure of UvrB showed four domains: domains 1 to 4. Domain 1 was further divided
into la and 1b. Domains la and 3 are conserved regions with the SF2 family members and contain
their characteristic motifs (Fig. 1.2), The three auxiliary domains are domain 1b (which is supposed
to favor additional interactions with the DNA), domain 2 (which provides interaction with UvrA
protein), and domain 4 (which interacts with UvrA and UvrC proteins) [49,50]. Archaeal UvrB-like
members are abundant in Euryarchaeota and possess a conserved C-terminal domain which is sup-
posed to interact with UvrC [27]. However, the in silico detection of these helicases in the archaeal
phylogeny are not yet supported by in vivo and in vitro experimental evidences and the existence
of archaeal UvrA/B/C/D complexes or subcomplexes have not yet been demonstrated. Genetic stud-
ies showed that, in halophilic Archaea, the deletion of the genes encoding the UvrA/B/C repair pro-
teins render the cells hypersensitive to ultraviolet (UV) radiation (Table 1.1) [51]. Other studies
performed in Haloferax volcanii showed that UvrA/B/C proteins work together with the PCNA fac-
tor named NerA in repairing DNA damage resulting from exposure to mitomycin [52,53].

endonuclease helicase: the N-terminal nuclease domain is in brown; Swi2/Snf: the domain 1B inserted in HD1
and the domain 2B inserted in HD2 are in light pink; reverse gyrase: the additional N-terminal domain and the
C-terminal topoisomerase domain are respectively in purple and in brown; Hjm and Lhr: WH domain is colored
in dark green; Hjm and ASH: the ratchet is in olive green, the helix-loop-helix (HLH) is in pink; ASH, Lhr and
Sfth: cysteine-rich region are in yellow. All grey boxes indicate divergent regions within protein families. Black
boxes indicate regions of unidentified functions.
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Table 1.1 Phenotypical Analyses of Archaeal Strains Knocked-out for Gene Encoding SF2

Helicases
Predicted
Gene ORF ID Organism Function Phenotype Ref.
XPB XPB1: Sulfolobus NER None observed [75]
SiRe_1128 islandicus
XPB2 NER None observed [75]
SiRe_1526
TK0928 Thermococcus NER Negligible DNA-damage [68]
kodakarensis sensitivity to (UV) irradiation,
methyl methanesulfonate (MMS)
and mitomycin C (MMC)
Hef/XPF | TK1021 Thermococcus Helicase- General sensitivity to UV [68]
kodakarensis endonuclease irradiation and MMC. Particular
hypersensitivity to MMS
HVO_RS19270 | Haloferax Helicase Moderate sensitivity to DNA [69]
volcanii endonuclease crosslinking agents
XPD TK0784 Thermococcus NER Slight sensitivity to UV [68]
kodakarensis irradiation, MMS, and MMC
SiRe_1685 Sulfolobus NER None observed [75]
islandicus
Hjm/ TK1332 Thermococcus DNA helicase Sensitivity to MMS [68]
Hel308 kodakarensis
PF_RS03450 Pyrococcus DNA helicase None observed [78]
furiosus
SiRe_0250 Sulfolobus DNA helicase Lethal [75,81]
islandicus
DEAD TKO0306 Thermococcus RNA helicase Decreased cell growth [110]
kodakarensis
UvrA/B/ | AE004437.1 Halobacterium NER Hypersensitivity to UV irradiation | [51]
C sp.
Reverse AB117612 Thermococccus Topoisomerase | Decreased growth [97]
Gyrase kodokarensis
Lhr2 SiRe_1605 Sulfolobus DNA/RNA Sensitivity to MMS [90]
islandicus helicase
ASH TKO0566 Thermococcus Unknown Slow cell growth, sensitivity to [86]
kodakarensis DNA-damaging agents

Archaeal XP helicases were extensively studied at the structural level and have greatly contrib-
uted to our understanding of the eukaryal and bacterial SF2 helicases functions and mode of actions
[32,36,37,40,54—58]. In eukaryotes, two types of NER pathways exist: firstly, the TCR (transcrip-
tion-coupled Repair) pathway which acts to detect DNA damage and which is linked to the tran-
scription machinery [59]; and secondly a global genome repair (GGR) pathway that involves the
XPC-hr23B heterodimer to detect DNA damage [60]. In both pathways, a multi-subunit complex
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composed of the Transcription Factor II-H complex and of two main helicases XPB and XPD is
required to bind and extend the ssDNA around the damage site. The activity of these two helicases
allows other NER factors such as the helicase-nuclease XPF-ERCC1 and XPG endonuclease to
cleave the 5’ and 3’ sides of the lesion, respectively. In Archaea, a pathway similar to NER has not
yet been demonstrated. The recognition of the lesion has been suggested to occur during transcrip-
tion by the action of SSB proteins or the RNAP, or through an unidentified damage recognition
protein [40]. Most of the archaeal organisms encode for XP-like helicases XPB and XPD and the
nuclease-helicase XPF, but they do not follow the same overall distribution across archaeal mem-
bers raising the question of how the NER pathway will operate in the absence of one of the XP
helicase partners. An endonuclease named Baxl (Binds archaeal XPB) was found to form a
stable complex with XPB in vitro. It was suggested that Bax] may be the archaeal counterpart of
the eukaryal nuclease XPG by acting together with XPB in cleaving 3’ of the DNA damaged
site [58].

XPB/rad25 Helicase

XPB/Rad25-like helicases have been described as SF2 helicases with a 3’—5’ polarity that function
in eukaryotic NER pathways, but are also part of the basal transcription machinery in eukaryotes
[61]. The crystal structure of XPB from Archaeoglobus fulgidus (AfuXPB) gave the first insight on
the organization of an archaeal helicase from the SF2 family [54]. The resolved structure of
AfuXPB showed, in addition to the two conserved helicase core domains (HD1 and HD2), a 100
amino acid N-terminal domain named the DRD domain (damage recognition domain) resembling
the mismatch recognition domain (MRD) of the DNA repair MutS protein and is responsible for
recognition of distorted and damaged DNA (Fig. 1.2). The DRD domain does not seem to be con-
served across archaeal XPBs as the XPB sequences from Archaea are extremely divergent at their
N- and C-termini [27]. Another domain found in XPB is the thumb motif located between HD1
and HD2 (Fig. 1.2). This motif is commonly found in DNA-dependent DNA polymerases and
thought to be involved in branched DNA binding. In addition, the HD1 domain contains a RED
motif that has a key role in DNA unwinding [54].

Hef-Like Helicase

Hef-like (Helicase-associated Endonuclease for Fork-structured DNA) helicases have been
described as SF2 helicases with a 3'—5’ polarity that in some cases retain, in addition to the heli-
case domain, a nuclease domain similar to the eukaryotic XPF endonuclease. The archaeal Hef was
first identified from the hyperthemophilic archaeon Pyrococcus furiosus as a protein factor that can
stimulate holiday junction resolution by the Hjc resolvase [62,63]. Most archaeal genomes, except
for Thermoplasmatales, encode a Hef-like helicase. The Hef-like helicases exist in two forms: the
long form consists of an N-terminal helicase domain carrying a conserved helicase core domain
fused to a C-terminal nuclease and specific to the Euryarchaeota; the simpler version lacks the heli-
case domain in the Crenarchaeota and Thaumarchaeota (Fig. 1.2) [64]. The crystal structures from
Pyrococcus furiosus (Pfu) and Aeropyrum pernix (Aep) Hef-like helicases provided the first struc-
tural information on the XPF family [65,66]. The C-terminal endonuclease domain is structurally
related to the one found in the eukaryotic nucleases Mus81 and XPF. In addition to these domains,
a conserved “helix-hairpin-helix” (HhH2) motif involved in protein dimerization and DNA binding
was also discovered [56,62]. Evidence suggests that PfuHef plays a role in processing stalled
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replication forks as it produces splayed duplexes from DNA forks and four-way junctions
[35,56,67]. The recombinant Thermococcus kodakarensis Hef protein (TkoHef) exhibits a similar
activity on fork-structured DNA in vitro [68]. Moreover, the strain knocked-out for Tkohef is
highly sensitive to mitomycin C, suggesting that Hef is involved in numerous repair processes and
is critical for DNA interstrand cross-link repair (Table 1.1) [68]. Similar observations were made
on a H. volcanii strain that was deleted for the gene-encoding Hef. This strain exhibits end-joining
defects, as well as homologous recombination and cross-link repair deficiencies. Conversely, hef
deletion does not render the cells sensitive to UV radiation, meaning that the NER pathway is not
impaired [69].

XPD/Rad3-like

The XPD/Rad3-like family is the only SF2 helicase family with a 5'—3’ polarity with a weak DNA
unwinding activity in vitro [70]. Archaeal XPDs were extensively studied at the structural and bio-
chemical levels with four crystal structures published from three different archaeal organisms:
Thermoplasma acidophilum (TaaXPD), Sulfolobos acidocaldarius (SsSAXPD), and Sulfolobus toko-
daii (SstXPD) [55,71—73]. These structures showed that archaeal XPD-like proteins consist of the
helicase core domain (HD1 and HD2) and two additional domains that are inserted into HD1: an
iron—sulfur 4FeS domain and an Arch domain defined by its arch-shaped structure (Fig. 1.2). The
4FeS domain is essential for the helicase activity and functions as a wedge structure involved in
duplex separation. The Arch domain function is not characterized for archaeal XPD-like protein,
however it has been shown to be essential for interaction with the CAK—cyclin-dependent kinase
(CDK)-activating kinase—in eukaryotic XPD helicase. The published data using Archaea as models
provided insights into the mechanism of XPD unwinding where, in Eukaryotes, it is thought that
ssDNA passes first through the groove between the HD2 and arch domains, moving then through a
hole encircled by the Arch, FeS-cluster, and HD1 domains [55]. Finally, it was shown that SsaXPD
can efficiently unwind in vitro 5" overhang, Y fork, or bubble substrates [74].

Altogether, it is not yet fully understood how the NER pathway is operating in Archaea; as dele-
tion of either XPB or XPD did not affect DNA repair in Sulfolobus islandicus and only slight sensi-
tivity to DNA damaging agents was observed in the null mutants of 7. kodakarensis (Table 1.1)
[68,75]. One possible explanation is the presence of numerous XPB/Rad25 and XPD/Rad3 encod-
ing genes. These genes could be functionally redundant, and in this case no clear phenotype would
be observed [68,75]. Further genetic studies are required to fully elucidate the exact role of XP pro-
teins in DNA repair in Archaea.

THE Ski2-LIKE FAMILY

The Ski2-like family was originally named after the Ski2 RNA helicase that works with the exo-
some in the eukaryotic turnover and quality control of mRNAs. These SF2 enzymes are mostly
RNA helicases, however, only one member—the archaeal Hel308 member—is described as a DNA
helicase [76]. In Eukarya, three major helicase groups exist, the cytoplasmic Ski2 and the nuclear
Mtr4 associated with the eukaryal exosome machineries, and the Brr2 helicases involved in RNA
quality control and RNA splicing, respectively. Initially, the archacal DNA helicase homolog of the
human HelQ was named Hel308 [77]. Subsequently, it appeared that Hel308 members belong to
the Ski2-like family [76]. The protein Mth810 was called Hel308a since it resembled the human
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Hel308 helicases implicated in DNA repair [77]. The P. furiosus was named Hjm (Holliday junc-
tion migration) as it was detected through its activity on model Holliday junctions in vitro [78].
Importantly, Hel308 members are commonly found through all the archaeal phylogeny with few
exceptions [27]. These enzymes display a ssDNA stimulated ATPase activity and have in vitro
activities on DNA forks and holiday junctions. They translocate along both DNA strands in a
3’ > 5 direction and a better efficiency on forked structures was observed [77]. Deciphering the
biochemical activities of S. fokodaii Hjm identified, in contrast to other Hjm, unwinding activities
in both directions [79]. Hjm was shown to interact with the endonuclease/resolvase Hjc in vitro,
therefore it has been proposed that archaeal Hjm/Hel308 promotes replication fork regression
through its interaction with Hjc [79,80]. However, in T. kodakaraensis, a knockout mutant of the
encoding gene is viable in contrast to Sulfolobus where the Hjm helicase has been shown to be an
essential protein (Table 1.1) [68,75,81].

High resolution structure of Hjm/Hel308 from A. fulgidus in an apo form and in complex with
DNA captured the duplex-unwinding reaction and showed that initial strand separation is not
dependent on ATP [82]. Hel308 consists of the two tandem RecA core domains (HD domains 1
and 2) (Fig. 1.2). The resolved structure showed a protruding region of 3-hairpin secondary struc-
ture between motifs Va and VI in HD2 [31,36]. This hairpin was proposed to guide nucleic acid
strand separation and thus plays a crucial role in coupling translocation to helicase activity. A third
domain found in the C-terminal region is a “winged helix” domain (WH domain) identified as a
sequence-specific DNA-binding domain in transcription factors, particularly those of the forkhead
family (Fig. 1.2) [83]. The WH domain makes extensive contacts with branched structures and may
play a role as a “hinge,” permitting Hel308 to bind and then close tightly around its DNA substrate.
Mutations in the WH domain abolished DNA binding and unwinding activity [83]. Domain 4
(named as “ratchet”) was proposed to position nucleic acids for translocation linked to ATPase
functions. At the C-terminal, a helix-loop-helix (HLH) caps the Hel308 helicase and exhibits typi-
cal DNA-binding activity with strong binding to ssDNA. The HLH domain possibly functions to
limit the enzyme processivity on branched substrates [36]. Subsequently, the resolution of struc-
tures of the eukaryal Mtr4, Brr2, and Ski2 RNA helicases allowed to define the hallmarks for the
Ski2-like family based on structural signature domains the helicase SF2 core and the typical
C-terminal domain consisting of WH and a ratchet domain (Fig. 1.2). In addition, each family
member will possess its own specific accessory domains [76].

Nevertheless, the exact role of archaeal Hel308/Hjm is yet to be uncovered. Since most Archaea
lack RecQ, with the exception of Methanosarcinales, Hel308 is proposed to function in DNA
recombination and repair as an alternative to the RecQ helicase commonly found in Bacteria and
Eukarya [84]. When Hel308 was introduced into an E. coli replication-deficient strain, the RecQ-
like phenotype was restored [77,84]. Hel308 was shown to physically interact with the Replication
Protein A (RPA) that binds to ssDNA and helps loading Hel308 at stalled replication forks [85]

In addition to the Hel308 from the Ski2-like family, phylogenomic analysis demonstrated the
presence of a helicase group specific to Archaea and mainly to Euryarchaoeta named ASH for
Archaea Specific Helicase. ASH has been shown to be evolutionary related to the Ski2-like family
[27]. On the sequence level and as shown by secondary structure predictions, ASH is more similar
to Hel308 than the other RNA helicases of the Ski2-like family. At the N-terminal, the ASH heli-
case differ by the presence of a cysteine-rich region which is predicted to be a metal binding motif
(Fig. 1.2) [27]. Further, ASH was proposed to act as a transcription termination factor—also named
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Eta for euryarchaeal termination activity [86]. Indeed, ASH was shown to disrupt the transcription
elongation complex in vivo in 7. kodokarensis. In addition, deletion of TK0566 (encoding ASH/
Eta) results in slow growth and renders cells sensitive to DNA damaging agents (Table 1.1) [86].

THE Lhr-LIKE AND Sfth-LIKE HELICASE FAMILIES

Lhr (Longest Helicase Related protein) and Sfth, two SF2 helicases with unidentified functions, are
the most widespread in archaeal genomes [27]. Indeed, all archaeal genomes encode at least for
one Lhr helicase and Lhr gene duplication events are commonly observed. Sfth is found in all
Archaea except for the thermoplasmatales and some methanogens. The role of these two helicases
have not yet been studied in spite of their large abundance across sequenced genomes.

Lhr that was first discovered in E. coli in 1995 is a large protein (1507 and 1538 amino acids
residues in Mycobacterium smegmatis and in E. coli, respectively) [87]. Lhr is a prokaryote heli-
case since members of this family are only found in Bacteria and Archaea. They are particularly
abundant in actinomycetes and proteobacteria [88]. Genetic studies in E. coli showed that the cellu-
lar growth is not impaired by the deletion of /Ar [87]. Upon damage by UV irradiation or by treat-
ment with mitomycin C, the expression of Lhr is upregulated in mycobacteria [88]. The first crystal
structure of the first half of M. smegmatis Lhr (1—856) in complex with AMP-PNP and ssDNA
just became available and exemplifies Lhr as a new SF2 helicase family in terms of domain organi-
zation [89]. The structure shows the conserved helicase core (HD1 and HD2), followed by a WH
domain that displays a similar fold to the one observed in Hjm and RecQ helicases (Fig. 1.2). A
novel structural module whose function is unknown is annotated as domain 4. Full length bacterial
Lhr-like also possesses an additional C-terminal DEAD-associated helicase domain whose function
is still unknown [87]. In Archaea, two Lhrs are commonly found, alLhrl and alLhr2. A third distant
phylogenetically group named Lhr-like is also commonly found in Sulfolobales. In terms of domain
organization, archaeal Lhr resembles bacterial Lhr, with the alLhr2 proteins differing from other
Lhr by the presence of a Cysteine-rich region which occurs in some metal binding proteins
(Fig. 1.2) [27]. A deletion of the SiRe_1605 gene (corresponding to [hr2 gene) in S. islandicus ren-
der the strains more sensitive to MMS (methyl methanesulfonate) and leads to the deregulation of
many nucleotide metabolism and DNA repair enzymes as well as the silencing of over 80 genes
located at a specific region (Table 1.1) [90]

Sfth is widespread in Bacteria and in Archaea, and is limited to plants and fungi in eukaryotes
[91]. Sfth is distinct from other helicases by the presence at its N-terminus of a DUF1998 domain
containing a putative zinc-finger. Archaeal Sfth proteins display the same conserved helicase core
and the characteristic DUF1998 domain (Fig. 1.2) [27]. The yeast homolog, named Hrql, is a
robust 3'—5" helicase with remarkable biochemical properties as it forms a homo-heptameric ring
[91—-93]. A deletion of the hrgl gene is dispensable for vegetative growth in Saccharomyces cere-
visiae [94]. In the fission yeast Saccharomyces pombe, evidence showed that Hrql plays a role in
the repair of DNA Interstrand cross-links and in genome maintenance [92]. In addition, the human
RecQ4 was proposed to be an orthologous member of Sfth helicases, however it lacks the charac-
teristic DUF1998 domain [92]. The physiological function of Sfth in prokaryotes is yet to be dem-
onstrated. However, a novel defense mechanism against phages was found associated with the
DUF1998 domain characteristics of the Sfth helicases. This defense mechanism was named
DISARM for defense island systems associated with restriction-modification (RM) [95]. The
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DISARM system is widespread in Bacteria and Archaea and consists of a DNA methylase and four
other genes annotated as a helicase domain, a DUF1998 domain, a phospholipase D domain, and a
gene of unknown function. When this system was introduced into Bacillus subtilis, the engineered
Bacteria became protected against all three major families of tailed dsSDNA phages [95].

THE REVERSE GYRASE HELICASE FAMILY

Reverse gyrase enzymes are DNA topoisomerases that introduce positive supercoils into DNA and
are specific to hyperthermophilic Archaea and Bacteria [96]. Reverse gyrase is one of the enzymes
exclusively found in hyperthermophiles. Originally it was thought that this enzyme is essential for
life at high temperature. However, Thermococcus cells knocked-out for the gene encoding the
reverse gyrase are viable, meaning that this gene is not essential [97]. Nevertheless, the mutant
strain shows a decrease in cellular growth rate and is thermosensitive, supporting its role at high
temperature (Table 1.1). Reverse gyrases consist of a helicase core (HD1 and HD2) and a
C-terminal type IA topoisomerase domain (Fig. 1.2). Crystal structures from Thermotogata mariti-
ma and A. fulgidus revealed domain arrangements including the functionally important zinc-finger
motif [98,99]. A latch domain is inserted into HD2 and is supposed to play a role in the introduc-
tion of positive supercoiling by reverse gyrase. This domain connects the helicase and the topo-
isomerase domains and is required for their functional cooperation. An insert in HDI adopts a
helix-loop structure in the 7. maritima enzyme and a (3-hairpin structure in A. fulgidus reverse gyr-
ase. Both inserts protrude from the same side of the helicase domain. The latch domain, the HD1
insert and the zinc-finger motif are required to bind and guide DNA during strand passage. The
topoisomerase domain of the reverse gyrase is similar to the bacterial topoisomerase IA. The physi-
ological function of the reverse gyrase was addressed in Sulfolobus solfataricus. A link to DNA
repair was made by the identification of the translesion DNA polymerase SSoPolY/Dpo4 and of
SSB as protein partner of the reverse gyrase [100,101].

THE DEAD-BOX LIKE HELICASE

DEAD-box like proteins are SF2 RNA helicases that participate in many processes involving RNA
such as transcription, translation, editing, mRNA degradation, and ribosomal assembly
[20,102,103]. These proteins exhibit RNA-dependent ATPase activity and helicase activity [104].
The crystal structure of a DEAD-box like helicase from Methanococcus janaschii was the first pub-
lished prototype of helicase core organization into two RecA domains [57]. DEAD-box like heli-
cases are the shortest helicase in length and in many cases the DEAD-box like proteins lack a
characteristic C-terminal domain (Fig. 1.2). Some of these helicases have a C-terminal DbpA
RNA-binding domain (RBD) known to mediate the recognition of hairpin 92 of the 23S ribosomal
RNA [105—107]. DEAD-box helicases are found in most of the Euryarchaoeta with the exception
of Pyrococcales and Halobacteriales, and only in the Sulfolobales from the Crenarchaeota. The
physiological function of DEAD-box like helicases in Archaea is not yet reported, but some studies
performed in Methanococcoides burtonii and T. kodakarensis showed that these DEAD-box heli-
cases are induced upon cold stress and showed reduced growth upon deletion (Table 1.1)
[108—110].
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THE Upf1-LIKE/Dna2 FAMILY

Upfl-like/Dna2 SF1 members have unwinding activity with a 5’ — 3’ polarity. Archaeal Upfl-like
proteins possess similarities with the helicase/nuclease Dna2. In eukaryotes, Dna2 plays an impor-
tant role in DNA replication by Okazaki fragment processing and in DNA repair pathways
[105,111]. These proteins are sporadically widespread across archaeal genomes and their presence
is restricted to Thermococcales, Archaeoglobales, and Halobacteriales. In addition, their N-terminal
and C-terminal regions are extremely divergent (Fig. 1.2). The physiological function of archaeal
Dna2 is uncertain. Dna2 from Pyrococcus horikoshii was characterized in vitro at the biochemical
level and was shown to display 5'—3’ DNA helicase and nuclease activities [112].

THE Cas3, Snf2 AND T1R HELICASES FAMILIES

Cas3 helicase is an SF2 helicase that has been recognized as a novel SF2 clade, but it displays very
weak conservation of the helicase core motifs [113]. T1R restriction helicase and cas3 helicases are
part of prokaryotic defense mechanism [114]. Cas3 plays an essential role in prokaryotic adaptive
immunity against foreign nucleic acids when invading viruses and plasmids [113]. The Type I
restriction enzyme is a prokaryotic helicase and functions as part of a large multiprotein complex
forming a restriction-modification system to protect Bacteria against foreign DNA [115,116].

SWI2/SNF2 like proteins have been documented in all domains of life [27]. However, in
Bacteria and Archaea, the similarity is restricted to the helicase motifs and their function in
archaeal physiology is not yet understood [117]. Whether they are involved in recombination—Ilike
Rad54 protein, or in transcription like Snf2 or Motl, or in other chromatin remodeling processes—
remains to be elucidated [117]. Crystal structures of SSoSwi2 in the absence or presence of its
dsDNA substrate have been resolved [118]. The enzyme consists of two RecA-like domains (HD1
and HD2) and two specific subdomains inserted in each HD domain with a deep cleft separating
the two domains (Fig. 1.2). The structure provided insights into how this enzyme translocates along
the dsDNA where it was shown that SWI2/SNF2 ATPase moves along the minor groove of a
dsDNA substrate without strand separation [119,120]. Studies on SWI2/SNF2 from S. solfataricus
showed that the enzyme lacks helicase activity, but displays a dsDNA stimulated ATPase activity
and translocation activity. It has been suggested that this translocation activity might be responsible
for remodeling like activity of Sac7d/Alba:DNA complexes [119,120].

CONCLUSIONS AND FUTURE PERSPECTIVES

Enzymes belonging to the SF1 and SF2 helicase families are structurally similar, but functionally
diverse due to the N- or C-terminal elements appended to the conserved helicase core. In this chap-
ter, we have highlighted archaeal families and associated features that characterized the overall
archaeal SF1 and SF2 enzymes in which, for the most, cellular functions are still to be discovered.
Despite the subtle differences in sequence and structure, it is clear that these protein families partic-
ipate in fundamental ways that involve substrate recognition and conformational rearrangements
that could induce association or dissociation of nucleic acid, but also nucleic acid-binding protein
displacement. The question remains to understand their impact on physiology of archaeal cells and
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their basic mechanistic features in the context of the extreme conditions encountered by archaeal
microorganisms. In addition, further structure—function studies will provide a framework for
understanding more complex eukaryotic counterparts often associated in multiprotein complexes.
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THESISOBJECTIVES



Helicases are proteins that use ATP energy to unwind nucleic acids and to remodel protein-
nucleic acid complexes. They are involved in almost every aspect of the DNA and RNA
metabolism and participate in numerous repair mechanisms maintaining cellular integrity.
Helicases are classified into six superfamilies (SF1-6). The Lhr-type proteins belong to SF2

helicases that are poorly characterized to date, notably in archaea.

A phylogenomic study performed by the team of H. Chamieh in AZM center of the Lebanese
University (Tripoli, Lebanon), classified SF1 and SF2 helicases from archaeal sequenced
genomes and identified Lhr-type helicases as ubiquitous in Archaea. In this context, we wrote
an overview of the functions of SF1 and SF2 helicases in Archaea (Introduction-PART 1.4;
Publication 1-Hajj et al, book chapter). The team of B. Clouet-d’Orval in Toulouse, France, is
interested in RNA metabolism in archaea. In order to decipher the function of enzymes of the
RNA metabolic pathways, protein-protein interaction networks were built (Phung et al. 2020).
The presence of a protein annotated as Lhr2 in the interaction networks of the ASH-Ski2
helicase, and of the archaeal exosomal subunit of Rrp41 (Manon Batista thesis, 2020) raises
the question about the significance of the helicase aLhr2 in these networks (FIGURE 15). In
addition to this work, it was previously shown that the archaeal Lhr2 was included in the
protein interaction network of proteins involved in DNA replication and repair in P. abyss
(Pluchon et al. 2013) (FIGURE 15). Moreover, previously published works proposed that
bacterial and archaeal Lhr proteins are involved in DNA recombination and/or repair
pathways and not in RNA metabolism (Buckley et al. 2020; Ejaz and Shuman 2018; Ordonez
and Shuman 2013; Ejaz et al. 2018; De Felice et al. 2007).

In this context, this PhD project aims to understand the role of aLhr2 in cellular metabolism
and the relevance of its presence in the RNA metabolism network in archaea, and to compare
it to the function of E. coli Lhr protein. The PhD work presented in this manuscript is
articulated around four objectives (FIGURE 16). The first objective is to define the Lhr
orthologous groups and their distribution in archaeal and bacterial domains by a
phylogenomic approach (RESULTS-PARTI). Based on our phylogenetic classification and
structural analysis of the different groups, we propose an evolution route and functions of Lhr
enzymes in cellular metabolism. The second objective was to investigate the helicase activity
of Thermococcus barophilus (Tha) aL.hr2 by assessing its enzymatic properties as its capacity
to hydrolyze ATP, to bind nucleic acid substrate, and to unwind or anneal nucleic acid duplex
(Results-PART II;).
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The third objective was to investigate the function(s) of Tbar-aLhr2 by performing functional
studies. Pull-down assays identified the protein network of Thar-aLhr2 and confirmed a link
between aLhr2 and the RNA metabolism in Tha. Transcriptomes of wild-type and Aalhr2Tba
strains determined the effect of alhr2 deletion (Aalhr2) on gene expressions in T. barophilus.
Interestingly, a significant number of genes affected by the deletion of aLhr2 are deregulated
in similar proportions in a strain lacking the ribonuclease aRNase J (RESULTS-PART III).
Finally, the fourth objective was to initiate a functional study of the bLhr helicase of E.coli in
order to examine a putative interaction between Eco-bLhr and RNaseT, a ribonuclease known
to be involved in DNA repair and tRNA/rRNA metabolism (RESULTS-PART V).

Collectively, our data offers new perspectives on the role of Lhr helicases in Archaea.
Different approaches of phylogenomic, proteomic, and transcriptomic and enzymatic assays
will allow us to propose Lhr-type helicases as enzymes at the interface of RNA and DNA
metabolism. The phylogenomics and biochemical characterization of aLhr2 will be part of a

manuscript under preparation.
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FIGURE 16. PhD Objectives.
This study has four mainly objectives. Objectives Il, and 11l aim to decipher the role and function of

Thar-aLhr2. In objectives | and IV phylogenomic and functional studies were used to reveal common
and differences functional and structural features of Lhr-type family in archaea and bacteria.




MATERIALS AND
METHODS



|-Phylogenetic analysis

1-Building L hr-type dataset

Completely sequenced and annotated genomes of 197 archaea and 2563 bacteria were
downloaded from EBI (http://www.ebi.ac.uk/genomes/). The complete genomes of these 2760
strains, their proteomes and EMBL features were managed with an in-house MySQL
database. Moreover, the protein sequences of these genomes have been annotated according
to the conserved domain database downloaded from the NCBI
(https://www.ncbi.nlm.nih.gov/Structure/cdd/cdd.shtml) using the RPS-Blast program.

To retrieve Lhr-type proteins, we adopted three different approaches in order to collect the
maximum of Lhr-type proteins. In the three approaches, very low threshold values were used
again to avoid missing distantly related Lhr-type proteins even if false positives might be
retrieved. These false-positives will then be discarded by analyzing the content of their
functional domains. To avoid redundancy, the approaches were applied to one strain per

species, resulting in a final set of 2760 analyzed genomes.

The family of Lhr helicases belongs to the SF2 helicase superfamily. Therefore, their
members contain the two conserved RecAl and RecA2 domains that constitute the helicase
core and correspond to the pfam00270 and pfam00271 entries respectively. A third domain,
located in the C-terminal region of the protein, the Domain 4 or the DEAD-associated
domain, is specific of the Lhr helicases and corresponds to the pfam08494 entry.

In another functional domain collection, the COG database, the COG1201 profile covers the

three previously described Pfam HMM profile entries.

In the first approach, we queried our MySQL database to retrieve the proteins that were
annotated as containing the three Pfam domains. Only proteins showing an alignment with a
score higher than 25 for pfam00270, 25 for pfam00271 and 40 for pfam08494 were retained.

A first set of 615 sequences was obtained.

In the second approach, we collected from our MySQL database the proteins which possess
the COG1201 domain with an alignment score greater than 40 and an alignment coverage of
30%. This low coverage value was used since in a preliminary analysis we observed that, in

some proteins, insertion of another COG domain has occurred inside the protein region
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corresponding to the COG1201 domain resulting in its split into two parts. A second set of

822 proteins was obtained.

Finally, in the third approach, we used results of previous studies performed with a fewer
number of genomes that have allowed the construction of homemade HMM profiles for the
characterization of the different orthologous groups of SF2 helicases. These HMM have been
used to analyze and classify SF2 helicases from new genomes. Proteins of our MySQL
database showing a score alignment greater than 40% with the HMM profile specific to the
Lhr-type family have been retrieved. A very low score has been used to see if we can enrich
our two previously obtained set of Lhr-type sequences. A third set of 894 proteins was
obtained.

The three set of sequences were compared by building a Venn diagram. 823 proteins were
retrieved either by the three approaches (614 proteins) or by two of them. The 71 proteins
identified only by the third approach were further analyzed for their composition in functional
domains and were discarded as false positive since they contain unrelated Lhr-type domains.

2-1dentification of Lhr-type orthologous groups of proteins

To identify orthologous groups of Lhr-type proteins we first performed all-against-all BlastP
comparisons of our initial set of 823 homologous sequences. Protein relationships were then
converted into a graph in which the vertices represent protein sequences, and the edges
represent their relationships that have been weighted according to their Log BlastP e-value.
The graph was further processed by a graph-partitioning approach based on the Markov
Clustering algorithm (MCL) using an Inflate Factor (IF) of 4. Different IF values were tested
and an IF of 4 was required to identify the two already described Lhrl and Lhr2 subfamilies
of Lhr helicases among Archaea (Chamieh et al., 2015). This identified five clusters of
orthologous sequences, two clusters in archaea, and three clusters in bacteria.

3-Multiple Sequence Alignments and Phylogenetic Tree Constructions

The archaeal phylogenetic tree was inferred from a concatenated dataset of 81 protein
families. If multiple copies occurred in a genome, all paralogs were removed. The alignments
for each family were created using the MUSCLE program (Edgar, 2004) with the default
parameters. We used the trimAl program (Capella-Gutiérrez et al, 2009) to remove spurious
sequences and poorly aligned positions and to analyze the quality of the alignments according

to gap numbers and residue conservation in the columns of the alignments. These parsed
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alignments were concatenated to produce a single alignment of 17827 residues. When a
species did not have a record for a family, the missing sequence was replaced by gaps in the
alignment. The maximum-likelihood tree was computed with PhyML (Guindon & Gascuel,
2003) and the optimal combinations of parameters were selected using ProtTest3 program.
The LG model of sequence evolution was used and the gamma-distributed substitution rate
variation was approximated by eight discrete categories with shape parameter and proportion
of invariant sites estimated from the data. The statistical branch support was inferred with the

parametric bootstrap.

The Lhr-type helicase alignments were built by Mafft incorporating local pairwise refinement
(L-INS-i) up to 2000 iteration (maxiterate 2000) (Katoh & Standley, 2013) and trimmed with
trimAL as described above. The tree obtained on the full length aligned Lhr proteins was
computed with PhyML using the combination of parameters determined with ProtTest3, i.e.,
LG model of sequence evolution, the gamma-distributed substitution rate variation
approximated by four discrete categories with shape parameter and proportion of invariant
sites estimated from the data. The statistical branch support was inferred with the parametric
bootstrap. The tree obtained on the helicase core-based tree and the PF08494 domain-based
tree were computed with 1Qtree (Nguyen et al. 2015), using the combination of parameters
determined with Ultrafast bootstrap (1000 replicates) approximation approach to computing
the support of phylogenetic groups in maximum likelihood tree (Minh et al. 2013),
LG+F+R10 and GTR20+F+R8 respectively.

The trees were arbitrarily rooted and were drawn with the online version of iTOL.

4-Genomic context analysis

The genomic contexts of Lhr encoding genes were visualized with Prokaryotic Syntax

(Synteny & Taxonomy Explorer, https://archaea.i2bc.paris-saclay.fr) (Despalins et al. 2011).

Genomic contexts were also examined manually since conserved clusters of genes encoding

Lhr, MPE, and potential other proteins were not detected with an automated tool.

5-Structural model predictions

Protein secondary structures were predicted using the PSIPRED workbench as described in
(McGuffin et al. 2000). Structure models and protein fold were obtained using Phyre2 (Kelley
et al. 2015) under Intensive mode. Structural homology searches and predicted structure
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models analyses were performed with DALI (Holm and Sander 1995). Model structure
rendered in PyMOL (http://www.pymol.org) were superimposed against the M. smegmatis
Lhr helicase structure (Ordonez and Shuman 2013) (PDB: 5V9X) using PyMOL. Sequence

logos

indicating  sequence conservation were generated using WebLogo 3

(http://weblogo.threeplusone.com).

Table 7. Expression vectors constructed or already available (v) and used (vV'V) in this

study.
aLhr2| alhr2 alhr2 |aLhr2| aLhr2 | aLhr2 aLhr2 Ecol- Ecol-
WT | ADom4 | Dom4 | K60A | T215A | 1512A | W577A | Lhr-856 | RNaseT

pET11b | vV vV vV vV vV vV vV v

pET15b | vV v v

pET21b v vV

pGEX-

4T1 a4
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Table8. List of primersused in thisstudy.

Primers Sequences Purpose
B18-2 |TTAGCAGCCGGATCCTCATTCAAGCTCCCCGATCA
B18-3 CGCGGCAGCCATATGATGATAAGGTTTGCCCAGAGA WT alLhr2
In fusion cloning in
B18-4 |TTAGCAGCCGGATCCTCATTCAAGCTCCCCGATCA pET vectors
B18-5 |GTGGTGCTCGAGTGCTCATTCAAGCTCCCCGATCA
B18-6 CCTCCTATCAAGCGTGTAAAC
Sequencing Thbar-aLhr2
B18-7 GTGTTGTTAGCTCAACATCGC
B18-9 |TGGAATTGTACCCGTGTTCATG Inverse PCR al hr2
B17-33 |P- TAACAAAGCCCGAAAGGAAGCT ADom4
B18-10 |P- GATGAGGCTAAAATCGAAGTTTA Inverse PCR
B15-1 |CATATGTATATCTCCTTCTTAAAGTT Domain 4
B19-02 |AGCGGAGCTACTTTATCAGCTTTTCTCGCTGCC
K60A
B19-03 |AAAAGCTGATAAAGTAGCTCCGCTGCCCGTTGG
B19-04 |GATCCCAGCGGCGTTTTCTGAAATGTTGCCT
W577A |
B19-05 |TTCAGAAAACGCCGCTGGGATCGTTGGCTT Site-directed
mutagenesis
B19-06 | AACACGGGTACAGCTCCAGATGAGGCTAAA Tbar-aLhr2
I512A
B19-07 |ATCTGGAGCTGTACCCGTGTTCATGTAGTA
B19-22 |AACCTCTTCGAGGGGATGAATAGCGGCACT
T215A
B19-20 | TTCGTTAGAATCGGTCTCAGTGCCGCTATTC
B15-29 | TAATACGACTCACTATAGGGGA T7 promoter
B15-30 |GCTAGTTATTGCTCAGCGGT T7 Terminator
MH5 GGAGATATACATATGATGGCAGATAATCCAGACCCT Ecol-Lhr-856
In fusion cloning in
MH7 | GTGGTGCTCGAGTGCGGATATTTGAATTTCGCCACC DET vectors
MHS TAATACGACTCACTATAGGGGA
MH9 GCTAGTTATTGCTCAGCGGT .
Sequencing Ecol-Lhr-
MH10 GGGGCGAAAAGCAGAAAAATC 856
MH11 CCTCTAACCGTGTACAAAGTA
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The different expression vectors used in this study are listed in Table 7. Primers sequences
with the purpose of each one are listed in Table 8. Buffers and media compositions are listed
in Table 9. Nucleic acid substrates used for the enzymatic activities are listed in Table 10.

| 1-Construction of expression vectors

1-Construction of expression vectorscarrying aL hr2 gene (TERMP_00533).
The pET vectors are amplified by reverse PCR with the Prime Star max enzyme (Ozyme) in
the presence of 10ng of plasmid DNA and 0.3 puM of the appropriate pairs of primers
(Thermocycler program: [98 °© C (15 7); 56 ° C (15 "); 72 ° C (1'30 ")] * 35cycles) (Table 8).
The PCR products were incubated at 37°C in the presence of 20 units of Dpnl
(ThermoScientific) for 1 h to remove the template. The gene encoding aLhr2 protein was
amplified by PCR from genomic DNA of Thermococcus barophilus with 1 U of Phusion
(High-Fidelity DNA polymerase from Finnzymes), 0.2 mM of dNTPs and 0.5 uM of the pairs
of primers (Thermal cycler program: [98 ° C (30 "); 58 ° C (30 "); 72 ° C (1 ")] * 35cycles). To
allow the assembly of the PCR products in the InFusion® reaction. The primers allowing the
amplification of the coding sequences were synthesized to integrate, at their 5 'ends, 15
nucleotides complementary to that of the vectors. The InFusion® reactions were performed as
recommended by the provider with equimolar amounts of PCR products. The entire reaction
products were introduced by heat shock in 50 puL of chemocompetent Stellar® bacteria
(Ozyme) and selected in the presence of ampicillin (100 pg/ml) after 1 hour of phenotypic
expression at 37°C. The presence of the insert in the vectors was verified by PCR on colonies
with the T7 Promoter and T7 Terminators primers (Table 8). The insert was verified by

sequencing with the same pair of primers (MWG Eurofin).
2-Construction of expression vectors carrying aLhr2 Dom4 and alLhr2
ADom4.

This method was used to construct the expression vectors containing the genes aLhr2 ADom4
and aLhr2 Dom4 consists of excluding part of the WT gene by reverse PCR using
phosphorylated primers in the 5’ extremity on both sides of the domain to be eliminated. The
pET11b and pET15b vectors were amplified by reverse PCR with the Prime Star max enzyme
(Ozyme) in the presence of 10 ng of plasmid DNA and 0.3 puM of the appropriate
phosphorylated pairs of primers (Thermocycler program: [98 ° C (15");56°C (15"); 72° C
(1'30 ")] * 35cycles). The PCR reaction was incubated at 37°C in the presence of 20 U of
Dpnl (ThermoScientific) for 1 h to remove the template. The vectors were circularized using
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30 U of T4 DNA ligase (BioLabs) for 1 h at 20 ° C. The entire reaction products were
introduced by electric shock into 50 pL of electrocompetent DH5a bacteria and the
transformants were selected in the presence of ampicillin (100 pg/ml) after 1 h of phenotypic
expression at 37°C. The mutated inserts were verified by sequencing using T7 Promoter and
T7 Terminator primers (MWG Eurofin).

3-Construction of expression vectors carrying aLhr2 with punctual

mutations.

The pET11b vector expressing the recombinant proteins aLhr2 T215A, aLhr2 1512A, and
aLhr2 W577A were constructed by directed mutagenesis using the QuikChangeXL® Kit
(Agilent) as recommended by the provider. 10 ng of the plasmid expressing aLhr2 T215A,
aLhr2 I512A, and aLhr2 W577A were added to 2.5 U of Pfu Ultra HF and 125 ng of pairs of
primers containing the point mutation to be introduced (Thermocycler program: [ 95 ° C (50
"); 60 ° C (50 "); 68 ° C (12 "] * 18cycles). The PCR reaction was incubated at 37°C in the
presence of 20 U of Dpnl (ThermoScientific) for 1 h to remove the template. The entire
reaction products were introduced by heat shock in 45 uL of chemocompetent XL10-Gold®
bacteria (Agilent) and the transformants were selected in the presence of ampicillin (100
ug/ml). The integration of the mutations was confirmed by sequencing with the T7 Promoter

and T7 Terminator primers (MWG Eurofin).
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Table 9: Ligt and composition of buffersand media used in this study

M edium/Buffer

Composition

LB medium 5g/L yeast extract; 10g/L NaCl; 10g/L Tryptone; 20mg/mL Thymine pH 7
SOC medium SOB medium + 0.4% glucose; 0.01M MgCl,; 0.1M MgSQO,
PBS 1X 137mM NaCl; 2,7mM KCI; 10mM Na2HPO4; 1,8mM KH2PO4
Lysisbuffer 50mM Tris-HCI pH 7.5; 300mM NaCl; 10% glycerol

HisTrap buffer A

20mM NaP pH 7.4; 300mM NaCl; 10% glycerol

HisTrap buffer B

1mM Imidazole; 20mM NaP pH 7.4; 300mM NaCl; 10% glycerol

Heparin buffer A

50mM Tris-HCI pH 7.5; 10% glycerol

Heparin buffer B

50mM Tris-HCI pH 7.5; 300mM NacCl; 10% glycerol

Gel Filtration buffer

50mM HEPES pH 6.8; 500 mM NaCl; 10% glycerol

ATPase buffer 5X

50mM Hepes pH 7.5; 50mM KCI; 5mM MgCI2; 2mM DTT

SSC 1X buffer

150mM NaCl; 15mM NaCi

Helicase buffer 1X

25mM Tris-HCI pH 8, 50mM NaAc, 5mM MgCI2, 2.5mM B-
Mercaptoethanol

STOP buffer 5X

0.1% SDS, 8mM EDTA, 0.1mg/ml Proteinase K, 4% glycerol, 0.02%
bromophenol-blue

Cold buffer | 50mM Sodium phosphate pH 7; 200mM NaCl; 1mM PMSF
Cold buffer |1 Cold buffer 1 + 20 mM Imidazole
Cold buffer 111 50mM Tris-HCI pH6.8; 2% SDS; 0.1% bromophenol blue; 10% glycerol;

6M Urea; 100mM DTT; and 250 mM Imidazole

Lysisbuffer (RNaseT)

20mM Tris pH 7.5; 0.1% Triton X-100;1 mg/ml lysozyme; 1ul/ml DNase

RNase T wash buffer

20mM Tris pH 7.5; 0.1% Triton X-100

RNase T elution buffer

10mM glutathione;50mM Tris pH 8
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I11-Production and purification of recombinant proteins

1-Expression and production of Thar-alL hr2 recombinant protens.

The pET vectors carrying aLhr2 WT or variants encoding genes were transformed into the
E.coli BL21 (DE3) codon + expression strain by electroporation. The transformants were
selected in the presence of ampicillin (100 pug/ml) and chloramphenicol (30 pg/ml). Overnight
cultures, diluted to 1/100 in LB medium (Luria Berthani, 5g/L of yeast extract, 10g/L NacCl,
10g/L Tryptone, 20mg/mL Thymine pH 7), containing ampicillin and chloramphenicol, were
incubated at 37°C with constant shaking (180 rpm) until the A600 reached 0.8. Protein
production was induced by adding 0.2 mM of IPTG for 3h at 30°C. The cells were collected
by centrifugation (15min, 6000rpm at 4°C. (rotor JA-14)). After a washing step with 1X PBS
(137mM NaCl, 2.7mM KCI, 10mM Na2HPO4, 1.8mM KH2PO4), the cell pellets obtained
after a second centrifugation (15min, 5000rpm at 4°C (JS rotor 5.3)) were stored at -20° C.

2-Purification of Thar-aL hr2 recombinant protens.

The cell pellets overexpressing the proteins of interest (2x400ml) were resuspended in 10mL
of lysis buffer (50mM Tris HCI pH 7.5, 150mM NacCl, 10% glycerol) supplemented with
lysosyme (1mg/ml) and 1/2 tablet of protease inhibitor (cOmplete ™ Roche) and lysed by
three cycles of [5x10sec] of sonication (50% cycle) (Bioblock scientific, Vibra Cell). A
treatment with a mix of RNase A (20ng/mL), RNase T1 (1000 units/ul) and DNase |
(20ng/mL) containing 10mM of MgCI2 was performed at 37°C for 30 min. After a heating
step at 70°C for 20 min, the extracts were furthered clarified by centrifugation (20 000 g, 4°C,
20 min (rotor JA-20)). The soluble fraction supernatant was then filtered (0.22 um). The
purification was carried out with FPLC (Fast Protein Liquid Chromatography) on an Akta

system at room temperature.

2.1 Purification of alL hr2 proteins expressed in pET11b vectors

The cell extract diluted to a final concentration of 150 mM of NaCl was injected onto a 1ml
cation exchange column (HiTrap ™ SP HP GE Healthcare) already equilibrated in the
Heparin buffer (50mM Tris HCI pH 7.5, 150mM NacCl, 10% glycerol) on Akta FPLC (Fast
Protein Liquid Chromatography) system at room temperature. After two washing step with
150 and 200 mM of NaCl, the elution was carried out with a linear gradient of 300 mM to 1M
of NaCl. These steps are common to the purification of aLhr2 WT and aLhr2 Dom4, aLhr2
T215A, aLhr2 aLhr2 1512A, and aLhr2 W577A variants. An additional purification step was
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necessary for of aLhr2 WT and aLhr2 Dom4, aLhr2 aLhr2 1512A, and aLhr2 W577A. The
fractions of the peak corresponding to the proteins of interest were injected on HiLoad 16/60
Superdex 200 PG column (10 000 -600 000Da) already equilibrated in Gel filtration buffer
(gel filtration (50mM HEPES pH 6.8, 300mM NaCl, 10% glycerol). The purity of the protein
fractions was visualized after migration on a 4-15% SDS-PAGE gel (BioRad) and
visualization with coomassie blue (Quick Coomassie, CliniSciences).

The exact purification steps (from lysis to injection onto columns on FPLC) were used to
purify aLhr2 ADom4 using Heparin (Heparin FF GE Healthcare) and HiLoad 16/60 Superdex
200 PG columns.

2.2 Purification of al hr2 proteins expressed in pET 15b vectors

The cell extract was injected in a 1ml nickel column (HisTrap ™ GE Healthcare) already
equilibrated in HisTrap buffer (20mM NaP pH 7.4, 300mM NaCl, 10% glycerol) on Akta
FPLC system at room temperature. After two washing steps at 10 and 20 mM Imidazole, the
elution was carried out with a linear gradient of Imidazole (50 to 500 mM). The fractions
containing the proteins of interest were then injected in HiLoad 16/60 Superdex 200 PG
column. The purity of the protein in the fractions was visualized after migration on a 4-15%
SDS-PAGE gel (BioRad) and visualization with Coomassie blue (Quick Coomassie,

CliniSciences).

2.3 Quantification and stor age of proteins

The concentrations of aLhr2 WT and variants polypeptides were determined by SDS-PAGE
analysis of aliquots of each preparation in parallel with a range of BSA standard (0.16 to 2.5
mg/ml) on 4-15% SDS-PAGE gel (Biorad) stained with Sypro Orange. The proteins were
visualized on a Bioimager and quantified on the MultiGauge software.

The proteins are dialyzed (Slide-A-Lyser®, Thermo Scientific) in Gel filtration buffer (50mM
HEPES pH 7.8, 300 or 500mM NaCl, 10% Glycerol) and stored at 16 ° C or aliquoted and
frozen at -80 ° C.
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Table 10: Nucleic acids substrates used in thisstudy in ATPase, binding, unwinding and
annealing assays.

Substrate

Name Sequence
type lenght
DNAs, S1 5" ATCGATAGTCTCTAGACAGCATGTCCTAGCAAGCCAGAATTCGGCAGCGT 3’
RNAs, USs1 5" AUCGAUAGUCUCUAGACAGCAUGUCCUAGCAAGCCAGAAUUCGGCAGCGU 3’
5’DNA2 |BRS1 |5° GGACATGCTGTCTAGAGACTATCGAT 3’
5’RNA |U5SRS1 |5’ GGACAUGCUGUCUAGAGACUAUCGAU 3°
3°’RNA | U3RS1 |5° ACGCUGCCGAAUUCUGGCUUGCUAGG 3’
DNAs, $2 5 GACGCTGCCGAATTCTACCAGTGCCTTGCTAGGACATCTTTGCCCACCTGCAGGTTCAC

3
5’DNA3; |BRS2 |5 TAGCAAGGCACTGGTAGAATTCGGCAGCGTC 3°
5’DNA:/ |S2/ 5’GACGCTGCCGAATTCTACCAGTGCCTTGCTAGGACATCTTTGCCCACCTGCAGGTTCAC 3
DNA;, 5RS2 |3’ CTGCGACGGCTTAAGATGGTCACGGAACGAT 5°
3’ DNAsy/ |S1/ 5’ ATCGATAGTCTCTAGACAGCATGTCCTAGCAAGCCAGAATTCGGCAGCGT 3’
RNA U5RS1 | 3’UAGCUAUCAGAGAUCUGUCGUACAGG 5°
3’RNAsy/ [US1/ |5 AUCGAUAGUCUCUAGACAGCAUGUCCUAGCAAGCCAGAAUUCGGCAGCGU 3’
RNA U5RS1 | 3’UAGCUAUCAGAGAUCUGUCGUACAGG 5
5 RNA./ |US1/ |5 AUCGAUAGUCUCUAGACAGCAUGUCCUAGCAAGCCAGAAUUCGGCAGCGU 3’
S0 3’GGAUCGUUCGGUCUUAAGCCGUCGCA 5’

RNA,s U3RS1
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| V-Enzymatic assays

1-Radiolabelled substrates

The substrates S1, 5RS1, U5RS1 and U3RS1 are phosphorylated at 5 * extremity with 50uCi
of ATP [y32] using 5 units of T4 polynucleotide kinase (ThermoScientific) for 1h at 37°C. A
The S1 substrate was amplified to obtain a PCR product supplemented with a T7 promoter
sequence at the 5' end. The preparation of radiolabeled nucleic acid substrate US1 is obtained
by in vitro transcription of the PCR product using the MEGAscript kit (Ambion) as
recommended by the provider and in the presence of 50 uCi of UTP [032]. The US1/U5RSI1
and US1/U3RS1 duplexes are obtained by incubating the single strands at 90° C for 5 min in
1X SSC buffer (150 mM NaCl, 15 mM NaCi) followed by a step of cooling to room
temperature of about 2h minimum. The duplexes are desalted on column (Micro-bio Spin,
Biorad).

2-ATPase hydrolysis assay.

The purified protein (500nM) was incubated in presence or absence of 5nM of S1(ssDNA-
50nt) or US1(ssRNA-50nt) in 5X buffer (50mM Hepes pH 7.5, 50mM KCI, 5mM MgCI2,
2mM DTT) at 65°C for 10min. ATP hydrolysis was stimulated by adding 4.5 pl of ATP mix
containing 0.2mM of ATP and 0.085ul of [y32P] ATP at 6000Ci/mmol in 5x buffer to obtain
a final reaction of 17ul. The final reaction was incubated at 65°C. At 0, 2, 5, 10, 30, 60, and
90 min, 2ul of the reaction was spotted on TLC (Thin Layer Composite) membrane. ATP and
released Pi were separated using 100ml of 250 mM KH,PO,. TLC membrane, already dried,
was exposed in cassettes with a phosphor imaging plate (BAS-MS Imaging Plates-Fujifilm)
overnight. The phosphorimager was then scanned using the Typhoon scanner (Typhoon Trio-
Amersham Biosciences, 200 microns of resolution). The quantification of the hydrolysed ATP
was done using MultiGauge software (Fujifilm). Curves and ATPase kinetic parameters were

performed with the software GraphPad Prism 7.

The kinetic parameters for ATP hydrolysis, Ky, and kca;, were determined by nonlinear fitting
to the Michaelis-Menten equation using GraphPad Prism for a range of ATP concentrations

(0.1 M to 2 M) in the presence of excess DNAs, cofactor.
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3-Nucleic acid binding assay.

A range of the protein concentration (0 to 150 or 350nM depending on the nucleic acid
substrate) was used to test the binding activity of the WT aLhr2 or variant. Proteins were
incubated for 10min at 60°C, a mix containing 0.5nM of labelled substrate and helicase buffer
1X (25mM Tris-HCI pH 8, 50mM NaAc, 5mM MgCI2, 2.5mM B-Mercaptoethanol) was
added to obtain a final volume of 50ul. After incubation for 15min at 30°C, the reaction was
stopped on ice. Nitrocellulose-filter binding technique was used to study protein-nucleic acid
interactions. Briefly, reactions were spotted on nitrocellulose membrane (already incubated in
0.5M of KOH and in the helicase buffer 1X) and a nylon membrane (Hybond- already
incubated in helicase buffer 1X) in the slot blot (Amersham Biosciences). Membranes were
then dried and exposed in cassettes with a phosphor imaging plate (BAS-MS Imaging Plates-
Fujifilm) overnight. The phosphorimager was then scanned using the Typhoon scanner
(Typhoon Trio-Amersham Biosciences, 100 microns of resolution). The quantification was
done using MultiGauge software (Fujifilm). Curves and KD analysis were performed with the
software GraphPad Prism 7.

4-Annealing assay

A reaction mix containing 5nM of unlabelled single-strand RNA (US1) or DNA (S1 or S2),
5mM MgCl, and helicase buffer 1X (25mM Tris-HCI pH 8, SO0mM NaAc, 2.5mM -
Mercaptoethanol) was pre-incubated separately from the protein (250nM) for 5min at 65°C.
The radiolabelled single-strand RNA (U5RS1* or U3RS1*) or DNA (5RS1*) was then added
to the reaction solution with the protein. A kinetic was performed at 65°C by collecting 5ul of
the reaction at different times. The reaction was stopped by adding 1.25ul of STOP buffer 1X
(0.1% SDS, 8mM EDTA, 0.1mg/ml proteinase K, 4% glycerol, and 0.02% Bromophenol
blue). A reaction without the protein was also used as control. Duplex were separated from
single-stranded substrates using electrophoresis in acrylamide gel 8% containing 0.1% SDS at
160V for 1h30. The dried gel was then exposed in cassettes with a phosphor imaging plate
(BAS-MS Imaging Plates-Fujifilm) overnight. The phosphorimager was then scanned using
the Typhoon scanner (Typhoon Trio-Amersham Biosciences, 200 microns of resolution). The
quantification was done using MultiGauge software (Fujifilm). Curves were established using
GraphPad Prism 7.

5-Unwinding assay
A starting solution containing 5mM ATP, 5mM MgClI, an excess of the unlabelled oligo trap
(1uM of U5RS1, U3RSL1 or 5RS2) and a reaction mix composed of 5nM of the radiolabelled
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duplex (US1/U5RS1*, US1/U3RS1* or S2/5RS2*), the protein of interest (250nM) and the
helicase buffer 1X (25mM Tris-HCI1 pH 8, 50mM NaAc, 2.5mM B-Mercaptoethanol) were
incubated for 5min at 65°C. The unwinding reaction was triggered when the starting solution
was added to the reaction mix. A kinetic was performed at 65°C by collecting 5ul of the
reaction at 0, 2, 5, 10, 20, 40, 60, and 90min. The reaction was stopped by adding 1.25ul of
STOP buffer 1X (0.1% SDS, 8mM EDTA, 0.1mg/ml proteinase K, 4% glycerol, and 0.02%
Bromophenol blue). A reaction without the protein was also used as control. Duplex were
separated from single-stranded substrates using electrophoresis in acrylamide gel 8%
containing TBE 1X, 20mM EDTA and 0.1% SDS at 160V for 1h30min (Gel migration
buffer: TBE 1X, 20mM EDTA and 0.1% SDS). The dried gel was then exposed in cassettes
with a phosphor imaging plate (BAS-MS Imaging Plates-Fujifilm) overnight. The
phosphorimager was then scanned using the Typhoon scanner (Typhoon Trio-Amersham
Biosciences, 200 microns of resolution). The quantification was done using MultiGauge

software (Fujifilm). Curves were established using GraphPad Prism 7.
V-Proten interaction networksand Transcriptomic analysis

1-Pull down assay

This method consists of incubating a (His)s-tagged recombinant protein attached to cobalt
beads with T.barophilus cell extract. Pull-down experiments were carried out in triplicate
using T.barophilus cellular extracts cultivated in bioreactors at the exponential phase of
growth under physiological conditions (85 °C, pH 7, anaerobic) at the Ifremer Laboratory (D.
Flament; Brest). T.barophilus cell pellets are resuspended in (w/v 1/3) TK buffer (20mM
TrisHCI pH7.4, 10mM MgCI2, 100mM KCI, ImM DTT) supplemented with a mix of
protease inhibitors (cOmplete ™ Roche). After sonication (VibraCell Biolock Scientific), the
extract is clarified by centrifugation (10,000g, 60min, 4°C) and supplemented with 10mM
MgCI2. The purified protein aLhr2 with a Histidine tag was used as bait. 20 pg of bait
proteins are immobilized in 0.6 mg of magnetic cobalt beads (Dynabeads, Invitrogen). The
bead-bait complex is incubated with 2mg of T.barophilus extract under rotation overnight at
room temperature. To eliminate interactions mediated by DNA or RNA molecules, this step is
carried out in the presence of a DNase/RNase mixture (10 pg /ml of RNase A and DNase I).
The protein complexes formed in vitro are separated on a magnetic rack and washed with TK
buffer (3x200 ul). A control reaction was also carried out under the same conditions using
cobalt beads without bait protein. Proteins were then eluted in 25 ul of XT buffer (Biorad)
containing 2 pl of 20X reducing agent for 10 min at 95 ° C.
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2-Proteomic analysis

Mass spectrometry analyses were carried out at Pris Sud-Ouest PAPPSO (http://papso.inra.fr).
After a short migration on SDS-PAGE gel (Criterion XT-Precast gel-BioRad), the protein
bands are cut out and sent to the PAPPSO platform. Bands treatment method was performed
as described previously (Branson and Freitas 2016). Data were processed to identify signals
for specific interactions. The globality of the specific spectra was normalized between the
series of replicates. A cut-off of 2 normalized spectra was used as the minimum MS signal for
confirming network hits. The normalized spectra are then averaged between replicates and
references versus control to calculate the number of “referenced spectra”. The calculation of
the "specific index" score is the ratio of the normalized spectra versus controls. The
"specificity index" varies from 0 to 1 (with a maximum threshold = 1), the closer the

specificity index value to O the better is the specificity.

3-Transcriptomic RNA seq analysis

Total RNAs from wild type and ATbar-alhr2 strains cells, at the exponential growth phase,
were extracted using TRIZOL® reagent. The mutant strain constructions, cell cultures and
RNA extractions were performed by Yann Moalic at the Ifremer in Brest (Birien et al. 2018;
Thiel et al. 2014). For each strain, biological triplicates were produced. In Toulouse, DNA
was removed from the samples using the TURBO DNA-free™ Kit (Invitrogen) as
recommended by the provider. The quantity and the quality of the RNA samples were
assessed using a Qubit fluorometer and a bioanalyser®, respectively, by the GeT-PlaGe
platform (GenoToul). For each sample, 1ug of total RNA DNA-free were sent to the Genewiz
company for strand-specific cDNA library construction and high-throughput sequencing
(Mumina HiSeq® ; 2x150bp; 30 million reads per sample). The sequencing data were
analyzed by Christine Gaspin (INRAE Toulouse - MIA-T lab) and Marta Kwapisz (Clouet
d’orval team, IBCG Toulouse). Briefly, the data were normalized using the relative log-
expression method. The differentially expressed genes between the wild-type and the mutant
strains were identified using the DE-seq R package.

VI-In wvitro interaction preliminary assays test of Ecol-Lhr-856
and RNAse T

1-Construction of expression vectorscarrying Ecol-L hr-856 gene (JW1645)
The Ecol-Lhr-856 gene was amplified from E.coli K-12 substrain MG1655 genomic DNA.

Vectors were constructed with the kit InFusion® (Ozyme) using the same protocol as for

96



Tbar-aLhr2. Primers used for the pET11b and pET21b construction were listed in Table 8.
The nucleotide sequences of the cloned insert were verified by sequencing using the same
primer pair as for cloning (MWG Eurofins).

2-Expression and production of Ecol-Lhr-856 and Ecol-RNaseT

recombinant protens.

The PGEXA4T1 vector carrying the synthetic gene encoding Ecol-RNAseT was provided by
GenScript. The expression strain, E. coli BL21 (DE3) codon+, was transformed with the
expression pET21b vector carrying Ecol-Lhr or the pGEXA4TL1 carrying Ecol-RNaseT gene by
heat shock for 1°10s at 42°C. Transformed colonies were selected by the presence of
ampicillin (100pg/ml) and chloramphenicol (0.03 mg/ml). An overnight culture using one
single colony was diluted at 1/100 in fresh SOB medium (Himedia), containing ampicillin
(100pg/ml) and chloramphenicol antibiotics (0.03 mg/ml), and incubated at 37°C with
180rpm of agitation. The cultures were induced by 0.1 mM of IPTG when the growth
achieved an Aggyo 0f 0.6 by incubation for 3h (Ecol-Lhr) or overnight (Ecol-RNaseT) at 30°C.
Cells were harvested by centrifugation (10min, 7000rpm a 4°C) and conserved at -20°C.

3-Purification of Ecol-L hr-856 recombinant protens.

Cell pellets containing the tagged protein of interest were resuspended in cold buffer |
containing 50mM Sodium phosphate pH 7, 200mM NaCl, and PMSF. Crude cell extracts
were obtained by sonication (5 cycles of 5s (level 3) and centrifugation (25 min, 7000rpm) at
4°C. The supernatant (soluble fraction) collected by centrifugation was loaded onto a 6ml
Nickel (Ni?-column (His60 Ni Superflow™ Resin, Takara) already equilibrated with buffer
| and washed three times with 1ml of buffer 1l (same as buffer | with 20 mM Imidazole).
Proteins were eluted with buffer 11l (50mM Tris-HCI pH6.8, 2% SDS, 0.1% bromophenol
blue, 10% glycerol, 6M Urea, 100mM DTT, and 250 mM Imidazole). Eluted proteins were
analyzed on 12% SDS-PAGE followed by coomassie brilliant blue (CBB-R250) staining.

4-Co-purification of recombinant protein on Nickel column

Cell pellets of 400 ml containing the bait (Hisg-Ecol-Lhr) and prey (GST-Ecol-RNaseT)
proteins were resuspended separately in cold buffer I containing 50mM Sodium phosphate pH
7, 200mM NaCl, and PMSF. Crude cell extracts were obtained by sonication (5 cycles of 5s
(level 3) and centrifugation (25 min, 7000rpm) at 4°C. The supernatant (soluble fraction) of
the bait protein collected by centrifugation was loaded onto a 400ul Nickel (Ni*"-column

(His60 Ni Superflow™ Resin, Takara) already equilibrated with buffer | and washed three
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times with 1ml of buffer Il (same as buffer I with 20 mM Imidazole). After a wash step with
buffer 11, the supernatant of the prey proteins was added. Proteins were eluted with buffer 111
(50mM Tris-HCI pH6.8, 2% SDS, 0.1% bromophenol blue, 10% glycerol, 6M Urea, 100mM
DTT, and 250 mM Imidazole). Eluted proteins were analyzed on 12% SDS-PAGE followed
by coomassie brilliant blue (CBB-R250) staining.
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RESULTS



|-Phylogenetic and structural analysisof L hr-type helicase.

1-Archaeal and bacterial Lhr-type sequences are collected from three

complementary search approaches

To search for all Lhr-type protein sequences in archaeal and bacterial genomes, we defined
queries corresponding to Lhr specific domains and motifs. Lhr-type proteins are part of the
SF2 helicase family. It has the characteristics helicase core formed by RecAl and RecA2
conserved domains. These two domains correspond to the pfam00270 and pfam00271,
respectively (FIGURE 17A).

Only a few Lhr-type helicases have been studied (Buckley et al. 2020; Ejaz and Shuman
2018; Ordonez and Shuman 2013; Ejaz et al. 2018; De Falco et al. 2018). The crystal
structure of Lhr-Msme (Lhr-Msme; 1507aa) revealed the RecAl (1-230) and RecA2 (231-
435) and two other domains forming the Lhr core from the N-terminal region (Ejaz et al.
2018) (FIGURE 17A). The Domain 4 (530-856) corresponds to a novel conserved domain
with unknown function that is specific to the Lhr-type proteins and that corresponds to the
pfam08494. Moreover, using the Dali database and a tridimensional structure established for a
truncated Lhr-Msme (1-856), a fourth domain has been uncovered and named WH (436-529)
for Winged-Helix domain (FIGURE 17A). The Lhr WH domain has a similar fold as Hel308
Ski2-helicase WH but they only share six conserved amino acids (Ejaz et al. 2018). Msme-
Lhr also possesses a C-terminal extension (856-1507). This region was not yet studied and no
domains have been identified (FIGURE 17A).

By sequence homology, we defined the four structural domains of Pyrococcus abyss aLhr2
(aLhr2-Paby; 866aa) as follows; the RecAl (1-248)/RecA2 (248-421) helicase core, the WH
domain (421-514), and the Domain 4 (514-) (FIGURE 17A). We used the pfam00270,
pfam00271, and pfam08494 corresponding to the RecAl and RecA2 domains, and Domain 4,
respectively, that share conserved amino acid sequence in the Lhr-type family to identify
orthologous groups.

In order to collect Lhr-type protein sequences from the bacterial and archaeal genomes, we
used an in-house Complete Genome DataBase (CGDB) that contain 2563 genomes of bacteria
and 197 genomes of archaea provided by the fichant team. These genome entries were
automatically retrieved from EMBL and processed by a set of Perl program into a MySQL
database. Protein sequences from the CGDB have been annotated according to the conserved
domain database available at NCBI using the RPS-Blast program. Orthologous groups have

been determined using BlastP local alignment. With the objective to collect the maximum
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possible of Lhr-type protein sequences, we implemented three approaches using different
queries (In collaboration with Fichant team-LMGM) (FIGURE 17B). In order to limit the
redundancy, our search was restricted to one strain per species.

As all the SF2 helicases have in their N-terminal region the conserved helicase core domain,
to limit the risk of collecting false-positive Lhr sequences, in the first query, we used the
cluster of orthologous group COG1201 that covers the Lhr core formed by the Pfam00270,
Pfam00271, and Pfam08494 (FIGURE 17A). We collected 822 protein sequences (FIGURE
17B-Approach 1). The second challenge we faced, was the difference in sequence lengths of
the Lhr-type proteins that varies from 505 to 1583 amino acids. Thus, we also used the three
Pfam00270, Pfam00271, and Pfam08494 of Lhr core as independent queries for searching for
Lhr-type protein sequences in the CGDB. This second approach allowed us to collect 615
Lhr-type sequences (FIGURE 17B-Approach 2). Finally, in a third approach, to avoid
missing putative Lhr-type protein sequences from the CGDB, the helicase core combining the
RecAl and RecA2 domains has been used as a query for retrieving all the SF1 and SF2
helicase proteins from the CGDB (FIGURE 17B-Approach 3). The collected sequences were
clustered using the Markov clustering method. 894 protein sequences corresponding to the
family annotated as Lhr-type were then retrieved using the Hidden Markov Modeling
(HMM).

To compare the sequences collected using the three approaches, we built a Venn diagram
(FIGURE 17B, lower panel). The intersection between the three approaches shows 614 Lhr-
type sequences in common. All the sequences recovered by the first and second approaches
were retrieved by at least two of our three approaches. The third approach was the most prone
in collecting false-positive sequences as 71 identified sequences were not recovered by the
first and/or the second approach. These sequences were checked for the presence of the
characteristic Lhr core domains and determined as false-positives as they either belong to

other SF2 subfamily or correspond to protein fragments.

101



Lhr-type

Lhr core =CO0OG1201 C-terminal

1 230 435 529 856 1507
Bacterial Lhr [ RecAl | RecA2 |[WH][ Domaind |
(Msme)
Archaeal Lhr -I WH|  Domain4 |
(Pﬂby) ! pfam00270 pfamﬂﬂl'?IZI S pfam08494 866

1000 1 894

822
800 -
615
600

COG1201-Approachl
400 - . Pfam-Approach2
I SF2 Helicase core-Approach3

200

Number of protein sequences

FIGURE 17. The L hr-type domains and approaches used in collecting L hr-type protein
sequences.

A. The typical SF2 helicase domain representation is shown using the representatives bLhr-Msme of
Mycobacterium smegmatis and aLhr2-Paby of Pyrococcus barophilus of the Lhr-type protein family.
The Lhr core is formed by the RecAl (pfam00270; purple) and RecA2 (pfam00271; blue) domains.
the Winged Helix (WH) domain and the Domain 4 (pfam08494). The COG1201 covers the
pfam00270, pfam00271 and pfam08494.

B. The COG1201 (Approach 1), the three Lhr pfam (Approach 2), and the SF2 helicase core
(Approach 3) were used as distinct queries to collect the Lhr-type protein sequences in a complete
genome database. The histogram indicates the number of Lhr-type sequences retrieved by each
approach. The Venn diagram illustrates the number of common sequences obtained using the three

approaches.




Altogether, and after thorough verification, 823 Lhr-type protein sequences have been

collected from the CGDB, with 274 archaeal sequences, and 549 bacterial sequences.

In addition, no Lhr-type protein sequence has been found in eukaryotic genomes using any of
these three approaches (database kingdom 15, eukaryotes). Therefore, we systematically
searched for putatively unannotated genes (missed by annotation or pseudogenes) with the

tblastN program. As a result, no corresponding genes have been found in eukaryotes.

2-Five Lhr-type orthologous groups areidentified by MCL clustering.

The 823 selected Lhr-type protein sequences were clustered by applying the Markov
clustering (MCL) algorithm after all-against-all protein comparison using BlastP. The protein
sequences of the similarity network were clustered into five well-defined groups of Lhr-type
proteins (FIGURE 18A). In the interaction graph, vertices represent individual proteins,
while edges weight according to their BlastP E-Value. We identified the two archaeal groups
named aLhrl and alLhr2 that were previously reported (Chamieh et al. 2016). They
respectively have 169 and 105 protein sequences (FIGURE 18B). For the first time, three
bacterial groups were also defined. We assigned them the following nomenclature: bLhr-
HTH, bLhr, and Lhr-like (FIGURE 18A). They respectively contain 251, 182, and 107
protein sequences (FIGURE 18B). Interestingly, we show that the aLhrl cluster is connected
to the Lhr-like cluster while the aLhr2 cluster is closely linked to both bLhr-HTH and bLhr
clusters (FIGURE 18A). We should note here that bacterial bLhr-HTH family is named after
the conserved HTH domain of the C-terminal region (FIGURE 19A).

To determine the orthologous groups (OGs) and to analyze the evolutionary relationships of
the Lhr protein families, the 823 archaeal and bacterial Lhr-type protein sequences were used
to construct phylogenetic trees via the maximume-likelihood method. The computed PhyML
tree of FIGURE 19A, constructed using the full-length protein sequences, shows that Lhr-
type proteins cluster into five OGs: aLhrl and aLhr2 in archaea, bLhr, bLhr-HTH and Lhr-
like in bacteria. These five OGs are coherent with the groups retrieved by our previous MCL
clustering (FIGURE 18), with the exception of 12 aLhrl proteins that cluster with the Lhr-

like group proteins.
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FIGURE 18. MCL clustering for defining L hr-type protein clusters.

A. A set of 823 Lhr-type protein sequences were selected and clustered using the Markov clustering
algorithm (MCL). Two archaeal clusters aLhrl (pink) and aLhr2 (blue-green), and three bacterial
clusters Lhr-like (blue), bLhr (orange), and bLhr-HTH (green)- were identified. In the graph, vertices
represent individual proteins and edges weight to their BlastP E-Value. B. The histogram represents
the number of protein sequences found in each Lhr-type group.




To evaluate the reliability of the Lhr-type clustering, two phylogenetic trees based either on
the helicase core (FIGURE 19B) or Domain 4 (FIGURE 19C) were also constructed.
Despite some differences in their topology, the trees exhibit the same archaeal and bacterial
OGs as the tree with the complete protein sequence (FIGURE 19A). The tree based on the
Domain 4 lacks the Lhr-like group as their members do not contain a Domain 4 (FIGURE
19B). Altogether, these results show the robustness of the clustering in orthologous groups.
To explore the Lhr helicases in the Asgard archaeal group, we computed another PhyML tree
with the same protein dataset but with Asgard genomes included in our complete genome
database. We found that the Asgard encode in their genomes Lhr-type helicases from both,
the aLhrl and aLhr2 OGs (FIGURE ANNEX 1).

Furthermore, to ensure the belonging of the Lhr-like group with an incomplete Lhr core
lacking the Domain 4 to the Lhr-type helicase family, we included the HRQ-like helicase
family as an outgroup in our protein dataset to construct a new phylogenetic tree (FIGURE
ANNEX 2). This tree confirms that proteins of Lhr-like cluster belong to the Lhr-type
helicase family. Indeed, the Lhr-like group is separated from the HRQ-like branch and
segregate from a branch common to all the Lhr-type helicase clusters.

Interestingly, Lhr-like cluster is the first to diverge from the others FIGURE 19A. Its long
branch suggests a lateral gene transfer. The aLhrl group that shows a large
variation of branch length most likely emerged from an ancient duplication event (FIGURE
19A). The aLhr2 group that exhibits less variability with shorter branch length probably
emerged from a recent duplication event within the bLhr cluster (FIGURE 19A).

Hence, we propose that an early gene duplication gave rise to two main Lhr clusters: one
archaeal cluster aLhrl, and one sister bacterial cluster, bLhr-HTH. A later gene duplication
within the sister cluster gave rise to two more archaeal and bacterial clusters, aLhr2 and bLhr
respectively (FIGURE 19A).

105



Wl
A . i //,/////////4////////////

g )
= Wl )
N ————— .
I e,
Nt NG
== FA e Loy,
N> _ _
Yy N
Pfam00271 RecA?2 L N,

W
i

Pfam08494 Domain 4
Pfam06224HTH_42

=

S —
. > =
: & =
~ ' S ~
~ A R S
7 g
L s
RN L s
. hr o N\
o /////////// WW/‘//////; » VN\W\\\\\\\\\\\ \\\\\\\\ AR
) g, I e\
¢ g AN

LRANN
AN \\ \ \‘
\\\\\\\\\\\\\\\\\\\\\\\\\\\ \

/ / ’H’
////////////////////////// i .
’;‘ /‘” | w‘r'”’”‘w"MNW\\\\‘\\\w
/ /]
Nl

|
o . ///
. \\V\\“\\\\\\\\\“\\v\ .
“N\\N
| )

pLbY g

\§5’ v}::"v)i\ rQZ //‘/@‘ ",,’/
. ¥ LR
¥ X Al
:éxa’%, . I ;-é 7
= 1 W %
i ‘”’Q :} A
}‘::/j‘ Y\ L
4 z "’";?7%5/'// A @
% U,
“. x &
2 S

FIGURE 19. Phylogenetic trees of the five L hr-type orthologous groups.

A. The maximum likelihood tree computed with PhyML using a dataset of 823 Lhr-type protein of
full-length sequences. The tree branches are supported by high bootstrap values. Bootstrap above 0.7
are represented in green. The Lhr protein family is segregated in five orthologous groups. Lhr-like OG
harbors mostly bacterial members with some archaeal members initially identified as aLhrl proteins
by MCL clustering. The Pfam domains of each Lhr-type OG are color-coded and represented at the
leaves of the tree. B. Phylogenetic tree was constructed using the dataset of 823 Lhr-type members but
restricted to the SF2 helicase core C. Phylogenetic tree restricted to the 691 Lhr-type members
containing a Domain 4 present in most Lhr-type members except for the Lhr-like group.




3-Taxonomic occurrence identifies aLhrl & alLhr2 proteins as ubiquitous

In archaeal genomes

After determining the Lhr-type protein OGs, we looked for their taxonomic occurrence in the
different archaeal and bacterial taxa. Interestingly, all the archaeal genomes encode at least
one Lhr-type protein. aLhrl members were found in all the TACK, and in most of the
Euryarchaeota with the exception of the Methanococcales and most of the Methanobacteriales
(FIGURE 20A). Moreover, the Sulfolobales and Acidilobales, and few Desulfurococcales,
encode two aLhrl members. Members of the aLhr2 group were also found in most of the
TACK and Euryarcheota with the exception of the Thaumarchaeota, Methanosarcinales and
Methanocellales. Our results are consistent with the previously obtained distribution of the
archaeal Lhr-type proteins (Chamieh et al. 2016). 12 Lhr-like archaeal proteins, initially
identified as belonging to aLhrl group by MCL clustering, are distributed as following: 7 in
methanomicrobia, 3 in methanobacteria, 1 in thermoplasmata, and 1 in aciduliprofundum. In
Asgard, Lhr-type proteins belong either to the aLhrl or alLhr2 group. Odinarchaeota,
Bathyarchaeota, and Thorarchaeota encode an aLhrl member while Heimdallarchaeota
encodes an aLhr2 member.

As we identified an aLhr2 member in the Thermococcales RNA metabolism network, we
focused on the evolution route of the aLhr2 group. The phylogenetic tree in FIGURE 20A
shows the emerging of aLhr2 into two sub-groups, one that occurs only in Halobacteria,
Methanococci, and Methabacteria, and the second in Thermoplasmata, Aciduliprofundum,
Methanobacteria, Archaeoglobi, Methanococci, Thermoprotei and Korarchaeota. In order to
examine the possibility of a vertical transfer of aLhr2 genes, we also evaluated the
phylogenetic congruence between the phylogeny of the aLhr2 proteins (based on 109 alhr2
genes) and the phylogeny of the corresponding archaeal phyla constructed from a
concatenated sequence of 53 ribosomal proteins (FIGURE 20B). Despite the presence of
some inconsistencies between both trees, notably in Methanocci and Archaeoglobi, the
phylogenies are largely congruent which suggests an ancient origin of alhr2 gene predating
the emergence of archaea.

The present phylogenetic analysis reports for the first time three well-defined clusters of Lhr-
type in bacteria (FIGURE 21A). Unlike the archaeal Lhr, the distribution of the bacterial Lhr
members is more erratic (FIGURE 21). bLhr-HTH proteins are found in almost all
Actinobacteria and Acidobacteria, and in some Firmicutes, Proteobacteria, and Spirochetes.
Whereas bLhr proteins are mainly distributed in Bacteroidetes and Proteobacteria with also
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some members in Cyanobacteria, Acidobacteria, and Chloroflexi. Finally, bLhr-like members
are scattered across the bacterial taxa, with more representatives in Proteobacteria,
Cyanobacteria, Firmicutes, and Actinobacteria. Indeed, the phylogenetic placement of Lhr-
like proteins was rather scattered among different phyla also suggesting HGT (FIGURE 21).
The occurrence of Lhr-like in cyanobacteria suggests that this family is acquired by

Horizontal Gene Transfer from a cyanobacterial symbiont.
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FIGURE 20. Distribution of the archaeal L hr-type groupsthroughout the phylogeny of Archaea.
A. The occurrence of archaeal Lhr-type proteins belonging to aLhrl, aLhr2 or Lhr-like among
archaeal phylogenetic groups is shown. B. Congruence of the archaeal and aL.hr2 phylogenetic trees.
The maximum likelihood tree has been computed with PhyML using the 109-archaeal-aLhr2
sequences dataset collected from the CGDB in this analysis. The archaeal tree was constructed from a
concatenated sequence of 53 ribosomal proteins.

Taxonomic orders are represented in different colors.
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4-Specificities at the structural level are observed for each Lhr-type

orthologous group

To gain further insight into the structural diversity of the five Lhr-type OGs, we analyzed the
conservation of their domains at the sequence and structural levels. The Lhr core: RecAl
(Pfam00270) and RecA2 (Pfam00271) domains, and the Domain 4 (Pfam08494), are highly
conserved, except for the bacterial Lhr-like group that does not contain a Domain 4 but
instead an additional C-terminal region (FIGURE 19 & 23). In addition, members of the
bLhr-HTH and aLhrl groups, and few of the aLhr2 group, show an extended C-terminal
region after the Lhr core. Interestingly, sequence alignments of these extensions show highly
conserved sequences within each OGs (FIGURE 22 and ANNEX 3). We can note the
conservation of SF2 motifs in all Lhr-type families. The Trp597 (Domain 4) of Msme-bLhr-
HTH identified as important for coupling ATP hydrolysis to DNA translocation and therefore
duplex unwinding is also conserved in all Lhr-type families including Lhr-like. The 11€528
(WH domain) of Msme-bLhr-HTH, essential for duplex nucleic acid unwinding, in addition to
a motif with the consensus sequence ‘DVL’ are conserved in all Lhr-type excepting Lhr-like
family (FIGURE 22).

To get an overview of the structure-function of the members of each group, we chose to
compare the predicted or resolved structures of one member per group. Structure models of
aLhr2 and aLhrl of Pyrococcus abyss (Paby), bLhr of Pseudomonas putida (Pput), Lhr-like
of Streptomyces coelicolor (Scoe), and the C-terminal region of bLhr-HTH of Mycobacterium
smegmatis (Ecol), have been predicted using Phyre2. Structural homology searches were
performed with the DALI server (FIGURE 23A). These models were deduced using the
crystal structure of the truncated bLhr-HTH of Msme (1-856; PDB5V9X) with 28-, 29-, 31-
and 34-% of identity for Lhr-like-Scoe, alLhrl-Paby, bLhr-Pput, and alLhr2-Paby,
respectively. The Lhr protein folds of the Lhr core (helicase core, WH domain and Domain 4)
seem to be conserved both in archaea and bacteria. Interestingly, despite the low amino acid
sequence identity, the C-terminal region of the Lhr-like-Scoe that is deprived of an obvious
Domain 4 adopts a structure that is similar to the predicted structure of the Domain 4 (25% of
identity). Note that the high similarity of structure between the different Lhr-type groups does

not necessarily mean that these proteins exhibit the same cellular function in vivo.
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FIGURE 22. Weblogo sequences of the L hr-type orthologous groups.

The Lhr core domains and the C-terminal regions of each Lhr-type group were aligned using Mafft
and used for motifs revealing using MEME http://meme-suite.org/tools/meme. Sequences that match
the discovered motifs were found using MAST http://meme-suite.org/tools/mast. The conserved Trp
(Domain 4) and lle (WH domain) residues are highlighted.

The relative height of each letter is proportional to the relative entropy of the corresponding base at
the given position, and the p-values were indicated below of each conserved motifs.
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FIGURE 23. Features of L hr-type orthologous groups.

A. Structural specificities of the five Lhr-type group members are shown. The Lhr core formed by the
RecAl (violet-blue), RecA2 (purple-blue) and the WH domain (light pink) are conserved in all Lhr-
type families. The Domain 4 of the Lhr core (violet) is conserved in the bacterial bLhr, bLhr-HTH,
and in the archaeal aLhrl and aLhr2 members. The C-terminal region with no identified conserved
domain is represented in dirty pink. All 3D structural models were obtained using Phyre2, stereo view
of the cartoon models was analyzed using PyMOL (*). B. Common genomic context of genes
encoding Lhr-type members. Genes encoding the Lhr-type proteins are signified by pink arrows. At
the vicinity of the Ihr genes, genes encoding a metallophospho-esterase (MPE; Red arrows), an ATP-
dependent DNA ligase (Ligase; Blue arrows), a glycosyltransferase (GTS; Yellow arrows), an
exonuclease of the metallo-p-lactamase enzyme family (Exo; Light green arrows) and/or the
Ribonuclease T (RNT; Dark green arrows) are found.




The bLhr-HTH group is characterized by an extended C-terminal region. We scanned this
region for Pfam domains and identified a helix-turn-helix structural motif named HTH_42
belonging to the Pfam06224. Then, we used the C-terminal region (888-1507) of Msme bLhr-
HTH to search for homologous structures. The most similar structure found in the PDB
database with 19% of identity corresponds to the DNA glycosylase AlkZ of Streptomyces
sahachiroi (Ssah; PDB5UUJ) (Mullins et al. 2017). The 3D structure of Ssah-AlkZ exhibits a
channel formed by a cluster of three WH motifs in tandem and by a short C-terminal B-hairpin
that is highly accommodated for binding dsDNA. Conversely, in the published structure of
truncated Msme-bLhr (1-856), the pocket composed of the four conserved domains of Lhr
core (RecAl, RecA2, WH, and Domain4) was found to be too narrow to permit passage of a
dsDNA (Ejaz et al. 2018). It is possible that the C-terminal HTH_42 assume dsDNA binding.
Finally, the region between the Lhr core and the HTH_42 domains resemble with 21% of
identity to the structure of the SelB elongation factor of Moorella thermoacetica (PDB1LVA),
which contains two winged-helix domains involved in RNA binding.

Proteins of the aLhrl group possess, in addition to Lhr core, a short C-terminal extension. We
searched for conserved motifs and identified a Zn®* binding cysteine-rich motif
CxxCx14CxxC (FIGURE 22, FIGURE 23A). By structure prediction, we identified a protein
fold similar to the DNA binding motif of the uncharacterized PF0610 protein of Pyrococcus
furiosus (PDB 2GMG, 38% of identity). This protein consists of a winged helix-turn-helix
WHTH, and a putative rubredoxin-like Zn ribbon (CXXC) motifs (Wang et al. 2007). While
HTH motifs are often involved in DNA binding, Zn ribbon is a metal-binding motif important
for protein/protein, protein/nucleic acids (DNA or RNA), or protein/lipids interactions
(Mitoch and Krezel 2014).

5-Genomic context analysis of the genes coding for Lhr—-type proteins helps
in predicting the function(s) of some Lhr helicases

If conserved, the genomic context of a gene can inform about its functions and can predict
functional interactions with surrounding genes. Here, we have systematically analyzed the
genomic environment of all Lhr-type encoding genes in Archaea and Bacteria (FIGURE
23B). In the neighborhood of 70% of bLhr encoding genes, three genes, encoding an ATP-
dependent DNA ligase, a putative metallo-p-lactamase exonuclease (Exo), and a metallo-
phosphoesterase (MPE) are found with various organization. Some blhr genes are only

surrounded by an MPE encoding gene. While not conserved in other phylum, for 82% of
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Proteobacteria, the bLhr-HTH encoding genes are followed by the rnt gene encoding the
ribonuclease RNase T.

Regarding the archaeal Lhr-type, in 15% of the genomes, the open reading frame (ORF)
encoding an aLhrl member is typically located within a gene cluster that includes a gene
encoding a MPE protein. For aLhr2, the encoding gene can be found within a mpe gene (16%
of genomes) or within a gene encoding a putative glycosyltransferase enzyme (GTS) (16% of
genomes). In Archaeoglobales, in addition to the gts gene, an ORF encoding an ATP-
dependent DNA ligase is also found in the neighborhood of alhr2 gene. It is important to
consider that for many archaea, a substantial fraction of the genes are annotated as
‘hypothetical’ proteins in the databases. This could prevent the identification of genes with
conserved function within an Ihr-type gene in archaeal genomes. Nevertheless, in bacteria and
in archaea, the genomic context analysis shows a wide prevalence of genes encoding ligase
and/or nuclease in the neighborhood of the Ihr-type ORFs (FIGURE 23B)
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I1-Biochemical studiesof Thar-alL hr2 protein.

1-Thermococcus barophilus as model of study

Almost all Thermococcales genomes encode two aLhr, aLhrl and aLhr2 (RESULT- PART I).
One aim of this thesis work is to decipher the physiological role of aLhr2 in the cellular
metabolism of archaeal microorganisms. The group in Toulouse is focusing on
Thermococcales archaea to capture main actors of RNA processing and maturation pathways.
Previous work from the group in Toulouse (described in the introduction, see FIGURE 10)
have used Pyrococccus abyssi strain as a study model and were able to show that aLhr2 is
retrieved in the aRNase J ribonuclease and ASH-Ski2 RNA helicase networks using P. abyssi
cellular extract. These partners are proposed to be main actors of the RNA metabolism in

Thermococcales (Phung et al. 2020).

At first, a former student in the group in Toulouse tried without any success to clone P. abyssi
Paby-alhr2 gene (PAB0744) using the pET system in E.coli. This is certainly due to a cellular
toxicity that we have not been able to explain. We then logically turned to the T. barophilus
strain, a model recently used for transcriptomic and genetic studies by the group in Toulouse.
As mentioned in the introduction section (INTRODUCTION-Archaeal study model), T.
barophilus is an hyperthermophilic archaea of the order of Thermococcales, closely related to
P. abyssi, which serves now as a standard genetic model which was developed by M. Jebbar's
team (Thiel et al. 2014). In addition, Paby-alLhr2 and Thbar-aLhr2 are orthologous (see
RESULT- Part I) and have 78.86% of amino-acids sequence conservation and superimposable
structural models built with Phyre2 (FIGURE 24A & B). In this context, we proceeded to
perform biochemical, transcriptomics and proteomics studies on aLhr2 from T. barophilus

strain.
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FIGURE 24. Homology of alL hr2 of Paby and Thbar.

A. Multiple sequence alignment of Tbar-aLhr2 and Paby-aLhr2 protein sequences showing the
conservation of the characteristic motifs (grey boxes) and domains (black boxes). Arrows are placed at
the end of each domain. The MSA was obtained using mafft and visualized with Psipred. B. The 3D
structural models of Thar-aLhr2 and Paby-aLhr2 were generated using Phyre2 intensive model
showing the conservation of the Lhr core domain.




2-Production and Purification of Thar-alL hr2 recombinant proteins

In order to characterize the role of aLhr2 in archaea, we performed in vitro enzymatic assays
using recombinant proteins purified to homogeneity. We settled up an adapted methodology
to characterize the ability of the hyperthermophilic Tbar-aLhr2 enzyme to hydrolyze ATP,
bind nucleic acids and unwind or anneal DNA or RNA duplexes (FIGURE 25A). To
determine the importance of Lhr core domains and conserved motifs in these activities, we

compared the enzymatic activities of wild-type Thar-aLhr2 to variants.

2-1 Constructions of pET 11b-Thar-al hr2 expression vectors

As SF2-like proteins, Thar-aLhr2 protein harbors a helicase core formed by the two RecA-
like domains which include conserved motifs known to be crucial for the activity of helicases
(see FIGURE 11, Introduction). In addition to this catalytic core, Thar-aL.hr2, as member of
the aLhr2-type subfamily, possesses a typical Lhr core composed of a winged-helix (WH)
domain and a long domain with unknown function named Domain 4 (FIGURE 25B).
Therefore, we set out to construct expression vectors to obtain recombinant proteins
corresponding to the wild version of Thar-aLhr2 and altered versions for protein domains or
motifs using the pET expression system for protein over-expression (FIGURE 25B). In view
of the degree of conservation of each amino acid determined by our phylogenomics analysis
(FIGURE 22), the mutations at the following positions have been chosen: Lhr2-K60A (motif
1), Lhr2-T215A (motif I11), Lhr2-W577A (domain 4), and Lhr2-1512A (WH domain). We
also constructed vectors to express a version of Thar-aLhr2 that are lacking domain 4 and a
version containing domain 4 alone. Briefly, the TERMP_00533 gene was amplified by PCR
and inserted into the pET11b vectors to obtain pET1lb-Tbar-aLhr2. The pET11b-Tbar-
aLhr2ADom4 and pET11b-Tbhar-aLhr2Dom 4 vectors were obtained by reverse PCR and the
PET11b-Thar-aLhr2K60A, T215A, I512A and W577A containing punctual mutations within
the coding sequence by site-direct mutagenesis (Table 8). For details, refer to the section
“Materials and Methods”.
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FIGURE 25. Helicase enzymatic activity and protein variantsused in this study.

A. A model of helicase activities to hydrolyse ATP, bind nucleic acid, unwind or rewind double-
stranded nucleic acid. Note that helicases possess one or both translocation polarities. B. Domain
organization of Lhr core of Thar-aLhr2 WT and variants. The helicase core is shown in purple, WH
domain in green and Domain 4 in blue. Punctual mutations are represented by a cross with the
corresponding weblogo of the conserved motifs in the aLhr2 family.




2-2 Optimization of expression and purification experimental conditions

To obtain purified recombinant protein at homogeneity, we settled up the heterologous
overexpression and purification steps of Thar-aLhr2 recombinant protein through the pET
expression system in E. coli BL21 DE3 codon+ strain (FIGURE 26).

Initially, the routinely used protocol of the laboratory was assayed. Briefly, after electro-
transformation of BL21-CodonPlus (DE3) E.coli strains with pET vectors, the overexpression
of recombinant proteins were induced in exponential growth (ODgoonm Of 0.6) by addition of
IPTG (0.1 mM), for 3 hours at 30°C (Phung et al. 2020, 2013). We noticed that, in this
condition, the overexpression of the protein of interest was not optimal and appeared to be
stressful for the bacterial cells. We noticed that even before the induction of the expression of
the pET-embedded gene the growth rate of the transformed bacteria (OD of cells density
measured at 600 nm plotted over the time) was reduced in presence of the pET11b-Tbar-
aLhr2 compared to pET11b- Thar-aLhr2Domain 4 and pET11b- Thar-aLhr2T215A in which
conserved motifs are altered (FIGURE 27A). There is probably an intrinsic leakage of this
expression system which somehow affects bacterial growth indicating a toxicity of Thar-
aLhr2 protein for E. coli in its wild type version.

In this context and in order to optimize the overexpression of Thbar-aLhr2 recombinant
protein, we optimized the parameters for the over-expression step. We tested the effect of cell
density, IPTG concentration, time and temperature of incubation after induction, and addition
of ethanol 10% to the culture during the growth time (Chhetri et al. 2015) (FIGURE 27B).
From these assays, we identified that the finest overexpression conditions are high cell density
(Asoo Of 0.9) at the time of induction, induction with 0.2mM of IPTG, and over-expression
time of 3 hours at 30°C (FIGURE 27B). A similar procedure was used to express
recombinant Tbar-aLhr2 variants (FIGURE 28), except for Thar-aLhr2 K60A which could

not be produced in any of these conditions.

Subsequently, the aLhr2 recombinant protein was sequentially purified by a heating step at
70°C, purification steps on cation exchange (HiTrap SP) followed by a Superdex 200 size-
exclusion chromatographies using an FPLC (Fast Protein Liquid Chromatography) facility
(FIGURE 26, for details, refer to the section “Materials and Methods”). Fractions of elution
with highly pure recombinant protein were pulled together, dialyzed and quantified against a
BSA protein concentration range (FIGURE 26). The predicted characteristics of Tbar-aLhr2
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wild-type and variant proteins and the purification steps performed to obtain recombinant

proteins to homogeneity are summarized in Table 11 (FIGURE ANNEX 4&5).

Table11. Biochemical characteristics of Thar-aLhr2 WT and variants

WT ADom4 Dom4 T215A |512A W577A
Length (aa) 863 513 350 863 863 863
Pl 9.06 8.64 9.31 9,06 9,06 9,06
MW (Da) 55%953 58388.45 | 41183.09 | 99523.50 | 99511.45 | 99 438.39
¢gM'em™) | 75180 47 790 27 390 75 180 75 180 69 680
Purif. steps | Cation Heparine Cation Cation Cation Cation
S200 S200 S200 S200 S200
Conc.
0.47 0.59 0.12 0.325 0.42 0.28
(mg/ml)
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FIGURE 26. Experimental workflow for production and purification of recombinant proteins.
Schematic overview of the established workflow used in this study to produce and purify recombinant
proteins from T.barophilus in E.coli. The purification was carried out using liquid affinity
chromatography on AKTA system.
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FIGURE 27. Set up heterologous overexpresssion of Thar aLhr2 WT in E.coli.

A. Growth curves of E. coli cells expressing aLhr2 WT and variants. BL21 DE3 codon+ cells carrying
the pET11b-aLhr2 WT (circle) pET11b-Dom4 (square) and pET1lb-aLhr2-T215A (triangle) were
grown at 37°C in LB medium. The doubling time of each cell culture calculated using GraphPrism are
as follows: 1.3h for the WT aLhr2, 0.6 for aLhr2 T215A, and 0.7h for the Domain 4. B. The
overexpression of the WT aLhr2 recombinant protein was optimized after testing different set of
parameters and conditions. Samples (10pl/lane) before and after adding IPTG were loaded on SDS-
PAGE gel and visualized after coloration with coomassie blue.




Briefly, the homogenous recombinant proteins Thar-aLhr2 WT (FIGURE 29), were purified
in two steps by using a cation exchange column in accordance with the pl of 9.06 of Thar-
Lhr2 and a S-200 size exclusion chromatography. The size exclusion chromatogram shows a
single peak at 77.43 min (FIGURE 29A) which could correspond to the monomer form of
Tbar-aLhr2 by comparison with another recombinant protein purified in the same condition in
the laboratory. However, the oligomerization state of the Thar-aLhr2 should be confirmed
using analytical size exclusion chromatography. To verify that the observed protein with the
predicted molecular weight was indeed Tbar-aLhr2, the main (100 KDa) band and two minor
bands (70 and 30 KDa) were sequenced (FIGURE 29A). The mass spectrometry results
confirmed that the 100KDa-band corresponds to the full-length Thar-aLhr2 and the minor
bands to proteolysis-product of Thar-aLhr2.

A similar protocol was used for Thar-aLhr2 Dom 4, Thar-aLhr2 W577A, and Tbar-aLhr2
I512A recombinant proteins (FIGURE 29B, ANNEX 4&5) In the case of Tbar-aLhr2-
T215A, the first purification step on a cation exchange chromatography was sufficient to
obtain recombinant protein purified to homogeneity. In the case of Thar-aLhr2 ADom4, the

first step was a Heparin chromatography (ANNEX 5).

We obtained final concentrations of recombinant proteins that allowed us to perform the
enzymatic tests described in the section below and the pull-down assays described in section 4
of the manuscript. Moreover, we obtain an amount of Thar-aLhr2WT that allowed us in

obtaining polyclonal anti-Thar-Lhr2 antibody (Eurogentec).
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FIGURE 28. Over Expression of recombinant Thar-aL hr2 variants.

Confirmation of recombinant proteins expression in pET11b/BL21 DE3 codon+ system on SDS-
PAGE gel (4-15%) colored with Coomassie blue. Overexpression of recombinant aLhr2 variants were
induced with 0.2 mM IPTG in E. coli cells grown to an OD600 of 0.7-0.9 in LB broth, at 30°C, with
agitation at 180 rpm, for 3 h (10 uL of each fraction was loaded per lane).

Lane (-) before adding IPTG, Lane (+) after adding IPTG.
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FIGURE 29. Purification of recombinant aLhr2 WT and variants.

A. Purification steps of Tbhar-aLhr2 WT by cation exchange & size-exclusion chromatographies.
Chromatograms and the corresponding SDS PAGE showing the FT (Flow through) and the elution
fractions visualized by staining with Coomassie blue are shown. Elution fractions after Size-exclusion
S200 step were pooled and concentrated. Protein bands indicated by an * (corresponding to aLhr2
MW) and ** were analysed by sequencing followed by mass spectrometry. B. The recombinant
proteins purified to homogeneity are visualized on SDS-PAGE gel (4-15%) stained with Coomassie
blue. The predicted molecular weight (kDa) of each protein is indicated.




3-Biochemical activities of Thar-alL hr2 wild-type and variants

To decipher the biochemical properties of Tbar-aLhr2, the ability to hydrolyze ATP, bind
DNA or RNA substrates, unwind nucleic acid duplex and anneal complementary nucleic acid
molecules were experienced. The experimental assays performed with Thar-aLhr2 were

settled at 65°C as aLhr2 is a protein of hyperthermophilic archaea.

A panel of substrates listed in Table 10 have been used and consists of different types of
single-stranded DNA or RNA molecules of 50 or 26 nucleotides (nt) long, named DNAs,
RNAso, DNA2s and RNA,g respectively. These substrates refer to those used in the study of
the enzymatic properties of Mthe-Hel308 (Guy and Bolt 2005). This strategy allowed
comparing the activities of the three helicases with identical substrates: the Paby-ASH-Ski2
RNA helicase and Paby-Hel 308 DNA helicase reported recently in the M. Batista PhD thesis
(Batista et al, manuscript in preparation) and Tbar-aLhr2 helicase reported in here. The
DNAGso (S1-50nt), 5’DNA,s (5RS1-26nt) and 5’RNA2 (USRS-26nt) substrates are synthetic
oligonucleotides and the RNAs, (US1) substrate is a molecule obtained by in vitro

transcription (for details, refer to the section “Materials and Methods”).
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FIGURE 30. ATP hydrolysis assays.

A. Workflow of ATP hydrolysis experimental strategy. B. Autoradiography profile corresponding to
ATPase reactions stopped at different time, taken from a TLC plate. The inorganic Pi released from
ATP hydrolysis was followed over time and quantified after separation on TLC in KH,PO, buffer.




3-1 ATPase activity

The methodology adopted to measure the ATPase hydrolysis of Thar-aLhr2 was developed in
the group of Toulouse. For this study, we repeated these experiments in triplicate using wild
type and variant versions of recombinant proteins following the protocol schematized in
FIGURE 30A.

A kinetic of the ATP hydrolysis overtime was stetted up at 65°C using 500nM of purified
recombinant protein in the presence (5nM) or absence of nucleic acid substrates DNAsy or
RNAs, (Table 10), and a mix solution containing radiolabelled [ATP yP*]. The release of
inorganic phosphate (Pi) (product of the reaction) was followed over time and quantified after
separation on thin-layer chromatography (TLC) (FIGURE 30B). We also performed
experiments with 250 nM of protein concentration but only 60 % of the radiolabelled ATP
was hydrolysed in 90 min. Therefore, we choose a protein concentration of 500 nM in

presence of an excess of ATP substrate.

In our experimental conditions, we observed that Thar-Lhr2 WT has the ability to hydrolyse
ATP only in presence of nucleic acids (FIGURE 31A). The ATP hydrolysis of the WT
protein reaches a plateau at 90 min with the formation of ~90% of Pi in the presence of
DNAs, and 60% in the presence of RNAsy (FIGURE 31A). As expected, Thar-Lhr2-Domain
4 does not show any ATPase activity whereas Tbar-Lhr2- ADom4 shows a residual ATPase
activity compare to the WT version of the protein. As well, a reduced activity is observed in
the case of Thar-Lhr2-1512A and Tbar-Lhr2-W577A which are invalidated for amino acid
residues in the Winged-Helix and Domain 4, respectively, with only ~30% of ATP
hydrolysed after 10 minutes of incubation. (FIGURE 31B). In all the cases, the induction of
the ATPase activity in the presence of DNAsy molecules is faster than in the presence of
RNAso molecules. However, this preference is reduced in the context of the Thar-Lhr2
variants (FIGURE 31B).
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FIGURE 31. ATP hydrolysis assay.

A. Time-dependent ATPase activity of aLhr2 WT and variants. The protein was incubated with [y-32
P] ATP for various time intervals. The amount of ATP hydrolyzed at each time point is shown as a
percentage of the original [y-32 P] ATP before incubation at 65°C without (grey curves) and with
DNA;, (top panel) or RNA;, (lower panel). For the WT alLhr2 each point represents the average of 3
independent experiments. B. A histogram showing the % of ATP hydrolysis of aLhr2 WT and variants
in the absence (grey) and presence of DNAg, (purple) or RNA;, (pink) after 10 min of reaction
incubation.
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FIGURE 32. Kinetic of ATP hydrolysisof aLhr2 WT.

A. Michaelis—Menten kinetic analyses of aLhr2 WT ATPase activity. The rate of ATP hydrolysis in the
presence of different substrate concentrations was measured in the presence of 500 nM of protein and

the appropriate buffer (see Materials and methods). B. Initial velocity of ATP hydrolysis of aLhr2 WT
in the presence of different substrate (ATP) concentrations. Curves and kinetic parameters (Vi, KM,

and Kcat) were obtained using Graph Prism.




In conclusion, Tbar-aLhr2 is a nucleic acid-dependent ATPase which is induced, in vitro,
preferentially in the presence of DNA substrate rather than RNA substrate. The helicase core
of the protein that contains the active site formed by the two RecAl and RecA2 domains is
critical for the ATPase activity. Indeed, invalidation of the conserved motif Il T215A is
detrimental for the activity. Finally, no activity was observed for the Domain 4 alone and a
very low activity for the catalytic mutant in motif 111 (FIGURE 31A &B) which is reported
to be coordination hydrolyse ATP (Banroques et al. 2010).

To go further, we determined the steady-state kinetic parameters of Thbar-Lhr2 WT by
measuring the velocity of ATP hydrolysis as a function of cold ATP concentration (0.025,
0.05, 0.1, 1, and 2uM) in the presence of 5nM of DNAs, (FIGURE 32A). From a nonlinear
regression curve fit of Michaelis-Menten equation, we calculated the K, (Michaelis constant)
and the ke (catalytic constant or turnover) using Graph-Prism (see Material & Methods)
(FIGURE 32B). The derived Kn/kcq value issignificantly lower than that of the other reported
bacterial Lhr (Ejaz and Shuman 2018; Ordonez and Shuman 2013). We should note that
bacterial Lhr showed a preference for calcium (Msme-Lhr) and manganese (Pput-Lhr) for
hydrolysing ATP which could explain the slower catalysis obtained in our conditions with
only magnesium as divalent ions. It will be interesting to test if other divalent ions affect
Thar-Lhr2 ATPase activity.

We performed the same analysis with Thar-aLhr2 ADom4 which is deprived of the domain 4
(FIGURE 33A) and with Tbar-Lhr2-T215A which is invalidated in the Motif Il of the
RecA2 domain (FIGURE 33B). The absence of the C-terminal and the Motif Il mutation
reduced considerably the capacity of the enzyme to bind ATP which compromises the

accurate calculation of Michaelis-Menten constants.
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FIGURE 33. Kinetic of ATP hydrolysisof aLhr2 ADom4 and T215A.

Michaelis—Menten kinetic analyses of the ATPase activity of aLhr2 ADom4 A. and T215A B.

The rate of ATP hydrolysis in the presence of different substrate concentrations was measured in the
presence of 500 nM of protein and the appropriate buffer (see Materials and methods).




3-2 Nucleic acid affinity

The binding capacity of Thar-aLhr2 WT and variants for nucleic acid was tested using a set of
single-stranded substrates: a 50-mer DNA (DNAsg) or RNA (RNAsp), and a 26-mer DNA
(5’DNA26) or RNA (5’DNA) (Table 10). The binding assay was carried out as shown in
FIGURE 34A. A range of protein concentration from 0 to 350 nM was incubated in the
presence of 5nM of each labelled substrate for 15min at 30°C. The nucleoprotein complexes
were separated from free nucleic acid by a double filtration system (FIGURE 34B). Nucleic
acid-protein complexes were retained on the nitrocellulose membrane (bound fractions), while
the free DNA and RNA molecules (unbound fractions) were retained on the nylon membrane
which is positively charged. The percentage of bound fraction was plotted against the protein
concentration (FIGURE 35). In all conditions, we observed that the binding curves are
sigmoidal with Hill coefficients superior to 1 (S-shape curves) indicating a positive binding
cooperativity. Most likely, more than one molecule of protein binds to multiple sites on a
single molecule of nucleic acids. This was observed in the case of WT (FIGURE 35A) and
variants of Tbar-Lhr2 (ANNEX 6-7& 8).

The apparent dissociation constant Kp was determined for each protein/substrate complex
(Table 12). First, Thar-aLhr2WT harbours comparable affinity constants for both DNA and
RNA substrates and the presence of ATP in the binding reaction mixture does not affect the
binding affinity. The length of substrates (50nt versus 26nt) does not alter the binding
constant affinity (FIGURE 35B). In all the case, similar values of Kp have been obtained for
DNA or RNA substrates and the Thar-aLhr2 variants recombinant proteins appeared to bind
with slightly higher affinity longer substrates (Table 12). Interestingly, the domain4 of Thar-
Lhr2 (Tbar-Lhr2 Dom4) has an intrinsic affinity of nucleic acid independently of the presence
of the helicase core. Therefore, we can propose that Tbar-Lhr2 has two binding sites for
nucleic acids, one located in the helicase core and one in the Domain4.
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Table 12. Apparent K| values.

apparent dissociation constant Kp (nM)

Substrate
WT |ADomd4| Dom4 | T215A |I512A| W577A |WT+ATP
DNAso 39+1|54+1|162+5| 68+2 |22+2| 692 38+1
5°DNAy |58+2(211+9|277+16| 141+2 [31+1| 118+3 n.d
RNAs5g 41+£1|169+1 | 1615 | 772 |19+1| 65+£2 361
5’RNA» |80+£2(150+1|241+17| 164+3 [33+1| 1256 nd

K, values of nucleic acid binding affinity are obtained using Graph Prism.
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A. Workflow of the experimental strategy which uses a range of protein concentration in the presence
of 5nM of radiolabelled nucleic acid substrate B. Affinity tests by double filtration on a nitrocellulose
DEAE and HydondN membrane with 5nM of radiolabelled RNA (RNA;, and 5’RNA,;) or DNA
(DNA;, and 5’DNA,g) substrates incubated with a range of aLhr2 WT and variants protein
concentrations at 30 ° C for 15min in presence of the appropriate buffer (see Materials and methods).
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FIGURE 35. Binding affinity curves of Thar-aLhr2 WT for single strand-nucleic acids.

The percentage of RNP complex formation is plotted versus protein concentration to calculate the
apparent affinity constant (KD). A. Thar-aLhr2 WT affinity for DNA;, (S1) and RNA;, (US1) in the
presence (+) or absence (-) of ATP B. Thar-aLhr2 WT affinity for 5’DNA,; (5RS1) and 5’RNA,
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Values are the average of three independent experiments.




3-3 Unwinding activity

To assess the helicase activity of Thar-aLhr2, we tested the capacity of recombinant protein to
unwind nucleic acid duplexes (FIGURE 36A). To perform these assays, a panel of DNA and
RNA oligonucleotides or transcribed molecules were used (Table 10 Materials and
methods). Briefly, semi-homo (DNA/DNA or RNA/RNA) or heteroduplexes (DNA/RNA)
were in vitro pre-formed using 50nt-single-stranded DNA (S1) or RNA (US1) substrate
complementary to a 26nt-single-stranded RNA (U5RS1, U3RS1) or DNA (5RS1). In the
context of hetero-(DNA/RNA) or homo-duplexes (RNA/RNA), U5RS1 and U3RS1 were
used to form 3’- or 5’-overhang duplexes, respectively. In addition, to obtain stable
DNA/DNA homo-duplexes, longer DNA molecules of 59nt-single-stranded DNA (S2) and a
31nt-radiolabeled single-stranded DNA (5RS2) were employed. In each case, one of the
molecules of the duplex was beforehand 5’end radiolabelled by addition of a aP* (See
Material & methods)

Using this panel of RNA/RNA or DNA/RNA duplexes, the dissociation of duplexes was
followed over time at 65°C in presence of 250nM of purified recombinant proteins, 5 mM of
ATP, and an excess of unlabelled oligo or Trap oligo (FIGURE 36B). The Trap oligo
prevents the re-hybridization of single-stranded molecules formed during the course of the
reaction by capturing the unlabelled complementary molecule. The radiolabelled-single
stranded product was separated from radiolabelled-duplexes by electrophoresis in native
conditions (FIGURE 36C, left panedl). At the same time, we carried out a protein-free control
experiment (FIGURE 36C, right pandl).

140



Unwinding

Y

ATP
C; ADP

+ Pi
B.
Pre-formed duplexes mSO nM Time points STOP buffer_
A . p Excess Trap Oligo
5°95°C/coolingat RT [ —— M |~ | 0to90min |—
> P 65°C —
ATP 5 mM D*
| 15omMNacl ] | 25mM Tris-HCIpH8 |
| 15mM NaCi ! | 50mM NaAc ! ¥
“““““““““““ ' 1 5mM MgCI2 : :
| 2.5mM p-Mercaptoethanol 1 Separation on
il native 8% PAGE
C. Thar-aL hr2 Control

Time 0 2 5 100 200 400 60 90 0 100 200 40 90

- ———

N el ™
i e T

FIGURE 36. Unwinding activity assay.

A. Schematic representation of the unwinding reaction B. Experimental workflow. The substrate
duplex formed by incubation at 95°C for 5 min followed by a step of cooling to RT of single-stranded
radiolabelled and unlabelled substrates. C. Radiolabelled duplex are incubated for 90’ at 65 ° C with
25 mM of ATP and in the presence (left panel) /absence (Control-right panel) of 250nM of protein and
the appropriate buffer (see Materials and Methods section). Reaction was quenched at different times
and analyzed after migration in a native 8% acrylamide gel.




After quantification of the signal, the percentages of unwound duplex were plotted over time
(FIGURE 37). In the case of Thar-aLhr2, more than 60% of 3 DNAso/RNA2 or
RNAso/RNAy duplexes was unwound after 90 min of reaction, in our experimental
conditions (FIGURE 37A). Only 40 % was observed in the case of 5> RNAso/RNA duplex
(US1/U3RS1) (FIGURE 37A). This indicates Thar-aLhr2 has a preference for 3’-overhang
duplex in the cases of RNA/RNA duplex. We observed that Thar-aLhr2 was not able to
unwound 3> DNAsg/DNA3; duplex in our conditions in vitro (FIGURE 37A). In this case,
the percentage of unwound duplexes is comparable to that observed for the control sample
without protein. In contrast, Paby-Hel308 which was reported to be a DNA helicase involved
in DNA repair (Li et al. 2008) was able to rapidly unwind 80% of DNAss/DNA3; duplexes
after only 2 minutes of incubation but not RNAso/RNAys duplexes (FIGURE 37B). Finally,
in the case of Thar-aLhr2 ADom4 recombinant protein, no unwinding activity was observed
(FIGURE 37C).

In addition, a series of experiments in presence of non-hydrolysable ATP analogues were
performed (FIGURE 38A). We observed that in presence of AMP-PNP or ATPyS, Thar-
aLhr2 WT was no longer able to unwind 3> RNAso/RNAy duplex (FIGURE 38A). It is
possible that the binding of ATP analogue freezes Thar-aLhr2 WT within a conformation

unable to unwind duplexes.

From each experimental condition performed in triplicate, we could derive an initial velocity
of unwinding (FIGURE 38B). Comparison of values for Thar-aLhr2 WT and Paby-Hel308
illustrate a divergent behaviour that may reflect that Thar-aLhr2 may not be involved in DNA
metabolism such as reported for Hel308 DNA helicase (Li et al. 2008). The absence of
activity for Thar-aLhr2 ADom4 suggests that the Domain4 is required for the formation of

active unwind conformation of the protein.
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3-4 Annealing activity

With the same panel of RNA and DNA substrates (Table 10, Materials and Methods), we
tested the capacity of the enzyme to anneal single-stranded of nucleic acids with some
complementary sequences (FIGURE 39A). In this context, we settled up an experimental
workflow that allowed to follow the formation of nucleic acid duplex over a time course at
65°C in presence of 250nM of purified protein (FIGURE 39B). Quantification of each
species allowed plotting the percentage of duplex versus time (FIGURE 40A). We performed
each assay in triplicate in order to derive an initial velocity of annealing. The radiolabelled-
duplex was separated from the radiolabelled-single stranded product by electrophoresis in
native conditions (FIGURE 39C, left panel). At the same time, we carried out a protein-free
control experiment (FIGURE 39C, right panel).

In absence of ATP, Thar-aLhr2WT is able to rapidly anneal 3’overhang RNAso/RNA2s and
DNAso/RNA2s duplexes with 80% of formed duplexes after 3 minutes of reaction (FIGURE
40A, top pandl). More precisely, we observed that Thar-aLhr2WT was also able to rapidly
and efficiently assemble DNAso/RNA2s hetero-duplex, and DNAso/DNA2s and RNAs(/RNAs
homo-duplex with up to 60, 75, and 70% of duplex product, respectively (FIGURE 39A, top
panel). The annealing velocity of Tbar-aLhr2 WT is drastically reduced in the case of
5’overhang RNAso/RNA,s duplex (FIGURE 40B). In presence of ATP, Thar-aLhr2WT lost
its annealing capacity with almost no duplexes formed (FIGURE 40A, top pand).

Finally, similar experiments were performed with the Thar-aLhr2 ADom4 version (FIGURE
40A, lower panel). In this case, the annealing activity is significantly reduced independently
of the nature (DNA or RNA) of the substrate.
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FIGURE 39. Duplex annealing assay.

A. Schematic representation of the annealing reaction B. Experimental workflow. C. Single-stranded
radiolabelled and unlabelled substrates are incubated for 10° at 65°C in the presence(left panel)
/absence (Control-right panel) of 250nM of protein and the appropriate buffer (see Materials and
Methods section). Reaction was quenched at different times and analyzed after migration in a native

8% acrylamide gel.
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4-Conclusions

A summary of the results obtained in this series of assays is shown in FIGURE 41. We
propose that Tbar-aLhr2 is a nucleic-acid dependent ATPase with a slight preference for
DNA template and has an unwinding activity with a 3°-5' polarity in presence ATP that is
inhibited by ATP analogues. More specifically, Tbar-aLhr2 is only able to displace RNA
strand but not DNA strand. Finally, Tbar-aLhr2 is able to anneal DNA and RNA

homoduplex, as well as RNA/DNA heteroduplex with the same efficiency.

If we compare the properties of Tbar-aLhr2 with the Lhr-type reported for Sulfolobus
solfataricus (Ssol-Hel112), we can observe some divergences. Ssol-Hel112 was shown to be
DNA-independent ATPase with a very low affinity for ssDNA. Nonetheless Ssol-Hel112 and
Thar-aLhr2 harbour similar annealing activities (De Felice et al. 2007).
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I11-Towardsthe significance of aL hr2 of T.barophilus

Functions of aLhr2 protein in Thermococcus barophilus was tackled through proteomic and
transcriptional exploratory studies. The purpose of these analyses was the identification of
protein partners and cellular targets to tackle the role of Thar-aLhr2. Consequently, we
developed in parallel a proteomic approach using T .barophilus cellular extract with purified
recombinant Tbar-aLhr2 protein and a transcriptomic approach by comparing the
transcriptomes of ATbar-alhr2 strains.

1-ldentification of protein interaction network of Thar-(His)e-aL hr2

1-1 The Pull-down methodol ogy

In this part of the manuscript, we have determined the interaction network of the Thar-(His)s-
aLhr2 using the methodology initially developed by the team of D. Flament (Ifremer, Brest)
and is currently used in the laboratory in Toulouse (Phung et al. 2020). This technique has
made it possible to establish interaction networks of proteins involved in DNA maintenance
and RNA metabolism in P. abyss, respectively (Phung et al. 2020; Pluchon et al. 2013).
Briefly, the method consists in fixing recombinant protein bearing a Histidine-Tag on nickel
beads, previously purified to homogeneity (FIGURE 42). Subsequently, the purified
recombinant protein is incubated with a cellular extract from a culture in the late exponential
phase. The protein species of the extract interacting with the bait protein are eluted and
identified by mass spectrometry (FIGURE 43). In our case, the recombinant protein Thar-
(His)e-aLhr2 protein was expressed with an N-terminal Histidine-Tag from a pET15b
expression vector in E. coli. After homogeneity purification on HisTrap and Size exclusion
columns (FIGURE 42), 20ug of Thar-(His)s-aLhr2 protein was fixed on nickel beads to be
used as a bait. The T. barophilus cellular extract is then added to the beads and incubated
overnight at 4°C followed or not by a treatment at room temperature with a mix of DNase |
and RNase A (FIGURE 43). The nuclease treatment allows eliminating a certain number of
protein species of which the interaction with the bait protein is mediated by DNA or RNA.
After washing in TK buffer, the eluate is deposited on an SDS-PAGE gel (short migration),
then cut up and sent to the Paris Sud Ouest Proteomic Analysis Platform (PAPPSO) for
identification of the associated protein species by mass spectrometry. In order to eliminate

non-specific interactions, control experiments are carried out in parallel by incubating the cell
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extract with the nickel beads in the absence of the bait protein. All of these experiments were
carried out in triplicate. The MS/MS spectrometry data were analyzed according to an
algorithm (established by S. Laurent, Ifremer) used to determine the partners specifically
interacting with the bait protein. The "Spec, Index" value takes into account specificity
(normalization with respect to control samples), the closer this value is to zero the better the
specificity. The "Ref, Spectra” value reflects the amount of protein in each sample, i.e. the
abundance of spectra of a given peptide, the higher the number, the greater the amount of
peptide. The two values "Spec, Index" and "Ref, Spectra” make it possible to establish a
ranking from the most specific to the least specific interactions (see the method in (Phung et
al. 2020). For the mass spectrometry experiments with Thar-(His)s-aLrh2 as bait, nuclease
and nuclease-free assays were run in triplicate (FIGURE 43). Because we could not detect
any significant difference between conditions, we decided to treat the AP-MS nuclease and
nuclease-free data as a unique set of data. Therefore, our data set includes 4 replicates
including 2 controls (one of the 3 control experiments was excluded from the analysis since
the number of spectra was not coherent to the overall set of controls).
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Schematic representation of the "Pull-Down" technique using Tbar-Hisg-aLhr2 as bait protein
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method provides a list of candidates identified by Mass spectrometry.




1-2 Overview of the interaction network of Thar-(His)s-al hr2

Altogether, the pull-down assays performed with Thbar-(His)s-aLhr2 identified 72 partner
proteins with a significant score. The list of partners of this exploratory analysis from the

most to the least specific is displayed in Table 13.

Co-purified partners with aLhr2 are shown in FIGURE 44 with each protein category
grouped according to central functions in physiological processes. Unexpectedly, 31 % of the
proteins are annotated as ribosomal proteins from the small (30S) and large (50S) subunits
(Table 13). Another 14% are annotated as implicated in RNA modification or reported as
ribonuclease (RNase). Altogether partners related to RNA metabolism and translation
compose 45 % of the aL.hr2 proteome retrieved by this approach. Finally, more than 14 % of
the partners are reported with functions in DNA replication and repair. From this distribution,
we can propose that T. barophilus aLhr2 helicase is highly connected to the ribosome and also
at the interface of the DNA and RNA metabolism Nevertheless, the percentage in each
category should be taken with care since a significant number of T. barophilus proteins are of

unknown function considering the current annotation of T. barophilus genome.
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Table 13 List of potential proteins partnersidentified by pulldown-M S/M Swith Thar-

aL hr2 asbait protein and T. barophilus cellular extract.

— Ref. | Spec,
ID Name Description ORF Spectra| Index
FOLKO5 TRAM PRC domain-containing protein TERMP_00565 0.95 0
FOLLF3 S6e 30S ribosomal protein S6e TERMP_02008 0.41 0.10
FOLLLS5 Sl7e 30S ribosomal protein S17e TERMP_00815 0.51 0.11
FOLHCO Sde 30S ribosomal protein Sde TERMP_00104 0.37 0.13
tRNA  acetyltransferase  of  elongator
FoLJ21 Elp3 complex g ’ TERMP 00390 | 13.06 | 0.14
FOLIYO Peroxiredoxin |Alkyl hydroperoxide reductase sub. C-like |[TERMP_00349 0.10 0.16
FOLLE1 RPA41 Replication A factor TERMP_01996 3.11 0.19
FOLM78 RIO Ribosomal biogenesis kinase TERMP_00949 9.34 0.21
FOLGY9 ASCH IASCH domain-containing isomerase TERMP_01221 1.38 0.23
FOLHB2 L22 50S ribosomal protein L22 TERMP_00096 0.69 0.24
50S ribosomal protein L7Ae
FOLMWS L7Ae (C/ID & HACApguide RNP component) TERMP_01118 2.42 0.27
FOLKY®6 Unknown DUF460 TERMP_01918 7.10 0.28
FOLJ76 DNAPoIB  |DNA polymerase B TERMP_01623 4.96 0.29
FOLJT8 TopoVI DNA topo IV Toposimerase subunit A TERMP_00498 10.93 0.32
Brix-domain-containing-ribosomal
FOLHRO nrdF1 biogenesis protein ’ TERMP 00167 | 058 | 0.33
FOLMRO PINA IATPase/ Holliday junction TERMP_01063 1.75 0.33
FOLKF6 Unknown DUF504 TERMP_00637 1.37 0.36
FOLMS7 Peptidase Peptidase/caspase catalytic subunit TERMP_01080 2.75 0.39
FOLH70 L10e 50S ribosomal protein L10e TERMP_00054 1.63 0.41
FOLHB7 S17 30S ribosomal protein S17 TERMP_00101 4.19 0.42
FOLKE3 Unknown TERMP_00624 1.86 0.44
FOLKL3 DNA polD |DNA polymerase D TERMP_01872 10.56 0.44
FOLI15 Sptb Transcription initiation factor Spt5 TERMP_00192 0.50 0.44
FOLKH1 Topo | DNA Topoisomerase | TERMP_00652 0.25 0.44
FOLLE3 RPA32 Replication A factor TERMP_01998 1.81 0.45
FOLHL4 L1l4e 50S ribosomal protein L14e TERMP_00120 1.46 0.45
FOLJI2 Casb CRISPR endoribonuclease TERMP_00471 1.19 0.50
FOLI18 L10 50S ribosomal protein L10 TERMP_00195 2.21 0.51
FOLJ19 S-layer protein [S-layer structural protein TERMP_00388 0.26 0.52
FOLK43 Methyl-
transferase SAM-dependent methyltransferase TERMP_01780 0.37 0.53
FOLHBO L2 50S ribosomal protein L2 TERMP_00094 0.76 0.53
FOLHK?7 L30 50S ribosomal protein L30 TERMP_00113 0.53 0.55
FOLN34 Metallophospho- MetalIophosphoesterase—calcineurin
esterase superfamily TERMP_01187 0.42 0.55
FOLMV8 PRC PRC domain-containing protein TERMP_01111 0.73 0.55
FOLIO1 Peptidase M48 family metallopeptidase TERMP_01426 1.00 0.57
FOLI17 L1 50S ribosomal protein L1 TERMP_00194 0.97 0.58
FOLM50 EndA tRNA splicing endoribonuclease TERMP_00921 2.53 0.59
FOLLV5S rfbB dTDP-glucose 4,6-dehydratase TERMP_02080 9.72 0.60
FOLHC5 L32 50S ribosomal protein L32e TERMP_00109 0.25 0.61
FOLHQ6 Rrp4l RNA exosome catalytic subunit TERMP_00163 1.83 0.61
FOLI70 S7 30S ribosomal protein S7 TERMP_00247 1.04 0.61
FOLHKS5 L18 50S ribosomal protein L18 TERMP_ 00111 1.14 0.62
FOLKC2 S10 30S ribosomal protein S10 TERMP_00603 0.99 0.65
FOLKG4 NUDIX NUDIX-like hydrolase TERMP_00645 1.03 0.69
FOLLG4 Tawl \Wyosine tRNA modification TERMP_02019 4.69 0.70
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FOLLE?2 RPA14 Replication factor A subunit TERMP_01997 1.15 0.71
FOLHF9 Uncharacterized protein TERMP_01311 0.48 0.71
FOLKV?2 S8e 30S ribosomal protein S8e TERMP_00704 0.14 0.72
FOLL87 ArsR HTH arsR-type domain-containing protein |[TERMP_00761 0.68 0.73
FOLJX9 HydB Sulfo hydrogenase Il subunit b TERMP_00539 3.38 0.74
FOLMB9 Proteasome  [Proteasome subunit $2 TERMP_02168 0.66 0.74
FOLM28 S3Ae 30S ribosomal protein S3Ae TERMP_00899 0.06 0.75
FOLM11 thpR RNA 2',3'-cyclic phosphodiesterase TERMP_02136 0.50 0.77
FOLKR2 ParB Partition B protein TERMP_00664 411 0.78
FOLHF4 Hydroxyl.-CoA

synthase hydroxymethylglutaryl-CoA synthase TERMP_01306 3.49 0.79
FOLI69 S12 30S ribosomal protein S12 TERMP_00246 0.51 0.80
FOLLGO S24e 30S ribosomal protein S24e TERMP_02015 0.81 0.81
FOLJO8 Nop10 Box H/ACA pseudouridylation guide RNP [TERMP_00377 0.70 0.81
FOLJLO Unknown UPF0216 TERMP_01677 0.29 0.82
FOLNO6 XerA DNA recombination repair TERMP_01159 1.02 0.84
FOLKLS NucS DNA repair nuclease TERMP_ 01877 0.19 0.85
FOLHY7 Lrp/AsnC Transcription regulator factor TERMP_01412 0.61 0.85
FOLMQ4 mce Methylmalonyl-CoA epimerase TERMP_01057 0.38 0.86
FOLHK4 L19 50S ribosomal protein L19e TERMP_00110 0.20 0.86
FOLIK3 L37e 50S ribosomal protein L37e TERMP_00300 0.47 0.87
FOLLT9 tlj;ncsli?:rgggl NTP_transf_2_domain-containing protein TERMP_02064 6.45 0.88
FOLJ25 L21le 50S ribosomal protein L21e TERMP_00394 2.65 0.88
FOLHT9 HypA Hydrogenase maturation factor HypA TERMP_01364 0.07 0.91
FOLHM3 S11 30S ribosomal protein S11 TERMP_00130 1.31 0.92
FOLHM?2 S4 30S ribosomal protein S4 TERMP_00129 0.43 0.95

. RecA superfamily ATPase implicated in

FOLJCA KaiC signal trar?sductioa/ P TERMP_01671 0.42 0.95
FOLKD3 | oxidoreductase o |oxidoreductase subunit alpha TERMP_00614 | 0.58 0.95

The identity (ID) and the description are from the databank Uniprot (UP000007478). The
reference spectra number “ Re.Spectra” reflects the peptide quantity and the index “Spec.

Index” the specificity of the interaction.
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e Factorsinvolved in trandation

In total, 12 ribosomal proteins out of the 25 that constitute the 30S subunit and 13 out of the

39 that constitute the 50S subunit are significantly detected (Figure 44B). We should note

that the L7Ae protein, in addition to its function as a ribosomal protein, is also a component of

the box H/ACA and C/D guide RNP complexes involved in pseudouridylation and 2’O-ribose
methylation, respectively, of rRNAs and tRNAs (Clouet-d’Orval et al. 2018). In light of these

data, we propose a cross-talk between aLhr2 helicase and the translating-ribosome which

must be viewed in the context of the coupling between translation and transcription that exists

in archaeal cells.

Table 14 List of 30S and 50S ribosomal proteins of Thar-alL hr2 network.

ID Name Description ORF
FOLLF3 S6e  |30S ribosomal protein S6e TERMP_02008
FOLLL5 S17e  [30S ribosomal protein S17e TERMP_00815
FOLHCO S4e  |30S ribosomal protein S4de TERMP_00104
FOLHB7 S17  |30S ribosomal protein S17 TERMP_00101
FOLI70 S7 30S ribosomal protein S7 TERMP_00247
FOLKC2 S10  |30S ribosomal protein S10 TERMP_00603
FOLKV?2 S8e  [30S ribosomal protein S8e TERMP_00704
FOLM28 S3Ae  [30S ribosomal protein S3Ae TERMP_00899
FOL169 S12  |30S ribosomal protein S12 TERMP_00246
FOLLGO S24e  [30S ribosomal protein S24e TERMP_02015
FOLHM3 S11  [30S ribosomal protein S11 TERMP_00130
FOLHM?2 S4 30S ribosomal protein S4 TERMP_00129
FOLHB2 L22  |50S ribosomal protein L22 TERMP_00096
FOLMW5 L7Ae [50S ribosomal protein L7Ae TERMP_01118
FOLH70 L10e |50S ribosomal protein L10e TERMP_00054
FOLHL4 L14e  [50S ribosomal protein L14e TERMP_00120
FOLI118 L10  |50S ribosomal protein L10 TERMP_00195
FOLHBO L2 50S ribosomal protein L2 TERMP_00094
FOLHK7 L30  |50S ribosomal protein L30 TERMP_00113
FOLI117 L1 50S ribosomal protein L1 TERMP_00194
FOLHC5 L32  |50S ribosomal protein L32e TERMP_00109
FOLHKS5 L18  |50S ribosomal protein L18 TERMP_00111
FOLHK4 L19  |50S ribosomal protein L19e TERMP_00110
FOLIK3 L37e [50S ribosomal protein L37e TERMP_00300
FOLJ25 L21e [50S ribosomal protein L21e TERMP_00394
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e Factorsinvolved in RNA metabolism

Amongst protein partners, we detected the component of the barrel catalytic Rrp41 of the
RNA exosome which is a 3’-5° RNA degrading machinery conserved in most Archaea
(Clouet-d’Orval et al. 2018) is significantly detected. This is consistent with unpublished
results of the team in Toulouse (Batista et al unpublished data) which shows that Paby-aLhr2
was detected in the interaction network of Paby-Rrp4l. In addition, the RNA exosome
machinery which is proposed to be of major importance in all aspects of RNA metabolism
(Clouet-d’Orval et al. 2018) was shown to be in proximity of the ribosome by cellular
fractionation assay performed with P. abyssi cell (Phung et al. 2020).

In this data set, we also observed many factors annotated as critical enzymes for tRNA
maturation such as EndA, the tRNA endonuclease involved in the splicing of archaeal tRNA
intron (Clouet-d’Orval et al. 2018) and several tRNA modification enzymes (Table 13).
Importantly, components (Nop10 and L7Ae) of the box H/ACA pseudouridylation guide
machinery are detected in this network. The box H/ACA guide machinery is critical for
pseudouridylation of ribosomal RNAs but also of tRNAs in Archaea (Charpentier et al. 2007).
Finally, we notice the presence of tRNA acetyltransferase and Wyosine (imG) tRNA
modification enzyme which is responsible of the tRNA(Phe) at position 37 adjacent to the

anticodon in Archaea and Eucaryotes (de Crécy-Lagard et al. 2010).

Finally, an endoribonuclease important for cellular immunity involving CRISPR RNAs is
detected in aLhr2 network. The Cas6 enzyme is reported to process the CRISPR RNA
precursors into small crRNAs that will be integrated into CRISPR effector RNP complex to

protect the cell against infection of virulent genetic elements (Koonin and Makarova 2017).

e Factorsinvolved in transcription
In aLhr2 network, factors described as Lrp/AsnC-like transcription regulation factors are
observed (Lemmens et al. 2019). The Lrp family is one of the best studied Transcription
factor (TF) families in archaea The Archaeal Lrp-like regulators act locally or globally and
regulate genes involved in amino acid metabolism, central metabolism and/or transport
processes (Peeters and Charlier 2010). In addition the Stp5 factor which is a factor that

regulates RNA polymerase elongation is identified in aLhr2 network. Stpt5/Spt4 complex is
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reported as involved in the coupling of chromatin modification and RNA processing to

transcription elongation (Werner 2012).

e Factorsinvolved in DNA repair and replication
Several factors described as critical for DNA replication are part of aLhr2 network. Both
DNA polymerases, PolD and PolB, which are responsible of the replication of DNA on the
leading and lagging strand (Zatopek et al. 2018), respectively, are detected as well as and the
DNA Topoisomerase | and IV which control the topology of DNA during the replication
process. Finally, PINA which has been recently described as a novel ATPase highly
conserved in Archaea, working together with Hel308 helicase to function in replication fork

regression is also detected (Zhai et al. 2018).

Importantly the three subunits (RPA14/RPA32/RPA41) of the Replication A (RPA) complex
are significantly retrieved in this network. RPA is a coated single-stranded DNA binding
complex that contributes in maintaining open the replication bubble that has also been

proposed to enhance transcription rate in vitro (Pluchon et al. 2013).

Some factors involved in DNA recombination and repair mechanisms are also part of aLhr2
network. NucS is an endonuclease with high specificity for DNA mismatches than for
branched or single-stranded DNA and was shown to establish a specific physical interaction
with the sliding clamp PCNA (proliferating cell nuclear antigen) (White and Allers 2018) and
XerA is tyrosine recombinase propose to play a role in chromosome resolution (Cortez et al.
2010).
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2-Transcriptomic analysis of aLhr2 helicase-lacking strain
Note that this part of the work are preliminary analyses of alhr2A transcriptome which were
performed in close collaboration with Marta Kwapisz (Team in Toulouse) and the bigA

platform at the CBI (Toulouse) which performed statistical analyses.

Briefly, a strain deleted for aLHR2 gene was constructed in collaboration with the team of M.
Jebbar by using the PopIn/PopOut methodology (Birien et al. 2018; Thiel et al. 2014). Total
RNAs were extracted from three independent exponentially grown wild type (WT) and alhr2-
deleted (alhr2A) cultures and analysed by RNA-sequencing (RNA-seq). RNA-seq is a high-
throughput sequencing assay, which permits the identification of transcripts and the
quantification of gene expression. Pair-ended, sense-specific reads were aligned on T.
barophilus genome and differential expression analysis was performed using DESeq.
Amounts of transcripts were normalized to the wild type level and expressed as log2-FC
(log2-fold change). We have arbitral chosen log2-FC higher than the absolute value of 0.8 as

significantly changed.

Deletion of aLHR2 gene has impacted the amounts of 500 coding transcripts out of 2268
identified in T. barophilus (25%). 255 transcripts accumulated in alhr2A strain and the
amounts of 245 were significantly decreased (FIGURE 5A). This indicated that aLhr2 was
implicated in the regulation of the cellular amounts of these transcripts. It is important to keep
in mind that RNA-seq measures steady-state RNA levels, which is the output of RNA
transcription and degradation rates. Thus, aLhr2 helicase could regulate transcription or
degradation of identified transcripts directly as a transcriptional regulator or as a decay factor,
alone or as a partner of other proteins and complexes. These two possibilities could not be
discriminated on the basis of RNA-seq data as well as indirect effects of aLHR2 deletion

could not be excluded.

For 255 mRNA targets accumulating in aLHR2-deleted strain, aLhr2 acts likely as a
transcriptional repressor or degrading factor. For 245 underrepresented RNAs, aLhr2 helicase
could activate their transcription or act as a protecting factor i.e. target RNA is stabilized by
aLhr2-binding. Deletion of aLHR2 gene has also impacted non-coding RNAs; 35 out of 59
accumulated in alhr2A strain but only 1 was significantly decreased (FIGURE 45A). This
result suggested some specificity; aLhr2 would not bind non-coding substrates to protect them

but would rather participate in their degradation.
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FIGURE 45. Changesin transcriptional profile of aLhr2 helicase-lacking strain.

A. Quantity of coding (in bold) and non-coding (in italic) transcripts accumulated (pink arrow) or
decreased (blue arrow) in T.barophilus strain deleted for alhr2 gene. B. Pie chart showing the relative
distribution of mMRNAs deregulated in aLhr2 mutant. Numbers indicate the percentage of the
implicated function.




Detailed analyses of mRNAs deregulated in aLhr2 mutant are shown in FIGURE 45B. The
most abundant fraction of deregulated transcripts (35%) belongs to the category of unknown
proteins. Gene Ontology (GO) analysis has shown significant changes for 5 GO classes: IMP
metabolism (G0:0006189), structural components of the ribosome (GO:0003735), ribosome
(G0:0005840), translation (GO:0006412), and rRNA binding (G0O:0019843). More than 25%
of transcripts deregulated are related to RNA metabolism (translation & translation). This
indicates that in the absence of aLhr2 helicase, the translational apparatus, including

ribosomal proteins and translation factors, is potentially affected.

3-Conclusions

The interaction network of Tbar-aLhr2 indicated that aLhr2 cross-talk with factors involved
in fundamental pathways as maintaining the integrity of the genome (DNA repair/replication)
and regulating gene expression (ribosome & RNA processing/decay) in the cell. Interestingly,
the aLhr2 interactome showed also that ribosomal proteins are among the major alLhr2-
interacting proteins (Table 14). In coherence, transcriptomic analyses also highlight a
relationship between aLhr2 and the translation (ribosome & translation factors). Taken
together, these results strongly suggest that alLhr2 helicase cross-talk with pathways

connected to translation or/and ribosome biogenesis.
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| V-Functional study of Ecol-Lhr

1-Constructions of pET 21b-Ecol-bL hr-856 expression vectors

E.coli possesses one Lhr-type encoding gene that belongs to the bLhr-HTH family. This
family harbours the Lhr core (from 1-856) composed of a winged-helix (WH) domain (from
437-531) and Domain 4 (DEAD_associated_domain 532-856), and a typical C-terminal
domain (from 857-1538) found only in bLhr-HTH and some members of aLhr2 families
(FIGURE 46A) (see RESULT-PART I). The Pfam analysis of this region followed by MAST
research revealed the presence of a conserved HTH_42 domain. Homologous structures using
DALI search resulted in a structure in the PDB database with 19% of identity that corresponds
to the DNA glycosylase AlkZ of Streptomyces sahachiroi (Ssah; PDB ID: 5UUJ) and that
exhibits a channel formed by a cluster of three WH motifs in tandem and by a short C-
terminal B-hairpin highly accommodated for binding dsDNA (Mullins et al. 2017) (FIGURE
46B). We also performed modelling of the structure of the region between Domain 4 and the
HTH_42 domains using Phyre2. Using DALI, we found that this region resembles with 21%
of identity to the structure of the SelB elongation factor of Moorella thermoacetica
(PDB1LVA), which contains two winged-helix domains involved in RNA binding (FIGURE
46B). In E.coli genome and 82% of Proteobacteria, the bLhr-HTH encoding genes are
followed by the rnt gene encoding the ribonuclease RNase T (Reuven et al. 1995) (FIGURE
46C, Figure 23). An interaction between Ecol-Lhr and Ecol-RNase T has been demonstrated
at the transcriptional level, as the Lhr and RNase T are co-transcribed, but at the protein level

this interaction was not established neither in vitro nor in vivo.
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Figure 46. bLhr-HTH of E.coli.
A. Domain organization of bLhr-HTH and bLhr-HTH-856-Hisg (Lhr core) of Ecoli. B. Structure of

Ecol- bLhr-HTH predicted using Phyre2 in cartoon representation. The Lhr core comprises the RecAl
(pink), RecA2 (purple), WH (green), and Domain 4 (blue). The C-terminal region is formed by the
HTH domain (grey), and SelB-like domain (dirty pink). C. Genetic cluster of Ecol- bLhr-HTH and

Ecol-RNaseT.




RNase T is a member of the large DEDD family of exonucleases important for the final step
of the maturation of many stable RNAs (FIGURE 47A). RNAse T carries out the 3’
processing of most bacterial precursor tRNAs by exonucleolytic trimming to yield a mature
CCA end (Zuo et al. 2007) (FIGURE 47B). Moreover, RNase T specifically trims the 3" end
of structured DNA, including bulge, bubble, and Y-structured DNA, and is critical
for E.coli resistance to various DNA-damaging agents and UV radiation (Hsiao et al. 2014)
(FIGURE 47C). The presence of protein interaction between RNaseT and Ecol-bLhr-HTH
place this helicase at the interface of DNA repair and RNA metabolism which is coherent
with what we suggest for Thar-aLhr2 (see RESULT-PART III).

In order to define a protein interaction between Ecol-Lhr and Ecol-RNase T proteins in E.coli,
we settled up the heterologous overexpression of Ecol-Lhr-856 lacking the C-terminal
extension and Ecol-RNase T recombinant proteins through the pET and pGX expression
system respectively in E. coli BL21 DE3 codon+ strain with the aim to purify each of the

proteins separately and study their interaction and complex assembly in vitro

Therefore, we set out to construct expression vectors to obtain recombinant proteins
corresponding to Ecol-Hisg-Lhr-856 that comprise the helicase core, the WH, and the Domain
4. Briefly, the encoding sequence of the first 856 amino-acids of JW1645 protein (Lhr core)
were amplified by PCR and inserted into the pET21b vector to obtain pET21b-Ecol-Lhr-856
(Table 8). For details, refer to the section “Materials and Methods”.

For proteins overexpression, we used the same conditions of expression setup for Thar-aLhr2
(except for the optical density of the cultures at the time of IPTG induction). Briefly, after
heat shock transformation of BL21-CodonPlus (DE3) E.coli strains with pET/pGX vectors,
the overexpression of recombinant proteins was induced in exponential growth (ODgognm Of
0.4-0.6) by addition of IPTG (0.1 mM), for 3 hours at 30°C which resulted in relatively high
protein expression (FIGURE 48A).
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A. Crystal structure of E. coli RNase T (PDB2IS3) in a cartoon representation, with the two subunits
in each dimer coloured differently. Red colour indicates exonuclease sites. B. 3’-5’ Exonucleolytic
activity of RNase T in tRNA processing pathways in Escherichia coli. Exonucleolytic digestion is
represented by black arrows parallel to the transcript. C. Rnase T catalyzes the removal of nucleotides
from linear ssSDNA or RNA or DNA structures in the 3' to 5' direction.




2-Optimization of Co-purification experimental conditions

Initially, the aim of our work was to purify each of the proteins separately and then study their
interaction in vitro after assembly. However, we initiated some co-purification experiments to
test for a possible interaction between the proteins in cellular extracts (FIGURE 46C), A
protocol for co-purification on affinity chromatography on Ni-NTA beads using a bait/prey
system of recombinant proteins from E.coli was therefore tested (FIGURE 48B). The Ecol-
Hisg-Lhr-856 bait protein is expressed from pET21 expression vectors to obtain a protein with
an N-terminal (His)s-tag. The Ecol-GST-RNAse T prey protein is expressed from the pGEX-
41T expression vector. The prey/bait proteins are expressed independently in E. coli cell
culture extracts (FI GURE 48B). Cellular extracts of E. coli culture which expressed either the
bait or prey protein are lysed and sonicated. After a centrifugation step, the soluble fraction of
Ecol-Hisg-Lhr-856 is then incubated with His60 Ni Resin beads which retain the bait protein
with the (His)s tag (FIGURE 48B). After a wash step, the soluble fraction containing Ecol-
GST-RNAseT was added to the His60 Ni Resin beads. The low concentration Imidazole wash
steps remove non-specific binding contaminants. The Ecol-Hisg-Lhr-856 protein was then
eluted using two imidazole concentration (250 and 500mM) potentially with the Ecol-GST-
RNAseT prey protein if the two proteins interact under these experimental conditions
(FIGURE 48B). The protein content of each fraction collected is analyzed on an SDS-PAGE

gel and stained with coomassie blue.

Our preliminary results show the presence of very weak bands that could correspond to the
molecular weight of Ecol-Lhr-856 (94KDa) and Ecol-RNAseT (22.5 KDa) in addition to
many other contaminants in the elution fractions (FIGURE 49). The identity of these bands
and whether they correspond to our proteins should be determined by band excision from the

gel followed by mass spectrometry

Many optimizations steps should be performed to confirm or rule out this interaction. It might
be more suitable indeed if the two proteins are purified first in Ni and GST columns, and the
interaction could then be assessed with or without the cleavable tags. The presence of the tags
could prevent indeed this interaction. A full length version and different variants of Lhr
should be also tested for the interaction with the RNase as the Lhr-856 protein used is a
truncated version without the C-terminal. It is possible that the C-terminal domain mediates in

the interaction with RNaseT.
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Figure 48. Co-purification assay.

A. Confirmation of recombinant protein expression in pET21b/pGX-BL21 (DE3) system on SDS-
PAGE gel (4-15%) colored with Coomassie blue. Overexpression of recombinant Ecol-Lhr-856 and
Ecol-RNAseT were induced with 0.1 mM IPTG in E. coli cells in mid-phase growth (OD600 of 0.4-
0.6) in LB broth, at 30°C, with agitation at 180 rpm, for 3 h or overnight (on) (10 uL of each fraction
was loaded per lane). B. Co-purification experiment workflow on His60 Ni Resin beads using a
bait/prey system of recombinant proteins of E.coli. The different buffers are indicated and described in
the Materials and Methods section.
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Figure 49. Co-purification of Ecol bLhr-HTH-856 and RNaseT.

Ecol bLhr-HTH-856 (tagged (His)g), was used as bait protein. Fractions were analysed on SDS PAGE
colored with Coomassie blue. E1 and E2 are the elution with 250 mM and 500 mM of imidazole
respectively; Putative bands of RNAse T are indicated with ** and of Lhr with *.




Discussion
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Lhr-type family are SF2 helicases exclusively found in prokaryotes and detected in almost
every archaeal genome sequenced to date. Our work provided new insights into the
classification and molecular functions of the Lhr-type proteins.

We have first provided a review on the state of the art of SF1 and SF2 helicases in archaea
(Introduction PART 11-6 published book chapter; Hajj et al, 2019).The published book
chapter shed light on the structure-function of these helicases in archaea, presented their
biochemical and mechanistic properties and highlighted their contribution at the physiological

level in different cellular processes.

We have explored the role of Lhr-type proteins in cellular metabolism using different
complementary approaches. Starting with phylogenomic approach, we defined five distinct
orthologous groups of the Lhr-type helicases, two clusters were found in archaea named
aLhrl and aLhr2 and three clusters found in Bacteria, named bLhr, bLhr-HTH, and Lhr-like
(RESULTS-Part 1). In the context of this thesis, we focused our work to elucidate the
contribution of Lhr-type helicases in cellular mechanisms by studying aLhr2 of the

hyperthermopbhilic archaea T. barophilus (Tbar-aLhr2) and bLhr-HTH of E.coli. .

Through enzymatic assays, aLhr2 from T. barophilus was identified as a helicase able to
unwind RNA/DNA hybrids (RESULTS-Part Il). In addition, the interaction network of Thar-
aLhr2 suggests a cross-talk between aLhr2 helicase and critical players of both RNA and
DNA metabolism (RESULTS-Part Il1). We can propose that Thar-aLhr2 helicase is at the
nexus of critical DNA and RNA metabolic processes and could participate in the coordination
of these pathways during the cell cycle. In line, we examine by co-purification assay the
functional link between bLhr-HTH and RNase T of which encoding genes form a gene cluster
in E.coli. (RESULTS-Part IV). RNAse T has been also shown to be either involved in RNA
and DNA metabolism (Zuo et al. 2007; Hsiao et al. 2014).

1-Landscape of L hr-type proteinsthe three domains of life

Lhr-type proteins are SF2 helicases found in archaea and bacteria but not in eukaryotes
(FIGURE 50). Even if was reported a PDB structure of the helicase core of the eukaryotic
DDX52 helicase overlapping the structure of Mthe-aL.hr2 helicase core (Buckley et al. 2020)
our phylogenomic search did not identify any counterpart of Lhr-type proteins in yeast and

human genomes.
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From the topology of the phylogenetic trees constructed with our collection of Lhr-type
protein (RESULTS-PART I; FIGURE 50), it is difficult to picture a simple evolutionary
scenario that will help in understanding the emergence of Lhr-type helicases in archaea and in
bacteria, respectively. Probably early gene duplication and lateral gene transfer events from
archaea to bacteria or vice versa may have taken place since archaeal aLhr2 and bacterial

bLhr-HTH and bLhr groups appear to emerge from a unique ancestor (FIGURE 50).
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FIGURE 50. enzymatic activity and gene cluster of L hr-type families.

Schematic representation of the phylogenetic tree obtained in this study. For each Lhr-type family was
indicated the determined enzymatic activities in vitro and the putative function of studied Lhr-type
member in archaea (orange) and bacteria (blue).

(1) De Felice et al 2007; (2) Buckley et al 2020; (3) Ordonez and Shuman 2013; (4) Ejaz and Shuman
2018; (5) Ejaz et al 2018 (6) Hajj et al, in preparation.




Our study shows that Lhr-type proteins are ubiquitous in archaea with two groups, aLhrl and
aLhr2, with at least one representative of Lhr-type in each archaeal genome suggesting a
fundamental role in cellular processes (RESULTS-PART I; Manuscript -Hajj et al, in
preparation) . Our results define Hel112 of Ssolfataricus (De Felice et al. 2007), Lhr of M.
thermautotrophicus (Buckley et al. 2020) as members of the aLhr2 group. Ssolfataricus
genome encodes one aLhr2 and two aLhrl type-helicases whereas M. thermautotrophicus and
T.barophilus genomes harbour only one gene of each group. To date, no study has yet
reported the cellular function or enzymatic activity of archaeal aLhrl helicases (FIGURE 50).
However, in the case of aLhr2, several studies focusing on DNA repair in S solfataricus and
M. thermautotrophicus proposed a role in the resolution of holiday junctions or/and at DNA
forks (Buckley et al. 2020; De Falco et al. 2018) (Table 15). Interestingly, previous work of
the group in Toulouse identified also aLhr2 as part of the network of critical players of the
RNA metabolism in Thermococcales (Phung et al. 2020). Altogether from this set of data, it is
still not clear what is the specific role of aLhr2-type helicases in archaeal cells.

Three distinct families of Lhr-type are identified in bacteria of which one harbours a longer C-
terminal extension carrying at least two conserved domains (RESULTS-Part | FIGURE 23).
P.putida genome encodes both bLhr and bLhr-HTH proteins while M.smegmatis and E.coli
genome encode only one Lhr-type (FIGURE 50). It is proposed from reported in vitro
activities of these enzymes that they are part of DNA repair /recombination pathways. The
occurrence of Lhr-type was found to be more erratic in bacterial genomes (RESULTS-Part I).
In addition, Lhr-type enzymes from P.putida and M. smegmatis were identified as ATP-
dependent ssDNA translocase with the 3’ to 5’ directionality (Ejaz and Shuman 2018;
Ordonez and Shuman 2013; Ejaz et al. 2018) (Table 15) (FIGURE 50). Bacterial Lhr-type
also differs in terms of gene cluster (RESULTS-Part 1-FIGURE 23). Pput-bLhr as for most
of bLhr encoding genes is part of a cluster which group a gene encoding a
metallophosphoesterase endonuclease (MPE) and a ligase. However, protein interaction
between Pput-bLhr and Pput-MPE was not yet being shown. In addition, bLhr-HTH from
E.coli and almost all from proteobacteria are in a gene cluster with RNase T encoding gene
(RESULTS-Part I). RNase T has been shown in tRNA and rRNA maturation in bacteria, as
well as in DNA repair pathways. In this context, we tested if E.coli bLhr-HTH and RNase T
could directly interact in vitro (Zuo et al. 2007; Hsiao et al. 2014). (RESULTS-Part IV).
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Table 15 Biochemical activities of studied L hr-type proteins.

alLhr2 bLhr-HTH bL hr
T.bar S.sol M.the M.sme P.put
Monomer ? Monomer Dimer ND Monomer Monomer
-DNA/RNA-dep -DNA-dep
DNA/RNA-dep DNA-Independent ND -ATP/dATPase -ATP/dATPase
-calcium -Manganese
ATPase 5 4
"Ky23.26 1M -K,, 10 nM K, 37.10 M
K_ 1,27 min" ND ND 1 i
e el min -K_ 366 min -K_ 198 min
cat cat
8 Polarity 35 3-5 3-5 3-5' 3-5
s
5 Tranlocase n.d n.d nd Yes Yes
@
% -ssDNA -Fork -Fork Fork DNA -SsDNA: -SsDNA
= o (K, 58 nm) -3'-dsDNA -3'dsDNA (K, 11 nm) (K, 44 nm)
2 Binding “sSRNA
=
| (KD 80 nm)
Unwinding -3’ dsRNA -fork -3’dsDNA -3’dsDNA, -3'RNA:DNA
-3’ DNA:RNA -3’dsDNA -3'RNA:DNA -Fork -3’dsDNA
-HJ -HJ/Forked -3’ DNA/RNA
Annealing -3’tail RNA -Fork -Fork
-3’tail DNA -HJ
-3’DNA:RNA ND ND ND
-Reduced by
ATP
REF This Work @) ) (3-4) (5)

(1) De Felice et al 2007; (2) Buckley et al 2020; (3) Ordonez and Shuman 2013; (4) Ejaz and
Shuman 2018; (5) Ejaz et al 2018.
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While the SF2 core of Lhr-type members shows highly conserved motifs across the five Lhr
groups identified in this study, we observed many divergences in Domain 4 and WH motifs of
the Lhr core except for a highly conserved Trp residue (RESULTS-Part I- FIGURE 22). The
specific conserved residues in each group may confer definite properties as interaction with
specific substrates or protein partners. In particular, the C-terminal domain of aLhrl harbors
four highly conserved cysteine residues that could form a zinc finger motif. Therefore it is
possible that Lhr-type proteins have specific functions according to the group they belong to.

It is important to mention that for both archaea and bacteria, the genes encoding Lhr-type
enzymes are not essential in optimal growth conditions. Indeed, null mutation in T. barophilus
(this work), Sislandicus (Song et al. 2016) identify aLhr2 as non-essential genes. This is also
the case in bacteria, E.coli and M.tuberculosis, for bLhr-HTH encoding genes (Song et al.
2016; Rand et al. 2003; Boshoff et al. 2003; Reuven et al. 1995). Therefore the absence of
Lhr-type activity can certainly be compensated in the cell. In this context, it is possible that
for example, aLhrl can compensate the absence of Lhr2 in some archaea.

2-1sarchaeal aL hr2 enzymes acting on DNA or RNA hybrids?

To further gain insight into the function of Lhr-type enzymes, we focused on Thar-aLhr2 in
vitro activity. Thar-aLhr2 has an ATPase activity carried by the SF2 catalytic core composed
of the RecAl and RecA2 domains. In absence of ATP, Tbar-aLhr2 has the capacity to anneal
single-stranded nucleic acid substrates. In presence of ATP a conformational change in the
protein is proposed to operate with the ATP molecule acting as a molecular switch from a

strand-annealing to an unwinding mode (FIGURE 51A).

Our results indicate that the conserved Domain 4 of Thar-aLhr2 is important for a full ATPase
activity (RESULTS-Part 1I-FIGURE 31). The Trp577 (Domain 4) and the 1512 (WH) amino-
acid residues are highly conserved across Lhr-type families (RESULTS-Part 1I-FIGURE 22).
These residues in Msme-bLhr-HTH are important for ATPase activity and the coordination
between ATP hydrolysis and the mechanical activity (Ejaz et al. 2018). Our study shows that
the alteration of these residues reduce the ATPase activity but do not affect nucleic-acid
binding capacity (RESULTS-Part-11-FIGURE 31, FIGURE ANNEX 7). The Domain 4 may
help the enzyme core in adopting an optimal conformation for ATP hydrolysis. However, we
still need to test the strand annealing/unwinding activities of corresponding protein variants to

conclude of the importance of these residues on unwinding/ strand annealing reactions. In
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addition, more advanced enzymatic activities of Thar-aLhr2 helicase would be necessary to
dissect in-depth mechanistic elements important of unwinding and strand annealing reactions,
respectively. For example, picturing the protein- nucleic acid complexes with single-stranded
or hybrid substrates by gel electrophoresis mobility shift assay (EMSA) will help to determine
the DNA binding properties. It is also important to examine if Thar-aLhr2 can displace
proteins from nucleic acids while translocating along with the DNA/RNA substrates, for
example, using the biotin-streptavidin complex assay as in the case of Msme-bLhr-HTH and
Pput-bLhr (Ejaz and Shuman 2018; Ordonez and Shuman 2013) (Table 15)

In addition, Thar-aLhr2 unwinds more efficiently in vitro hybrids with a 3’ overhang strand
indicative of a 3” to 5” polarity (RESULTS-Part 1I-FIGURE 37). This is consistent with the
polarity previously observed for other archaeal and bacterial counterparts (Buckley et al.
2020; Ejaz and Shuman 2018; Ordonez and Shuman 2013; Ejaz et al. 2018; De Felice et al.
2007) (Table 15). Nevertheless, the main substrates used in the mechanistic study of Ssol-
aLhr2 and Mthe-aLhr2 are DNA fork and Holliday junction type structures (FIGURE 51B)
(Table 15). As Thar-aLhr2, Mthe-aLhr2 unwind RNA/DNA duplex but with less efficiency
(FIGURE 51B). We should note that the structure of the RNA/DNA duplex used for testing
the helicase activity of Mthe-aLhr2 is different from that used in this study. The RNA/DNA
unwinding activity of Ssol-aLhr2 was not yet tested. Ssol-aLhr2 shows a nucleic-acid
independent ATPase activity while Tbar-aLhr2 is unable to hydrolyse ATP in absence of
nucleic acids (Table 15). Ssol-aLhr2 has no affinity for ssDNA substrate while Thar-aLhr2
shows a high affinity for such substrate. Both Ssol-aLhr2 and Thar-aLhr2 were tested for their
in vitro strand-annealing activity but using a different set of substrates, 3’tailed hybrids and
DNA fork and Holliday Junction structure, respectively. Although our preliminary results
suggest a monomeric form of Thar-aLhr2, Ssol-aL.hr2 have both monomeric and dimeric form
that were shown to have specific biochemical activities (Buckley et al. 2020; De Felice et al.
2007) (Table 15). Because the experimental conditions and the substrates used are specific to
each study, it is difficult to compare and conclude if aLhr2 proteins have the exact same
biochemical properties in all archaeal organisms. It is possible that enzymes from
Euryarchaea and Crenarchaea do not have the same biochemical characteristics and activities
and may be part of different metabolic pathways.
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A. ATP provoke changes in Tbar-aLhr2 conformation to switch from annealing (A) to unwinding
mode (U). B. Unwinding substrates of Thar-aLhr2 (This work), Mthe-aLhr2 (Buckley et al 2020),
Ssol-aLhr2 (De Felice et al 2007), and Pfur-Hel308 (Guy and Bolt 2005).




In our study, we choose substrates that allowed comparing in vitro unwinding and strand-
annealing activities of Tbar-aLhr2 with the Hel308 DNA helicase of P. abyss studied in
parallel in the group in Toulouse (Guy and Bolt 2005) (FIGURE 51B). Hel308 has been
shown to be a bonafide DNA helicase recognizing DNA-forks in DNA replication and repair
(Guy and Bolt 2005). As mentioned, Tbar-aLhr2 could efficiently unwind and anneal
DNA/RNA and RNA/RNA hybrids in vitro. This is not the case of Paby-Hel308 which, in the
same experimental condition, cannot unwind RNA hybrids. As expected, only DNA hybrids
were very efficiently unwound by Paby-Hel308 (FIGURE 37B). Therefore Thar-aLhr2 may
not be a bonafide DNA helicase as proposed for Ssol-aLhr2 and Mmth-aLhr2 (De Felice et al.
2007; Buckley et al. 2020). However, the specific substrates of Tbar-aLhr2 remain to be
determined.

3-Thar-aLhr2 network at the crossroad of trandation, RNA

processing/decay and DNA repair pathways

To tackle the physiological role of Tbar-aLhr2 in nucleic acid metabolism, we choose, in this
exploratory work, to determine its interaction network using T. barophilus cellular extract and
recombinant protein. In coherence, with studies proposing that aLhr2 helicase in
Ssolfataricus and M. thermautotrophicus are involved in DNA recombination and repair (De
Falco et al. 2018; Buckley et al. 2020), we observed that some Thar-aLhr2 protein partners
are annotated as factors of DNA metabolism pathways (RESULTS-Part Il1). Indeed the
topoisomerase Topol, the replication A protein RPA (RPA31, RPA42, RPA14) and the PINA
ATPase are significantly detected in Tbar-aLhr2 interaction network (RESULTS- Part IlI)
(FIGURE 44B). Some of the other partners of Tbar-aLhr2 are factors reported to be
important in RNA processing and decay. Indeed, the catalytic subunit (Rrp41) of the RNA
exosome degrading machinery is part of this network. The role of RNA exosome with a 3°-5’
exoribonucleolytic activity which is present in most archaea remains to be determined
(RESULTS-Part I1l) (Clouet-d’Orval et al. 2018; Evguenieva-Hackenberg et al. 2017).
Equivalent machinery in eukaryotes has been shown to be involved in a multitude of RNA

pathways but also important in DNA repair pathway (Lingaraju et al. 2020).
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In previous work, the protein networks of P. abyssi RPA (replication A protein), ASH-Ski2
(RNA helicase) and Rrp4l (catalytic subunit of the RNA exosome) were identified,
respectively (Phung et al. 2020; Pluchon et al. 2013) (Batista et al unpublished data).

Interestingly, Paby-aLhr2 was significantly detected as a partner protein of these networks.

Although these networks have been established with cellular extracts from P. abysssi whereas

in our study it was done with T. barophilus cellular extract. We derived a common network

shown in FIGURE 52, whose partners are listed in Table 16. This network highlight a cross-

talk of partners involved in DNA repair, translation and RNA metabolic pathways (FIGURE

52). The aLhr2 helicase may play an important role in the coordination of these pathways by

acting on DNA/RNA duplexes or RNA-loops which are encountered in these processes.

Table 16 Common partners of protein networks.

Tbhar- | Paby- | Paby-
Name ORF ORF !_hr2 Rrp41 RPA
Thar Paby Thiswork| Batista | Pluchon
et al et al

Lhr2 TERMP_00533 PABO744 + +
RPA41 TERMP_01996 PAB2163 + +
RPA32 TERMP_01998 PAB2165 + +
Rrp41l TERMP_00163 PAB0420 +
DNA Topo | TERMP_00652 PAB1430 + + +
PINA TERMP_01063 PAB1633 + + +
30Sribosomal prot. S7 | TERMP_00247 PABO0428 + +
30S ribosomal prot. S11| TERMP_00130 PAB0362 + +
30Sribosomal prot. 4 | TERMP_00129 PABO0361 + +
Lrp/AsnC TERMP_00902 PAB2299 + +
NucS TERMP_01877 PAB2263 + +
Proteasome subunit 32 TERMP_02168 PAB1867 + +

Common partners of (His) -aLhr2 network using I" barophilus cellular extract and (His), -

Rrp41 (Batista et al, unpublished data) and (His) -RPA (Pluchon et al, 2013) networks using

P. abyssi cellular extract.
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Interestingly, three ribosomal proteins of the 30S ribosomal subunits are common partners
between the RNA exosome Rrp41 subunit and aLhr2 networks. A close relationship between
the RNA exosome and the ribosome which includes the ASH-Ski2 RNA helicase was recently
established in Thermococcales (Phung et al. 2020). These factors were shown to be at the
vicinity of the ribosome together with the 5’-3” exoribonuclease aRNaseJ (Phung et al. 2020)
(FIGURE 7). This relationship appears to be also emphasized in aLhr2 network of this study.
We also noticed that ribosomal proteins form a major part of aLhr2-interacting proteins and
transcriptomic analysis indicates that in the absence of alLhr2 helicase, transcripts
corresponding to ribosomal protein-encoding genes are potentially affected. We keep in mind
that mMRNA steady-state level is a poor indicator of protein amount in the cell and that aLhr2

protein level needs to be quantified by Western blot.
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proposed to be implicated in RNA decay process.




4-Archaeal al hr2 helicases acting on R-loop structures?

We have identified that aLhr2 has the capacity to unwind RNA strand from RNA/DNA
hybrids. In the cell, multiple processes require removing the RNA strand from RNA/DNA
duplex. Via its DNA/RNA unwinding activity Thar-aLhr2 be critical in DNA replication and
repair by removing Okazaki fragments, in transcription, and in restricting pervasive
transcription (Zheng et al. 2019; Han et al. 2017; Han and Porrua 2018). As well, through its
aptitude to unwind RNA hybrids, Tbhar-aLhr2 could participate at nearly every level of RNA
metabolism including RNA surveillance, RNA maturation and RNA interference related
pathways (Jankowsky 2011; Song and Ji 2019; Zatopek et al. 2018; Ambrus and Frolov
2009). Recently, it has emerged an intimate link between RNA metabolism and genome
stability. It has been proposed that dysfunctional RNA metabolism precipitates endogenous
transcription-associated DNA damage that drives genome instability in human disease (Zong
et al. 2020). Transcription potentially exposes the genome to damage by permitting the
formation of unusual RNA-DNA hybrid structures, such as R-loops. R-loops are three-
stranded nucleic acid structure consisting of an RNA-DNA hybrid. The accumulation of R-
loops structure provokes genome instability. So far, several proteins are known to reduce R-
loop accumulation in the living cell. Therefore, regulatory mechanisms are in place to

minimize transcription-associated DNA damage.

It is now accepted that, in eukaryotes, RNA/DNA hybrids or R-loops should form at the right
place and time to achieve regulatory processes. Important enzymes in R-loop metabolism are
RNA/DNA helicases. We can cite the yeast Senl or homologous human Senataxin (SETX)
(Skourti-Stathaki et al. 2011), the DEAD-box helicase 5 (DDX5) (Mersaoui et al. 2019), or
the human DHX9 helicase, which also acts on G4 structures (Chakraborty and Grosse 2011).
It is possible that Thar-aLhr2 could play such a role in archaeal cells (FIGURE 53A). In
addition to DNA/RNA helicases, other factors as Topoisomerases and RPA are involved in R-
loop processing (Skourti-Stathaki and Proudfoot 2014; Villarreal et al. 2020). Indeed,
deficiency in these enzymes causes the accumulation of R-loops (Skourti-Stathaki and
Proudfoot 2014; Crossley et al. 2019). Topoisomerases relax DNA-negative supercoiling that
otherwise causes persistent R- loop formation (ElI Hage et al. 2010; Yang et al. 2014). The
Replication A protein (RPA) is also a key sensor of ssSDNA and participates in the
coordination of DNA damage signaling and DNA repair/recombination at stalled replication
forks and sites of DNA damage (FIGURE 53A). RPA stimulates RNaseH1 activity at R-loop
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site and enhances the association of RNaseH1 with RNA/DNA hybrids (Zou et al. 2006;
Wold 1997; Chen and Wold 2014; Borgstahl et al. 2014) (FIGURE 53B). Indeed, it was
proposed that R-loops may play an important role during DNA repair by serving as a primer
to restart DNA replication at stalled replication forks at damaged DNA lesions (Zaitsev and
Kowalczykowski 2000; Kogoma 1997). Although, the eukaryotic RPA protein was recently
shown to promotes R-loops formation by invading RNA into covalently closed duplex DNA
(Mazina et al. 2020). More recently, it was proposed that the RNA exosome machinery is
recruited at R-loops to promote degradation of the unwounded RNA released by SETX, and
therefore to prevents possible rehybridization and the resultant DNA damage (Skourti-
Stathaki et al. 2011; Richard et al. 2013). Moreover, the EJC complex and the RNA exosome
also reduce R-loop accumulation by sterically prohibiting interactions between the nascent
MRNA and exposed ssDNA (Pefanis et al. 2015; Li et al. 2007). The interaction network of
Tbar-aLhr2 which includes among others Topol, RPA and RNA exosome subunit could
reflect a cross-talk between these partners at R-loop sites in thermococcales cells (FIGURE
53A &B).

5-Istherea Cross-talk between bLhr-HTH and RNase T in E.coli

Bacterial bLhr-HTH of M.smegmatis was proposed to be implicated in DNA repair pathway.
Here we initiate a study to examine the function of bLhr-HTH of E.coli and hence to inspect a
conserved function of Lhr-type in bacteria. The first Lhr-type encoding protein was detected
in E.cali in a gene cluster with the ribonuclease T encoding gene. Indeed we showed
conservation of this gene cluster in proteobacteria (RESULTS-Part | FIGURE 23). We aimed
to test a putative protein interaction between bLhr-HTH and RNase T in vitro (RESULTS-
Part IV). RNAse T is a member of the DEDD 3-5' exonuclease superfamily (Deutscher and
Marlor 1985; Deutscher et al. 1984). This exonuclease is involved in the processing of the 5S
and 23S rRNAs by removal of the 3’-end precursor residues (Li and Deutscher 1995; Li et al.
1999). RNase T has both DNase and RNase activity (Viswanathan et al. 1998) and was shown
to trims the 3’ end of structured DNA in a DNA repair pathway (Hsiao et al. 2014). Although
the protein interaction suggested by our preliminary assays still needs to be confirmed by
other additional experiments particularly optimizing the protein level expression and
purification steps. The occurrence of such interaction raises the question about the role of
bLhr-HTH in RNA metabolism and reput the protein at the nexus of DNA and RNA

metabolic pathways
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6-General conclusion

The exploratory work, described in this thesis, focused on the physiological function of the
helicase of the Lhr-type family. This work brings new elements about aLhr2 in T. barophilus
and Lhr-HTH in E. cali. In silico approaches suggest an essential role of Lhr-type helicases in
archaea and reveal three distinct families of Lhr-type in bacteria. Our results open new
perspectives on the role of thermococcales aLhr2 in the interface of the DNA and RNA
metabolism. We discuss these data in a manuscript that is under preparation (Hajj et al, in
preparation, to be submitted to Biomolecules).

Additional experiments should be conducted to assess specific functions of Thar-aLhr2. Co-
purification and co-immunoprecipitation assays need to be performed to indeed identify if
specific protein established direct protein interaction with Thar-aLhr2. Cellular fractionation
assays on sucrose gradient of Thermococcus barophilus of wild type and alLhr2A cellular
extract will allow identifying if Thar-aLhr2 is part of a multiprotein complex. Proteins and
RNAs from the fractions containing Tbar-aLhr2 protein will be further analyzed.
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FIGURES ANNEXE
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ANNEX 1. Phylogenetic tree of the L hr-type orthologous groups together with protein sequences
retrieved in the Asgard phylum.

The maximum likelihood tree computed using PhyML. A set of the 829 Lhr-type sequences dataset
including 6 Asgard sequences was used. The resulted tree shows the segregation of the Asgard Lhr-
type into the two clusters aLhrl and aLhr2. The tree branches are supported by a high bootstrap value
(parametric bootstrap supports above 0,7 are represented in green).
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ANNEX 2. Phylogenetic tree of the Lhr-type orthologous groups with HRQ-like helicase as
outgroup.

The maximum likelihood tree has been computed using PhyML. A set of 823 Lhr-type and 536 HRQ-
like sequences dataset are used. The resulted tree shows the five Lhr-type families and confirmed that
the Lhr-like family belongs to the Lhr-type family of helicase despite the uncompleted Lhr core
(lacking the Domain 4). The tree branches are supported by a high bootstrap value (parametric
bootstrap supports above 0,7 are represented in green).
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ANNEX 3. Sequence alignment of L hr-type families.

Clustal omega tool (https://www.ebi.ac.uk/Tools/msa/clustalo/) was used

for multiple sequence

alignment of Scoe-Lhr-like, Pbay-alLhrl, Paby-aLhr2, Pput-bLhr, and Ecol-Lhr-HTH. Conserved
motifs and domains location are indicated.
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ANNEX 4. Chromatogram and SDS PAGE of purification steps of aLhr2 W557A, 1512A and

Purification steps of aLhr2 W577A, 1512A, and T215A by cation exchange & size-exclusion
chromatographies. Chromatograms and the corresponding SDS PAGE showing the SN (soluble
fraction), FT (Flow through) and the elution fractions visualized by staining with Coomassie blue were
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ANNEX 5. Chromatogram and SDS PAGE of purification stepsof aL hr2 Dom4 and ADom4.
Purification steps of of Tbar-aLhr2 dom4 and ADom4 by cation exchange/heparin & size-exclusion
chromatographies. Chromatograms and the corresponding SDS PAGE showing the SN (soluble
fraction), FT (Flow through) and the elution fractions visualized by staining with coomassie blue.
Elution fractions after Size-exclusion S200 step were pooled and concentrated.
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ANNEX 6. Binding affinity of aL hr2 variants with 26nt substrate.

The percentage of RNP complex formation is plotted versus protein concentration to calculate the
apparent affinity constant (KD). Up panel: DNA,s (5RS1); Lowe panel: RNA,; (USRS1) are used as
substrates.

Values are the average of three independent experiments.
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ANNEX 7. Binding affinity of aL hr2 Dom4.

The percentage of RNP complex formation is plotted versus protein concentration to calculate the
apparent affinity constant (KD).

Values are the average of three independent experiments.




	Abstract
	Résumé
	Table of contents
	List of figures
	List of figures annex 
	List of Tables
	INTRODUCTION
	I-ARCHAEA
	1-Discovery & Classification
	2-Archaea are ubiquitous micro-organisms
	3-Specific archaeal characteristics
	4-Archaeal study models
	5-Mosaic aspects of archaeal informational system

	II-HELICASES
	1-Discovery of Helicase enzymes as cellular motors
	2-Helicase Classification
	3-Biochemical and mechanistic activities
	4-General cellular functions of DNA & RNA helicases
	5-Lhr helicase subfamily belonging to SF2
	6-Publication 1 : Hajj M. et al. 2018


	THESIS OBJECTIVES
	MATERIALS AND METHODS
	I-Phylogenetic analysis
	1-Building Lhr-type dataset
	2-Identification of Lhr-type orthologous groups of proteins
	3-Multiple Sequence Alignments and Phylogenetic Tree Constructions
	4-Genomic context analysis
	5-Structural model predictions

	II-Construction of expression vectors
	1-Construction of expression vectors carrying aLhr2 gene (TERMP_00533)
	2-Construction of expression vectors carrying aLhr2 Dom4 and aLhr2 ΔDom4
	3-Construction of expression vectors carrying aLhr2 with punctual mutations

	III-Production and purification of recombinant proteins
	1-Expression and production of Tbar-aLhr2 recombinant proteins
	2-Purification of Tbar-aLhr2 recombinant proteins

	IV-Enzymatic assays
	1-Radiolabelled substrates
	2-ATPase hydrolysis assay
	3-Nucleic acid binding assay
	4-Annealing assay
	5-Unwinding assay

	V-Protein interaction networks and Transcriptomic analysis
	1-Pull down assay
	2-Proteomic analysis
	3-Transcriptomic RNA seq analysis

	VI-In vitro interaction preliminary assays test of Ecol-Lhr-856 and RNAse T
	1-Construction of expression vectors carrying Ecol-Lhr-856 gene (JW1645)
	2-Expression and production of Ecol-Lhr-856 and Ecol-RNaseT recombinant proteins
	3-Purification of Ecol-Lhr-856 recombinant proteins
	4-Co-purification of recombinant protein on Nickel column


	RESULTS
	I-Phylogenetic and structural analysis of Lhr-type helicase
	1-Archaeal and bacterial Lhr-type sequences are collected from three complementary search approaches
	2-Five Lhr–type orthologous groups are identified by MCL clustering
	3-Taxonomic occurrence identifies aLhr1 & aLhr2 proteins as ubiquitous in archaeal genomes
	4-Specificities at the structural level are observed for each Lhr-type orthologous group
	5-Genomic context analysis of the genes coding for Lhr–type proteins helps in predicting the function(s) of some Lhr helicases

	II-Biochemical studies of Tbar-aLhr2 protein
	1-Thermococcus barophilus as model of study
	2-Production and Purification of Tbar-aLhr2 recombinant proteins
	3-Biochemical activities of Tbar-aLhr2 wild-type and variants
	4-Conclusions

	III-Towards the significance of aLhr2 of T.barophilus
	1-Identification of protein interaction network of Tbar-(His)6-aLhr2
	2-Transcriptomic analysis of aLhr2 helicase-lacking strain
	3-Conclusions

	IV-Functional study of Ecol-Lhr
	1-Constructions of pET21b-Ecol-bLhr-856 expression vectors
	2-Optimization of Co-purification experimental conditions


	DISCUSSION
	1-Landscape of Lhr-type proteins the three domains of life
	2-Is archaeal aLhr2 enzymes acting on DNA or RNA hybrids?
	3-Tbar-aLhr2 network at the crossroad of translation, RNA processing/decay and DNA repair pathways
	4-Archaeal aLhr2 helicases acting on R-loop structures?
	5- Is there a Cross-talk between bLhr-HTH and RNase T in E.coli
	6-General conclusion

	BIBLIOGRAPHY
	FIGURES ANNEXE
	ANNEX 1. Phylogenetic tree of the Lhr-type orthologous groups together with protein sequences retrieved in the Asgard phylum
	ANNEX 2. Phylogenetic tree of the Lhr-type orthologous groups with HRQ-like helicase as outgroup
	ANNEX 3. Sequence alignment of Lhr-type families
	ANNEX 4. Chromatogram and SDS PAGE of purification steps of aLhr2 W557A, I512A and T215A
	ANNEX 5. Chromatogram and SDS PAGE of purification steps of aLhr2 Dom4 and ΔDom4
	ANNEX 6. Binding affinity of aLhr2 variants with 26nt substrate
	ANNEX 7. Binding affinity of aLhr2 Dom4


