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L. Hyperthermophilic archaea (HA)

1) Extremophiles
In the 1950s, Zobell’s laboratory started the first study of microbiology under
extreme conditions, leading to the discovery of barophiles (or piezophiles) (Zobell,
1952). Since then scientists have been intrigued by microorganisms that inhabit

extreme environments.

What is an extreme environment? Gomez et al. gave us a definition: “An extreme
environment is a habitat characterized by harsh environmental conditions, beyond the
optimal range for the development of humans” (Gomez, 2014). On the planet Earth,
life exists not just in a cozy and warm environment, but also under multiple hardest,
surprising environments such as deep-sea hydrothermal vents, freezing cold Polar
Regions or scorching hot geothermal pools. The extreme conditions may be divided
into two categories: “physical extremes” conditions (e.g., temperature (from -20°C to
122°C), ionizing radiation (high energy radiation including X-ray, alpha particles) and
pressure (up to 110 Mpa)) and “geochemical extremes” conditions (e.g., desiccation
(water limitation), salinity (from 10% to 40%), pH (from O to 12.8), oxygen species or
redox potential (oxygen content)) (Rothschild & Mancinelli, 2001; Rampelotto, 2010)
(Figure 1).

122 °C (Hydrothermal vent) pH: 10 (Mono Lake) Salt = 34% (Deadsea)
High temperature (> 45°C) High pH (alkaline, pH>9) High salinity (salt > 3,5%)
(Photo: Ifremer) (Photo: topday.com) (Photo: deadsea.com)

/ &
-20°C (Vostok Lake)

Low temperature (< 5°C) Low pH (acid, pH<5)

(Photo: Matrix Workd Disclosure) (Photo: Businessinsider.com) (Photo: Ifremer)

s

110 Mpa (Hydrothermal vent)

High pressure (> depths
of 2000m

pH: 2,3 (Rio Tinto River

Figure 1 : Examples of different extreme environments
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The microorganisms that thrive in extreme conditions are named “extremophiles”.
The extremophiles are classified according to the extreme conditions they are adapted
to, such as hyperthermophiles (high temperature), psychrophiles (low temperature),
acidophiles (low pH), alkaliphiles (high pH), xerophiles (very dry environement),
piezophiles (high pressure), halophiles (high salt concentration) and osmophiles (high

concentration of organic solutes) (Table 1). (Rothschild & Mancinelli, 2001; Bakermans,

2015).

Table 1 : Classification and examples of extremophiles (Rothschild & Mancinelli, 2001)

Environmental Type Definition Examples
parameter
Temperature Hyperthermophile Growth >80°C Pyrolobus fumarii, 113 °C
Thermophile Growth 60-80°C Synechococcus lividis
Mesophile 15-60°C Homo sapiens
Psychrophile <15°C Psychrobacter some msects
Radiation Demoooocus rad/odurans
Pressure Barophile Weight-loving Unknown
Plezophlle Pressure-loving For mlcrobe 130 MPa
Gravity Hypergravrty >1g None known
Hypogravity <1 g None known
Vacuum Tolerates vacuum Tardlgrades |nsects
(space devoid of microbes, seeds
matter)
Desiccation Xerophiles Anhydroblotlc Artemia salina; nematodes,
mlcrobes fungr Irchens
Salinity Halophile Salt-loving Halobactenaceae
(2—5 M NaCI) Dunaliella salina
pH Alkaliphile pH > 9 Natronobactenium, Bacillus
firmus OF4, Spirulina spp.
(all pH 10.5)
Acidophile low pH-loving Cyanidium caldarium,
Ferrop/asma Sp. (both pH O)
Oxygen Anaerobe Cannot tolerate O, Methanococcus jannasch”
tension Microaerophile Toleratessome O,  Clostridium
Aerobe Requires O, H saprens
Chemical Gases C caldanum (pure COQ)
exiremes Metals Can tolerate high Femroplasma acidarmanus
concentrations (Cu, As, Cd, Zn);
of metal Ralstonia sp. CH34
(metalotolerant) (Zn, Co, Cd, Hg, Pb)
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Some microorganisms can be tolerant to multiple extremes, they are called
“polyextremophiles”, for example, Halobacterium salinarum NRC-1, an archaea that is
able to grow between 2.6 and 5.1 M NaCl, and is highly resistant to desiccation, UV

radiation and oxygen limitation (Kottemann et al, 2005; Leuko et al, 2009).

The discovery of extremophiles has been applied in biotechnology e.g., the B-
carotene of Dunaliella salina (halophilic micro-algae) in cosmetic products; DNA
polymerase of Pyrococcus furiosus (hypertermophilic archaea) in genetic engineering,
etc.) (Oren, 2010; Coker, 2016). Also the studies of their diversity and mechanisms of
adaptation to extreme environmental conditions could also help to develop search in
astrobiology on the origins of life, on the life outside the Earth and the dispersion of life

in the universe (Rampelotto, 2010).
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2) Hyperthermophiles
Although “Extremophiles” occur in all three domains of life: Eukarya, Bacteria and

Archaea, thermophiles and hyperthermophiles are limited to the Archaea and Bacteria
(Figure 2) (Stetter, 2006a).

Eukarya Artvopoda

Nematoda

Animals

Stramenopiles Chordata (Homo)
Invertebrala
Fungi
Chlorophytes

Rhodophytes
Mycetozoa
Euglenozoa

Amoebas

Diplomonads

= Amoebo-Flagellates

Bacter'a High G+C Trichomonads

Gram positiv Clostridia

Microsporidia
Desulfotomaculum

Sulfolobus RAGCUEAIECIE]

Metallosphaera

Archaea

Thermoproteus

Pyrococcus
Thermococcus

Methanobacterium

Proteobacteria s

Halobacteriales

Methanoplanus
Methano- Bt Mothanomicrobium

AL LU Euryarchaeota

Low GC Gram positives
(Bacillus, Mycoplasma,
Lactobacillus)

Figure 2 : Phylogenetic tree of the three domains of life inferred from small subunit rRNA sequence. The red bulky lineages
represent hyperthermophiles (Stetter, 2006a).
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The thermophiles are defined as organisms able to grow in temperature between
45 °C and 80 °C, and the hyperthermophiles are organisms with an optimum growth
temperature of 80 °C and above (Rampelotto, 2010), with Methanopyrus kandleri
(Euryarchaeota), capable of growing at the highest temperature of 116 °C and tolerant
up to 122°C (Takai et al, 2008). The first hyperthermophile was discovered in 1981 by
Stetter and workmates (Stetter et al, 1981). The early 20" century, more than 70
species, 29 genera, and 10 orders of hyperthermophiles are known, only two of them
are bacteria: Thermotogales and Aquificales (Vieille & Zeikus, 2001; Achenbach-
Richter et al, 1987). In 2007, a third hyper/thermophilic bacteria was discovered by a
Chinese group, Fervidobacterium, which grow between 55 °C and 90°C (optimum
75 °C — 80 °C) (Cai et al, 2007), the rest of hyperthermophiles are archaea (Vieille &
Zeikus, 2001).

So far, water-containing terrestrial and marine high-temperature areas are two
main environments where hyperthermophiles form complex microbial communities.
Natural terrestrial biotopes of hyperthermophiles are mainly hot spring and solfataric
fields; and marine biotopes of hyperthermophiles consist of various hydrothermal
systems, located at shallow to abyssal depths, and at active seamounts (Table 2)
(Stetter, 2002).

Table 2 : Biotopes of hyperthermophiles (modified from (Stetter, 2002))

Type of thermal area

Characteristics Terrestrial Marine

Solfataric fields (steam-heated
soils, mud holes, and surface | Submarine hot spring, hot
waters); sediments and hydrothermal
Location vents (“black smokers”)
Deeply originating hot springs;
Active seamounts
Subterranean oil stratifications
Surface, up to 100°C*; Up to ~400 °C (“black
Depth, above 100°C smokers”)

*: Depending on the altitude

Temperature
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Normally, the high temperature generates fatal problems, such as protein and
DNA denaturation. In addition the fluidity of membranes is increased leading up to the

loss of cellular integrity.

To prevent all these lethal threats, hyperthermophiles present a variety of cellular
adaptations. In comparison with proteins of mesophiles, the proteins of
hyperthermophiles have shorter loops (Thompson & Eisenberg, 1999), an increased
number of disulfide bonds (especially true for the Crenarchaea (Jorda & Yeates,
2011) ), increased hydrophobic interactions (Lieph et al, 2006) and ionic interactions
(Chan et al, 1995; Yip et al, 1998; Hashimoto et al, 1999; Karshikoff & Ladenstein,
2001). These features can render the hyperthermophilic proteins more flexible and
stable at high temperatures. In addition, chaperoning activity in hyperthermophiles

helps to refold denatured proteins (Kumar & Nussinov, 2001; Sterner & Liebl, 2001).

Some hypothesis of thermal adaptation supposed that guanine-cytosine (G-C)
pair is important to thermostability, because a high C-G composition has been
observed for several hyperthermophilic organisms, for example, Pyrococcus abyssi, a
hyperthermophilic archaea, the chromosomal DNA contains a G-C content of 44,7%
(Fukui et al, 2005). The G-C pairs in nucleic acids are more thermostable than the
adenine-thymine (A-T) / A-U (adenine-uracil) pairs because of an additional hydrogen
bond. However, the genomic analysis demonstrated that there is no correlation
between genomic G-C content and optimal growth temperature (based on over 100
prokaryotes (Archaea or Bacteria genomes)). Conversely, the G-C content of structural
RNA (16S and 23S) is strongly correlated with optimal temperature (Hurst & Merchant,
2001; Galtier & Lobry, 1997). Furthermore, certain hyperthermophiles exhibit very high
intracellular salt concentration (Scholz et al, 1992; Hasan et al, 2002). Studies have
reported that salt monovalent (like KCI) and divalent (like MgCl2) ions can protect DNA
not only against melting at high temperature (thermodenaturation), but also against
heat-induced cleavage and depurination by protecting the purine N-glycosidic bond
(thermodegradation) (Marguet & Forterre, 1998).
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All of the thermophilic archaea have glycerol-ether lipids membranes, unlike
those in bacteria that contain glycol-ester lipids. Ether bonds are chemically more
stable than ester bonds, moreover, the presence of isoprenoid chains in archaeal
membranes convery two thermostable properties: a high permeability barriers and a

liquid crystalline state, to maintain vital functions of the cells (Koga, 2012).

The hyperthermophilic microorganisms are the key element to the research of the
origin of life. The comparisons of 16S rRNA sequence have shown that, both
hyperthermophilic bacteria and hyperthermophilic archaea are the deepest and
shortest lineages in their respective branches in the phylogenetic trees (Figure 2). That
means these hyperthermophiles are the most slowly evolving organisms within their
domains, suggesting that the LUCA (last universal common ancestor) was
hyperthermophile, and that the origins of life have first evolved facing the high
temperature (Yamagishi et al, 1998; Woese, 1987; Pace, 1991; Stetter, 2006b; Di
Giulio, 2000, 2003; Brooks et al, 2004; Akanuma et al, 2013). However, others
theoretical studies have concluded that the LUCA was not thermophile/
hyperthermophile (Galtier et al, 1999; Becerra et al, 2007; Boussau et al, 2008).
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3) Archaea
All living organisms were classified into two kingdoms at the beginning of the 20t
century: Plants and Animals. But in the 1950s and 1960s, most biologists realized that
this system of classification was now obsolete for the fungi, protists, and bacteria. By
the 1970s, the two kingdoms were expanded to five kingdoms: which include the
prokaryotic Monera and the eukaryotic Protista, Fungi, Plantae and Animalia (Cohen,
2014).

In 1977, Professor Carl Woese and his colleagues at the University of lllinois
discovered a new group of living organisms: Archaea. They studied and compared the
ribosomal RNA sequences (the 16S rRNAs of the prokaryotes and the 18S rRNAs of
the eukaryotes) and then created another classification based on the phylogenetic
relationships among the species. Initially, Woese had named this group of living
organisms Archaebacteria as the 3 domain of life (Woese & Fox, 1977). In 1990, he

changed this name to Archaea (Woese et al, 1990).

The evolution of archaeal tree of life has never stopped since Archaea was
recognized. Between 1990 and 2002, there were only two phyla of Archaea:
Euryarchaeota and Crenarchaeota (Figure 3A1). Then between 2002 and 2011,
Crenarchaeota was regrouped with Thaumarchaeota, Aigarchaeota and Korarchaeota
in superphylum “TACK”, moreover, Nanoarchaeaota has been identified as another
phylum (Figure 3A2). At present, according to the currently available genomic data,
Archaea is divided into four major superphylums: Euryarchaeota, the new TACK
(proteoarchaeota), Asgard and DPANN (Spang et al, 2017) (Figure 3A3).

The evolution of archaeal tree of life leads to of course the evolution of the tree
of life. The evolutionary relationship between Eukarya and Archaea becomes a subject
of debate, especially for the determination of the phylogenetic position of the novel
Asgard lineages (Lokiarchaeota, Thorarchaeota, Odinarchaeota and
Heimdallarchaeota) in relation to other archaea and to Eukarya. Recent studies favor
a two-domain view of the tree of life where Eukarya were placed within the Archaea,
as sister group to the TACK superphylum (Figure 3B1). Then another phylogenetic
analysis placed Eukarya inside the Asgard superphylum with three different groups of
markers (concatenated ribosomal proteins, conserved marker proteins and rRNA gene

dataset) (Figure 3B2). However, different types of marker result in different positions

9 |
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among four subgroups of Asgard, thereby if Lokiarchaeta is the closest phylum to
eukaryotes is still a matter of debate (Eme et al, 2017; Zaremba-Niedzwiedzka et al,
2017). This “Two-domain” model was assumed that Eukarya originated from Archaea.
However, Forterre has published a review article “The Common Ancestor of Archaea
and Eukarya was not an Archaeon” to insist on Woesian Three-domain cellular world
by suggesting the last common ancestor of Eukaya and Archaea was more complex

than modern archea but simpler than modern eukaryotes (Forterre, 2013).

1. : TACK
Euryarchaeota
Euryarchaeota Crenarchaeota Korarchaeota ¢ orarchaeota
Thaumarchaeota
Nanoarchaedta ~ Aigarchaeota
1990-2002 2002-2011
(Proteoarchaeota)
Geoarchaeota
Methanocella Korarchaeota Thermoproteales
Methanosarcina Desulfurococcales
Methano- Sulfolobales
Haloarchaea 7“9'0" fastidiosa Fervidicoccales
Hades-/
ANME-1 MSBL
Archaeoglobi archaea Thaumarchaeota
Thermococci
Aenigmarchaeota Methanococci Agarchasots
DPANN / eats \ Mchaeota Bathyarchacota Asgard
Nanoarchaeota Heimdallarchaeota
Thorarchaeota
Pacearchaeota
Lokiarchaeota
Woesearchaeota
Nanohalo 2011-2017 Odinarchaeota
archaeota Diapherotrites
1.
TACK stgs'lcrz;';z:;chaeola Lokiarchaeota  Asgard
Crenarchaeota Thorarchaeota
*Korarchaeota’ Odinarchaeota
Bathyarchaeota / Heimdallarchaeota
Thaumarchaeota
AL . ‘ Eukarya
Aigarchaeota Y
¥ ! Euryarchaeota
Bacteria )W DPANN
\\
|
i Eatmyarchascts 3 [
L Thaumarchascta
ossjosd___ prs—
L 1 Crenarchavota
X I
| o e
o5
Thorarchasote WOR_83
Trorsrchascts A8 26
Thorarchascte WOR 45
b B Lokiarchaeum p. GC14_ 75
.
i
oS Hemdatarchascte LC 3
03| Hemsatsrcnsscts A8 125
Meimdstrchascte LC 2

Figure 3 : The expanding archaeal diversity (A) (Spang et al, 2017) and evolutionary relationship between Archaea and
Eukarya (B) (Eme et al, 2017; Zaremba-Niedzwiedzka et al, 2017) (A1) Archaea is classified into 2 groups from 1990 to 2002:
Euryarchaeota and Crenarchaeota. (A2) Crenarchaeota is regrouped as “TACK”, and a new group named Nanoarchaeota was
identified between 2002 and 2011. (A3) So far, Archaea are divided into four major groups: Euryarchaeota, TACK, DPNAA and
Asgard. (B1) Eukaryotes were placed outside of Asgard. (B2) Different phylogenetic analysis shown high support for the
phylogenetic affiliation between Asgard arhaea and eukaryotes.

10 |



Introduction

As mentioned, the majority of hyperthermophiles was found in the marine
environment, that's why most of hyperthermophilic archaea have been isolated from
shallow marine thermal springs (at depths < 200 m below sea level) or deep-sea
hydrothermal vents (at a depth of 2000m or more below sea level) (Adams, 1998;
Pichler, 2009). Archaea are now known to represent about 20% or more of all microbial

cells in the oceans (Delong & Pace, 2001; Leigh et al, 2011).

In our laboratory (Laboratoire de Microbiologie des Environnements Extrémes,
LMEE, UMR 6197, Centre IFREMER de Brest), we use the species Pyrococcus abyssi
(P. abyssi) and Pyrococcus furiosus (P. furiosus) as our study models, which are
hyperthermophiles archaea that belong to the phylum of Euryarchaeota and order of
Thermococcales (Table 3). P. abyssi was isolated from hydrothermal fluids in the North
Fiji Basin at a depth of 2000m (Erauso et al, 1993), and P. furiosus was isolated from
geothermally heated marine sediments collected at the beach of Porto Levante (Fiala
& Stetter, 1986). In addition, bioinformatic comparison of P. abyssi, P. horikoshii and
P. furiosus genomes have shown that these 3 Pyrococcus species have highly

conserved DNA replication genes (Myllykallio et al, 2000).

Table 3 : Properties of two hyperthermophilic archaea

Pyrococcus abyssi Pyrococcus furiosus

Phylum / Order / Genus Euryarchaeota / Thermococcales / Pyrococcus
Identification GIother i Tent Geothermally. heated marine
b sediment
Isolation deep sea, -2000m <
: shallow marine , - 0,5m
Pacific I
taly
Coccus 0,8~2um 0,8~2.5um
Growth condition Anaerobic
Features Optimum Growth T° 96°C 100°C
Optimum Growth P° 20MPa Atmospheric pressure
Optimum Growth [salt] 3% 2%
Genomic size 1.76M bp 1,91M bp
Genome .
Plasmid size pGT5: 3.44k bp

Reference : (Fiala & Stetter, 1986; Erauso et al, 1993; Marteinsson et al, 1999; Cohen et al, 2003;
Robb et al, 2001)

1 |
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II. Genomic integrity maintenance in HA

1) DNA replication and repair

In comparison with Bacteria, Archaea not only share similar genomic structure
but also mechanisms of genome duplication (Forterre et al, 2002). In addition,
metabolic and cell division proteins in Archaea resemble those of Bacteria (Koonin et
al, 1997; Jain et al, 2002). But since the first archaeal genome sequences have been
completed, early bioinformatics studies have suggested that the machinery and
functionality of the information processing systems (replication, recombination and
repair) in Archaea are more similar to those in eukaryotes than to those in bacteria
(Kelman & White, 2005). Therefore, some articles (Myllykallio et al, 2000; Grabowski
& Kelman, 2003; Kelman & Kelman, 2014) suggest that DNA replication in Archaea is
a process catalyzed by eukaryotic-like proteins in a bacterial context. We are
particularly interested in DNA replication/repair mechanism in hyperthermophilic
archaea because of its low rate of DNA replication error and fast speed of DNA repair

under high temperature (detail below, Page 19).

DNA is a crucial component of all cellular life. The main role of DNA in the cell is
the long-term storage of genetic information. All of genetic information is passed on by
“‘DNA replication”, the fundamental biological process of copying the DNA during S
phase of cell division, involving dozens of proteins and enzymes. This process is
functionally and often structurally conserved in all life forms (Grabowski & Kelman,
2003; Kelman & Kelman, 2014). DNA replication is divided into different stages
(McGeoch & Bell, 2008; Sarmiento et al, 2014; Kelman & Kelman, 2014) (Table 4):

» Define origin: a origin of replication (OriC) must be defined initially (However
recent studies in Archaea might question this ancient dogma ; see below)

» Recruit helicase: the replicative helicase is recruited on unwound DNA

» Pre-initiation: additional factors are recruited to help to form the pre-initiation
complex in Eukaryote and Archaea (such as GINS) but not in Bacteria. However,
following the pre-initiation complex formation, single-stranded DNA (ssDNA) is
coated by SSB (single-stranded DNA binding protein) in order to prevent
reannealing and protect the ssDNA. SSB or its homologous RPA (replication

protein A) exist in all domains of life.

12 |
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» Initiation (priming): Following the activation of helicase, formation of the

replication bubble, loading of primase on exposed ssDNA and synthesis of a

short RNA primer

» Elongation: RNA primers are subsequently extended by DNA polymerase in a

replication-fork structure

> Maturation: the RNA primers will be removed in order to form a single, covalently

close strand

Table 4 : Different stages in DNA replication and in the three domains of life (McGeoch & Bell, 2008)

Stage in DNA replication

Define origin

NARARRRANERRGT

Recruit helicase

Priming

YARRIEEDSRRGF

DNA synthesis

Primer removal

_ﬁ(m

-

Bacteria
DnaA

DnaC,
DnaB

DnaG

DNA pol lll core
T-subunit,
Clamp loader
proteins
(y-complex),
Sliding clamp
proteins
(B-clamp)

DNA pol |,
RNaseH,
DNA ligase
(NAD-dep)

Archaea

Orc1/Cdcs,
WhiP

Orc1/Cdcs,
MCM6

GINS
(Gins23 and
Gins15)

Primase
(PriS and Pril)

B family DNA
pol,

D family DNA
pol*,

Clamp loader

proteins (RFC),

Sliding clamp
proteins
(PCNA)

Fen1,
Dna2,
RNaseHII?,
DNA ligase
(ATP-dep)

Eukaryotes

Orc
(Orc1,2,3.4.5
and 6)

Cdt1,
Cdc6,
MCM (2-7)

GINS
(Psf1,2,3 and
Slds),
MCM10,
Cdc45,

Sld2,

Sid3,

Dbp11

Pol o/primase
(PRIS, PRIL, B
subunit, DNA

polo)

B family DNA
pol(dand €),
Clamp loader
proteins (RFC),
Sliding clamp
proteins

(PCNA)

Feni1,
Dna2,
RNaseHII?,
DNA ligase
(ATP-dep)

*Found in archaea only. dep, dependent; MCM, minichromosome maintenance; PCNA, proliferating cell nuclear
antigen; pol, polymerases; RFC, replication factor C.
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Unfortunately, both exogenous sources (UV and other radiation, chemicals etc.)
and endogenous sources (reactive oxygen species, replicative errors, alkylation or
hydrolysis) induce DNA damages. Including damages to DNA bases, bulky lesions,
crosslinks, protein-DNA adducts, or others forms of base lesions such as pyrimidine
dimers, AP sites (apurinic site) , as well as misincorporated DNA bases or single base
insertions or deletions, or DNA strand breaks (SSBs or DSBs) (Shin et al, 2014; Shiloh,
2003). Several repair systems have been demonstrated, such as nucleotide excision
repair (NER), base excision repair (BER), mismatch repair (MMR), homologous
recombination repair (HR) and non-homologous end joining (NHEJ) (Sancar et al,
2004) (Figure 4). Moreover, during the replication, the polymerase-dependent
translesion synthesis (TLS) is a pathway to respond to DNA damage (Lehmann, 2006b,
2006a; Kashiwagi et al, 2010), and recently, the findings of restarted replication forks
suggest different pathways to rescue the stalled or damaged replication forks (such as
HR, Fork remodeling etc.) (Jones & Petermann, 2012; Yeeles et al, 2013).

Cellular metabolism
UV light exposure @ Replication errors

|  Oxidati il
Damage type Chemical eXP°§U’e ) e ative stress <> B o
y | J lonizing radiation

4

i ’} 2\ |
KA

Pyrimidine DNA Damage
dimers iy
double strand
i Bulky breaks
DA |e5|on s .Base—.palr lesions

Base-pair insertions,
mismatches deletions

Intra/Inter-

8-Ox0-G strand Crosslink

Abasic sites DNA adducts

DNA repair
pathways

<4
(o) o

Figure 4 : DNA damage sources, lesions and repair pathways (modified from (Postel-Vinay et al, 2012)). Different types of
DNA lesions are caused from both exogenous and endogenous sources. According to different DNA damages, different DNA
repair pathways are in charge to fix them.
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Many DNA repair protein homologous have been identified and characterized
in Archaea (Table 5), so biologists have been trying to complete the different DNA
repair pathways for years. NER seems to function in mesophilic archaea, but not in
hyperthermophilic archaea because of the lack of the UvrABC endonuclease homologs,
which is the only protein mediating NER in mesophilic archaea (Grogan, 2015; Rouillon
& White, 2011). Archaeal BER is accomplished by the coordinated action of necessary
enymes in hyperthermophilic archaea Pyrobaculum aerophilum (Sartori & Jiricny,
2003). Archaeal NHEJ system was recently elucidated in mesophilic archaeon
Methanocella paludicola (Bartlett et al, 2013, 2016), but not yet found in
hyperthermophilic archaea. Notably, the classical MMR mechanism is absent in most
archaeal species, although the MutS/MutL homologous are mostly present in
halophiles, methanogens, they are completely lacking in hyperthermophilic archaea
(Lin et al, 2007; Sachadyn, 2010). It is worth mentioning that in 2016 a mismatch-
specific endonuclease in hyperthermophilic archaea has been identified, called
EndoMS/NucS (Ishino et al, 2016). In 2008, Hopkins and Pall have shown that the
Mre11 and Rad50 from P. furiosus acted cooperatively with NurA and HerA to resect
the 5’ strand at a DNA end under physiologoical condition in vitro, and the 3’ single-
stranded DNA generated by these enzymes could be utilized by the recombinase RadA
to catalyze strand exchange, suggesting that HR exists in Archaea for DSBs repair
(Hopkins & Paull, 2008). In addition, recombinase RadA protein is essential for
homologous recombination, several studies have shown that RadA proteins found in
H. volcanii, S. solfataricus, D. amylolyticus, P. islandicum, P. furiosus are thougth to
play a critical role in recombination and repair in hyperthermophilic archaea (Woods &
Dyall-Smith, 1997; Seitz et al, 1998; Kil et al, 2000; Spies et al, 2000; Komori et al,
2000b). Furthermore, most of the genes involved in homologous recombination could
not be deleted in HA, suggesting HR is an essential process in hyperthermophilic
archaea (detail below, table 6, Page 24). In 2017, a new protein involved in HR has
been identified in Pyrococcus horikoshii: MutS5, which can stabilize the Holliday
junction and play a role in HR. This discovery could help to complete the whole

molecular mechanism study of HR in Archaea (Ohshita et al, 2017).
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As the structures and functions of genome maintenance proteins in Archaea are
similar to those in eukaryotes (Kelman & White, 2005; Kelman & Kelman, 2014),
studying genome maintenance in Archaea is very important to provide more insights

into how homologous protein structures impact human health (Shin et al, 2014).

In this study, we focus on homologous recombination repair pathway in
hyperthermophilic archaea. Hence, we will talk about biological roles of HR in the repair

of DNA DSBs caused by high temperature, as well as in DNA replication for replication

fork restart and ori-dependent replication.

Table 5 : Distribution of DNA repair protein homologues among the three domains of life

Bacteria Eukaryote Archaea
UvrA2B, RNAP Xpc-hr23B, RNAP SSB
NER UvrB TFIIH subunits, XPB, XPD RNAP, XPB, XPD
UvrBC, Cho XPF-ERCC1, XPG XPF, Bax1, NucS
. . UDG (Family Il, IV, V VI
UDG ( Family | —1V) UDG ( Family | —1V) 0GG Nth( Endo)llll EndoQ )Kael
Sl (hi) nlin, e Exolll, Xth, Endo IV, APE (Nfo)
Xth (Exolll), Nfo (ExolV) APE 1, Apn PoIB (1, B). DNA primase
BER Pol Il Pol B, Pol d/¢ PCNA (Family ﬁ’ %)
PG FE FEN1 (Not proven to ben involved in
FEN1 FEN1 BER)
Ligase Ligase Ligase (., Ill
MutS1, MutL, MutH MutSa (MSH2/MSHS),
MutSB (MSH2/MSH3), MutL
MMR Polll PCNA, RFC MutS (1, 4, 5)
Exol, RecJ Exo1 EndoMS (?)
UvrD
RecJ, SSB Exo1, RPA RPA/SSB
Spo11 Spo11
RecBCD MlaA/HerA/NurA
SbcCD Mre11/Rad50/Xrs2 (Nbs) Mre11/Rad50
HR RecQ SAE,Sgs1 Sgs1
RecA Rad51, RadA (or Rad51), RadB
RecF,O,R
RuvAB, RecG Rad52, 54 Rad 54
RuvC Hjc
MutS2 MutSy (MSH4/MSH5) MutS5
Ku (30-40kDa) Ku70/80, DNA-PKcs Ku
LigaseD Ligase IV, XRCC4, XLF Ligase
NHEJ SbcCD Mre11/Rad50/Nbs Polyaerase
Artemis
PoYahC family Pol i/ A TR EER ()

* Red: proteins present in Pyrococcus abyssi or Pyrococcus furiosus

References: NER: (Rouillon & White, 2011); BER: (Grasso & Tell, 2014; Shin et al, 2014; Krwawicz et
al, 2007; Shiraishi et al, 2016; Sartori & Jiricny, 2003); MMR: (Yang, 2000; Morita et al, 2010; Sachadyn,
2010; Shiraishi et al, 2016; Ohshita et al, 2017); HR: (Seitz et al, 2001; Morita et al, 2010; Ohshita et al,
2017); NHEJ: (Wilson et al, 2003; Lieber, 2010; Bartlett et al, 2013; Shin et al, 2014; Bowater & Doherty,
2006; Chiruvella et al, 2013).
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2) Biological role of homologous recombination in the repair of DNA

a) Heat stress-induced DNA double-strand breaks (DSBs)

Since 1953, James Watson and Francis Crick have uncovered the mystery of the
structure of DNA. It is in the form of a three-dimensional double helix. DNA is
composed of a series of “nucleotides”, and each nucleotide is made up of a
deoxyribose sugar, a phosphate group, and one nitrogenous base which is composed
of carbon and nitrogen rings. The number of rings in the base determines the type of
base: “purine” base is with two fused rings, such as adenine (A) and guanine (G); while
“pyrimidine” base is with a single ring, such as cytosine (C) and thymine (T).The linear
chain of DNA is composed of alternating purine-pyrimidine nucleotides linked by
“‘phosphodiester bonds” (between the deoxyribose sugar of one nucleotide and the
phosphate group of the next). The two chains of DNA are connected by interactions
(hydrogen bonds) between complementary base pairs (A-T or C-G), the DNA double
strands are anti-parallel with one 5’ end (phosphate-bearing end) of one strand being
paired with the 3’end (hydroxyl-bearing ends) of its partner, and vice versa (Dahm,
2005) (Figure 5).

Phosphodiester
bond

Figure 5 : The chemical structure of DNA ( image modified from (Nucleic Acids - Biology - OpenStax CNX)). DNA is a double
helix that consisted of two chains, and each strand is composed of four different nucleotides (A/T/C/G) linked together
through the phosphodiester bonds. Adenine always binds with Thymine, and guanine always binds with cytosine, with
hydrogen bonds.
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Heat stress is one of the best-studied DNA stress factors. The high temperature

leads to different damages on the DNA double helix:

>

For the denaturation of DNA, the hydrogen bonds that hold the two strands
together become weaker and weaker, and finally broken (Wang et al, 2014).

The formation and accumulation of 8-oxoguanine (an oxidation product from
guanine, which will pair with adenine if not repaired, could generate double-strand
breaks) (Figure 6A) (Bruskov et al, 2002; Nakabeppu, 2014; Cheng et al, 1992);
deaminated cytosine (becomes Uracil) (Figure 6B) (Lindahl & Nyberg, 1974) and
apurinic DNA sites (AP-sites) (loss of purine from DNA sequence) (Figure 6C)
(Warters & Brizgys, 1987).

The induction of single-stranded DNA breaks (SSBs) or the formation of double-
stranded DNA breaks (DSBs) because of breaking phosphodiester bonds, during
the S-phase of the cell cycle. The SSBs could be converted into DSBs (Velichko
et al, 2015; Kantidze et al, 2016).
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Figure 6 : Modifications of DNA base induced by heat-stress. (A) Formation of 8-oxoguanine from guanine resulting from
reactive oxygen species (Nakabeppu, 2014)). (B) Transformation of uracil from cytosine due to deamination (Lindahl &
Nyberg, 1974). (C) Formation of AP site because of loss of purine from DNA sequence (Warters & Brizgys, 1987).
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Apart from the different DNA damages induced from high temperature, the heat
stress can inhibit the activity of all repair systems such as BER, NER, NHEJ, HR and
DNA mismatch repair systems (Figure 7) (Kantidze et al, 2016).

8 oxoguanine
Deaminated cytosine
Non-homologous DNA end joining (NHEJ) AP-sites
Homologous recombination (HR)

Single-stranded DNA breaks (top 1-dependent)

Base excision repair (BER) I Heat 1
Nucleotide excision repair (NER) stress — Double-stranded DNA breaks (occur

not immediately, replication-dependent)

DNA mismatch repair
Double-stranded DNA breaks

(delayed, replication-dependent)

Figure 7 : The effect of heat stress on the integrity of DNA and the repair system (Kantidze et al, 2016). Heat stress causes
the modification of base of DNA, ssDNA break and consequence of dsDNA break. It inhibits as well the DNA repair pathways.

Normally, the high temperature (such as 100 °C) accelerates the spontaneous
degradation of DNA. However, in hyperthermophilic archaea P.abyssi, the level of AP
sites was only 10-fold higher than in mesophilic bacteria Escherichia coli (E.coli).
(Palud et al, 2008), and the spontaneous mutation rate in another hyperthermophilic
archaea Sulfolobus acidocaldarius (S. acidocaldarius) was close to the standard rate
for nealy all of other microbes (Grogan et al, 2001). Moreover, at 100°C, DNA damages
in E.coli were increased about 3000-fold than at 37°C (Lindahl, 1993), while
hyperthermophilic archaea Pyrococcus furiosus growing optimally at 100°C, is 20-fold
more resistant to thermal breakage in vivo than the DNA from the E. coli (Peak et al,
1995). So Peak et al. supposed that “this remarkable stability of DNA in a
hyperthermophile is that this hyperthermophile possesses DNA-binding proteins that
protect against hydrolytic damage, as well as other endogenous protective

mechanisms and DNA repair enzyme systems”.
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The following studies on hyperthermophiles radiation resistance have observed
a similar rate of DNA double-stranded breaks produced by gamma irradiation in P.
abyssi, P. furiosus, E. coli and D. radiodurans (Deinococcus radiodurans, a
radioresistant bacteria), and proposed a hypothesis that there is no specific protection
mechanisms against radiation of P. abyssi and P. furiosus, but there exists an efficient
DNA repair system (Gérard et al, 2001). In 2003, Jolivet et al. showed that in the
irradiated P. abyssi cells, the fragmented chromosomes were repaired quickly. Hence,
they suggested that there is a highly efficient DNA repair system in hyperthermophilic
microorganisms. Moreover, a set of proteins involved in DNA replication and repair
(such as RadA, RPA, and RFC) bound chromatin before and after an extreme
irradiation, suggesting that this efficient DNA repair system is continuously ready to
restore the DNA damage caused by high temperature and/or ionizing radiation (Jolivet
et al, 2003).
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b) DNA repair
Among all the types of heat-stress induced DNA damage, DNA double-strand
breaks due to thermal degradation via depurination are the most dangerous forms of

stress for genome integrity (Marguet & Forterre, 1994; Shin et al, 2014).

DNA DSBs can be repaired by two main conserved mechanisms: classical Non
Homologous End-joining (c-NHEJ) and Homologous Recombination (HR). Recently,
two additional modalities of repair have come to be appreciated: Alternative Non-
homologous End-joining (Alt-EJ, or named microhomology-mediated end joing
(MMEJ)) and single-strand annealing (SSA) (Ceccaldi et al, 2016) (Figure 8).

DNA double-strand break (DSB)

\lz
e /1N N
Ku 70/80 End resection
DNA-PKcs Artemis CtIP, MRN
g
ONA P TN
ligase IV, XRCC4 Strand invasion Annealing at long homologies Annealing at microhomologies
. RPA, RADS1
BRCA2 RADS2 (—'1 PARP-1 (j/]
Accurate . i !|||||||1| [ A
1-4 nt deletions + ONA + ONA +
(A) C-NHE) RADS1 . ligase | ligase Il
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Mutagenesis
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LOH no insertions (insertions/deletions)
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Figure 8 : Four pathways to repair DNA DSBs (Ceccaldi et al, 2016). When the DNA end resection is blocked, repair through
c-NHEJ is favored (A). When the DNA end resection occurs, three pathways (HR, SSA and Alt-EJ) compete for the DSBs repair
(B)-(D). c-NHEJ, classical nonhomologous end joining; HR, homologous recombination; SSA, single-strand annealing; alt-EJ,
alternative end joining.
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c-NHEJ is the major DNA DSBs repair pathway in mammalian cells. In this
mechanism, the DSBs are repaired by direct ligation of the blunt ends, which does not
require homologous sequences (Figure 8A). c-NHEJ is a fast but an error-prone
mechanism because it operates small insertions and/or deletions of nucleotides, as
well as translocations. While the three others repair mechanisms (HR, SSA and Alt-EJ)
are initiated by a resection of double-strand DNA ends leaving a 3’-tailed single strand.
However, HR requires an undamaged homologous sequence to repair the broken
strands (Figure 8B), the HR mechanism is more complex than c-NHEJ, but it can
restore any lost genetic information. The resected DNA ends may also serve for end-
joining dependent machinery by annealing of two large homologous regions from 10
bp to several kilobases on both sides of the break (SSA) or by annealing of two short
homologous sequences of only a few nucleotides (Alt-EJ) on separate ssDNA
overhangs to align ends prior to ligation (Figure 8C and 8D). Nevertheless, SSA and
Alt-EJ are also mutagenic repair pathways, because of its apparent predilection for
joining two ssDNA overhangs of broken strands, that generates translocation or
nucleotides deletions, resulting in loss of sequence information (Symington & Gautier,
2011; Chapman et al, 2012; Decottignies, 2013; Shibata & Jeggo, 2014; Aparicio et al,
2014; Ceccaldi et al, 2016).

NHEJ is a predominant repair pathway for DNA DSBs in eukaryote for G1 and
G2 phases, while HR functions predominately during S phase of the cell cycle,
following DNA replication while the sister chromatid is available as a template for repair
(Symington & Gautier, 2011; Aparicio et al, 2014; Shibata & Jeggo, 2014; Ceccaldi et
al, 2016; Shibata, 2017). In contrast to Eukaryotes, the proteins homologous involved
in NHEJ mechanism are rarely present in Archaea, only a functional NHEJ pathway
has been identified and characterized in 2013 in a mesophilic archaeon Methanocella
paludicola (Bartlett et al, 2013).

It was thus supposed that the HR system is the prominent repair pathway in
hyperthermophilic archaea to fix the DNA DSBs (Blackwood et al, 2013). In P.abyssi,
protein RadA is continuously expressed, which plays an important role in homologous
recombination (HR) to repair DNA DSBs (Jolivet et al, 2003). Since then, more and

more homologs of several eukaryotic HR components have been identified in Archaea.
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White et al., proposed a homologous recombination pathway in the Archaea
based on the described activities of eukaryotic homologous counterparts present in
Archaea (Figure 9). The HR is initiated when the DSB is resected by co-operation of
Mre11-Rad50/NurA-HerA (nuclease/helicase), to remove the 5’-strands, generating
single-strand 3’-tails rapidly bound by SSB (ssDNA-binding proteins) / RPA
(Replication protein A). The recombinase RadA removes SSB and assembles
subsequently onto ssDNA to favor nucleoprotein filament formation. Then, the
nucleoprotein filaments promote strand invasion and exchange with an undamaged
homologous duplex DNA, which is used as a template for repair DNA synthesis.
Meanwhile RadB (a paralogue of RadA) may modulate RadA activity. Hjm/Hel308 (a
helicase) may perform branch migration to form a heteroduplex molecule and a Holiday
junction (HJ). Finally, the HR mechanism is finished by cleavage of HJ by resolvase
Hjc and ligated by ligase (White, 2011).

Double strand break Rad50 Mre11 ¢ @ A’
" S d
- S8 \% Gﬁ’ 0@\'—'3
Strand resection 1 ; (.(,%1 ‘(‘Gﬂ"" )
sSB 3 ;\‘ N TS ‘%;:’ A
Z .. RadA Vo
5 .&w?‘ Homology pairing HerA, NurA 6
; ;énd strand exchangel
& (22 \ L
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%% — X/ 4
RadA i TS
paralogues Y %%  Branch migration l
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Figure 9 : HR pathway in the Archaea and involved proteins (White, 2011). The initial resectioning step is catalysed by the
Rad50-Mrel1-HerA—NurA complex, producing a 3’-end that is used for the strand invasion step, involving the RadA, RadA
paralogues and SSBs. These results in the formation of an HJ that can branch migrate, possibly catalysed by the Hel308
helicase. Hel308 interacts with the junction-resolving enzyme Hjc, which can also form a functional complex with the sliding
clamp PCNA. Finally, DNA ligase can seal the resultant nicked duplexes.
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In the Archaea, gene deletions of proteins involved in homologous recombination,
such as mre11, rad50, radA, as well as nurA and herA have been performed. These
studies have demonstrated that these genes are essential in hyperthermophilic
(Table 6),

hyperthermophiles, in contrast to the conclusions derived from similar genetic studies

archaea meaning the HR pathway is very important in these

carried out on mesophilic archaea (Grogan, 2015).

Table 6 : HR pathway involving Gene-deletion studies in hyperthermophilic archaea (modified from (Grogan, 2015))

Gene organism Predicted function Phenotype Reference
. (Fujikane et al, 2010;
mre11 Téﬁiﬁizzls DSB eﬁlé(zlperisg?’essing lethal Zhang et al, 2013;
’ Huang et al, 2015b)
. (Fujikane et al, 2010;
’ brog 9 Huang et al, 2015b)
T.kodakarensis . (Fujikane et al, 2010;
radA S.islandicus Recombinase lethal Zhang et al, 2013)
herA T.kodakarensis Helicase, lethal (Fujikane et al, 2010;
S.islandicus DSB end-progressing Huang et al, 2015b)
. . (Fujikane et al, 2010;
’ brog 9 Huang et al, 2015b)
hic T.kodakarensis Holliday-junction None (Fujikane et al, 2010;
J S.islandicus resolvase observed Zhang et al, 2013)
hje S.islandicus Holliday-junction None (Zhang et al, 2013)
resolvase observed
hje+hjc S.islandicus Holliday-junction lethal (Huang et al, 2015a)
resolvase
. . (Dorazi et al, 2007,
himheizos | T-Sodakarensis | Helicase, lethal Huang et al, 2015b;
’ brog 9 Hong et al, 2012)
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3) Biological role of homologous recombination in DNA replication

a) Replication restart after Fork arrest

Faithful DNA replication is vital to the survival of all organisms. Usually, the
replication forks formation speed is constant along the DNA (about 1000 bp/s in E.coli
(Hirose et al, 1983), 10-50 bp/s in eukaryotes (Hyrien, 2000), 250-300 bp/s in
hyperthermophilic archaea (Hjort & Bernander, 2001; Myllykallio et al, 2000)). However,
different replication stresses can lead to arrest of replication fork progression, such as
blocking lesion, accumulation of ssDNA gap or forks collapse. All the types of breakage
of stressed replication forks is an important source of DSBs, generating either the two-
ended DSB or the one-ended DSB. Studies in Bacteria and Eukaryotes have
demonstrated that the HR proteins promote the repair of stalled and broken replication
forks or escort replication forks. Different mechanisms have been proposed to explain
how HR can promote restart of replication forks (example in Eukaryote, Figure 10).
Hence, HR seems to play a multiple roles in fork-protection, fork-stabilization and
restarting stressed replication forks (Gelot et al, 2015; Costes & Lambert, 2012; Prado,
2014; Michel, 2000).

The mysterious essentiality of recombination mechanism during replication in HA
has been solved little by little. Due to a lack in HA of special, preventive-maintenance
repair system like NER, which is a universal DNA repair mechanism to recognize and
remove diverse DNA lesions before replication, the lesion-induced fork stalling should
occur frequently. Grogan et al. have proposed two models of replication-fork collapse:
a) if the lesion encountered is on the leading-strand, polymerase would be blocked
before the lesion in order to create a partially single-stranded region near the junction
of the fork, and the fork would be cleaved by some endonuclease in HA (such as Hef
or Xpf) to leave the lesion on the resulting end (Figure 11A); b) if the lesion encountered
is on the lagging-strand, the similar result would be obtained where the fork breakage
was created by a 5'flap-endonuclease (such as Fen1or Xpg) (Figure 11B) (Grogan,
2015).
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Figure 10: Mechanisms of replication fork restart by homologous recombination (Prado, 2014). Stalled or broken
replication forks can occur during DNA replication. At broken forks, the one-ended DSB might be resected, and then repaired
by HR through sister chromatid invasion and strand exchange, leading to form HJ to reassemble replisome (step 1-3). At
stalled fork, the 3’-ended nascent strand perform an invasion with its sister chromatid to generate: a. an HJ-like structure,
resulting in a bypass of the blocking lesion (step 4), b. a “chicken-foot” structure resulting from fork reversal (step 5), repaired
subsequently by lesion bypass during DNA synthesis and regression (step 6,7-8), or by DNA synthesis through DNA strand
invasion and double HJ (step 9-10), c. a lesion bypass by recruiting translesion-synthesis polymerases (step 11), d. a “chicken-
foot” structure cleavage by endonuclease to generate broken fork (step 12)
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Figure 11 : Model of replication fork collapse in HA (Grogan, 2015). DNA lesions could be occurred during DNA replication.
The endonucleolytic cleavage at downstream of lesion located both leading-strand (A) and lagging strand (B), generating one-
ended double strand break, that result in replication fork collapse
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In both two proposed models of replication-fork “collapse” in HA, the removal of
DNA lesions by end-processing mechanism could be realized by unwinding and
bidirectional nucleolytic activities, to leave a “clean” 3’-overhang products.
Subsequently, the reassembling of replication fork could be carried out by HR using
the “clean” 3’ tail on the double-strand end and an intact continuous duplex with which

it can recombine (Figure 12) (Grogan, 2015).

Fork breakage products
Sy

1"

——X> .
Resection of both strands,
z==—X=" formation of a3’ extension ===—>

+ + —_——— 7 \ p————! < \ ——
B — } Gaps filled === __f(_)_ __—>7 74/\ '% j) L L
e ———= . . . . S

Strand invasion, D-loop extension, Holliday-junction

D-loop formation ~ opposite-strand priming  resolution, gap filling
Figure 12 : Regeneration of broken replication forks by HR functions in HA (Grogan, 2015). Different types of replication

fork collapse resulting DNA breakage (proposed in Figure 11) such as DNA lesion, gaps and overhang, could be repaired by
HR pathways.

Taken together, in hyperthermophilic archaea, when replication forks are blocked
at DNA lesions in either lagging strand or leading strand, HR is probably the major

pathway for mediating and reassembling the stalled replication forks (Grogan, 2015).
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b) Recombination-dependent replication (RDR)

Chromosomal DNA replication initiates at a specific region called an origin of
replication (“ori”), which allows binding initiator proteins and then recruiting the
replicative machinery. Although origins of replication differ in number, length and
structure in the 3 domains of life, all share similar characteristics, most contain AT-rich
elements as well as direct and inverted repeats (Kelman & Kelman, 2018). The putative
single replication origin was initially identified in silico in several archaea
(Methanobacterium thermoformicicum, Pyrococcus horikoshii and Pyrococcus
furiosus) (Lopez et al, 1999). One year later, Myllykallio et al., have reported
identification in vivo of an origin of replication in a hyperthermophilic archaea
Pyrococcus abyssi (Myllykallio et al, 2000). Until today, DNA replication origins have
been mapped in about a dozen archaeal species, some archaea have only one origin
as bacteria, whereas most archaea have multiple origins as all eukaryotes (Table 7).
These “ori” were thought to be essential to replicate the archaeal chromosomes and
for cell viability (Hawkins et al, 2013; Wu et al, 2014).

Table 7 : Summary of origins of replication in the three domains of life (Kelman & Kelman, 2018)

Bacteria Archaea Eukarya
Chromosome Circular Circular Linear
Number of origins 1 1 or multiple Multiple
Can the origin be deleted? Yes Yes Yes
Is a dormant origin then activated?” Yes Sometimes Yes
Is the native origin used under laboratory growth conditions? Yes Not always" Yes

2In many organisms, when the major origin of replication is deleted, secondary, dormant origins are activated. In some archaeal species, DNA replication in origin-
deleted strains initiates along the chromosome and not at a specific site(s).
PAt least in one archaeal species, the origin of replication is not utiized under laboratory growth conditions.

Recently, studies with the halophilic archaeon Haloferax have demonstrated that
the strain with the deletion of all known origins or replication grew faster than the wild-
type strain under laboratory growth conditions. This discovery leads to raising one
question: “Do Archaea need an origin of replication?” (Hawkins et al, 2013; Kelman &
Kelman, 2018).
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In Eukaryote and Bacteria, it exists secondary dormant origins, which can be
activated when the major origin of replication is deleted. But this is not the case in
Archaea, at least, no secondary origin activation could be observed in H.volcanii. The
result suggested that there is an origin-independent replication initiation mechanism in
Archaea (Kelman & Kelman, 2018). Initiation mechanisms operated by homologous
recombination have been observed in some bacteria, virus and eukaryotes, mediated
by their respective Rad51 family proteins (Yang et al, 2001a). 20 years ago, Mosig has
reported the first discovery of recombination-dependent replication (RDR) in
bacteriophage T4. They found that recombination-dependent initiation is an essential
pathway for DNA replication during development because origin initiation of DNA
replication is inactivated (Mosig, 1998). Following the studies of replication restart
machinery, DNA replication initiation from homologous recombination intermediate (D-
Loop) has been described in both bacteria and yeast (Figure 13) (Xu & Marians, 2003;
Michel & Bernander, 2014; Ravoityté & Wellinger, 2017). Therefore, it was proposed
that archaeal origin-less cells initiate essentially replication at dispersed sites along

chromosome via RDR for viability.

DSB

Homologous recombining lEnd resection
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Figure 13 : Model of possible mechanism involved in origin-independent replication initiation (adapted from (Michel &
Bernander, 2014; Ravoityté & Wellinger, 2017). In the case of the deletion of DNA replication origins, HR is potentially used
for initiation of replication.

Overall, HR pathway appears to be crucial in Archaea, and particularly for
hyperthermophilic archaea, to repair DNA double strand breaks and possibly to restart
or initiate DNA replication in the context of stalled replication fork and deletion of

replication origins.
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III. Proteins interaction network in genome maintenance in HA

At the molecular level, study of proteins of interest and their interaction
landscapes is one of the strategies to better understand molecular mechanisms at work
within a particular biological pathway. Two proteins interacting with each other could

probably function in the same cellular process.

In order to get a better understanding of key proteins and protein-protein
interactions involved in genomic integrity in HA, our laboratory has applied the strategy
“Co-immunoprecipitation (ColP) coupled to mass spectrometry (LC-MS/MS)” to
identify the proteins and their partners (known and/or unknown) implicated in different
DNA mechanisms (DNA replication/recombination/repair ; RNA metabolisms;
methylation/modification and unknown functions), leading to the description of a
protein-protein interaction network in genome maintenance in hyperthermophilic
archaea Pyrococcus abyssi (Pluchon et al, 2013). There are four main protein clusters
in this network: PCNA (in blue), RPA (in green), RNAP_rpoa2 (in yellow) and DNA

primase p41 (in red).

From the network, we have noted that several proteins involved in HR interact
with proteins involved in DNA replication. These findings encourage us to dig deep into
biological role of HR not only in DNA DSBs repair, but also in DNA replication,
improving our knowledge on genomic maintenance mechanisms of DNA repair,

replication and recombination processes.
It was noteworthy for two new interactions:

1) PCNA (Recruitment platform for various DNA enzymes, see table 9, Page 42)
could interact with Mre11-rad50 (MR) complex (initiator of homologous
recombination) (Figure 14 left)

2) P41(leader for de novo DNA synthesis) and RadA ( mediator for strand

exchange during homologous recombination) (Figure 14 right)
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Why we chosen these two interactions as the subjects of this study?

Firstly, decades of biochemical studies on Mre11-Rad50 complex, emblematic
key player of this pathway, have emphasized its importance as a central hub that
senses, processes, and signals double-strand breaks. However, we still have much
more to learn about the complex and its regulation in vivo, most notably the regulation

of the different enzymatic activities of this complex.

RadA, a member of recombinase RecA family, plays a central role in the
homologous recombination. It has multifunction as homologous sequence searching,
repairing and strand exchange, which are the core of HR mechanism. Biochemical
functions of their bacterial and eukaryotic homologues have been well documented,

but knowledge of archaeal RadA is much more incomplete.

In addition, the interactions between these key players of genomic integrity have
not been described yet. And understanding the role of these associations might shed

light on the corresponding eukaryotic homologs.

The aim of this thesis is to bring about a more precise characterization of these
two protein-protein interactions, in order to explore the physiological role of this
partnership in genome maintenance in Archaea. First of all, their physical interactions
in different conditions will be confirmed with Co-IP and biophysical technics. Then the
change of various activities of the protein in the presence of their potential partner will
be determined by using different functional approaches. Finally, a study in vivo will be

carried out to test the effect of this interaction in biological condition.

According to the two interactions that will be studied, this thesis is composed of
two chapters: (1) PCNA/Mre11-rad50 and (2) Primase/RadA. Each chapter begins with
a description of proteins that can help us to understand their stuctural and biochemistry
characteristics. The results and discussion of the first chapter “PCNA/Mre11-rad50”
will be clearly presented through our published article “Physical and functional interplay
between PCNA DNA clamp and Mre11-Rad50 complex from the archaeon
Pyrococcus furiosus”, and this chapiter will be complemented with a supplementary
genetic experiments in vivo. For the second chapter, it is followed by the experiment
and the results. The ensuing sections discuss the obtained results. The end of this

manuscript will be one general conclusion from all of the research and perspectives.
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Figure 14 : Protein-protein interaction network in genome maintenance in the Hyperthermophilic archaea Pyrococcus
abyssi (Pluchon et al, 2013). The study of thesis is focusing mainly on two interactions: Mre11-rad50 complex and PCNA (left:
in orange square) & DNA primase-P41 and RadA (right: in blue square)
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I. Presentation of studied proteins

1) PCNA

a) “Clamp-loaders” in all three domains of life

Proliferating cell nuclear antigen (PCNA) is a DNA sliding clamp, which is globally
conserved in all three domains of life (Moldovan et al, 2007), and sometimes could be
found in virus (Kuriyan & O’Donnell, 1993). Although PCNA is a common multimeric
ring-shaped complex in eukaryotes, bacteria, archaea and virus, the individual clamps
exist in different oligometric states. Eukaryotic PCNA and T4 bacteriophage clamps
(gp45) are formed by three identical monomers (homotrimeric complex) (Figure 15a
and 15e). Archaeal PCNA complexes are divided into two groups: in the euryarchaea,
as in eukaryotes, PCNA is homotrimeric (from e.g. Archaeoglobus.fulgidus, Pyrococcs
furiosus and Haloferax volcanii) (Figure 15b); in crenarchaeal organisms, PCNA
complexes potentially form both homo- and hetero-trimeric complexes (e.g. Sulfolobus
solfataricus) (Figure 15c). In bacteria, the 8 subunit of Eschericha coli Polymerase |l
holoenzyme acts as the DNA clamp and is active as a dimer (Figure 15d) (MacNeill,
2016; Shin et al, 2014; Yao et al, 1996; Mueser et al, 2010; Trakselis & Benkovic, 2001;
Matsumiya et al, 2001). In almost all euryarchaeal, there is only one gene encoding
PCNA as in eukaryotes, except for Thermococcus kodakarensis, that has two PCNA
homologous. In contrast, the majority of crenarchaea for which genome sequences are
available have multiple PCNA homologues. In S. solfataricus, there are three PCNA
homologs (Barry & Bell, 2006).

“‘3

x//“\
(a) Eukarya (b) Archaea (c) Archaea
Homo sapiens - PCNA Pyrococcus furiosus - PCNA Sulfolobus.solfataricus - PCNA
Q/
QPN
o ’\ X
(d) Bacteria (e) Virus
Escherichia coli - Bacteriophage T4 - gp45

Figure 15 : X-ray structure of the Clamp from different organisms (study from (Shin et al, 2014; Trakselis & Benkovic, 2001).
(a) H. sapiens; (b) P. furiosus; (c) S. solfataricus; (d) E. coli; and (e) Bacteriophage T4
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The crystal structure of PluPCNA has been characterized in 2001. As mentioned,
PCNA from P. furiosus forms homotrimers, each monomer is composed of two
structurally similar domains: N-terminal domain and C-terminal domain (Figure 16a).
Three monomers are connected in a head-to-tail manner by a long loop (named “IDCL”
for Interacting Domain Connection Loop), to form a circular fashion in pseudo six-fold
symmetry (Figure 16b) (Matsumiya et al, 2001; Xu et al, 2016). These two domains
and IDCL are in the “front” side of PCNA, while the “back” side of PCNA contains

several pronounced loops that protrude into the solvent (Naryzhny, 2008).

(b)

Figure 16 : Structure of PfuPCNA. (a) monomer of PfuPCNA, N-terminal domain is shown in light gray, and C-terminal domain
is shown in dark gray (Matsumiya et al, 2001) (b) homotrimers of PfuPCNA, three identical monomers are shown in yellow,
green and blue, and IDCL are shown in purple (Xu et al, 2016).
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PCNA is called a “DNA sliding clamp” because it encircles dsDNA in its central
cavity (with its inner positively charged surface) and can slide freely bi-directionally
along it (Kelman & Kelman, 2014). PCNA has no enzymatic activities when it is free in
solution without encircling DNA, however, it cannot assemble independently around
the duplex. So one “loader” which is capable of assembling PCNA around the DNA is
necessary: RFC (Replication factor C). RFC can use its ATPase activity to open the
PCNA ring and assemble it around the primer synthetized by primase in the beginning
of replication (Figure 17) (Indiani & O’Donnell, 2006; Dionne et al, 2008; Tainer et al,
2010). In several archaea, PCNA can load upon DNA itself without ATP hydrolysis,
even if RFC could reinforce the DNA clamping (Cann et al, 1999; Henneke et al, 2002;

Rouillon et al, 2007).

_Clamp (PCNA) Clamp loader (RFC)

PCNA-RFC
complex Template-primer DNA
5
= y K’ 3_

Clamp loading
complex

O

DNA polymerase

®

>
O
Y
+
AL

Figure 17 : Schematic representation of the clamp loader function using RFC and PCNA in Archaea. ATP hydrolysis by RFC
allows RFC to bind and open PCNA. In the presence of a primer template, RFC places PCNA onto DNA and then replaced by
DNA polymerase. The crystal structure of P. furiosus PCNA (PDB code 1GE8) (Top left) and the structure of the clamp loading
complex (PCNA-RFC-DNA complex) (Bottom left) are represented respectively (Ishino & Ishino, 2012).
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b) “Dancer” with many partners

PCNA functions as a molecular platform which recruits several proteins in DNA
replication (enhancing the activity of polymerases in leading and lagging strands
formation, and also in Okazaki fragments processing), DNA repair (coordinating
different replication-coupled repair reactions) (Figure 18), cell cycle control & survival
(mediated via interaction with cyclins and CDKs Chromatin assembly & chromatid
cohesion, transcription (remodeling factors involved in transcription) and other
miscellaneous functions (such as in immune response, proteolysis, translocation etc.).
In 2008, Naryzhny has listed more than 100 proteins which interact directly with PCNA
in eukaryotes (Naryzhny, 2008).

MMR:
PCNA / MSH6 / MSH3

BER:
PCNA / MYH / UNG2

SSBR: Replication front:

PCNA/PARP-1/  PCNA/POLS
XRCC1 / others f

Replication front:
PCNA / POLé/e

Lagging strand ligation:
PCNA /FEN1/LIG1

Figure 18 : Several PCNA-Protein interaction functions in DNA repair and DNA replication in Eukaryotes. PCNA can interact
with the protein involved DNA replication (leading/lagging strand), in different DNA repair mechanism such as MMR, BER
SSBR (Fan et al, 2004).
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In most of these recruited proteins, a common motif has been identified, called
“‘PCNA Interacting Protein (PIP)-box”. It has the consensus sequence: Q-XX-®-XX-
QQ (Joénsson et al, 1998; Warbrick, 2000), where X is any residue, @ represents
hydrophobic residues Leu (L), Met (M) or lle (I), and Q stands for aromatic residues
Phe (F) or Tyr (Y) (Naryzhny, 2008). Several non-consensus PIP motifs have been
determined also (Table 8) (Hishiki et al, 2009; Armstrong et al, 2012). In 2016, Boehm
and Washington have shown that PIP motif is no longer considered specific. This
study suggests that two adjacent aromatic residues from PIP motif are mainly
responsible for interacting with target proteins. However these two adjacent aromatic
residues are conserved also in other specific motifs, such as RIR motifs (which bind
the translesion synthesis protein Rev1). Several proteins containing “PIP motif’ can
bind to Rev1, or several proteins containing “RIR motif’ can bind to PCNA. In fact,
the interactions are mediated by the conserved aromatic residues inserting into

hydrophobic pockets on target proteins (Boehm & Washington, 2016).

Table 8 : Comparison of Consensus PIP motif and Non-consensus PIP motif (adapted from (Hishiki et al, 2009; Armstrong
et al, 2012; Boehm & Washington, 2016))

Example
Protein sequence
Consensus PIP motif Q-XX-P-XX-QQ hp21 QTSMTDFY
hpoln MQTLESFF
N°”‘°°rr‘:§tri‘fsus o hpoll KGLIDYYL
ySrs2 QMDIFSQL

*Bold black: consensus residues in PIP motif;
*Bold red: different residue in non-consensus PIP motif from consensus PIP motif
*underline: adjacent aromatic residues
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In 2001, a novel PCNA binding motif, K-A-(A/L/I)-(A/L/Q)-XX-(L/V), has been
identified and called “KA box”, it is also present in several PCNA interacting proteins
(Xu et al, 2001; Maga & Hubscher, 2003). In 2009, the third PCNA-interacting motif
has been found in more than 200 human proteins, termed the AlkB homologous 2
PCNA interacting motif (APIM), which is characterized by the sequence: K/R-F/Y/W-
[L/IIVIA]x2-K/R, this motif is not only conserved in higher eukaryotes (Gilljam et al,
2009), but also conserved in yeast (Olaisen et al, 2018). Not all the known PCNA-
interacting proteins contain PIP-box motif, some of them bind to PCNA through the
PIP-related sequence QLXLF, or interact with PCNA independently of any of these
motifs (Naryzhny, 2008). The majority of PCNA-interacting proteins bind to PCNA at
IDCL and C-terminal tail. It exists another binding site on PCNA located at the N-
terminal region comprising the inner a-helices, which was shown to form the binding
site for cyclin D (Figure 19) (Matsuoka et al, 1994; Maga & Hubscher, 2003; Naryzhny,
2008).

Figure 19 : Binding sites on PCNA for many of its partners in eukaryote (Maga & Hiibscher, 2003). 3 main regions of the
PCNA ring involved in protein-protein interactions with the relevant partners: IDCL (red); the inner side a-helices at then N-
terminus (pink) and C-terminal tail (blue). Each monomer of PCNA contains these 3 protein binding regions
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Most of the PCNA-binding proteins have the PIP-box, and all of these proteins
will not bind to the same sites on PCNA at same time. Hence binding of different PIP-
box proteins to PCNA occurs normally in a competitive manner even if PCNA is a
homotrimer that can bind to more than one PCNA partners (Naryzhny, 2008). How
multiple binding events to PCNA are temporally and spatially orchestrated to achieve
ordered enzymatic reactions is not fully understood. One mutagenesis study
suggested that the hierarchical binding of PCNA partners occurs according to their
PCNA affinities. For example, p21 has dramatically higher PCNA affinity than other
PIP-box proteins and when it binds to PCNA, the replication and other PCNA-linked
functions are inhibited (Bruning & Shamoo, 2004). Modification of binding partners is
another means to control their interactions with PCNA. Such as the phosphorylation of
PCNA partners allows removing specific binding factors from PCNA, or the PCNA-
coupled ubiquitylation of binding proteins could prevent their re-association. Moreover,
the post-modification of PCNA by ubiquitin and SUMO (small ubiquitin-related modifier)
is also a principal means of regulation of interactions between PCNA and its binding
partners. These modifications could influence PCNA-binding properties of PCNA
partners, leading to either recruitment or inhibition of cofactor binding. The new binding
partners can then bind to unmodified or modified PCNA. Finally, PCNA unloading
mediated by RFC and PCNA degradation triggered by dephosphorylation-induced
ubiquitylation are the two last ways to affect PCNA and its binding partners. In these
cases, newly bound PCNA molecules can engage in interaction with new cofactors
(Moldovan et al, 2007; Mailand et al, 2013).

Several studies in archaea have identified that the PIP-box motif is conserved in
a larger numbers of PCNA-interacting proteins (Warbrick, 2000; Meslet-Cladiére et al,
2007). In archaea Sulfolobus solfataricus, PCNA is a heterotrimer (3 subunits: PCNA1,
PCNAZ2 and PCN3), and each subunit can distinctively bind Flap endonuclease 1 (Fen-
1), replicative DNA polymerase and DNA ligase 1 (Lig1), respectively, during Okazaki
fragment-processing (Figure 20) (Cannone et al, 2015). In addition, the post-
modifications of PCNA in archaea have been suggested to participate in turn over
regulation of the archaeal PCNA (Kirkland & Maupin-Furlow, 2009). In 2014, Li et al.
have characterized one small protein TIP (Thermococcales inhibitor of PCNA) in T.
kodakarensis, which is capable to bind to PCNA, although without PIP motif, and

prevent PCNA trimerization. The disruption of a DNA clamp by a small protein, like
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TIP, represents a new mechanism for PCNA regulation (Li et al, 2014). It contrasts with
previously described inhibitors of eukaryotic PCNA, such as the cell cycle regulator
p21, that function as competitive inhibitors at the PIP site (Gibbs et al, 1997).

‘Front’ view

o PolBI

Figure 20 : 3D-EM model of complex PCNA-PolB-Fen1-Ligl-DNA involved in Okazaki fragment maturation in Sulfolobus
solfataricus (Cannone et al, 2015). Each subunit of PCNA has it preferential interacting proteins.

Importantly, PCNA in archaea plays not only a “recruiter” role, but also serves as
an accessory factor to increase the processivity of some of its partners involved in DNA
replication (Table 9). For example, archaeal PCNA can provide replicative
polymerases with the high processivity required to replicate genome, as in eukaryotes.
In addition to the role of PCNA in replication, archaeal PCNA interacts as well with
several proteins involved in DNA repair and recombination. Several studies in archaea
have reported that PCNA serves to stimulate the enzymatic activities of some of its
partners (e.g. Hjc, Him/Hel308 etc.) (Pan et al, 2011), however, the role of PCNA in

these processes is less well understood.

Overall, all of these findings suggest that PCNA play a key role in DNA replication,
repair and recombination (Pan et al, 2011; MacNeill, 2011). In this chapter, we will

discover the effect of PCNA on the activity of Mre11-rad50 in P. furiosus.
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Table 9 : Archaeal PCNA-interaction proteins in DNA replication and repair.

(Adapted from (Pan et al, 2011; MacNeill, 2016; Pluchon et al, 2013; Bubeck et al, 2011; Meslet-Cladiére et al, 2007,

Henneke, 2012))

Proteins effect Organisms in which interactions has
been demonstrated
Aeropyrum pernix; A. fulgidus;
Increase Methanobacterium thermoautotrophicum;
PolB polymerase Methanosarcina acetivorans;
processivity P. abyssi; P. furiosus; S. solfataricus
Increase A. fulgidus; P. abyssi; P. furiosus;
DNA PolD polymerase Pyrococcus horikoshii
Replication processivity
P A. pernix; A. fulgidus;
Loads PCNA on I .
RFC M. thermoautotrophicus; P. abyssi,
to DNA ! ' .
P. furiosus; S. solfataricus
DNA Ligase _Stlmulat_e§ A. pernix; P. furiosus; S. solfataricus
ligase activity
Fen-1 Stlmulate_s . A. pernix; P. aerophilum; S. solfataricus
nuclease activity
Increases
PolY polymerase M. acetivorans; S. solfataricus
processivity
Modulates o .
RNase Hll o A. fulgidus; P. abyssi
activity
XPG (Rad2) ? A. fulgidus
ubDG St'm”.'atfzs P. aerophilum; P. furiosus; S. solfataricus
activity
Stimulates .
DNA XPF nuclease activity S. solfataricus
Repair AP St|mu|ate_s . P. furiosus
endonuclease | nuclease activity
& Increases
nuclease . ,
Recombination NucS cleavage P. abyssi; A. fulgidus
specificity
Hijc Stlmulate_s . S. solfataricus
nuclease activity
Hjm _Stlmulate_s . P. furiosus
helicase activity
NreA ? A. fulgidus
NreB ? A. fulgidus
Mre11-rad50 ? P.abyssi

Note: UDG: uracil-DNA glycosylase
XPF/XPG: Xeroderma pigmentosum complementation group F / G

AP: Apurinic/apyrimidinic
*'Enhancing activity on A. fulgidus RNaseHIl (Bubeck et al, 2011); in P. abyssi, PCNA can inhibited
activity of RNase HIl (Meslet-Cladiére et al, 2007), however, Henneke observed that there was no
effect of PCNA on RNase HIl (Henneke, 2012)

*2Stimulatory effect on P. furiosus UDG, but no effect was observed on P. aerophilum and S.

solfataricus UDG.
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2) Mrel1-rad50 complex
From the previous study of PCNA in archaea, we have noted an interaction
between PCNA and Mre11-rad50 complex (MR complex) from Pyrococcus abyssi, the
aim of this chapter is to discover the functional role of this interaction using Pyrococcus
furiosus proteins, a close relative of P. abyssi. Before the study of the interaction, we

will present the characteristics of Mre11-rad50.

Mre11-rad50 complex is a key player in homologous recombination for the
response to double-strand breaks, which are caused by exogenous or endogenous
agents, and are one of the most lethal forms of DNA damage that lead to chromosomal

rearrangements, genome disruption, oncogenesis and even cell death.

a) Conserved in all three domains of life and virus
The Mre11 (Meiotic recombination 11)-rad50 (Radiation sensitive) complex is a
critical enzyme involved in different cellular processes of genome maintenance such
as double-strand break repair (in sensing, binding, resecting and tethering DNA ends),
telomere maintenance (Lamarche et al, 2010), replication stabilization (Tittel-Elmer et
al, 2009), and meiotic recombination in eukaryote (in triggering signal pathway by
interaction with checkpoint kinase ATM) (Borde, 2007).

MR complex is composed of Mre11 endo/exonuclease dimer and two Rad50
ATP-binding cassette proteins. This complex is conserved in all kingdoms of life:
Mre11(M)-Rad50(R) in Eukaryotes (Paull & Gellert, 1998) and Archaea (Hopfner et al,
2000a), SbcD(M)-SbcC(R) in Bacteria (Sharples & Leach, 1995) and gp47 (M)-gp46(R)
in bacteriophage T4 (Leach et al, 1992). MR complex in eukaryotes is particularly
combined to a third protein partner: Nbs1(Nijmegen breakage syndrome) in
mammalian (formed in MRN) (Paull & Gellert, 1999), or Xrs2 in yeast (formed in MRX)
(Trujillo et al, 2003). All of these MR complexes share the same organizational
arrangement. The M subunit of MR complexes contains phosphoesterases motifs that
are required for nuclease activities of M subunit. While in the R subunit, Walker A and
Walker B nucleotide-binding motifs are found in N- and C- terminal regions,

respectively (Connelly & Leach, 2002).
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b) Structural analysis of the Mre11-rad50 complex
+ structure of Mre11-rad50

The crystal structures of both Mre11 subunit and Rad50 subunits from

Pyrococcus furiosus have been reported in 2001 (Hopfner et al, 2001), its structure
generally resembles that of its eukaryotic and bacterial homologs (Figure 21A-C). Two
Mre11 and two rad50 in P. furiosus form a conserved heterotrimeric complex M2Ro.
The MR complex is composed of three parts: the globular DNA-binding head formed
by a dimer of the Mre11 and the ABC (ATP binding cassette)-ATPase domains of
Rad50, which serve as catalytic domain of the complex; the elongated mobile Rad50
coiled-coils, which links the N-terminal and C-terminal ATPase domains of Rad50; and
the distal Rad50 hook domain, which is a dimerization domains and binds a Zn?* cation.
The structure of AIMRN complex in solution has been reveled by AFM (Atomic Force

Microscopy) (Figure 21D) (Moreno-Herrero et al, 2005).
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Figure 21 : Comparison of archaeal, eukaryotic and bacterial Mrel-Rad50. A-C: Crystal structures of Pyrococcus furiosus (A),
Chaetomium thermophilum (B) and Thermotoga maritima (C) Mrel1-rad50 complexes are shown (PDB codes: 3QKU, 5DA9,
3QF7) (Seifert et al, 2016). D: AFM image of h(MRN complex (Moreno-Herrero et al, 2005).
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PfuMre11 has a size of 426 amino acid residues compared to 708 residues for
human or 649 residues for Schizosaccharomyce pombe. The conserved Mre11 core
contains a nuclease domain (five conserved phosphodiesterase motifs at N-terminal
of protein, which form the nuclease active site), a capping domain and a C-terminal
Rad50 binding domains (RBD). The two last domains are bridged by a flexible linker.
Apart from these 3 domains, Mre11 possesses also several DNA-binding recognition
loops (Hopfner et al, 2001; Williams et al, 2008; Assenmacher & Hopfner, 2004; Taylor
et al, 2004) (Figure 22A).

Within the nuclease activity area of PfuMre11, two Mn?* ions are coordinated by
seven conserved residues of the phophodiesterase motifs. When Mn?* ions are
replaced by Mg?*, a significantly weaker affinity was observed, such that only one Mg?*
ions could be bound to active site (Hopfner et al, 2001). The mutations of endonuclease
activity site of Mre11 in S. pombe result in an augmentation of cells sensibility to
different genotoxic agents (Williams et al, 2008). Capping domain is involved in
discriminating between ssDNA and dsDNA, DNA binding and restricting dsDNA
access (Williams et al, 2008; Das et al, 2010; Shibata et al, 2014). Recently, a
structural study in S. cerevisiae has identified a residue located in capping domain
which play a key role in mediating the interaction of Mre11 with both Rad50 and DNA
(Cassani et al, 2018). The rad50-binding-domain was mapped at the C-terminal of
Mre11 protein (Figure 22A), the mutation of RBD leads to a severe diminution of

interaction between Mre11 and Rad50 in vivo (Williams et al, 2011).
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Figure 22 : Domain architecture and crystal structures of Mrel1l-rad50 complex (Lammens et al, 2011; Lafrance-Vanasse et
al, 2015; Hopfner et al, 2002). (A) Mrel1l consists of a conserved N-terminal nuclease domain with a capping domain, and a
C-terminal Rad50-binding domain which is flanked by two DNA binding regions. Crystal structure of Mrell nuclease dimers
(purple and grey) from hyperthermophilic archaea Pyrococcus furiosus with DNA (yellow). (B) Rad50 is made up from a
bipartite ABC-ATPase cassette with adjacent Mrel1-binding domain, which is separated by a long coiled-coil region and a Zn-
hook in the center of coiled-coil region. Crystal structure of Rad50 from eukaryote is build up from head domain (N-lobe
(yellow) and C-lobe (orange)) and two coiled-coils which are linked by Zn-hook, respectively. (C) Crystal structure of Zn-hook
from hyperthermophilic archaea Pyrococcus furiosus, two PfuRad50-CXXC molecules (orange and yellow) form a dimer
interface serving as Zn2+ binding site.
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Rad50 is a member of the structural maintenance of chromosome (SMC) proteins
family (Hopfner et al, 2001). In P. furiosus, Rad50 is composed of 882 residues
(Hopfner et al, 2000a). The Rad50 bipartite ABC-ATPase globular domains consist of
an N-terminal (ABC-N) and a C-terminal (ABC-C) segment. ABC-N has the Walker A
motif, and ABC-C has the Walker B and a conserved “signature motif’. The Walker A
motif binds ATP and forms the nucleotide binding domains (NBDs); the Walker B
hydrolyses ATP and binds one active Mg?* ion and participates in dimerization; the
“signature motif’ is as well essential to ATP binding and plays a key role in ATP-
dependent Rad50 dimerization (Moncalian et al, 2004; Hopfner et al, 2000b, 2001).
There is also a Q-loop in Rad50 which serves for the binding of Mn?* ions (Hopfner et
al, 2000b; Szalkai et al, 2014) (Figure 22B). The Mre11 binding site is on the Rad50
coiled-coil region, adjacent to the ABC domain, it allows to flexibly form Mre11-rad50
complex with Rad50 binding domain of Mre11 (Hopfner et al, 2001; Williams et al, 2011;
Szalkai et al, 2014).

In eukaryotes, zink-hook of Rad50 is located at the terminal part of the coiled-coll
region, formed by two conserved cysteine residues (Cys-X-X-Cys motif), which bind
one Zn?* ion. The dimerization of Rad50 is mediated by Zn?* (figure 22C), this Rad50
zinc-hook structure could serve as a joint between two MR complexes in DNA
recombination and repair (detail below, page51) (Hopfner et al, 2002). Recently, a
study of MR complex from bacteriophage T4 has shown that the Zn?* binding ability by
Zinc-hook is critical for the function of MR complex. The mutation of the Zinc-hook
leads to abolish the ATPase activity of Rad50 and reduce repetitive exonuclease
activity of MR complex (Barfoot et al, 2015).
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4+ DNA binding/tethering activity

At first the crystal structures of Mre11-rad50 complex from eukaryote have

revealed that the conformation of hAMRN is changed upon DNA binding. AFM data
showed that, in the absence of DNA, the coiled-coil region is opened with an interaction
between two apexes of coiled-coils tails within the same complex. After DNA binding,
the coiled-coils of hMRN complex adopt a parallel conformation. Indeed, in the
presence of DNA, the coiled-coil apex interaction converted from intra-complex to inter-
complex (Figure 23). This conformational change could be implicated in DNA-end
tethering (Moreno-Herrero et al, 2005). Notably, all of the experiments realized in this
study are in presence of a non-hydrolysable ATP analogous, AMP-PNP. On the one
hand this ATP analog is necessary because MR complex binds especially to DNA in
an ATP-dependent manner. On the other hand, this observed switch of conformation
of MR complex was not due to ATP hydrolysis, but whether ATP binding is in charge
of this conformational change was not clear. Moreover, the observations were with
MRN complex, which part of the complex is mainly responsible for DNA binding and

the change of conformation was not completely understood.

Free R/M/N
complex

R/M/N complex N Int I
nter-complex

bound to DNA \ " coiled-coil apex

\\ interaction

f

Intra-comFIex ) .
apex interaction

coiled-coil

Figure 23 : AFM images of hMRN complex in the absence and presence of DNA (Moreno-Herrero et al, 2005). Left figure:
hMRN in free solution (without DNA), its coiled-coils tails are in “open” state. Middle figure: AMRN conformation in the
presence of DNA, the coiled-coils are oriented in a parallele conformation. Right figure: inter-complex coiled-coil apex
interaction mediated by the interaction of zinc-hook domain of AMRN complex.
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In 2008, a structural study has analyzed how the Mre11 domain of P.furiosus
binds to DNA lesions : either Mre11 dimers align and tether two DNA ends with a short
3’ overhang (Figure 24 left), or Mre11 dimers binds cooperatively to one branched DNA
ends (Figure 24 right) (Williams et al, 2008). This study suggested that Mre11 dimers
can distinguish different DNA substrates. Another structural, biochemical and genetic
findings of Mre11 from archaea Methanococcus jannaschii indicate that Mre11 dimer
is required to bind extended B-form DNA near the end of broken chromosomes to
facilitate DNA repair (Sung et al, 2014). Single-molecule imaging of human MRN
complex also suggested that Mre11 is in charge of DNA end recognition and then

nuclease activities (Myler et al, 2017).

Mre11 bound to two-ended DNA Mre11 boundto one-ended DNA
(symmetric complex) (asymmetric complex)

Figure 24 : X-ray structures for two Mrel1-DNA binding models (Syed & Tainer, 2018),adapted from (Williams et al, 2008).
(Left) Mrel1 dimers (orange) bind two DNA ends (blue and red), they can align and tether two DNA ends. (Right) Mrell
dimers bind one dsDNA.

Structural studies form Bacteria and Archaea have discovered that ATP binding
to the two NBDs of the Rad50 subunits induces MR complex conformational change.
MR complex adopts from a flexible “open” form with a central Mre11 nuclease dimer
and two separated Rad50 NBDs to a more rigid conformation (“closed” form) (Figure
25). In Thermotoga maritima, an increase of DNA affinity of the complex has been
observed in ATP-binding induced “closed” form (Lammens et al, 2011; Lim et al, 2011;
Mockel et al, 2012; Williams et al, 2011).

ATP binding

ATP-free, flexible “OPEN” form ATP-bound, compact “Closed” form

Figure 25 : Structural model for MR complex conformation (Syed & Tainer, 2018). In ATP-free “Open” state (T. martima
MR, PDB: 3QG5) and in ATP-bound “closed” state” (M. jannaschii MR, PDB: 3AV0).

49 |




Chapter 1: PCNA & Mre11-rad50

In 2014, Rojowska et al have shown that dsDNA could bind to coiled-coil domain
of TmRad50 with AMPPNP (Rojowska et al, 2014) (Figure 26A). The recent studies
have shown that Mre11 is also physically separated from the DNA duplex. A central
positively charged groove is formed when ATPs bind to Rad50, which promotes dsDNA
binding. And this dimerization of Rad50 recognizes approximately 18 bp long DNA
duplex (Figure 26B) (Liu et al, 2016; Seifert et al, 2016).

Figure 26 : Rad50 dimerization induced DNA binding and Zn-hook formation (Seifert et al, 2016; Rojowska et al, 2014). ATP-
induced dimerization stimulates DNA binding to MR complex on coiled-coil (A) or in the central grooves (B).

A recent study using fluorescence imaging of the human MRN complex has
revealed that the subunits Rad50 of the complex is responsible of binding dsDNA and
facilitating diffusion along chromatin, whereas Mre11 is required for DNA end
recognition and nuclease activities (Myler et al, 2017). Hence, Paull proposed a model
of Mre11/Rad50 after ATP hydrolysis with Mre11 accessing DNA for nuclease attack.
ATP binding to Rad50 promotes DNA binding to central groove, hydrolysis of ATP by
Rad50 stimulates conformational change of MR complex, allowing the core Walker A
/ B ATP-binding domains of Rad50 presumably detaching from the ATP-binding
domians of the other Rad50 monomer and entering of DNA to Mre11 nuclease site
(Figure 27) (Paull, 2018). However, the mechanism for DNA end recognition by Mre11
within MRN or MR complex and how Mre11 engages a DNA end within its active site

are not elucidated.
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ATP hydrolysis
Mre11-Rad50 bound hypothetical view of
internally to DNA, Mre11 accessing DNA
no end recognition end after ATP
(Livel al., 2016, Seifert et al,, 2016) hydrolysis by Rad50

Figure 27 : Schematic representation of an Mrel1-Rad50 Complex bound to DNA (Paull, 2018). Left: ATP binding (two red
stars) MR complex is in “closed” form. Middle: DNA binding on the top surface of Rad50, based on structures of MR complex
(Liu et al, 2016; Seifert et al, 2016). Right: hypothetical model of Mrel1 accessing DNA end after ATP hydrolysis by Rad50.

Furthermore, since 2001, SFM (scanning force microscopy) revealed that MR
complex is used to tether DNA ends. Subsequent biochemical, EM (electron
microscope) image and X-ray data of Rad50 from human and P. furiosus show that
ATP-binding to Rad50 induced closed conformation and formed Zn?*-coordinating
complex either intra-complex (as a rod-shape form) with a novel interaction interface
within the coiled-coil, or inter-complex (two Rad50 molecules interact between dimeric
complexes) for tethering two distant DNA sites (Figure 28) (de Jager et al, 2001;
Hopfner et al, 2002; Hopfner & Tainer, 2003; Williams et al, 2010; Deshpande et al,
2014; Lafrance-Vanasse et al, 2015; Park et al, 2017). Therefore, both Zn-hook and

Rad50 coiled-coil domain are important for DNA binding and tethering.

Intra-complex Inter-complex

Figure 28 : ATP-binding to Rad50 induced Zn-hook formation in either intra-complex (left) or inter-complex (right) (Park et
al, 2017). The crystal structrure of the PfuRad50 hook domain (PDB: 1L8D) is shown on top of the ring-shaped intra-complex
and to the left of the intercomplex.
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+ ATP binding / ATP hydrolysis induced nuclease activity switch

Some biochemical studies in yeast and virus have shown that the 3'>5" dsDNA
exonuclease activity of MR complex is inhibited in the presence of ATPyS due to its
slow ATP hydrolysis, whereas its endonuclease activity was stimulated or unaffected
in the same condition (Trujillo & Sung, 2001; Herdendorf et al, 2011). ATP hydrolysis
inducing a conformational change of MR complex from “closed” conformation to “Open”
conformation was observed (Lim et al, 2011; Mockel et al, 2012). So that Majka et al.
proposed that this “open-closed” conformational transition by ATP hydrolysis by Rad50
can probably switch Mre11 from an endonuclease to an exonuclease, that is, Mre11 is
an endonuclease under ATP-binding induced “closed” confirmation condition, and
ATP-hydrolysis promotes conformational change to “open” state and switches Mre11

from an endonuclease to an exonuclease (Figure 29A) (Majka et al, 2012).

However, several studies demonstrated that “ATP-binding” is not sufficient for
DNA end resection. They proposed that, at the beginning of ATP hydrolysis, dsDNA
could be partially opened so that ssDNA may access the Mre11 active site (detail below,
Page 54). It is suggested that at this moment, the Rad50 intermediates promote Mre11
ssDNA endonuclease activity while blocking the access of dsDNA and Mre11
exonuclease activity. Then, after ATP hydrolysis, the Rad50 dimers are totally
disengaged to expose the Mre11-binding site, this hydrolysis-induced MR complex
more open state allows DNA access to Mre11 3’>5’ exonuclease activity site (Figure
29B) (Liu et al, 2016; Deshpande et al, 2014; Syed & Tainer, 2018), these observations
explain why MR complex exonuclease activity is always ATP-dependent, which are

shown by biochemical studies (see below, Page 56).
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A
“Closed” complex “Open” complex
ATP ADP
ATP A
hydrolysis C;M/ i, ¢
_)E W AU
ADP/ATP
EndoT Exo ¢ SACIrige ExoT Endo&
B
ATP free ATP bound
Open Closed
ATP binding
—_—

DNA binding by Mre11 \ATP hydrolysis
3' to §5' exonuclease activity

Nuclease activity

DNA binding by Rad50
No nuclease activity

ATP hydrolysis and/or
release intermediate

Partial dsDNA melting
ssDNA access Mre11 active site
Endonuclease activity

Figure 29 : Two models of ATP-induced conformation changes in MR and its associated nuclease activity. (A) ATP binding
and ATP hydrolysis induced MR complex conformational states change switches the nucleolytic activity of Mrell between
endonuclease and exonuclease functions (Majka et al, 2012). (B) ATP binding cannot induce MR endonuclease activity and
DNA binding by Rad50, beginning of ATP hydrolysis induce MR intermediate for endonuclease activity on ssDNA, and
complete ATP hydrolysis is necessary for DNA binding by Mrel11 and exonuclease activity (modified from (Deshpande et al,

2014)).
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+ DNA melting activity and hypothetical related endonucleasic activity

Structural and biophysical studies gave some new insights for DNA unwinding by
MR complex. One study has demonstrated that human MRN complex can realize a
local DNA unwinding using FRET (Fluorescence Resonance Energy Transfer), in an
ATP and Mg?* dependent manner. The unwound DNA (15~20 nt) could be hold for
minutes in vitro (Cannon et al, 2013) and was not observed in absence of Nbs1,
consistant with biochemical observation that DNA duplex could be partially unwind
(~10%) by MR complex from human, but just only in the presence of the third partner
Nbs1 and ATP (Paull & Gellert, 1999). Prokaryotes lack the additional Nbs1/Xrs2
subunit, raising the question whether they also possess DNA unwinding activities? In
archaea P. furiosus, Williams et al. have revealed that DNA duplex melting is linked to
capping domain rotation following DNA binding. A structural study in thermophilic
archaea Methanoccocus jannaschii has indicated that once DNA symmetrically binds
to both monomer of MjRad50, ATP hydrolysis promotes the rotation of the lobes of
Rad50, which induces local DNA melting during the change of conformation. This
rotation allows also to open the gate for Mre11 (Liu et al, 2016). The same author has
confirmed this DNA unwinding mechanism in bacteria T. maritima, showing a weak
ATP-dependent DNA unwinding activity (~8%).

Several structural studies have proven that the DNA melting and endonuclease
activity are coordinated by the conformational changes in both DNA and the MR
complex. Their studies in Methanococcus jannaschii revealed that DNA symmetrical
binding by both monomer of MjRad50 occurs particularly at two different minor grooves
and could induce DNA melting. The interaction minor grooves are ~9-13nt and ~20-
24nt away from one end of the DNA, this region of the DNA is likely to be melted by
Rad50. Therefore, they suggested the hypothesis that Rad50 recognizes the terminal
ends of the intact dsDNA and binds to the minor grooves, this initial recognition of the
DNA results in a partial deformation of the DNA, the dsDNA is then melted. The
unwound DNA could access the Mre11 active site for DNA cleavage. That is why the
DNA binding sites are close to the endonuclease activity cleavage sites (Figure 30)
(Liu et al, 2016). This hypothetical model could explain why endonucleolytic cleavage
by MR complex occurs always around dozen nucleotides, which are shown by

biochemical studies (Table 10).
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End Joining Resection

Figure 30 : A model for the ATP-dependent DNA binding, melting, and endonuclease activities of the MjMR complex (Liu
et al, 2016). Initial recognition of DNA by ATP-bound MR results in partial deformation of the DNA. ATP hydrolysis induces a

lobe rotation of Rad50NBDs that melts both the internal segment and ends of the DNA, which subsequently access the
Mrellactive site.

Table 10 : Studies of MR complex endonuclease activity in different microorganisms

organisms MR(N/X) complex endonucleasic resection sites Reference
P. furiosus ~12-25nt (Hopkins & Paull, 2008)
. T (Cannavo & Cejka, 2014;
S. cerevisiae 15-25nt Shibata et al, 2014)
M. jannaschii ~9-13nt/~20-24 nt (Liu et al, 2016)
E. coli ~12nt/~22 nt (Lim et al, 2015)
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c) Biochemical in vitro activities of Mrel1-rad50 complex

+ Nuclease activity

In vitro, Mre11 exhibits three major nuclease activities: single-strand and double-
strand endonuclease activities, double-strand exonuclease activity with a 3’-to-5’
polarity, observed in all of the domains of life and virus; the third activity is DNA hairpin
loops opening activity which exist in prokaryotes and eukaryotes (Table 11). Nuclease
activities are Mn?* or Mg?*-dependent, but the nuclease activity of Mre11 is much
stronger in the presence of Mn?* than in presence of Mg?* (Hopfner et al, 2002; Hopkins
& Paull, 2008).

From the table 11, we note that ATP hydrolysis by Rad50 is required for MR-
mediated nuclease activity on double-stranded DNA, but not for single-stranded DNA
with secondary structure (such as M13 phage), and eukaryotic Mre11 exhibits 3'>5’
exonuclease activity in the absence of Rad50 (Paull & Gellert, 1998; Trujillo et al, 1998).
Moreover, viral Mre11 (gp47) of T4 bacteriophage needed ATP hydrolysis by Rad50
(pg46) for exonuclease activity, but not for the removal of the first nucleotide
(Herdendorf et al, 2011). All above was suggesting that the requirement of ATP
hydrolysis by Rad50 in not essential for all Mre11 nuclease activity, but rather for the
conformation of the active site on DNA. And in several conditions, this DNA accessing
to Mre11 active site is related by Rad50 (Paull, 2018).

56 |



Chapter 1: PCNA & Mre11-rad50

Table 11 : Summary of biochemical nuclease activities of MR complex in Bacteria (SbcCD), Eukaryotes (MRN/X), Archaea
(MR) and virus (gp46/47) in vitro

DNA Cofactor MR complex
DNA resection bstrat References
substrate Mn2* | ATP | SbcCD | MRN/X | MR | gp46/47
(Connelly et al,
55 1997, 1999;
5 , Herdendorf et al,
exonuclease _ + +
activity

2011; Hopfner et al,
2000a; Trujillo &

Sung, 2001; Trujillo
et al, 1998)
(Connelly & Leach,
1996; Connelly et al,
ssDNA 1999; Herdendorf et
endonuclease + - al, 2011; Hopkins &
activity Paull, 2008; Truijillo
& Sung, 2001;
Truijillo et al, 1998)
(Herdendorf et al,
2011; Truijillo et al,
dsDNA
endonuclease |5V 3

1998; Hopkins &
Paull, 2008;
activity A Cannavo & Cejka,
2014; Lim et al,
2015)

Hairpin

(Connelly et al,
. 1999; Paull &
degra.dfatlon % 3 - + x Gellert, 1998; Trujillo
activity

& Sung, 2001)

* (Hopkins & Paull, 2008) has revealed an Mg?*/ATP dependent endonuclease activity of MR complex
on dsDNA.
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+ ATPase activity
According to structural studies, the cycle of ATP-binding and ATP-hydrolysis is

crucial for degradation of DNA end. Biochemical studies have shown that all of the MR
complexes in different organisms (Eukaryote, Bacteria, Archaea and virus) are capable
to hydrolyze ATP (Bhaskara et al, 2007; Herdendorf et al, 2011). However, this ATP-
hydrolysis activity is negligible in the absence of DNA, even if a DNA-independent
ATPase activity has been observed once in Pyrococcus furiosus (Majka et al, 2012).
In bacteriophage T4, ATP hydrolysis rate by Rad50 subunit is relatively low, while in
the presence of Mre11 subunit and dsDNA, this ATPase activity had a 20-fold
augmentation (Herdendorf et al, 2011).

The MR complex from eukaryotes show a weaker ATP hydrolysis rate (from
0,03 to 0,1 mol ATP/ mol MR/ min) than other organisms: virus, bacteria and archaea
(from 1 to 4 mol ATP/ mol MR/ min) (Bhaskara et al, 2007; de Jager et al, 2002;
Deshpande et al, 2014; Herdendorf et al, 2011; Lammens et al, 2011; Majka et al,
2012). Different DNA lengths and types (ssDNA, dsDNA, circular DNA) can influence
the ATP hydrolysis capacity of MR complex, as well as the DNA ends structure (blunt,
5'/3’-overhang, free/blocked end) (Table 12.1, 12.2). Normally, ATP-hydrolysis
capacity of MR complex is stronger with the longer linear DNA than shorter DNA or
circular DNA. With the same DNA length, ATPase activity is stimulated with either 3’-
overhang or 5’-overhang of dsDNA. Also, blocked DNA end reduce the ATP-hydrolysis
activity of MR complex (Deshpande et al, 2017; Herdendorf et al, 2011; Majka et al,
2012; Trujillo et al, 2003).
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Table 12: Studies of ATP hydrolysis activity of MR complex in different organisms

12,1: ATP hydrolysis activity rate is dependent DNA type and DNA length

No Circular
MR complex DNA ssDNA dsDNA DNA
50bp | 5kb | 40bp | 50bp 83 bp 197 bp 1kb 3,8 kb
Yeast -—- NA +++ NA ++ NA +++ NA NA
NA
Human — X NA ++ +++ +++ | ++H+ +
——— NA ++ +++ NA
P. furiosus NA NA
+++ +++ NA NA
virus -—-- X NA NA | ++++ NA NA X

12,2: ATP hydrolysis activity rate is dependent of DNA end structure

MR

dsDNA
complex
Blunt (197 bp, B-strept) 3,8 kb
No Biotin 5’ Biotin 5’ Biotin+strep Blunt 5’ overhang | 3’ overhang
Human
+++ ++ + +++ ++++ ++++

NA: Not available

d) Third component of the MR complex in eukaryotes

In eukaryotes, MRN/X complex possesses a third partner: Nbs1 (Nibrin) in
mammals and fission yeast and Xrs2 in budding yeast. The role of this third component
is to regulate the catalytic activities of Mre11-rad50. Human Nbs1 is required to
stimulate both Mre11 endonucleases activity on blocked DNA ends / hairpin substrates
and Rad50 ATP hydrolysis activity (Deshpande et al, 2016, 2017; Paull & Gellert, 1999).
Notably, MR-catalyzed 3’>9%’ exonuclease activity is inhibited on open DNA ends, but
promoted at protein-blocked ends (Deshpande et al, 2016). In addition, Nbs1 plays an
essential role via its Mre11-interacting interface for cell viability (Kim et al, 2017). In
contrast, the yeast Xrs2 is less important in budding yeast than Nbs1 in human cells.
Xrs2 is normally required for Mre11 nuclear localization, while Oh et al have
demonstrated that in the absence of Xrs2, localizing Mre11 to the nucleus keeps the
MRX-mediated functions such as DNA end resection, hairpin resolution, meiotic

recombination and DNA damage survival (Oh et al, 2016).
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e) The Mrell-rad50 complex in double-strand break repair and replication fork
As a response to DNA damage such as DNA double-strand breaks, the Mre11-
rad50 complex regulates DSB repair, through the HR, c-NHEJ or Alt-EJ pathways and
via the initiation of the repair mechanism, by promoting the resection of DSB ends.
Mre11-rad50 is implicated also in replication fork restart. So this protein is critical to

sustain the viability of proliferating cells and maintain the genomic integrity.

+ The Mre11-rad50 complex in DSB repair

All of the MR(N/X) complexes have a 3'>5’ exonuclease activity, that means the

exonucleasic products of MR complex are 5 overhang ssDNA. During HR processes,
a 3 overhang ssDNA is necessary for the following strands exchange step. How

MR(N/X) can initiate the HR with a opposite exonuclease activity?

Initially, during meiosis in S. cerevisiae, the DSB ends are terminally blocked by
covalently bound Spo11 protein (topoisomerase), Mre11 endonuclease activity was
observed and also subsequent 3’25’ exonuclease activity toward the blocked DNA
ends (Garcia et al, 2011). Thus, an « endo-cut followed by exo-cut » model was
proposed for explaining how 3’ overhang ssDNA can be obtained. In other words, MR
complex initiated an endonucleolytic incision at DNA ends, and exonucleolytic
degradation occurs subsequently. This model is always observed in vitro and only with
protein-blocked ends (Connelly et al, 2003; Anand et al, 2016; Deshpande et al, 2016;
Reginato et al, 2017; Wang et al, 2017). In eukayotic model, the endonuclease activity
of MRX results in DNA nick, other 5->3 exonuclease enzymes (Exol or
Helicase/nuclease Sgs1-Dna2) will be recruited at DNA nick and resect away from the
DNA nick site to generate an extended 3’ overhang ssDNA for HR (Figure 31B)
(Cannavo & Cejka, 2014; Mimitou & Symington, 2008; Cejka, 2015; Anand et al, 2016).
In human cells, this cooperation of the bidirectional resection is capable to free a 3’
overhang single-strand up to 3,5 kb in length (Zhou et al, 2014). In addition, several
MRN/X complex co-factors, such as Sae2 in yeast and CtIP in mammalian cells, are
required to promote endonuclease activity of the MRN/X complex at ~200-300 nt away
from the 5’end of DNA duplex. Recent study has shown that Sae2 in yeast can
stimulate MRX endonuclease activity also at DNA nick site (Sartori et al, 2007; Anand
et al, 2016; Cannavo & Cejka, 2014; Nicolette et al, 2010; Wang et al, 2017)

Nevertheless, end resection by MRX complex could be bypassed when MRN
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recognizes a DNA free end, Sgs-Dna1 or Exo1 was recruited by MRX to generate a 3’

tailed ssDNA unsing its 5’23’ exonuclease activity (Figure 31A) (Cejka, 2015).
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Figure 31 : Model of DNA end resection by MRX in yeast (Cejka, 2015). (A) Resection of free DNA ends. The MRX complex
nuclease activity can be bypassed, Exol or Sgs-Dna2 are recruited to resect the ends in direction 5’23’. (B) Bidirectional
resection of blocked DNA ends. Phosphorylated Sae2 stimulates endonuclealytic activity of MRX. Then, MRX resect the ends
from 3’ to 5’, and Exo1l or Sgs-Dna2 degrade the strand in direction 5’>3’
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In Archaea, functional analogs of the eukaryotic helicase/nuclease Sgs1-Dna2 or
Exo1 have been identified, that is helicase/nuclease HerA/NurA complex
(Constantinesco et al, 2002, 2004; Zhu et al, 2008; Mimitou & Symington, 2008;
Cannavo et al, 2013; Huang et al, 2015b; Rzechorzek et al, 2014). HerA is a helicase
which can unwind the DNA and exhibits ATPase activity, while NurA is a nuclease
which has 523’ ssDNA/dsDNA exonuclease and ssDNA endonuclease activities
(Constantinesco et al, 2002, 2004; Manzan et al, 2004; Zhang et al, 2008) (Figure 32A).
In archaea Sulfolobus acidocaldarius and Pyrococcus furiosus, genes mre11, rad50,
herA and nurA are encoded in the same operon. Moreover, several in vitro experiments
have demonstrated that Mre11-rad50 and HerA/NurA co-operate to resect the 5’ strand
at a DNA double strand break, generating a 3’ ssDNA suitable for the recombinase
RadA (Figure 32B) (Hopkins & Paull, 2008; Constantinesco et al, 2002, 2004,
Blackwood et al, 2012).
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Figure 32 : DNA end-resection model of MR complex coupled with HerA/NurA. (A) HerA-NurA performs a degradation of
DNA strand from 5’end to 3’end (Ahdash et al, 2017). (B) Model of DNA end resection with cooperation of Mre11-rad50 and
HerA/NurA in Pyrococcus furiosus. MR complex initiates the DNA end resection, the HerA/NurA is recruited subsequently and
then degrade the DNA strand at 5’end to generate a long 3’-overhang ssDNA which will be coated by RadA (Hopkins & Paull,
2008).
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+ The Mre11-rad50 complex in replication fork dynamics

MR complex is involved not only in DSB repair, but also in the repair of stalled
replication forks. Several evidences in vivo have been shown to support this suggestion:
Yeast cells with a depletion of MRX complex cannot survivre under the stress resulting
in replication blocage condition (Tittel-Elmer et al, 2009); MRN complex in mammals
is required for cells viability (Adelman et al, 2009; Errico & Costanzo, 2012);
Additionally, an increase of both ssDNA and dsDNA breaks during S-phase has been
observed in Mre11 knockdown cells (Kondratova et al, 2015), which is consistent with
the observation using Xenopus extracts, that the depletion of Mre11 leads to impaired
fork restart and replication-dependent DSB accumulation (Trenz et al, 2006; Costanzo
et al, 2001). Moreover, recombination factors Mre11 and Rad51 are required for
reloading of replisome components (which were lost upon fork collapse) at broken
replication forks to restore a functional replisome in eukayotes (Hashimoto et al, 2011).
In Archaea, Delmas et al has shown that the MR complex from H. volcanii favors the
reassembly of nucleoid under cellular stress which generated DNA damages or
interferred with DNA replication (Delmas et al, 2013).

In a yeast model, MRX complex is recruited to forks stalled in a nuclease-
independent manner. It stabilizes paused replisomes and promotes an MRX mediated
sister-chromatid tethering during replication stress, to facilitate replication recovery
through HR mediated mechanisms (Mirzoeva & Petrini, 2003; Tittel-Elmer et al, 2009).
A similar model was proposed in human cells with MRN complex and proposes that
this sister-chromatids tethering function of MRN is to prevent branch migration that
leads to fork reversal (Kondratova et al, 2015). In addition, the cohesin loading at
replication sites to promote fork restart is influenced by the neighboring Zn-hook
sequence of Rad50. The role of cohesin proteins is to maintain the DNA neo-strand of
chromatid (Tittel-Elmer et al, 2012). Together, it strongly suggests that MRN complex
plays a role in the protection of replication forks during DNA replication (Figure 33A).

This DNA end tethering role can be also involved in DSBs repair (Williams et al, 2008).

Although MRN complex is needed to prevent fork reversal, one-ended replication-
associated DSBs is possibly formed, and under this condition, DNA end-resection
processing by MRN complex is required to initiate HR function (Petermann & Helleday,
2010; Kondratova et al, 2015) (Figure 33B). This fork restart via HR-mediated repair of
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the DSB is similar to analogous mechanism BIR (break-induced replication) which is

well-characterized in yeast (Lydeard et al, 2010).
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Figure 33 : Model of MRN complex orchestrates replication fork in fork protection (A) and fork restart (B) (Adapted from
(Kondratova et al, 2015)). (A) MRN complex facilitates fork restart before fork reversal by sister chromatid tethering activity.
(B) MRN complex facilitates also fork restart from one-ended breaks by en resection activity

However, Kondratova et al have observed that mre171-null cells could still
proliferate with broken forks, suggesting that there might be an alternative, MRN-

independent fork restart mechanism from broken fork (Kondratova et al, 2015).

f) Diseases linked with mutations in Mrel1-rad50

Null mutations of the gene encoding MRN induce different heredity diseases in
humans. Ataxia-telangiectasia-like disorder (ATLD), Nijmegen breakage syndrome
(NBS) or NBS-like disorder (NBSLB) are caused by the germinal mutations in mre11,
nbs1 or rad50 genes, respectively (Taylor et al, 2004; Stracker & Petrini, 2011; Waltes
et al, 2009). All of these diseases have a common consequence that the chromosome
in cells from patients is instable and sensible to radiation. Moreover, the mutated gene
of these 3 components of MRN are found in more than 50 cancers (Syed & Tainer,
2018) and the absence of MRN gene is frequently found in patients with epithelial
ovarian cancer (Brandt et al, 2017). Neuropathology studies indicated that ATLD, NBS
or NBSLB diseases are characterized by microcephaly, mental retardation and growth
defects, and proposed that the mutations of MRN affecting the DNA DSB signaling are
responsible for these diseases (Uchisaka et al, 2009; Shull et al, 2009).

Overall, MR(N) complex proteins is a key player in sensing, signaling and

response at DNA double-strand breaks.
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3) Aim

The MR complex is involved in various aspects of DSB repair, including sensing
the DSB triggering signal pathways and facilitating the DSB repair through different
pathways. Among hyperthermophilic archaea, gene deletions of mre11 and rad50 are
lethal for cell arguing for their apparent essentiality distinguishable HA from all other
cellular organisms, including mesophilic archaea (Grogan, 2015). Protein-protein
interaction network in hyperthermophilic archaea has revealed that MR complex has a
partner PCNA, but we don’t know the role of PCNA on MR complex. Several studies
have shown that PCNA participates in DSB repair in eukaryotes, serving as a
processivity factor for Exo1 or stimulator for the potential 3’-5’ exonuclease activity of
exonuclease domain of a RecQ-like helicase. In archaea, PCNA can interact with other
proteins involved in HR pathway (such as Hjc and Hel308) (Chen et al, 2013; Lebel et
al, 1999; Dorazi et al, 2006; Fujikane et al, 2006).

Furthermore, the level of Mre11 peaks on chromatin during S-phase, as well as
its colocalization with PCNA at replication foci, and also MRN(X) could stabilize
replisome and is required upon fork collapse (Mirzoeva & Petrini, 2003; Maser et al,
2001; Tittel-Elmer et al, 2009; Hashimoto et al, 2011; Maga & Hubscher, 2003).
Together, with a burning desire, we want to explore the role of MR complex in

replication fork and the role of PCNA in recombination processes in archaea.

As mentioned above, a previous study from the lab has provided an interaction
network with proteins involved in genomic maintenance in the archaea Pyrococcus
abyssi. Gaélle Hogrel (PhD in Ifremer) and his colleagues have revealed in vitro a
physical association between the MR complex and the DNA clamp PCNA using the
homologous proteins from P. furiosus. Based on these results of physical interaction
between the MR complex and PCNA of Pyrococcus furiosus, the first aim of my PhD
was devoted to the completion of the characterization of this association, in nuclease
activity, DNA binding/unwinding activity and ATPase activity of Mre11-rad50 complex

from P. furiosus.
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After two-years study, we have published the article “Physical and functional
interplay between PCNA DNA clamp and Mr11-Rad50 complex from the archaeon
Pyrococcus furiosus” (Hogrel et al, 2018). We demonstrated both physical and
functional interplay between PCNA and MR, a complex involved in recombination

process.

A variation of the PCNA Interacting Protein motif (PIP-like motif) was identified in
Mre11: PfuMR directly interacts with PfuPCNA through a peptide in the C-terminal
region of PfuMre11. We identified a new non-canonical PIP box in this C-ter segment
of PfuMR11: [PK]-5X-[LI]-2X-W-[LIV]. This motif is different to the classical canonical
PIP motif because of the absence of the well conserved glutamine residue. This PIP-
like motif was also revealed among all sequences of Thermococcales Mre11. Deletion
of this identified PIP-like motif effaces totally the interaction between these two

proteins.

Then we investigate also functional interplay of MR complex and PCNA at
physiological ionic strength and show that PCNA activates MR nuclease activities and
promotes an endonucleolytic incision proximal to 5’ strand of double strand DNA break.
Although MR complex alone doesn’t have DNA melting activity, the endonucleasic
cleavage product could be displaced via MR/PCNA strand opening activity.
Furthermore, we have demonstrated that PluPCNA does not have influence on ATP

hydrolysis activity by Rad50.

Finally, we completed biochemical results with a genetic study, in which the PIP

motif was deleted, suggesting that PIP motif is probably essential in cells growth in HA.
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ABSTRACT

Several archaeal species prevalent in extreme envi-
ronments are particularly exposed to factors likely
to cause DNA damages. These include hyperther-
mophilic archaea (HA), living at temperatures >70°C,
which arguably have efficient strategies and robust
genome guardians to repair DNA damage threaten-
ing their genome integrity. In contrast to Eukarya and
other archaea, homologous recombination appears
to be a vital pathway in HA, and the Mre11-Rad50
complex exerts a broad influence on the initiation
of this DNA damage response process. In a previ-
ous study, we identified a physical association be-
tween the Proliferating Cell Nuclear Antigen (PCNA)
and the Mre11-Rad50 (MR) complex. Here, by per-
forming co-immunoprecipitation and SPR analyses,
we identified a short motif in the C- terminal portion
of Pyrococcus furiosus Mre11 involved in the inter-
action with PCNA. Through this work, we revealed a
PCNA-interaction motif corresponding to a variation
on the PIP motif theme which is conserved among
Mre11 sequences of Thermococcale species. Addi-
tionally, we demonstrated functional interplay in vitro
between P. furiosus PCNA and MR enzymatic func-
tions in the DNA end resection process. At physio-
logical ionic strength, PCNA stimulates MR nuclease
activities for DNA end resection and promotes an en-
donucleolytic incision proximal to the 5 strand of
double strand DNA break.

INTRODUCTION

Extremophile organisms provide remarkable study systems
for understanding cellular processes that allow them to live
in conditions likely to cause a high rate of DNA damage.
Several archaeal species prevalent in extreme environments
are particularly exposed to such stressors, including hyper-
thermophilic archaea (HA) living at temperatures >70°C.
However, several studies have shown that HA such as Pyro-
coccus furiosus and Sulfolobus solfataricus can fully restore
their genomes if they are fragmented by -y-radiation (1-3).
They arguably have efficient strategies and robust genome
guardians to repair DNA damage threatening genome in-
tegrity. These guardians are proteins working and interact-
ing together in a carefully orchestrated ballet. Archaca em-
ploy ‘eukaryotic’ DNA replication and repair complex pro-
teins (4), but several DNA repair protein families that are
broadly conserved among Bacteria and Eukarya have not
been found in Archaea (5). Using in silico, genetic or bio-
chemical approaches, several studies revealed new actors or
new complexes involved in genomic integrity in Archaea (6—
15), leading to the characterization of new helicases and nu-
cleases, like Hel308/Hjm, GAN, NucS/EndoMS and more
recently NerA, thus, improving our understanding of ge-
nomic maintenance processes in Archaea. To contribute
to this effort to discover new actors or new complexes
involved in archaeal genomic integrity, we characterized
a protein-protein interaction network sustaining genome
maintenance in Pyrococcus abyssi (15). In this previous
study, we identified a physical association between the Pro-
liferating Cell Nuclear Antigen (PCNA) and the Mrell-
Rad50 (MR) complex: the characterization of this associ-
ation is addressed in the present study.

fTo whom correspondence should be addressed. Tel: +33 298 224 527; Email: dflament@ifremer.fr
" The authors wish it to be known that, in their opinion, the two first authors should be regarded as joint First Authors.

© The Author(s) 2018. Published by Oxford University Press on behalf of Nucleic Acids Research.
This is an Open Access article distributed under the terms of the Creative Commons Attribution Non-Commercial License

(http://creativecommons.org/licenses/by-nc/4.0/), which permits non-commercial re-use, distribution, and reproduction in any medium, provided the original work
is properly cited. For commercial re-use, please contact journals.permissions@oup.com

Downloaded from https://academic.oup.com/nar/advance-article-abstract/doi/10.1093/nar/gky322/4993783
by IFREMER user
on 14 May 2018



2 Nucleic Acids Research, 2018

Structurally conserved between Archaea and Eukarya,
PCNA is a multimeric, ring-shaped factor that encir-
cles DNA duplex. Archaeal Replication Factor C com-
plex (RFC), which functions as a clamp loader, stimulates
PCNA assembly around DNA even though archacal PCNA
can spontaneously load in vitro onto DNA (16,17). First
reported as a processivity factor for DNA polymerases,
PCNA is essential for cell viability. As a DNA-clamp,
PCNA is a moving platform for numerous partners involved
in DNA replication and repair pathways (18). Extensive lists
of PCNA partners have been given in reviews (19-21).

The MR complex has a broad influence on the DNA
damage response network, especially on repair of DNA
Double-Strand Breaks (DSB) (22). As DSBs are a partic-
ularly threatening type of DNA damage, induced by exter-
nal agents as well as by internal molecular events, cells have
evolved a highly sophisticated DNA damage response sys-
tem. For the recognition and repair of DNA breaks, the two
major mechanisms are Homologous Recombination (HR)
and Non-Homologous End-Joining (NHEJ). In HR, the
broken ends are resected into 3’ single-strand tails and then
used as templates for a homology search; whereas in NHEJ,
the broken ends are directly rejoined (for reviews see (23—
25)). In Eukarya, DSBs are repaired by either HR or NHEJ
depending on the cell cycle (26). NHEJ was assumed to be
absent from Archaea until Bartlett et al. reconstituted an
archaeal NHEJ apparatus in vitro similar to that of bacte-
rial machinery (27). In contrast to cukaryotes and other ar-
chaea, HR appears to be a vital pathway in HA, since ge-
netic analyses have shown that the mrell, rad50 and radA
genes are essential for Thermococcus kodakaraensis and Sul-
folobus islandicus (28,29).

The eukaryotic macromolecular machine MR(N/X) is
composed of two core proteins, Mrel 1 and Rad50, with an
additional component: Nbs1 for higher eukaryote or Xrs2
for yeast, which are found in neither Bacteria nor Archaea.
Both Mrell and Rad50 are highly conserved in all three do-
mains and even exist as gp46/47 in some virus such as T4
phage (30). The MR complex engages the HR pathway by
tethering and resecting DNA ends through a combination
of nuclease and ATPase activities tightly related to confor-
mational changes (31). However, the MR complex nuclease
functions, 3'—5" double strand (ds) DNA exonuclease ac-
tivity and single strand (ss) DNA endonuclease activity, are
not sufficient to generate a long 3’ ssDNA tail and require
additional partners to catalyse efficient DSB resection (32).
Moreover, the MR complex appears to be essential in repli-
cation fork restart in eukaryote cells, but to date the bio-
chemical and regulation mechanisms remain partially un-
derstood.

Given the role of PCNA to orchestrate DNA replication
and other DNA processes, we wondered whether this newly
discovered interaction with the MR complex would reg-
ulate MR enzymatic functions in the DNA end resection
process. By performing co-immunoprecipitation and SPR
analyses, we demonstrated physical association between P.
Sfuriosus (Pfu) PCNA and the MR complex and identi-
fied a short motif in the C terminal portion of PfuMrell
that interacts with PfuPCNA and corresponds to a varia-

tion on the PCNA-Interaction Peptide (PIP) motif theme.
Enzymatic assays, at physiological ionic strength, showed
that PfuPCNA stimulates nuclease activity of the PfuMR
complex on dsDNA substrates and promotes an endonucle-
olytic incision proximal to the 5’ strand of a DNA double
strand break in a manner still consistent with HR process
requirements.

MATERIALS AND METHODS
Proteins and peptides

A gene coding for P furiosus PCNA was inserted into
pET19b to add an N-terminal 10xHis-tag (plasmid pro-
vided by B. Connolly (33)) and expressed in Escherichia
coli Rosetta pLysS. The P. furiosus MR complex was co-
expressed from a bicistronic pET27b vector (gift from J.
Tainer and T. Paull (34)) in BL21 DE3 codonplus E. coli
adding a 6xHis-tag in the N-terminal region of Mrel 1. This
P, furiosus Mrel I-Rad50 plasmid was used to build a P, fu-
riosus Mrel1-Rad50 APIP mutant (1-411) using Q5® Site-
Directed Mutagenesis Kit (BioLabs). P. furiosus Mrel1-
Rad50'"k! Rad50'"%2 and Mrel1°°™ proteins were provided
by G. Williams and J. Tainer.

Cells were grown at 37°C to an ODgy 0.7-0.8, and ex-
pression was induced by addition of 1 mM IPTG (final con-
centration). Four hours after induction, cells were harvested
by centrifugation and re-suspended in a buffer containing
(1) for PfuPCNA proteins: 10 mM Tris=HCI pH 7.4, 500
mM NaCl, 20 mM imidazole, | mM DTT, (ii) for PfuMR
wt and PfuMR APIP: 20 mM Tris—HCI pH 8.0, 500 mM
NaCl, 10 mM imidazole, 1 mM DTT, supplemented by
EDTA-free protease inhibitor (Roche). Cells were lysed by
applying 1.9 kbar pressure (One shot, Constant Systems).
PfuPCNA, PfuMR wt and APIP supernatants were incu-
bated overnight with DNase I at 37°C and then heated
at 75-80°C for 20 min. After centrifugation, soluble frac-
tions were loaded onto a HisPrepFF 16/10 (GE Health-
care) nickel resin column. After a wash step, elution was
performed with a linear gradient from 10 to 500 mM im-
idazole. Peak fractions were run on 15% SDS-PAGE gels
(Bio-Rad), then pooled and concentrated using Vivaspin
columns (10 or 30 MWCO) before running on a Superdex
200 10/300 GL column (GE Healthcare). PfuPCNA was
eluted in 10 mM Tris—-HCI pH 7.4, 200 mM NaCl, | mM
DTT and PfuMR wt and APIP in 20 mM Tris-HCI pH
8.0, 150 mM NaCl, 1 mM DTT complemented with 20%
glycerol and stored at —20°C. Proteins were quantitated
using DC protein assay (BioRad) for PfuPCNA, and ab-
sorbance measurement at 280 nm for PfuMR wt and APIP
complexes. All molar concentrations indicated in this study
corresponded to the homotrimeric PCNA and to the het-
erotetrameric form of the M,R; complex.

Peptides to be used as competitors for PCNA-binding
in pull-down assays were synthesized and purified (>90%
purity) by Genepep (St-Jean-de-Védas, France). The PIP-
like Mrell peptide was derived from the PfuMrell se-
quence (412-424): Ac-KKKRGTLDSWLGG-NH,. The
peptide used as the negative control (PIP-) was: Ac-
KEVKEEYKRFLEE-NH; (12).
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Co-immunoprecipitation experiments

To study the physical interaction between PfuPCNA and
PfuMR wt or APIP, 8.33 pg of anti-P. abyssi (Pab) PCNA
polyclonal antibody was immobilized onto 1.5 mg of
magnetic Dynabeads Protein A (ThermoFischer). Subse-
quently, antibodies were covalently anchored using 57 pg
of BS3 crosslinker (Thermo Scientific); such an amount of
beads was determined in order to specifically bind 1 pg of
PfuPCNA input (data not shown). In a 20 pl reaction vol-
ume, 1 pg PfuPCNA was incubated for 30 min at 4°C with
10 pg PfuMR wt or APIP complexes in binding buffer (25
mM HEPES pH 7.0, 150 mM NacCl, 1 mM DTT, 0.05%
Tween 20). The resulting protein complexes were trapped
by anti-PCNA Dynabeads over 10 min at 4°C. Beads were
washed three times with binding buffer (100 wl) before fi-
nal elution for 10 min at 95°C in denaturating XT load-
ing buffer (Bio-Rad). Proteins were then separated on SDS-
PAGE (4-20% Pierce) and visualized using Coomassie Blue
dye. Pull-down assays were performed following the same
procedure for the three PfuMR constructs, with the excep-
tion that protein complexes were formed during 1 h at 4°C
and incubated with the bead-antibody complex for 5 min at
4°C and then washed three times at 25°C. A 1:3 molar ratio
PfuPCNA:PfuMR proteins was used. As input controls, 1
g of proteins was loaded onto SDS-PAGE.

For co-immunoprecipitation experiments in presence of
PIP-like peptide, in 20 pl reaction, 1 pg PfuPCNA was
incubated with a 100 molar excess of competitor peptide
or negative control peptide at least 1 h at 4°C in bind-
ing buffer. Then, 10 pg P/uMR complex was added to
the PCNA /peptide solution for 5 min at 4°C. The result-
ing protein complexes were trapped by anti-PCNA Dyn-
abeads, washed three times with 50 wl binding buffer at
4°C and eluted as described above. After SDS-PAGE sepa-
ration, proteins were transferred onto a PVDF membrane
(Thermo Scientific). PfuPCNA and PfuMrell were simul-
taneously probed using anti-His monoclonal antibody (In-
vitrogen). Proteins were revealed by immunofluorescence
using an ECL 2 blot kit (Thermo Scientific). Image acquisi-
tion was done with a ChemiDoc XRS+ (BioRad) and quan-
tifications carried out using QuantityOne software (Bio-
Rad).

DNA substrates

Oligonucleotides were purchased from Eurogentec and
purified by RP-HPLC for S50/50, S50/50s, S50s/50s,
S87/87s and S87s/87s or by PAGE for substrates containing
reporter-quencher pairs, RQ-S87s/87s and RQ23-S87s/87s
(Sequences in supplementary data). DNA substrates were
annealed, at a 1:1 primer:template ratio, in presence of 10
mM HEPES pH 7.5 and 100 mM NacCl by heating at 95°C
for 5 min and cooling to room temperature.

Nuclease assays

Nuclease activities of PfuMR wt and APIP complexes on
linear dsDNA substrates was followed in 10 wl reactions
containing 25 nM DNA in 25 mM HEPES pH 7.0, 1 mM
DTT, 0.5 mg/ml BSA complemented with 1 mM ATP, 5
mM MgCl,, 5 mM MnCl, and 150 or 300 mM NacCl, as
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indicated in the figure captions. Pre-incubation was per-
formed with 25 nM dsDNA substrates and the indicated
concentrations of PfuPCNA at ambient temperature for 5
min followed by an incubation with the indicated concen-
trations of PfuMR wt or APIP complexes at 70°C for differ-
ent times as indicated in the figures. Reactions were stopped
by addition of 85% deionized formamide, 0.01 N NaOH,
10 mM EDTA, 2 uM Trap (RC50 or RC87) and by heating
samples at 95°C for 5 min. DNA products were separated
by electrophoresis on a gel composed of 15% or 18% poly-
acrylamide 19:1, 7 M urea, 16% deionized formamide and
1 x Tris Borate EDTA (TBE). Labeled fragments were anal-
ysed with a fluorimager Typhoon 9500 (GE Healthcare) and
quantified with Image Quant software.

Real time fluorescence DNA unwinding assays

Unwinding assays were carried out at 55°C using
dsDNA RQ-S87s/87s and RQ23-S87s/87s, which
contain a fluorophore-quencher pair (6-FAM, 6-
carboxyfluorescein/DDQI, Deep Dark Quencher I or
BHQ-1, Black Hole Quencher 1) positioned at the DNA
end or 23 nt from the extremity. Emission of fluorescence
was triggered by unwinding quenched DNA duplex sub-
strates. Unwinding assays were performed in 50 wl of
25 mM HEPES pH 7.0 buffer containing 25 nM DNA,
300 mM NaCl, 1 mM DTT, 0.5 mg/ml BSA, 5 mM
MgCl, and 500 nM Trap 3 87RC, complemented with
1 mM ATP and 5 mM MnCl, when indicated. 50 nM
PfuPCNA were pre-incubated with the DNA mix for 5
min at ambient temperature before adding 25 nM PfuMR
wt or APIP. Fluorescence emission was monitored using
Q-PCR equipment (StepOnePlus™ Real Time PCR System
Thermo Fisher Scientific). After 30 min, the temperature
was increased to 95°C to induce complete unwinding to
determine the maximum fluorescence intensity (100%
unwinding signal, Qpax)-

Unwinding percentage was calculated as follows:
Unwinding % = (Q%@ x 100, where Q was the

real-time detected fluorescence and Qy corresponds to the
fluorescence measured at the beginning of the reaction.
Unwinding assays were repeated at least three times.

SPR experiments

Data were obtained using a Reichert SR7000DC spec-
trometer instrument (Reichert Inc., Buffalo, NY, USA).
The running buffer was 25 mM HEPES pH 7.0, 300 mM
NaCl, I mM DTT and 0.05% Tween 20, and flow rate
was 25 wl/min. PfuPCNA was immobilized on a mixed
self-assembled monolayer (10% C11-(OEG)6-COOH: 90%
C11-(OEG)3-OH), Reichert Inc.) via classic amine coupling
chemistry and 25 nM of PfuMR wt or APIP complexes were
injected over the PfuPCNA surface at 25°C. The chip was
regenerated after serial injections of 100 mM H3;PO4 (3 x
30s). Each curve displayed was double referenced with a set
of blank buffer injections.
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Figure S1
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Figure 1. Physical association of P furiosus PCNA and Mrell-
Rad50. Protein-protein interactions were determined, in vitro, using a
bead-based co-immunoprecipitation assay. (A) Full length PfuMR co-
immunoprecipitated with PfuPCNA, (B) co-immunoprecipitation assays
with PfuPCNA and different PfuMrell and PfuRad50 protein constructs
(details given in Supplementary Figure SI1B). 1 pg of protein was loaded
on SDS-PAGE as Input. IP corresponds to the immunoprecipitation as-
says in presence of beads coated with PCNA antibodies. Fraction bound
to the beads were analysed by Coomassie blue staining. Assays were per-
formed in buffer with 150 mM NaCl.

RESULTS
P. furiosus PCNA physically interacts with the MR complex

We first considered using the homologous system with P
abyssi recombinant proteins but failed to achieve a proper
level of production of the MR complex. As an alternative we
used the recombinant proteins from the close species Pyro-
coccus furiosus. Complexes of PfuPCNA and PfuMR from
P, furiosus were produced and purified (Supplementary Fig-
ure S1A). Using co-immunoprecipitation, we demonstrated
that these two components also formed a complex in P, fu-
riosus, as shown by the co-precipitation of the P/fuMR com-
plex with PfuPCNA (Figure 1A). We then explored some
conditions where this association could take place. As il-
lustrated in Supplementary Figure S1C, the complex could
form in presence or absence of a metallic co-factor and ATP.
As protein samples were DNA free after DNase I treatment,
we assumed that the interaction between PfuMR complex
and PfuPCNA is not dependent on DNA substrates.

To investigate the surface of interaction, we were able
to use three PfuMrell and PfuRad50 deletion constructs
(35). PfuMrel1¢™ (residues 1-342) lacks 84 C-terminal
residues including its Rad50 binding domain (RBD);
PfuRad50-link2, an untagged version of PfuRad50 with
shortened coiled coils (unable to bind Mrell) connected
by an intramolecular Gly-Gly-Ser-Gly-Gly sequence; and
PfuMrel1-Rad50-linkl a complex of another shortened

version of PfuRad50 (able to bind Mrell RBD) purified
with full-length PfuMrell (Supplementary Figure S1B).
Only the PfuMrell-Rad50-link] construct could form a
complex with P/uPCNA in solution (Figure 1B, compare
lanes 4, 8 and 12). These data indicated that PfuPCNA does
not interact directly with PfuRad50 and that the coiled-
coil domain of PfuRad50 is not required for recruitment
of the MR complex onto PfuPCNA. On the other hand,
these observations raised two non-exclusive hypotheses:
PfuPCNA/MR interaction requires prior PfuMR complex
formation and/or is mediated by the C-terminal region of
PfuMrel 1 absent in the Mrel1°°™ construct. With the ex-
ception of a domain interacting with the base of PfuRad50’s
coiled-coils (348-381), the C-terminal domain of PfuMrel 1
is predicted to be disordered or flexible and is thought to be
responsible for protein-protein and protein-DNA interac-
tions (31).

The C-terminal region of P. furiosus Mrell contains a puta-
tive PCNA interacting motif

PCNA-binding partners generally possess a PCNA-
Interaction Peptide (PIP) motif, usually located at the
extreme N- or C-terminus (36). The results obtained
prompted us to look for a potential PIP motif at the
C-terminal portion of PfuMrell. The core element of the
archaeal PIP-box is a peptide with a sequence Qxx¢ (P
being hydrophobic residues L, M or I), which in most cases
is C-terminally flanked by the sequence xxQ2Q2 (2 being
aromatic residues F or W) (37). Based on the alignment
of PIP-Box like sequences (QXXGpXXQ2) from a subset
of Pyrococcus sp. proteins whose affinity for PCNA has
already been described (19), we identified a candidate
PCNA-interacting peptide in the C-terminal region of
PfuMrell (Figure 2A). Located in the extreme C-terminal
portion of PfuMrel1 (positions 412-422) the motif exhibits
the conserved hydrophobic residues but lacks the otherwise
conserved glutamine residue. In addition, N-terminal
extension from the motif is composed of a stretch of basic
residues known to interact with the positively charged outer
surface of PCNA (38). As Meslet-Cladiere et al. described,
high affinity peptides for PCNA tend to be positively
charged (12). Here the identified peptide has a predicted
Isoelectric Point (p/) of 10.29 consistent with this property.
3D structure of the complete C-terminal Mrell region
has not been resolved to date; however, Hydrophobic
Cluster Analysis identified this motif as a globular region
and showed that the hydrophobic residues clustered with
a similar shape to that observed for canonical PIP motif
sequences (data not shown). Although this motif lacks
the glutamine conserved residues, these features strongly
suggest that it could act as a hydrophobic anchor on
PCNA.

We then looked at occurrence of this motif in Mrell
sequences among species of the order Thermococcales.
Remarkably, all available sequences displayed this pu-
tative PCNA-interacting motif in the C-terminal region
(Supplementary Figure S2). From this alignment, we
could derive a pattern [PK]-x-[KRNA]-x-[GSPNK]-x(1,3)-
[IL]-x(2)-[WFY]-[ILV]) for a motif search using Scan-
prosite on archaeal protein sequences from Swiss-prot and

Downloaded from https://academic.oup.com/nar/advance-article-abstract/doi/10.1093/nar/gky322/4993783
by IFREMER user
on 14 May 2018



Figure S2

Tsp4557Hel308 (715 726)
TciHel308 (715-726)

Mre11 PfuMre11 (414-425) RIKRR[E . . T[D sf@ilc
re PabMre11 (411-422) plxNplE . . DlTiMAVIK
PhoMre11 (400-411) PKIN[P(G . . D[L{TAWLR
PspNA2Mre11 (400-411) [P K[¥P|5 . . D|LMAW LR
PyaMre11 (400-411) PIKIKIKIG . . DI|LAWLIG
PspST04Mre11 (412-423) [P K¥R[G . . D|L/LAW IR
PfeMre11 (429-442) P|DRIK! T|LDA[F LK
PpaMre11 (432-443) KIKIAIVIG . . KILIDAW I|K
TgaMre11 (447-458) PIAKIP(S|. . S|L{DAWLR
TspAM4Mre11 (451-462)  |PAlP|s|. . S|LDAW LR
TnaMre11 (451-462) PIAKIP(S|. . S[LDAWLR
TonMre11 (442-453) PKIKIG|S|. . DIL{LAWLIG
TeuMre11 (441-452) PKKIG|. . NJL{LAWLG
TkoMre11 (446-457) P|S|KIGIS| . . N|L|LD[WLIG
TziMre11 (438-449) PISKIGIS|. . NJL{LVWLiG
TpaMre11 (431-442) PIKIKIKIS|. . D|I|LAWLIK
TbaMre11 (431-442) PIKIKIK|S|. . D(I|LAJWLK
TliMre11 (427-438) P|KIKIK|S|. . D|L{L S[WL{K
TspPKMre11 (430-441) PE[KIKIS|. . D[LJL SWLIK
TsiMre11 (429-440) PP[KIVIG . . TII|DAWLIG
Tsp4557Mre11 (455-466) | KNP|s|. . S|LDAW LR
TcMre11 (450-461) PAKIP|S|. . S|LDAWLR
Hel308/ PfuHel308 (708-719) KIPIRIKIS|. . T{LD Y[F LK
PabHel308 (703-714) RIP[RKIG . . T|LD Y[F LN
Hjm PhoHel308 (703-714) KIP[RIKIG . . T|LD Y[¥ I{H
PspNA2Hel308 (703-714) |[<P|K|K/c(. . TJLD Y|V LIS
PyaHel308 (701-712) RIT|RIK|G|. . T|L{DD[F LiK
PspST04Hel308 (708-719) |<P[KRN . . T|LDY[F LR
PpaHel308 (713-724) KIAKIKIG . . T[LDAF LK
PfeHel308 (707-718) KIRISIKIK . . T|L{D AlF F[K
TgaHel308 (709-720) PKIRK|G|. . T|L{ED[F LiR
TspAM4Hel308 (709-720) |PKHK|E . . T|L/EDF LR
TnaHel308 (709-720) PKIRIK|Gf. . T|L{ED[F LiR
TonHel308 (715-726) KIRIRKIG . . T|L{DD[F LiK
TeuHel308 (710-721) P|KIKIRIG|. . T|L{ED[F LiK
TkoHel308 (1114-1125) KIKIRKIG . . N|I]YD[F LiK
TziHel308 (715-726) RKIKIG|G. . T|L{DE[F LK
TpaHel308 (1129-1140) KIP|KIKIG| . . T|L{D Y[F LiK
TbaHeI308$ 26-737) KIPKIKIG|. . T[LD Y|F LK
TsiHel308 (713-724) KIVIKIKIG . . T|LDE[FE[K
KIARKIG . . TILDAF LK

RKER(G . . TILDAELK




A

Organism Protein PIP sequence

QXXOXXQQ

PolB (759-769) KTKQVGLGAWL

NucS/EndoMS (240-259) RS KQKTLD - F F

Fen1 (328-338) AGKQSTLESWEF

P. abyssi
EndoQ (406-416) KPKQLNLMEFL
RNaseHIl (209-219) KRAQLTLDNFL
RFC (467-477) KGKQVTLFDEF I
. PolB (760-770) KTRQVGLTSWL
P. furiosus

Mre11 (412-422) KKKRGTLDSWL

412
1

PuMre11 1 IS o I-I B 426

B
1204 I control
1 I Mre11 PIP-like
100+ ]:
2
g’ 80
: - )
=
=
x 60
=
h=
& 404
©
E
o
S 204
: T

Nucleic Acids Research, 2018 5

C
250 4 ‘____End of injection
—~ 2004
2 S
0::_ PfuMR
~ 150
o))
12
5
o 1004
7
[
o 4
50 4
PfuMR APIP
0 —— =
w* Injection ‘Control
|} M T o T - T - T " L] v 1
0 100 200 300 400 500 600

Time (s)

Figure 2. Identification of a putative PCNA binding motif in the C-terminal region of PfuMrell. (A) PfuMrell displays a C-terminal PIP-like motif
when compared with the consensus sequence (x, any residues; ®, hydrophobic; €2, aromatic or hydrophobic) and various sequences of proteins from
Pyrococcus sp. known to interact with PCNA through the PIP motif. Positions within the sequences are indicated and PfuMrell domains are illustrated
below the table. (B) The interaction PfuPCNA/MR is inhibited by an excess of Mrell C-terminal peptide in competitive co-immunoprecipitation assays.
Western blot signals of PfuMrell were normalized with corresponding signals obtained with a peptide control. Experiments were performed in binding
buffer containing 150 mM NaCl. Error bars represent standard deviation of three independent reactions. (C) Surface plasmon sensograms obtained after
injection of 25 nM PfuMR wt or APIP over an immobilised PfuPCNA surface. The running buffer contained 300 mM NacCl.

TrEMBL databases. This pattern was detected in Mrell
sequences from the order Thermococcales and from an
Archeoglobale, Archeoglobus fulgidus. We also identified
that Hel308/Hjm archaeal members of helicase superfamily
2 possessed a similar motif in the extreme C-terminal region
(Supplementary Figure S2). Presence of this PIP-like motif
in Hel308/Hjm sequences showed similar repartition as in
sequences of Mrell, as only Thermococcale Hel308/Hjm
helicases harboured the motif, with the exception of Ther-
mococcus litoralis. In addition, alignment of the C-terminal
region of Hel308/Hjm and Mrel 1 proteins showed a strong
conservation of hydrophobic residues in the C-terminal ex-
tension of the motif (Supplementary Figure S2), suggest-
ing that this structural element could also serve as a hy-
drophobic plug on PCNA surface. Most noticeably, interac-
tion between PCNA and Hel308/Hjm from P. furiosus has
already been described. Using a deletion mutant lacking the
20 residues at the extreme C-terminal region (39), the au-
thors proposed that this portion could mediate interaction
with PCNA which is consistent with our analysis.

Mrell C-terminus region is essential for PfuPCNA /MR in-
teraction

Taken together, these observations prompted us to ver-
ify the assumption that the C-terminus of PfuMrell con-
tributes to PfuPCNA/MR complex formation. To this
aim, we performed pull-down competitive assays with the
Mrell peptide corresponding to the revealed motif (412-
KKKRGTLDSWLGG-424). Figure 2B shows that an ex-
cess of the Mrell peptide (Mrell PIP-like) significantly
blocked PfuPCNA/MR interaction compared with the
control peptide. As shown in the graph, the amount of im-
munoprecipitated Mrell decreased drastically in the assay
with the competitive peptide suggesting that this peptide
inhibits assembly of the PfuPCNA/MR complex. To test
whether the C-terminal sequence of PfuMrell could me-
diate interaction of the PfuMR complex with PfuPCNA,
we used Surface Plasmon Resonance (SPR) with PfuPCNA
immobilized on a chip. SPR measurements indicated that
the Mrell peptide physically interacts with PfuPCNA at a
micromolar range of concentrations (Supplementary Fig-
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ure S3A). It is interesting to note that the binding value
(4.05 wM) correlates with K value obtained with a canon-
ical PIP motif peptide derived from the sequence of another
nuclease, P. abyssi NucS (40). Together, these results suggest
that the primary docking site of PfuMrell on PfuPCNA
could be similar to that described for PIP-motif containing
proteins.

To confirm the essentiality of the PIP-like motif for the
interaction, we produced a deleted version of the P/uMR
complex lacking the last 15 amino acids of the PfuMrell
subunit (Supplementary Figure S3B, left panel). The co-I1P
experiments clearly showed that the mutant PfuMR APIP
complex did not bind to P/fuPCNA (Supplementary Figure
S3B, right panel, compare lanes 4 and 10), providing con-
clusive evidence that this variation in the PIP motif mainly
contributes to the interaction of the PfuMR complex with
PfuPCNA. We then looked at the stability of the interaction
at a higher salt condition to test specificity and to get closer
to the reported physiological ionic strength of Pyrococcus
Sfuriosus (41). Supplementary Figure S3B indicates that the
interaction between PfuMR and PfuPCNA is stable at 300
mM NacCl (lanes 5-6) and that the mutant PfuMR APIP
complex did not interact with P/uPCNA under the same
conditions (lanes 11-12). As a final point on the physical in-
teraction, the direct association between PfuPCNA and the
full length PfuMR complex was confirmed by SPR analysis
at 300 mM NaCl. PfuMR specifically bound to PfuPCNA
anchored on a sensor chip, while the PfuMR APIP com-
plex did not bind under the same conditions (Figure 2C).
In addition, we conducted a kinetic experiment over the full
range of PfuMR complex concentrations and determined
an apparent dissociation constant value (Kpapp) of ~4.07 =
1.46 nM (Supplementary Figure S3C).

PfuPCNA stimulates PfuMR activity for dsDNA cleavage

In archaea, as in some other organisms, the MR complex
is implicated in early steps of the HR pathway. Thanks to
a combination of Mrell nuclease and Rad50 ATPase ac-
tivities, the MR complex initiates DNA end resection to
provide suitable DNA template used by subsequent HR
components. In several in vitro studies, PfuMrell displayed
distinct activities: 3’—5 dsDNA exonuclease, ssDNA en-
donuclease and endonucleolytic cleavage on the 5 strand
at a break (30,34,42-44). Given PCNA preference for ds-
DNA substrate, we tested influence of the PfuPCNA on
PfuMR complex nuclease activities to resect synthetic ds-
DNA oligonucleotides.

To this end, we performed nuclease assays on a linear
blunt-end dsDNA substrate (S50/50s). The unlabeled com-
plementary strand has phosphorothioate bonds at its 3’ end
to block 3'— 5 exonuclease activity, in order to character-
ize exo- and endonuclease activities on the top strand irre-
spective of exonuclease degradation of the complementary
strand (Figure 3A). We first confirmed that the nuclease ac-
tivities of the PfuMR complex were in accordance with pre-
viously reported activities at low salt conditions (Supple-
mentary Figure S4A) and observed DNA products as al-
ready described on the same dsDNA substrates (42). Intra-
cellular salt concentration was determined to be ~350 mM

in P furiosus (41), we then decided to test the activity of
the PfuMR complex and impact of PfuPCNA at 300 mM
NaCl, close to the reported ionic strength. Increased con-
centrations of PfuMR complex were incubated for 30 min
at 70°C with dsDNA substrate. DNA fragments from the 5'-
labeled strand was revealed by fluorescence (Figure 3B). As
shown in lanes 6-7, the 5'-labeled strand was degraded by
the PfuMR complex, although to a much lesser extent than
at low salt condition (compare with Supplementary Figure
S4A), and defined products ranging from 15 to 37 nt were
generated.

From a PfuMR:DNA ratio of 1:1, conditions in which
PfuMR was inactive, we tested increased concentrations of
PfuPCNA and observed strong activation of DNA degra-
dation activity (Figure 3C, lanes 7-9) with about 94% of the
substrate used. Moreover, addition of PfuPCNA, changed
the degradation pattern and increased the specificity of the
enzyme towards generation of major products ranging from
27 to 29 nucleotides (compare lanes 7 in Figure 3B and
Figure 3C). A time course experiment confirmed that the
products accumulated over time and were the major end
products of the reaction (Supplementary Figure S4C). As
expected, this activation was not observed in presence of
the mutant PfuMR APIP (Figure 3D, compare lanes 3 and
5). To confirm that the interaction of PfuPCNA with the
PfuMR complex is responsible of nuclease activation, we
demonstrated that the APTP mutant is not affected in its nu-
clease activity (compare Figure 3B and C with Supplemen-
tary Figure S4 D and E), indicating that direct interaction
was necessary to stimulate PfuMR nuclease activity. How-
ever, faint bands at 27-29 nt could still be observed on Fig-
ure 3D when PfuMR APIP was in presence of PfuPCNA,
indicating that the secondary domain of interaction might
account for a weak resilient interaction with PfuPCNA.

At 150 mM NaCl, we also a noticed change in the degra-
dation pattern of DNA caused by PfuPCNA, but this shift
came with a strong inhibition of substrate utilization by
PfuMR, contrary to what was observed at 300 mM NacCl,
and most importantly, we found no significant differences
between PfuMR wt and APIP activities in presence of
PfuPCNA (Supplementary Figure S4B). These led us to
test, for both salt concentrations, the ability of PfuMR to
bind dsDNA. By performing EMSA experiments, we con-
firmed its binding onto DNA at 150 and 300 mM NaCl and
noticed no significant change caused by PfuPCNA (Supple-
mentary Figure S5), indicating that nuclease inhibition or
activation effect was not due to an improvement or a block-
age of PfuMR fixation onto DNA substrates. This demon-
strated the relevance of characterizing the functional inter-
play between PfuMR and PfuPCNA in higher salt concen-
tration conditions than for previous reported characteri-
zations of the MR complex from P. furiosus, especially as
we were approaching physiological ionic strength with this
treatment (41).

We also explored the effect of PfuPCNA on metal de-
pendence of nucleolytic degradation. Mrel1 has two metal
binding sites for which manganese has a higher affinity (43)
whereas Rad50 needs magnesium to hydrolyse ATP (45).
Supplementary Figure S6A showed that at 70°C, dsDNA
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Figure 3. PfuPCNA stimulates DNA degradation activity of PfuMR. In vitro nuclease assays (A) 5'-labeled 50bp dsDNA substrate used. SSSSS represents
phosphorothioate bonds. Black arrows indicate potential endo- and exo-nuclease cleavage activities. (B) 25 nM of DNA substrate were incubated at 70°C
for 30 min with increasing concentrations of PfuMR wt. (C) 25 nM of DNA substrate were pre-incubated with indicated concentrations of PfuPCNA
at room temperature for 5 min before adding 25 nM PfuMR wt. Reactions were performed for 30 min at 70°C. (D) 25 nM of DNA substrate were pre-
incubated with 50 nM PfuPCNA at room temperature for 5 min before adding 25 nM PfuMR wt or APIP. Reactions were performed for 30 min at 70°C
in 300 mM NaCl. DNA products were resolved in 18% PAGE and fluorescence revealed using Typhoon 9500 (GE Healthcare).

nucleolytic cleavage strongly required both ATP and man-
ganese and that change in cleavage specificity observed in
presence of PfuPCNA was not dependent on the presence
or absence of magnesium. Hereinafter we focus on our data
obtained at 300 mM NaCl, with 10 mM ATP, 5 mM MgCl,
and 5 mM MnCl, (similar results were obtained with KCI
instead of NaCl, data not shown).

From the degradation pattern observed, it is tempting
to speculate that this product occurred through endonucle-
olytic cleavage, which might be promoted upon association
with PfuPCNA. However, at this point it is not possible to
conclude whether PfuPCNA had an effect on the exonu-
clease, the endonuclease or regulated both activities of the
PfuMR complex.

Cleavage of the 5'-terminated DNA strand is promoted by
PfuPCNA /MR association

To address this question, we used dsDNA substrates
protected against exonuclease activity at both 3’ ends
(S50s/50s), which consequently could be only degraded
by endonuclease activity. As observed previously, major
DNA products of 27-29 nt were generated from blocked 3’
end substrate (Figure 4A), confirming that the pattern ob-
served stems from the initial endonuclease cut. To question
whether phosphorothioates bonds in synthetic oligonu-
cleotides may have an impact on PfuPCNA effect, we used
unprotected blunt dsDNA substrate. Supplementary Fig-
ure S7A clearly shows that addition of PfuPCNA generated
a similar change of cleavage specificity in that it led to the
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Figure 4. PfuPCNA/MR interaction generates endonucleolytic cleavage at dsSDNA ends. /n vitro nuclease assays. 25 nM of DNA substrate were pre-
incubated with 50 nM PfuPCNA at room temperature for 5 min before adding 25 nM PfuMR wt or APIP. Reactions were performed for 30 min at 70°C.
DNA products were resolved in 18% PAGE and fluorescence revealed using Typhoon 9500 (GE Healthcare). DNA substrates used are indicated at the
top of the panels. (A) 50 bp DNA substrate with a phosphorothioate stretch at both 3’ ends and (B) 87 bp DNA substrate with protected (right panel) or
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accumulation of main products around 27-29 nt. We then
asked whether a non-specific protein, such as streptavidin,
bound to the 5’ end might bring about a change in cleavage
pattern or efficiency. To this end, we tested a biotinylated
synthetic oligonucleotide with streptavidin to block the 5’
end (Supplementary Figure S7B) and noticed no cleavage
pattern difference on this particular substrate. Finally, we
looked at cleavage products from 3’ end labeled substrates.
The generated fragment sizes (21-23 nt) were complemen-
tary to 5 end labeled products (27-29 nt) confirming the
specificity of the endonucleolytic cut (Supplementary Fig-
ure S7C and D).

Next, we set out to examine whether there was any se-
quence and/or length dependence concerning the DNA
substrate. To address this, we used blunt end dsDNA sub-
strate of 87 bp that differed in sequence from the shorter
substrate. Comparison of nuclease activity of the PfuMR
complex in presence of P/uPCNA clearly showed a similar
activation on this longer substrate, either blocked or acces-
sible from the 3’ end (Figure 4B). Regardless of the size and
sequence of the DNA substrates, P/fuPCNA stimulated the
nuclease activity of the PfuMR complex at the 5’ end of a
DNA break to generate major 27-29 nt products through
its direct interaction via the PIP-like motif. This suggests
that alteration of nuclease activity by PfuPCNA seems to
be promiscuous and independent of length or sequences of
substrates. These results are in agreement with the mecha-
nism by which the endonuclease activity of PfuMrell acts
to incise the 5" strand DNA close to the DSB ends (46).
Taken together, these data suggest that upon association
with PfuPCNA, PfuMR could promote endonucleolytic ac-
tivity to process DNA ends.

After cleavage, the endonucleolytic product is released via
PfuMR /PCNA strand opening activity

Next, we investigated whether the endonucleolytic cleavage
was coupled with DNA melting by the PfuMR complex. As
ATP-dependent DNA unwinding activity has already been
reported for both prokaryotic and eukaryotic MR com-
plexes (47-50), we made a fluorescence-based helicase as-
say to monitor the activity of PfuMR and assess the in-
fluence of PfuPCNA. We used modified S87s/87s substrate
with reporter-quencher pair at the 5’ end to monitor emis-
sion of fluorescence during double strand opening in real
time. To prevent partial DNA melting at high temperature,
we performed unwinding assays at 55°C on the 3’ end pro-
tected substrate. In the previous cited studies (47,48,50,51),
authors showed that addition of ATP/MgCl, was sufficient
to detect a limited DNA unwinding activity of the MR com-
plex. Yet, in our case, PfuMR did not exhibit bona-fide
DNA unwinding activity dependent on ATP/MgCl, cofac-
tors (Figure 5A, compare lanes 1 and 4). However, in pres-
ence of PfuPCNA and MnCl,, conditions for which PfuMR
also displayed nuclease activity, strand opening activity was
detected (Figure 5A, compare lanes 4 and 8). We obtained
similar results with the same substrate but containing the
reporter-quencher pair located at internal position 23 nt
from 5 end of the top strand (Figure 5B), indicating that
local DNA melting extended from the cleavage site down
to the 5 extremity and suggesting that this DNA fragment
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was displaced by the P/uPCNA/MR complex. To confirm
this, we performed nuclease assays using the same substrates
in similar conditions and resolved DNA products in native
PAGE (Supplementary Figure S8). Data showed generation
of a single strand DNA fragment of about 30 nt, corre-
sponding to the displaced FAM-labeled fragment from the
5" end. From these results, we can propose that coordina-
tion of endonuclease and local strand opening activities of
PfuPCNA/MR complex leads to the release of a small &
end ssDNA fragment to generate a DNA product with a 3’
ssDNA overhang of about 30 nt exposed.

PfuPCNA does not interfere with ATP hydrolysing cycle of
PfuRad50

At this point, we demonstrated that PfuPCNA stimulates
PfuMR nuclease activity depending on ATP presence. A
member of the ATP Binding Cassette (ABC) protein su-
perfamily, Rad50 contains a conserved Nucleotide Binding
Domain (NBD) that dimerizes upon two ATP molecules
binding at dimer interface (45). By binding and hydrolysing
ATP, Rad50 drives dynamic structural transitions of the
MR complex controlling DNA unwinding and nuclease ac-
tivities (49,52-56). To examine effect of the PfuPCNA/MR
complex interaction on ATPase activity, we measured ra-
dioactive phosphate released by ATP hydrolysis in condi-
tions where P/uMR complex was deficient in nuclease ac-
tivity (without MnCl,). As observed in several other stud-
ies, PfuMR alone exhibited weak ATPase activity that was
not stimulated by the addition of dsSDNA substrate (Supple-
mentary Figure S9). In addition, we showed that PfuPCNA
did not significantly regulate ATPase activity of PfuMR
and hence may have no effect on P/uMR conformational
change; similar data (not shown) were obtained in presence
of MnCl,.

DISCUSSION

MR complex is involved in various aspects of DSB repatir,
including sensing DSB triggering signal pathways and facil-
itating DSB repair through different pathways. Among hy-
perthermophilic archaea, gene deletions of mirel I and rad50
are lethal for cells arguing for their apparent essentiality,
which distinguishes HA from all other cellular organisms,
including mesophilic archaea (for a review, see (5)). Here
we revealed in vitro physical association and functional in-
terplay between the DNA clamp PCNA and the recombi-
nation MR complex of P furiosus. To support this con-
clusion, we found that (i) PfuMR directly interacts with
PfuPCNA via a PIP-like motif and (ii) PfuPCNA regulates
PfuMR ATP-dependent nuclease activity to promote en-
donucleolytic cleavage about 30 nt from 5'-terminated ds-
DNA.

We demonstrated that PCNA binds directly to the
Mrel1-Rad50 complex of P. furiosus and that the interac-
tion is mediated by a non-canonical PIP motif located in
the C-terminal region of PfuMrell. The conspicuous dif-
ference between the PfuMrel 1 motif and the canonical PIP
motifis the absence of the well-conserved glutamine residue.
For several PCNA-interacting partners, the PIP motif con-
tains a glutamine residue involved in multiple interactions
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Figure 5. The endonucleolytic product from PfuPCNA/MR activity is displaced from dsDNA. Results from real-time fluorescence DNA unwinding assays
are presented on histogram chart with the percentage of unwound quenched substrates at 55°C after 30 min of time reaction. The dsDNA substrates used
are illustrated above each histogram: RQ-S87s/87s substrate (A) contained a reporter-quencher pair at one extremity (+5 of the 3’ strand) consisting of
dsDNA duplex; (B) RQ23-S87s/87s substrate had the reporter-quencher pair located at internal position 23 of dsDNA. Kinetics of DNA unwinding assays
are displayed in the panels below, curves numbering corresponds to the histogram lane number (from 1 to 11). 25 nM DNA substrate were pre-incubated
with 50 nM PfuPCNA at room temperature for 5 min before adding 25 nM PfuMR wt or APIP. Reactions were performed for 30 min at 55°C in buffer with
300 mM NacCl, 5 mM MgCl, complemented with | mM ATP and 5 mM MnCl, as indicated in the table below histograms (see ‘Materials and methods’
for complete protocol). Experiments were performed in triplicate and error bars correspond to standard deviation.

with PCNA surface residues (38). Recently, a number of
additional proteins that bind to PCNA have been reported
(reviewed in (19-21,57)). Among them, some PCNA part-
ners showed a PIP motif lacking this glutamine residue, and
its absence has also been observed for homologue proteins,
such as RFC in Archaea (58). Interestingly, the N-terminal
part of the PfuMrell peptide contains a basic region com-
posed mainly of lysine (K) amino acids. As described for the
PIP motif of RFC from P, furiosus, these residues could es-
tablish electrostatic interactions with the negatively charged
surface of the PCNA C-terminal tail and compensate for
the absence of glutamine residue (59,60). These results sug-
gest that the peptide detected on PfuMrell sequences is a
variation on a theme of the canonical PIP motif, lacking the
otherwise conserved glutamine residue, and mediates inter-
action between PfuPCNA and the PfuMR complex
Remarkably, the putative PCNA interacting motif is
conserved among Mrell sequences of all Thermococcales

species and of Archaeoglobus fulgidus. Similar PCNA in-
teraction motifs were not found in other archaea or in eu-
karyotic Mrell sequences. However, a search for a canon-
ical PIP motif (Q-x(2)-[LIVM]-x(2)-[FYW]-[FYWLIVM))
in generic databases Swiss-Prot and TrEMBL, using Mrel1
as description filter, identified Mrell sequences from the
orders Methanosarcinales and Halobacteriales as poten-
tially harbouring a canonical PIP motif at the extreme C-
terminus region (data not shown). This suggests that the
interaction between PCNA and the MR complex could be
a more general feature, not only restricted to these phylo-
genetic branches. In addition, proteins may use additional
regions to interact with the DNA clamp and novel PCNA
interacting motifs have been identified since the classic PIP-
box discovery (21,61). In this context, this hypothesis de-
serves to be tested, particularly for eukaryotic Mrell for
which a co-localisation with PCNA was observed in human
during the S phase of the cell cycle (62).
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Besides the physical interaction, we described a func-
tional interplay between the recombination complex and
PfuPCNA. First, we demonstrated that P/uMR is weakly
active at moderate ionic strength, the condition prevailing
in P, furiosus cells. We also demonstrated that, in these par-
ticular conditions the DNA sliding clamp stimulates and
modulates nuclease activity of PfuMR complex. Our data
thus indicate that DNA resection initiated by PfuMR could
be regulated by the DNA sliding clamp. We showed that
upon association with PfuPCNA, the PfuMR complex gen-
erates a major internal incision in the 5’ strand proximal
to DSB ends. Our findings are consistent with recent study
in budding yeast, wherein a distinct MR complex part-
ner, Sae2, influenced the activity of MR in a compara-
ble manner, by activating only the endonuclease activity of
the Mrel1-Rad50-Xrs2 complex (46). In addition, it was
shown that the 5 strand cleavage by eukaryotic MR was
strongly enhanced by a protein block mimicking a cova-
lently bound topoisomerase-like protein (46). While MR
nuclease activities are dispensable for the resection of ‘clean’
DSBs (63), endonuclease activity is essential to clear ob-
structed DNA ends (64). Consistent with this property, we
also demonstrated that P furiosus MR complex was able
to cleave ds break DNA intermediates with a streptavidin
block at the 5 end or with both ends blocked with phos-
phorothioate residues. The reported behaviour of T4 phage
system gp46/47 (MR homologues) in presence of the pro-
tein factors gp32 and UvsY was also comparable to what
we observed for the archaeal PfluPCNA /MR complex, since
the degradation profile of gp46,/47 was shifted towards the
generation of endonuclease products between 15 and 25 nt
(30). More recently, Deshpande et al., demonstrated for hu-
man proteins the role of Nbsl, the third component of the
MR/N complex, in regulating MR activities by inhibiting
exonuclease activity on clean ends, whereas phosphorylated
CtIP, the orthologue of Sae2, stimulates endonucleolytic
cleavage (65).

These different reports emphasize the importance of reg-
ulating endo- and exonuclease activities of Mrell within
the MR complex for DSB repair and that this regula-
tion is tightly coupled with ATP-dependent conformational
changes of the MR complex. A major contribution of the
present study is that we revealed PfuPCNA as a new inter-
acting partner stimulating nuclease activity of the PfuMR
complex. The molecular mechanisms that would explain
how PfuPCNA triggers this internal incision by PfuMR re-
main to be determined.

As mentioned earlier, the cycle of ATP binding and hy-
drolysis is associated with conformational changes of the
MR complex, with transition between ATP-bound and
ATP-hydrolysed states, where the ATP-bound form me-
diates DNA end binding, whereas ATP-hydrolyzed state
renders the Mrell nuclease active site accessible. Here,
we showed that the endonucleolytic cleavage induced by
the PfuPCNA/MR complex is ATP-dependent, but that
PfuPCNA had no effect on ATP hydrolysis or DNA bind-
ing activities of PfuMR. Interestingly, the PIP-like motif in
PfuMrell is located close to the RBD domain involved in
binding of the Rad50 subunit. PCNA and the Rad50 sub-
unit slide or diffuse along DNA whereas Mrell is required
for DNA end recognition and nuclease activities (66). Fur-
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ther structural and biochemical analysis would be required
to determine if one of the two proteins has an effect on its
partner’s diffusion along the DNA or if PfuPCNA inter-
acts preferentially with a conformation of the PfuMR com-
plex. In support of the latter hypothesis, we showed by SPR
that a more stable PfluPCNA/MR complex was formed in
presence of ATP, and in the case of the P/uMR construct
with truncated PfuRad50, the complex was faster to disso-
ciate from PfuPCNA (data not shown), indicating that the
PfuRad50 coiled-coil domain also has a role in the stabil-
isation of the interaction. Structural determination of the
PfuPCNA/MR complex with DNA would be important for
understanding how PfuPCNA controls or binds a specific
conformational state of PfuMR complex.

According to bidirectional resection model of DNA
DSB, upon the initial endonuclease cleavage, the Mrell ex-
onuclease proceeds back towards the DNA end via its 3'— 5’
exonuclease activity (model discussed in (32,67). Astonish-
ingly, in our results no 5'-products shorter than 15 nt were
observed in the nuclease assays, suggesting an absence of ex-
tensive 3'— 5’ resection for the second step. The most likely
explanation for this observation is that archaeal PfuMR dis-
placed the 5 end through a combination of melting and
endonuclease activities. This explanation is consistent with
the reported ability of the eukaryotic MR(N/X) complex
to open the DNA helix on ~20 base pairs at the end of the
duplex in an ATP-dependent manner (47,50).

In our conditions, the PfuPCNA/MR complex did not
display genuine DNA helicase activity dependent on ATP
and Mg”*. To date, ATP-dependent DNA unwinding ac-
tivity has only been reported for bacterial MR and eukary-
otic MRN complexes. This finding suggests that this un-
winding activity is not conserved in the archaeal MR com-
plex. However, in conditions suitable for DNA cleavage,
the 5 labeled product (27-29 nt) was displaced from the
initial dsDNA substrate. We thus propose that PfuPCNA
stimulates PfuMR DNA end processing leading to an in-
ternal cleavage coupled with 5" end removal. As described
by Liu and collaborators, ATP-dependent DNA melting
facilitates the access of Mrell for DNA cleavage (49).
Here, we cannot elucidate which, from the cleavage or the
DNA opening event, occurs first. Altogether, we assume
that the short-range processing by PfuPCNA /MR would
generate 3'-tailed substrate that could be suitable for ad-
ditional partners responsible for extended resection. The
helicase/nuclease HerA/NurA complex was found in all
thermophilic archaea, clustered in the operon encoding
Mrell and Rad50 (68), and in vitro experiments demon-
strated that Rad50, Mrell, HerA and NurA co-operate for
resection of the 5 strand at a DNA double strand break,
generating a 3’ ssDNA suitable for the recombinase RadA
(42). In Pyrococcus abyssi, at least 20 nt are required to
bind one RPA trimer onto DNA efficiently (unpublished
data). Here, the PfuPCNA/MR interplay generates a 3’
overhang of 27-29 nt suitable for RPA loading and thus for
3’ tail protection from degradation by NurA, while the com-
plex HerA /NurA can still extend 5 strand resection. Taken
together, our findings indicate that P/fuMR interacts with
PfuPCNA physically and functionally in a manner consis-
tent with an end resection process for the HR pathway.
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III. Supplementary study: genetic study in vivo

1) Context

Homologous recombination is a fundamental cellular process that plays a key
role in rearrangement of genes both within and between chromosomes, also in
promoting repair of damaged DNA and underpins replication. Since most archaeal
species are difficult to cultivate due to their extremophilic growth conditions, large
amount of current knowledge of recombination in the archaea is obtained from
comparative genomics in silico and biochemistry studies in vitro. In our laboratory, we
have developed a gene disruption system using hyperthermophilic Archaeon
Thermococcus barophilus as a model organism, as it can be cultivated in the laboratory,

to realize the studies of genes in vivo.

Thermococcus barophilus (T. barophilus) is a hyperthermophilic, piezophilic
archaeon. It was isolated from a deep-sea hydrothermal vent in 1993. It grows
optimally at 85°C and within a range of pressure from atmospheric pressure (0,1 Mpa)
to 85 Mpa, with an optimum of 40MPa (Marteinsson et al, 1999). Moreover, T.
barophilus is phylogenetically related to P. furiosus (Thiel et al, 2014).

This gene deletion system consists of a double-selection system: a positive
selection using simvastatin and following by a counter-selection by 6-methylpurine (6-
MP) (Birien et al, 2018).

Simvastatin is a positive selection marker developed in genetic manipulation
system in different hyperthermophilic archaeal species such as Thermococcus
kodararensis (T. kodararensis) (Matsumi et al, 2007; Hileman & Santangelo, 2012),
Pyrococcus furiosus (Lipscomb et al, 2011), Sulfolobus isladicus (Zheng et al, 2012),
T. barophilus (Thiel et al, 2014) and Pyrococcus yayanossi (Li et al, 2015). Why
antibiotic simvastatin is used for the screen for transformed cells? The hmg gene
(coding for the 3-hydroxy-3-methylglutaryl coenzymes A (HMG-CoA) reductase) in
selection cassette can be overexpressed in strain and demonstrated to confer
simvastatin resistance in different organism. Hence, P. furiosus (hmgy) can be used

as a positive marker (Thiel et al, 2014).
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6-MP is counter-selective marker developed in T. kodararensis. It is a toxic
compound (an adenine analog) that inhibits cell growth. In T. kodararensis, an
encoding gene TK0664 (hypoxanthine-guanine phosphoribosyl-transferase) was
identified and the gene product was shown to possess 6-MP resistance competence
(Santangelo et al, 2010). In T. barophilus, the homologous gene to T. kodakarensis
TK0664 has been found, called “T. barophilus TERMP_00517". Birien et al. have
shown that TKO664 gene confers sensitivity to 6-MP in mutant ATREMP_00517 T.

barophilus. Therefore, TKO664« is chosen as a negative marker (Birien et al, 2018).

In brief, the gene deletion system (Pop-in /pop-out) is started by a construction of
a vector (pUPH) containing the selection cassette (hmgprgene and TK0664«gene) and
the target gene was not in this constructed vector. Then this pUPHatarget gene Will be
transformed in ATREMP_00517 T. barophilus followed by the double selections.
Finally, we performed an extraction of DNA from living cells after double crossing-over,
and a PCR using primers located within (or downstream of) target gene and upstream
of target gene, to confirm if the target gene was deleted. If the cells could grow without
target gene, it means that the target gene is not essential; if not, target gene is essential

for cells survival.

With this genetic tool, we have investigated the function of mre711 gene deleted
from the PIP motif of Mre11-rad50 complex (or the function of interaction between

PCNA and Mre11-rad50 complex) in genomic maintenance.
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2) Materials & methods

a) Strains and Growth media

T. barophilus strain MP: TBATREMP_00517 was used in this study (reference in
(Birien et al, 2018)). T. barophilus strain was grown under anaerobic conditions at
85 °C in Thermococcales Rich Medium (TRM), which was made up as follows: 1 L of
demineralized water was supplemented with 23 g NaCl, 5 g MgCl..6H20, 3.46 g PIPES
disodium salt, 4 g Tryptone, 1 g yeast extract, 0.7 g KCI, 0.5 g (NH4)2S0O4, 0.05 g NaBr,
0.01 g SrCl2.6H20, and 1 drop of resazurin 1%. The pH was adjusted to 6.6-6.7 and
the medium autoclaved for 20 min at 121 °C. Once cooled, 1 mL of each of the following
solutions was added: 5% KoHPOs4, 5% KH2PO4, 2% CaCl..2HO, 10 mM
Na20O4W.2H20, 25 mM FeCl3.6H20. The liquid medium was dispensed in 50 or 100 mL
vials, sulfur was added (2 g/L), and all vials were sealed with butyl-rubber stoppers,
vacuum and N2 gas addition steps were required to remove O2 and to maintain the
culture media under anaerobic conditions. The liquid phase was reduced by 0.1 mL of
a Na>S.9H20 solution. TRM was used in liquid or solid form and, for the latter case, 10
g/L of phytagel (Sigma-Aldrich Chimie, L’Isle D’Abeau Chesnes, St Quentin Falavier,

France) were added to the TRM liquid medium.

After cell transformation, the transformants were selected on TRM supplemented
with 2.5 ug/mL of simvastatin (Sigma) or 100 uM of 6-MP (Sigma).
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b) Construction of gene deletion vector
The pUPH plasmid was used for the construction of our new suicide vector (Thiel
et al, 2014). This plasmid bears the ampicillin resistance gene and two selection
markers: the HMG-CoA gene of P. furiosus with its putative promoter region, and the

TK0664 gene of T.kodakarensis. It is a replicative plasmid in E. coli (Figure 34).

(4637) Kpnl
(4603) BamHI

PUPH

5045 bp

Figure 34 : Schematic representation of plasmid pUPH (5045 bp). The major elements in the plasmid follow as such: Pgdh
(promoter)+HMG-CoA gene, enzymatic restriction sites BamHI and Kpnl, AmpR gene, ColE1 origin and 6Mps-TK gene.

The mre11_Apip gene (indicates mre11 gene without PIP motif) was obtained by
3 PCR amplifications on the T. barophilus genome wild-type (WT) with the primers
MRE11_1Up_Kpnl, MRE11_1Do, PIP_2Up, PIP_2Do BamHI (see table 13 and
Figure 35). The resulting PCR product was sequenced by “Eurofin” to verify that the
PIP motif has been deleted. Then this PCR product bears the Kpnl and BamHI
restriction enzyme sites at its extremities. The mre11_Apip amplicon was cloned in the
pUPH plasmid digested by the restriction enzymes Kpnl and BamHlI, and after ligation
between the pUPH plasmid and the mre11_Apip PCR-amplified gene (using T4 ligase;
Promega), a plasmid named pP_A MRE11_PIP was constructed (Figure 36). PCR
products were loaded in 0,8% agar gel followed by a migration at 100V during 40 min,
and purified by “QlAquick Gel Extraction Kit”. Then the pP_A MRE11_PIP plasmid

was transformed in E.coli DH5a, and then clones were extracted and stocked at -80°C.
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Table 13 : List of primers used in this study

Primers used for
amplification of s Tm
flanking regions SEGMIBTES () (°C)
of targeted gene
MRE11_1Up_Kpnl AAAAAAGGTACCCCAGCTCCTCGAGTCTTTCCTTG 64,8
MRE11_1Do GCTGAGAAAAAAGTGAAAAAAGCTCCCTGAGAATATGAGAATTGAAA | 65,5
AAATCATTGTGAGG
PIP_2Up AAAAAAGGATCCCCCAGAAGAAGATCTCCGCCTATCA 65,0
PIP_2Do_BamHI | CCTCACAATGATTTTTTCAATTCTCATATTCTCAGGGAGCTTTTTTCAC | 65,5
TTTTTTCTCAGC
Primers used to Sequence (5-3")
check mutants
MRE-PIP-Verif- ATCAAGCCCCAACACTTTCCTCAC 59,6
YM_up
MRE-PIP-Verif- AAGAAGAAATCTGATATTTTGGCTTGGTTGAAGG 59,2
YM_Do
MRE-PIP-Verif- CCACGGGCGGAAAGGGA 60,9
YM_2 Do
N N
Genomic ADN : PIPE MRE11
<>
PCR1
107_2pb
M: MRE11_1Up_Kpnl Ny : PIP-2Up

==, : MRE11_1Do i, PIP-2Do_BamHI

Overlap extension PCR between the PCR1 products and the PCR2 product= PCR3 (=2063bp).

PCR1
\ /
K:pnl l Bam:HI
PCR3
2063bp

Figure 35 : Construction of mrell_Apip gene by PCR amplification. Primers Mrell_1Up_Kpnl and Mrell_1Do were used to
amplify the zone before pip motif, and primers PIP_2Up and PIP_2Do_BamHI were used to amplify zone the after pip motif.
Primers Mrell_1Up_Kpnl and PIP_2Do_BamHI were used to amplify the resulting PCR1 and PCR2 products, to obtain
mrell_Apip gene (PCR3).
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A
: : —_— H
Kpnl PCR3 BamHI Kpnl PCR3 BamHI
2063bp
Double digestion
With enzymes Kpnl and BamHI
6% &,
N\ Va4 & % Ligation
A ¥ \ With enzymes DNA T4
Recombinant vector
pP_A_MRE11_PIP
B

(6642) Kpnl KpnI-MRE11-1Up-new (6615 .. 6643)

7000' |

(5604 .. 5664) PIP-2Up_new
(5604 .. 5664) MRE11-1Do_new

pPUPH-Mrel1iDeltaPIP
7050 bp

(4602 .. 4633) BamHI-PIP-2Do_new

Figure 36 : Construction of pP_A_MRE11_PIP plasmid. pUPH plasmid and mrell_Apip gene were digested by Kpnl-HF and
BamH-HF and were then ligated to obtain the plasmid pP_A_MRE11_PIP. (A) Schematic representation of construction steps.
(B) Schematic representation of plasmid pP_A _MRE11_PIP (7050 bp). The restriction enzyme sites BamHI (B) and Kpnl (K)
were conserved to enable cloning of the homologous regions in pUPH plasmid.
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c) Transformation of Thermococcus barophilus

The transformation protocol used in this study was identical to that described by
(Birien et al, 2018). The CaCl: cell treatment was not required for the transformation.
Cells were pre-cultivated in TRM medium with sulfur for 6 h at 85 °C at atmospheric
pressure. Then, the cells were harvested by centrifugation (8000xg, 6 min, 4°C)
concentrated in 200 uL of fresh TRM without sulfur; and kept on ice for 30 min. An
aliquot of 4-5 ug of plasmid DNA (Recombinant vector pP_A MRE11_PIP) was added
to the cells, and the mixture was incubated for 1 h on ice. The heat shock step was
carried out at 85 °C for 10 min and was followed by an incubation of 10 min on ice.
Finally, the transformants were used to inoculate 20 mL of fresh TRM medium

supplemented with sulfur and incubated at 85 °C for 18 h.

After transformation, the cells that had integrated the plasmid into their
chromosome were selected on solid medium ( Phytagel (Sigma, 10 g/L) maintains
TRM plates in a solid state at 85°C (Pop-in recombination, Figure 37A&B). The cells
were harvested by centrifugation (8000xg, 6 min, 4°C), resuspended in 50 yL of fresh
TRM before spreading on plates containing simvastatin (final concentration 2,5 ug/mL).

The plates were then incubated for five days at 85 °C.

A second step was needed to excise the targeted gene (pop-out recombination,
Figure 37C). This counter selection was performed on plates containing TRM,
supplemented with 6-MP (final concentration 100 uM). The strains growing on these
plates were resistant to 6-MP and sensitive to simvastatin, since the plasmids had

been excised. A PCR was performed to examine the mutant.

A. WT T.barophilus genome and pP_A _MRE11_PIP plasmid

—-pip.- == T. barophilus genome

- .

Recombinant vector
pP_A_MRE11_PIP
(Puph+PCR3)

' ' I TK0664: Hypoxanthine guanine phosphoribosyl-transferase

(HMG-CoA reductase gene) (TK0664)
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B. Pop-in recombination

_*— T. barophilus genome

Recombinant vector
pP_A_MRE11_PIP
(Puph+PCR3)

| TKO664: H guanine i ase

(HMG-CoA reductase gene) (TK0664)

\ 4
B ——

T. barophilus genome
intermediate

C seeons sl

Plasmid integration = selection stage (selection +)
TMR + Simvastatin

C. Pop-out recombination

— mp——

T. barophilus genome
-- intermediate

1stC.0

L s sekdens

L sekens s

L s s

— E——— —lw
TMR+6-Methylpurine TMR+6-Methylpurine
+ +
e —— e —
T. barophilus Wild Type T. barophilus mrel1_Apip

Figure 37 : Schematic deletion diagram of pip motif. (A) Schematic representation of recombinant plasmid pP_A_MRE11_PIP
and intact genome from T. barophilus MP. The recombinant plasmid was constructed by ligation of homologous region (HR)
localized in flanking mrel1_Apip and in inside pUPH (B) Recombinant plasmid is used to transform T. barophilus MP. The first
“pop-in” step is the homologous recombination between plasmid recombination and intact genome from T. barophilus. After
the “pop-in”, cells containing the integrated plasmid were selected with simvastatin. (C) Intermediated cells were spread on
6-MP to get the second recombination event (pop-out), resulting in plasmid excision. This could lead either to gene deletion
or to a WT genotype, depending on the recombination site. Primers “MRE-PIP-Verif-YM_up + MRE-PIP-Verif-YM_Do” and
“MRE-PIP-Verif-YM_up + MRE-PIP-Verif-YM_2_Do” were used to validate successful creation of a mutatnt strain.
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d) DNA extraction and purification

Plasmid DNA was extracted from an E. coli DH5a strain with a plasmid extraction
kit “QlAquick Miniprep KIT” supplied by Thermofisher. E. coli DH5a cultures (5 ml) at
exponential growth phase were harvested after centrifugation (6,000xg, 6 min, 4°C)

and then used to extract DNA vectors with a final concentration of 160 to 200 ng/uL.

Genomic DNA extraction of T. barophilus was performed using “GeneJET Genomic
DNA Purificaiton Kit” (ThermoFisher lllkirch, France). Different colonies from plates
were chosen and inoculated in distinct fioles containing 20 mL TRM with sulfur and
incubated at 85°C during 24h. Overnight cultures were centrifuged at 8000xg for 8 min.
Then, the pellet was suspended in 300 uL of TE (100 mM of Tris-HCI pH8, 50 mM of
NaCl, 50 mM of EDTA pH 8). To ensure cell lysis, 40 uL of SDS (10%), 40 uL of
Sarkosyl (10%) and 20 uyL of proteinase K (20 mg/mL Kit) were added. The cell
suspension was incubated for 1 h at 55 °C. Then, 20 yL of RNase A (50 mg/mL, Kit)
and 200 pL of lysis buffer (Kit) were added. The mix was incubated for 5-30 min at
room temperature, and then put into a purification column (silica-based membrane spin
column) and centrifuged at 8000xg for 1 min. Two successive cleaning steps were
carried out, with 500 uL of Wash Buffer (with ethanol) and 1 min of centrifugation at
12,000xg. To remove any trace of ethanol, the suspension was centrifuged (12,000xg,
3 min). Then, the column was placed in a clean tube and 200 pL of sterile water used

for elution after centrifugation at 8000x g for 1 min.

e) PCR conditions

Mre11_Apip gene was obtained using Pfu polymerase (Promega) for PCR1 or
Phusion Polymerase HF (Biolabs) for PCR2 and PCR3. Routine tests by PCR
amplification were performed using Taq Polymerase (Promega). Different PCR

programs are described below:

PCR1: 95°C for 5 min; 30 cycles of 95°C for 50 s, 55°C for 50 s, and 72°C for 2 min
30 s; 72°C for 7 min.

PCR2 /3: 98°C for 30 s; 30 cycles of 98°C for 10 s, 50°C for 30 s, and 72°C for 40
s; 72°C for 7 min.

Routine PCR: 95°C for 10min; 35 cycles of 95°C for 30 s, 53°C for 30 s, and 72°C
for 2 min 10 s; 72°C for 7 min
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3) Results and discussion

a) Verification of mrel11_Apip gene sequence

The amplification of gene mre11_Apip was performed with three PCR
(Polymerase chain reaction) reactions from genome of T. barophilus. Two pairs of
primers designed with Kpnl and BamHI specific restriction sequences localized
upstream and downstream of PIP motif in mre11 gene were used in the first time to
produce two amplicons with some common sequences. These common sequences
will serve as an overlap area to combine two amplicons in the third PCR, in order to
generate an about 2000 bp PCR3 product (mre11_Apip gene). The PCR3 product was

sequenced (Eurofins Scientific) and did not contain sequencing errors.

b) Construction of the mre11_Apip recombinant plasmid
To verify if the mre11_Apip gene was integrated in plasmid pUPH, enzymatic
digestion with BamHI and Kpnl was used to cleave free plasmid (pUPH) and
recombinant plasmid (pUPH+ gene). After separation by electrophoresis (Figure 38),
only one fragment was observed for the digestion of pUPH vector (~ 5000 bp), while
two fragments were seen on gel for the digestion of the recombinant plasmid, the

smaller band corresponded to the size of the insert (mre11_Apip gene).

1 2

- G < PUPH

2000bp— W <€—— PCR3product (mrell_Apip)

1: Free plasmid (pUPH)
2: Recombinant plasmid (pUPH+PCR3)

Figure 38 : Gel migration of plasmid pUPH and recombinant plasmid pP_A_MRE11_PIP after enzymatic digestion by BamHI
and Kpnl.
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c) Deletion of PIP motif is potentialy essential for viability in Thermococcus
barophilus
According to biochemical study in vitro on interaction between Mre11-rad50
complex and PCNA form hyperthermophilic archaea Pyrococcus furiosus, PCNA is
capable to stimulate the endonuclease activity of Mre11-rad50 complex in vitro. To
characterize this interaction further, we sought to determine the function of this

interaction in vivo.

The PIP motif in mre11 gene was targeted for deletion in T. barophilus, with
primers designed (Table 13). Plasmid containing mre11_Apip gene was inserted into
plasmid pUPH, then submitted to “pop-in” and “pop-out’ selections. After the counter-
selection on 6-MP, 20 clones resistant to 6-MP were isolated. We used two pairs of
primers, locating both downstream and upstream of pip domain of mre11 gene (Figure
39, Pair A: blue and orange arrows) or in center of pip domain of mre11 (Pair B: blue
and red arrows), to verify the living cells containing or not pip motif with PCR (Primes
sequences seen in Table 13). With the pair A, we could obtain amplified fragments in
WT (mre11 gene contains always PIP motif) and mutant (mre77 gene don’t contain
PIP motif) with a difference size. With the pair B, only chromosome WT can be

amplified.

‘*Plh _— T. barophilus Wild Type

a I T. barophilus mrell_Apip

w— : MRE11-PIP-Veri_YM_up

. MRE11-

MRE11- {YM_2_Do

Wild-type Deletion
A 580 bp 540 bp

A —— +
B: = +

—_—

B 517 bp 0

Figure 39 : Schematic representation of verification of pip motif deletion using PCR. 2 pairs of primers used for verification.
Pair A: Primer located upstream of pip motif (Blue arrow) + Primer located downstream of pip motif (orange arrow); Pair B:
Primer located upstream of pip motif (Blue arrow) + Primer located in center pip motif (orange rouge). Different amplifications
with different pairs of primers will be used to differ wild-type strain and gene deletion strain.
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b Primers Pair A Primers Pair B
| B | 1
i T 2 4 5 6 10 T 2 4 5 6 10
-
600bp —> - WO w

400bp —>

Figure 40 : Example of gel migration of amplification of fragments with Primers Pair A and Pair B. T: genome WT from T.
barophilus; N° 2,4,5,6,10 corresponded to selected colonies.

Figure 40 show that all the amplified fragments with primers pair A are the same
size very close to 600 bp, we cannot conclude whether the genome WT was deleted
or not because there is only 40 bp different between genome WT and genome
mre11_Apip. However, the result with primers pair B was more evident to interpret.
There was an amplification of fragments with primers pair B in all the colonies, that

means strains carrying deletion of PIP motif can not grow.
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The object of this study was to discover the effect of the interaction between Mre11-
rad50 and PCNA in vivo.

Preliminary results indicated that the deletion of PIP motif from mre11 gene in T.
barophilus cells is not viable. This apparent essentiality of PIP domain in mre11 gene
was only obtained once and the number of clones tested is not sufficient enough to
confidently draw robust conclusions. Due to lack of time, | could not reiterate these
experiments and that the reason why we did not incorporate this genetic part in the

published paper.

This is yet an interesting result that might emphasize the biological importance of
the association between PCNA and MR complex for HR pathway. This result is to be
brought closer to the observation that, at physiological ionic strength, MR complex
seems to be inactive at stoichiometric condition with DNA substrate and needs
association with PCNA to be activated. In other words, this could reflect a particular
type of regulation for DNA enzymes driven by the association with PCNA recruitment
platform at high intracellular salt concentration. It is well known that some
hyperthermophilic archaea contain strikingly high intracellular potassium ion
concentrations (Scholz et al, 1992). In addition, the same phenomena of activation of
DNA enzymes upon association with PCNA at high salt concentration as already been
described for archaeal thermosable DNA ligases (Sriskanda et al, 2000; Rolland et al,
2004). In this regard, Kiyonari and collaborators reported that: “Each protein involved
in DNA replication and repair has to work at a certain time in the successive processes
at the appropriate site. To control the specific timing and the position for each related
protein factor to access the target DNA in vivo, the salt concentration, which prevents
nonspecific binding of protein factors in the cells, is especially important, and in the
case of replication fork progression, for example, PCNA probably functions as a
platform to control the order and the sites of interacting proteins involved in this
successive reaction process” (Kiyonari et al, 2006). It is thus tempting to speculate that
hyperthermostable archaea might have evolved a regulation mechanism based on
recruitment and activation of DNA enzymes by PCNA on specific DNA structures under
physiological ionic conditions. This may also explain why we mainly found occurences

of PIP-like motif on thermococcales Mre11 proteins. However, up to now, it has never
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been reported any preferential binding of archaeal PCNA onto physiological DNA

substrates for Mre11 or DNA ligase.
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The last year of my PhD was devoted to the study of an intriguing association,
detected in the interaction network, revealed in the laboratory by Pierre-Francois
Pluchon and collaborators (Pluchon et al, 2013), concerning the catalytic subunit p41
of DNA primase recombinase RadA, its modulator RadB and DNA ligase (Figure 41).
RadA is a recombinase that is essential for homologous recombination, so that its
interaction with DNA primase and DNA ligase raises the possibility that these two
proteins could also be implicated in recombinational repair of DNA double-strand
breaks. In support to this hypothesis, the primase from S. solfatarucus was shown to
be able to realize a template-dependent polymerization across discontinuous DNA
templates (Hu et al, 2012). This property is indeed relevant to a potential implication in
recombinational repair pathway. Due to lack of time, | could not achieve a complete
functional characterization of this potential complex in order to propose a role or at
least to target a pathway in which this complex could be involved. However, | started
to set up production and purification of RadA as well as recombinase assays. Protocols
for production and purification of DNA primase holoenzyme and p41 subunit were
already available in the laboratory. Thereby | could have the recombinant proteins at
my disposal to initiate the study of this complex, concentrating first on RadA and DNA
primase. In the next sections, | will first introduce the current knowledge on functions
of RadA and primase. Then | will argue for the hypothesis regarding the potential

biological implication of this complex before presenting the preliminary data obtained.

DNA Ligase

PriL P46
RadA

PriS P41

Figure 41 : Protein interaction cluster linking DNA primase, DNA igase and recombinase RadA and RadB from Pyrococcus
abyssi (Pluchon et al, 2013). Each protein indicated here was used as a bait in pull-down/MS experiments. Black arrows point
out the partners found after MS identification. The significance ratio gave confident scores even with sample treated by
nuclease.
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L. Presentation of studied proteins

1) Primase
Several studies have shown that genes encoding the primase in archaea are
essential for cell viability (Berquist et al, 2007; Le Breton et al, 2007; Sarmiento et al,
2013; Liu et al, 2015), as well as for its bacterial (Kobayashi et al, 2003) and eukaroytic
homologs (Arezi & Kuchta, 2000). Hence, DNA primase is an important player in

replication.

During DNA replication, de novo DNA synthesis of DNA strand cannot be initiated
by polymerase, DNA primase is required and capable of the synthesis of a short RNA,
as a primer on template DNA, which is subsequently extended by DNA polymerase
(Figure 42) (Frick & Richardson, 2001).

(A) DNA Binding (B) Substrate Binding

Primase
» | =
P ~
SSDNA Initiation  Elongation +CTP l:
site site
c
(D) Elongation (C) initiation
PP;j
)
+ o L 1e
+CTP
+CTP
PPj (E) Transfer
-
. C1ae
PP

Figure 42 : Synthesis of primer by Primase (Frick & Richardson, 2001). Example of primer synthesis by T7 primase. DNA
primase (orange) binds to ssDNA template (yellow) (A), then two NTP (ribonucleotide) substrates bind to the elongation site
and the initiation site (B) to catalyze the formation of a dinucleotide and inorganic pyrophosphate (C). The growing
oligonucleotide is transferred to the initiation site while addinitional NTPs bind to the elongation site and is ncorporated at
the 3’end of the pirmer (D). Finally, primer RNA is transferred to the replicative DNA polymerase which adds
deoxyribonucleotides (dNTPs) to their 3’ends.
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DNA primase is an essential component of the DNA replication, this specialized
DNA-dependent RNA polymerase is conserved in the all kingdoms of life. DNA
primases belong to two distincts protein families: DnaG type and AEPs (Archaeo-
eukaryotic primases). All of DNA primase in Bacteria are single subunit protein, termed
DnaG, which binds to the DNA helicase, to form a complex called the primosome.
Bacterial primases are activated by helicase and synthetis an RNA primer. In E. coli,
one primer (10-12 nucleotides) is synthetized every second, and around 2000 to 3000
primers are synthetized (Keck et al, 2000; Frick & Richardson, 2001). AEPs are
structurally distinct from the bacterial DnaG primases, in both Eukaryote and Archaea,
and constitute a two-subunit primase, that means the AEPSs typically consists of a small
catalytic subunit (PriS) and a large regulatory subunit (PriL). In eukaryotes, the PriS-
PriL primase complex is associated with DNA polymerase a and its accessory B
subunit, to form a heterodimeric enzyme: DNA polymerase a-primase complex. In this
complex, the primase catalytic subunit (PriS) is able to synthetize a short RNA primer
approximately from 8 to 12 nt, which is elongated by Pola to about 30 nt to form the
pre-Okazaki fragement (Frick & Richardson, 2001; Grabowski & Kelman, 2003). The
first archaeal primase was identified from Methanococcus jannaschii, which has a
sequence similar to eukaryotic primase-like subunit p48 (Desogus et al, 1999). Later,
proteins (p41 and p46) with homology to the eukaryal PriS and PriL subunits were
found in several Pyrococcus species (Bocquier et al, 2001; Liu et al, 2001; Matsui et
al, 2003; Ito et al, 2007; Le Breton et al, 2007), as well as in other Euryarchaeota
Thermococcus kadakaraensis (Chemnitz Galal et al, 2012) and Archaeoglobus
fulgidus (Jozwiakowski et al, 2015), and in Crenarchaeote Sulfolobus solfataricus (Lao-
Sirieix & Bell, 2004; Lao-Sirieix et al, 2005b). Recently, a third primase subunit was
identified in archaeon Sulfolobus solfatarcus, called “PriX”, which is essential for primer
synthesis (Liu et al, 2015). Moreover, primase exists also in virus Bacteriophage T4,
called gp46, and also coupled with a helicase gp41 in order to optimize its activity (Frick
& Richardson, 2001) (Table 14).
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Table 14 : Example of architecture of primase from the three domains of life (study from (Lao-Sirieix et al, 2005b; Rowen
& Kornberg, 1978; Holzer et al, 2017)

Eukaryotes Archaea Bacteria
Human S.cerevisiae | Sulfolobus | Pyrococcus E.coli
Pol1
Pol a p165 - - -
(180 kDa)
Pol12
B subunit p77 - - -
(79 kDa)
Small Pri1 PriS Pfup41
Pri pS0
fimase (48 kDa) (38 kDa) (41 kDa) DnaG
Pri2 PriL Pfup46 (60 kDa)
PL.arge P59
fimase (58 kDa) (36 kDa) (46 kDa)
Third subunit PriX
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These p41-p46 (PriS-PriL) complexes are called “classic archaeal DNA primases”
and exist in most archaea (Figure 43A). A conserved Fe-S cluster-binding domain is
identified in PriL subunit, which modulates the activity of primase in archaea, and the
PriS contains an N-terminal catalytic domain with a conserved motif, that plays its
primase function. Another form of archaeal DNA Primase has been described, called
“fused archaeal DNA Primases”. This type of primase contains a single gene encoding
a fused PriS/PriL. In other words, this short atypical primase consists in a fusion of the
catalytic domain of PriS and the Fe-S cluster-binding domain of PriL (Figure 43B)
(Raymann et al, 2014). Fused archaeal DNA primase are has been found in
Nanoarchaeum equitans (lyer et al, 2005), in Nanoarchaeote Nst1 (Podar et al, 2013)
and in an uncultured nanoarchaeon (Rinke et al, 2013). Whereas, in 2014, Gill et al,
have identified a similar fused primase encoded by pTN2 plasmid from the
hyperthermophilic archaeon Thermococcus nautili, named “PolpTN2”, that is without
sequence similarity with the primases found in nanosized archaea. This archaeal
primase PolpTN2 harbors both primase and DNA polymerase activity thanks to a fusion

of domains homologous of two subunits (Soler et al, 2010; Gill et al, 2014).

A Classic archaeal DNA primase

'Ca. Micrarchaeum acidiphilum ARMAN-2' (1.0 Mb)

(Pris] NN RN (Fri]

EET89858 EET89750

B Fused archaeal DNA primase

Nanoarchaeum equitans (0.5 Mb)
NP_963681
Nanoarchaeote Nst1 (0.5 Mb)
EOD42577

Nanoarchaeota archaeon SCGC AAA011-L22

WP_018204217

'Ca. Nanosalinarum JO7AB56' (1.2 Mb)

EGQ39955

Figure 43 : Schematic representation of two types of archaeal primase (Raymann et al, 2014). (A) Classic archaeal DNA
primase, consisting of two subunits PriS and PrilL. (B) Fused archaeal DNA primase, containing a fused primase which are
found in some nanosized lineages. Conserved motif in N-terminal catalytic domain in PriS subunit is represented in black
bars, and Fe-S cluster-binding domain in PriL subunit is represented with yellow box. “Ca.” is shorter for “Candidatus”.
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The crystal structure of the catalytic subunit (p41) from P. furiosus has been
reported (Figure 44). The small subunit p41 of PfuPrimase is a two-domain structure:
a large primase domain, which contains the catalytic part with conserved residues
within eukaryote and archaea (Figure 44, right) and Zinc-finger motif (indicated in blue);
and a small helical domain (indicated in red) which has a species-specific fold, highly
variable in length and sequence (Augustin et al, 2001; Lao-Sirieix et al, 2005b). The
role of Zinc-finger motif in archaeal primase is not clear, but Zinc-finger motifs of DNA
primase of bacteriophage T7 and bacteria Bacillus are responsible for template or
single-stranded DNA recognition and binding (Kusakabe et al, 1999; Pan & Wigley,
2000). Moreover, Lao-Sirieix and his group have shown that mutant SsoPrimase
lacking PriS-Zn had always a high activity that could synthetize shorter products
compared with the wild-type enzyme (Lao-Sirieix et al, 2005a). Thus, it was proposed
that Zinc motif of archaeal primase possibly has a similar role that allows the interaction

of the primase with the DNA template (Lao-Sirieix et al, 2005a).

a-helical
domain

Prim
domain

Subunit p41 (PriS) from Pyrococcus furiosus

Figure 44 : Structure of the small subunit (PriS) from archaea (Lao-Sirieix et al, 2005b). Cystallographic sturcture for the
catalytic subunit of P. furiosus primase (PDB: 1G71) (Augustin et al, 2001) , and closed view of position of active site residues
for the P. horikoshii primase (PDB: 1V33) (Ito et al, 2003).
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The archaeal large subunit (p46) is composed of two structural domains, the N-
terminus (PriLNP), which is able to interact with PriS, and the C-terminus (PriLc™P),
which has an ssDNA binding function. The crystal structure of PriLN™ alone from P.
horikoshii (Figure 45A) and a complex of the PriLN™® and PriS from S .solfataricus
(Figure 45B) have been determined. As shown in Figure 47A, the PriLN™ consists of
two subdomains, SD1 (blue part) and SD2 (yellow part). SD1 subdomain is named
also as “PriLN™P-a”, because this is an entirely a-helical domain. It is suggested that
this PriLN™P-a domain in S .solfataricus might be implicated in the DNA-dependent RNA
synthesis mechanism. While SD2 in PriLN'™® is responsible for mediating the PriS
binding, that's why it is called also “PriLNTP-SBD” (Figure 45B). This PriS-PriL interface
is conserved in eukaryotic primases (Ito et al, 2007; Lao-Sirieix et al, 2005a). PriS from
P. horikoshii alone do not have an efficient primer synthesis activity, PhoPriS-PriL
complex is required, suggesting that PriLN™® serves as an arm that links catalytic
subunit PriS to the DNA binding domain located at PriL°™® (Matsui et al, 2003; Ito et al,
2007). The PriL®™ js found at the C-terminal end of the S. solfataricus but is absent
from the Pyrococcus proteins (Lao-Sirieix et al, 2005a). The role of PriL®™P is unclear
but it has been suggested that this may play a role maintaining structure that forms the
stem of the zinc-binding motif (Lao-Sirieix et al, 2005a). In 2007, Klinge and his
colleagues have shown that SsoPriL®™® contains an iron-sulfur domain which is
essential for RNA primer synthesis. However, 10 years later, Holzer et al have revealed
that the Fe-S cluster is not required for primer synthesis (Holzer et al, 2017). The role
of this Fe-S domain in maintaining the correct 3D structure of PriL°™ has been

demonstrated in Eukaryote (Pellegrini, 2012).
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Subunit p46 (PriLN™) from Pyrococcus horikoshii

PriL-SBD

PriL-SBD

Complex PriLN™-PriS from Sulfolobus solfataricus

Figure 45 : Structure of the large subunit (PriL) and complex PriL-PriS from Archaea. (A) Subunit PriLN® from Pyrococcus
horikoshii (PDB: 2DLA). Subdomain SD1 is indicated in blue and SD2 is indicated in yellow (Ito et al, 2007). (B) Complex PriLNTP-
PriS from Sulfolubus solfataricus (PDB: 1ZT2). Purple: small subunit; orange: large subunit; green sphere: zinc atom. For PrilL-
SBD closed view, Purple molecular surface: PriS; orange tube: PriL-SBD (Lao-Sirieix et al, 2005a).
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Taken together, a mechanism of DNA-dependent RNA primer synthesis by
archaeal primase has been proposed (Figure 46). In this model, the 5’end of DNA
template (lagging strand) is recognized by PriS-Zn domain, which is near the Prim
domain for the subsequent polymerization, whereas the 3’end of DNA template is
recognized by PriL®™, in the direction of the replication fork. This model suggests that
the DNA-RNA helix is positioned toward the PriL, and its phosphate backbones interact
with two solvent-exposed arginines (Arg84 and Arg 85). The double mutation of these
two arginines causes a reduction in the both size and amount of RNA product.
Therefore, the interactions between RNA primer and PriL is possibly used to adjust the
length of RNA primer to a 7-14 nt (Lao-Sirieix et al, 2005a).

““““

DNA template
RNA primer

---------

Figure 46 : Model of the core Primase-DNA template-RNA primer complex in Archaea (Lao-Sirieix et al, 2005a). The SsoPriS-
PriL complex is represented as a molecular surface (in green). The phosphate backbones of DNA and RNA are orange and
cyan tubes, and the position of PriS-Zn and putative position PriLc™ are indicated by white circle, respectively. The position
of residues Arg84 and Arg85 within Pril are indicated in purple.
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In addition to RNA primer synthesis activity during replication of the chromosome;
AEPs may have additional functions in the DNA/plasmid replication, in DNA double-

strand break repair and in DNA damage tolerance.

+ AEPs involved in DNA/plasmid replication

DNA primase from eukaryote and bacteria can utilize only ribonucleotides (rNTPs)
to form RNA primer. In contrast, in vitro studies with p41 subunit or the p41-p46
complex from Pyrococcus furiosus have demonstrated that this archaeal primase had
the ability to synthesize both DNA and RNA primers. Indeed, p41 subunit alone
preferentially utilizes deoxyribonucleotides (dNTPs) to synthesize long DNA fragments
(~7 kb), but in combination with p46 subunit, DNA polymerase activity is reduced, and

RNA polymerase activity is increased with short length fragments (Liu et al, 2001).

Furthermore, some archaea have extra-chromosomal plasmids that encodes
additional AEPs. These AEPs are possibly playing a role in both the initiation and
replication of these small circular plasmids. For example, enzyme ORF904 encoded
by plasmid of Sulfolubus islandicus. The crystal structure of the N-terminal domain of
ORF904 shows that it is strongly similar to Pyrococcus archaeal primase, so we call
this N-terminal domain as “AEP domain”. The study has demonstrated that ORF904
has both DNA-dependent DNA/RNA primase and DNA polymerase activity. Similar to
p41 subunit of archaeal DNA primase, ORF904 preferentially generates DNA primers
and could extend these primers until several thousand nucleotides in length (lyer et al,
2005; Lipps et al, 2003; Beck & Lipps, 2007). Moreover, another primase/helicase has
been identified from an integrated prophage in bacteria Bacillus cereus genome,
termed BcMCM. The N-terminal domain of BcMCM is weakly similar to AEPs, but it
harbors Primase and DNA-dependent DNA polymerase activities (McGeoch & Bell,
2005; Samuels et al, 2009; Sanchez-Berrondo et al, 2012).
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4+ AEPs involved in DNA repair

Several studies have demonstrated that AEP genes coding enzymes are
frequently involved in DNA double-strand breaks repair through NHEJ pathway in co-
operating with protein Ku (a protein implicated in binding to the ends of DSBs) in
bacteria. It was shown that in mycobacteria, the Ligase D (LigD) is a fusion protein
composed of AEPs (large domain), nuclease and ligase domains. It is capable of
primase activity, and is involved in NHEJ DNA repair in complex with Ku (Aravind &
Koonin, 2001; Koonin et al, 2000; Weller & Doherty, 2001; Doherty et al, 2001).
Recently, this AEPs related DSB repair mechanism has been discovered in mesophilic
archaeon, Methanocella paludicola (Mpa), named Archaeo-Prokaryotic (AP) NHEJ
model (Bartlett et al, 2013). Bartlett group has identifed that Mpa DNA Polymerase
(MpaPol) contains three key conserved AEP catalytic motifs and is capable of
incorporating either dNTPs or NTPs, even preferentially insert NTPs rather than dNTPs
onto a DNA primer strand. In the model, MpaPol incorporated ribonulcleotides in to
gaps and displace annealed bases followed by recruitement by MpaKu (Figure 47)
(Bartlett et al, 2013, 2016).
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Figure 47 : Model of AP-NHEJ in archaeon M. paludicola (Bartlett et al, 2013). Ku and Pol proteins initially bind broken ends
and promote to anneal the break. Pol fills in any resulting gaps by a template-dependent RNA synthesis and may displace
several bases of downstream DNA. Strand-displacement RNA synthesis by Pol is regulated by PE, which can remove
unnecessary NMPs and allow the displace DNA to realign with the template. Lig is finally required for seal the nicked substrate.
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In addition to DNA DSBs repair by NHEJ, archaeal primase is suggested to be
involved in other DNA repair mechanisms thanks to the structural similarity between
small subunit of primase and the X family of DNA polymerases. This family
encompasses specialized DNA polymerases involved in repair mechanisms like
Terminal Transferase and DNA polymerase 3, A and p (Yamtich & Sweasy, 2010). For
example, the structure of SsoPriS is similar to the catalytic mechanism of DNA
Polymerase X and accordingly the terminal transferase activity (template-independent
addition of nucleotides to the 3’end of a DNA strand) was detected in SsoPrimase (Lao-
Sirieix & Bell, 2004; De Falco et al, 2004; Hu et al, 2012). This terminal transferase
activity has been found also in bacterial LigD and archaeal primase PolpTN2 (Keen et
al, 2014; Lao-Sirieix et al, 2005b; Sanchez-Berrondo et al, 2012; Gill et al, 2014). It
was suggesting that the terminal transferase activity was important for several DNA
repair mechanism such as MMEJ (microhomology-mediated end joining), in which
terminal transferase adds some nucleotides in the end of ssDNA and promotes the
association of the two 3’-protruding ends containing a micro-homology base pair (Hu
et al, 2012; Gouge et al, 2015).

In addition, Le Breton et al have shown that PabPrimase displays gap-filling and
strand-displacement activities, as do polymerases 3 and A in DNA repair, suggesting
that PabPrimase could fulfill the role of the DNA Polymerase X which has not been

detected in Pyrococcus genome (Le Breton et al, 2007; Ramadan et al, 2004).
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+ AEPs involved in DNA damage tolerance

Eukayotic cells possess several DNA translesion synthesis (TLS) polymerases
(Prakash et al, 2005). In 2013, a new primase in human cells has been described,
termed PrimPol (Garcia-Gémez et al, 2013). It is a competent trans-lesion synthesis
DNA polymerase that can bypass a number of replicase-blocking DNA lesions, such
as 8-oxo-guaninine, deoxyruacile (Garcia-Gomez et al, 2013; Bianchi et al, 2013; Keen
et al, 2014; Stojkovi€ et al, 2016), but does not bypass lesion with AP site (Bianchi et
al, 2013; Keen et al, 2014; Stojkovi¢ et al, 2016). Additionally, DNA repriming activity
by PrimPol was detected in 2016, it is critical for DNA replication restart downstream

of lesions (Kobayashi et al, 2016)

In contrast to eukaryotes which possess specialized polymerases that allow DNA
lesion bypass, most of archaea lack this type of polymerase that performs TLS (Kelman
& White, 2005). However, the PriS or PriS/L of archaeal primase from A. fulgidus and
the primase holoenzyme PriS/L of P. furiosus are capable of traversing blocking DNA
lesions induced by UV, such as 8-oxo-dG and templating uracil bases, but are strongly
blocked by AP site (Jozwiakowski et al, 2015). Although not confirmed by genetic
analyses, archaeal primase could hence be involved in tolerance to DNA damage and

in genome instability maintenance (participating in replication fork process maintaining).

Finally, the different enzymatic activities associated with AEP members
(Primase or AEP-like molecules) and its biological functions are summarized in table
15. From the summary table, we found that the archaeal primase could be a
promiscuous primase, suggesting that it might have crucial role not only in DNA
replication, but also in DNA repair in the Archaea, as already reported (Lao et al.,
2005b)
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AEPs members

Table 15: Summary of enzymatic activities of AEPs and its biological functions in 3 domains of life

Enzymatic activities

tension activity| Strand.Displacement activity p-filling activity |Termi ansferase activity N LS activity epriming
LN —2 —S=

DNA _ RNA

DNA repair DNA damage tolerant

Biological function DNA replication (e.g, NHEJ, MMEJ) (e.g. replication fork recovery)
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2) RadA

As mentioned, homologous recombination (HR) is an essential mechanism
involved in repairing double-strand DNA breaks, the restart of stalled replication forks
and maybe the initiation of replication. The central step of HR is homologous base-
paring and strand exchange, which are catalyzed by RecA-family recombinases:
Rad51/Dmc1 in Eukaryote, RecA in Bacteria and RadA in Archaea. Since the first
discovery of RecA from E. coli in 1965, the studies of deletion of recombinase genes
have shown an HR defect and an increased sensitivity to DNA-damaging agents (like
UV irradiation) (Clark & Margulies, 1965; Woods & Dyall-Smith, 1997). In vivo, an
accumultation of Rad51 at nuclear foci in dividing cells before or after exposure to

DNA-damaging agents was observed (Pellegrini et al, 2002).

+ Structure of archaeal RadA

RecA-family recombinases are conserved in the 3 domains of life. RadA from
Pyrococcus furiosus consists of two domains: a small N-termnial domain (NTD), which
is conserved in eukaryote and archaea, but not in bacterial; a large C-terminal domain,
also called “ATPase domain (AD)”, which is a core domain conserved in Eukaryote,
Archaea and Bacteria (Figure 48A) (Shin et al, 2003).

NTD domain of PfuRadA possesses helix-hairpin-helix (HhH motif, which is
responsible for DNA phosphate backbone binding (blue box)). The AD of PfuRadA
has the Walker A and B motifs (dark green), which are required for ATP binding and
hydrolysis, and DNA-binding domains Loop1 (yellow) and Loop2 (light purple).
Polymerization motif (PM) (dark purple) is located between the NTD and the core
ATPase domain, a key linker for tethering individual two domains together and
mediating filament formation. The crystal structure of PfluRadA is represented in Figure
49B. A hydrophobic amino acid “phenylalanine” (Phe) in RadA, Rad51 and DMC1; or
“isoleucine” (Ala) in RecA from PM is crucial for its subunits contact, the mutation of
this hydrophibic residue can cause an abolished filament formation (Pellegrini et al,
2002; Shin et al, 2003).
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Figure 48 : Organization of the the RecA family protein sequence and crystal structure of PfuRadA (adapted from (Shin et
al, 2003; Wu et al, 2004)). (A) Conserved structure of RadA homolologs from P. furiosus (PfRadA), S. cerevisiae (ScCRad51), H.
sapiens (HsRad51) and E. coli (EcRecA). N-terminal domain and ATPase domain are colored orange and cyan, respectively.
HhH motif is in blue, PM motif is in dark purple, Walk A and B motif are in dark green, loop1 is in yellow, loop2 is in light
purple and ATP cap is light green. (B) Cystal structure of RadA from Pyrococcus furiosus (PDB: 1PNZ). The main motifs are
colored in the same manner as in caption left.

In solution, without DNA, PfuRadA proteins stay in heptameric ring structure, and
can be assembled as dimer of heptamers (Figure 49A) (Shin et al, 2003; Komori et al,
2000Db). In presence of DNA, PfuRadA is able to form a helical filament on ssDNA
(normally one monomer for three nucleotides, as observed for both bacterial RecA and
eukaryotic Rad51 proteins) (Figure 49B) (Seitz et al, 1998; Shin et al, 2003; Komori et
al, 2000b). The helical flament formed by archaeal RadA proteins are mainly right-
handed with 3-6 monomers per helical turn in the presence of DNA, but archaeal
SsoRadA can form also left-handed filament with four monomers per helical turn
without DNA (Chen et al, 2007a). SsoRadA was reported as octamers in the solution
without DNA and nucleotide cofactor (Figure 50A). Surprisingly, in addition to helical
filament formation on ssDNA, SsoRadA can also bind to circular ssDNA in the absence
of nucleotide cofactor as octameric rings (Figure 50C). Furthermore, SsoRadA can
form an extended helical filaments on dsDNA in the presence of ATP (Figure 50B),
and a compressed helical filaments in the presence of ATPys (Figure 50D) (Yang et
al, 2001b).
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Figure 49 : Electron micrographs of archaeal RadA in different states and its crystal structure (study from (Chen et al, 2007b;
Komori et al, 2000b; Shin et al, 2003). (A) In the absence of DNA, PfuRadA is a bi-heptameric ring structure (consisting of 7
monomers) (PDB: 1PZN). (B) In the presence of DNA, PfuRadA proteins bind to ssDNA and form nucleoprotein filament. The
crystal structure of nucleoprotein filament is modeled with SsoRadA.

Figure 50 : Electron micrographs of different states of the RadA protein (Yang et al, 2001b). (A) Octameric ring state in the
absence of DNA and nucleotide cofactor; (B) extended helical filaments on dsDNA in the presence of ATP and aluminum
fluoride; (C) rings bound to circular ssDNA molecules in the absence of nucleotide cofactor; (D) compressed helical filaments
on dsDNA in the presence of ATPyS.
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+ RecA family protein-mediated strand exchange

Typically, the strand exchange by RecA family proteins in HR is realized in three

phases (Figure 51):

1) Presynaptic phase. Earlier in this phase, RecA family proteins load onto ssDNA
to form filament as nucleation (4-5 recombinase proteins) with gaps between different
clusters. Even if nucleation does not need ATP hydrolysis, ATP binding could stabilize
the interaction with DNA. And then the recombinase filament extension is due to
additional RecA to cover DNA (Holthausen et al, 2010; van der Heijden et al, 2007;
van Loenhout et al, 2009). This extended filament facilitates the homologous alignment
of two DNA molecules and the strand exchange in the following step (Chen et al, 2008;
Klapstein et al, 2004).

2) Synaptic phase. All RecA family proteins possess DNA-dependent ATPase
activities. They catalyze ATP-dependent DNA pairing and strand exchange between
homologous DNA molecules (Sigurdsson et al, 2001; Chi et al, 2006; Seitz et al, 1998;
Komori et al, 2000b). In the first time, the presynaptic helical filament bind to duplex
DNA to from synaptic complex (three-stranded intermediate), then the ssDNA invades
into the homologous region of duplex DNA to form a DNA joint (also called
Displacement loop, or D-Loop) and here, RadA-dsDNA filaments are formed, and
finally effect strand exchange (Chi et al, 2006; Sung & Klein, 2006; Sung et al, 2003).
Several studies in both bacterial RecA and eukaryotic Rad51 have shown that
homologous pairing and strand exchange function upon ATP binding, but not
hydrolysis (Chi et al, 2006; Sung & Stratton, 1996; Cox, 2007; Bugreev & Mazin, 2004,
Sigurdsson et al, 2001). A recent FRET experimentation using Rad51 has confirmed
that ATP binding by Rad51, but not ATP hydrolysis, is sufficient for the formation of
three-strand intermediate, ATP hydrolysis is crucial for ssDNA release and strand-

exchange competition (lto et al, 2018).
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Figure 51 : Schematic representation of the functions of RecA family protein in HR (study from (Sung & Klein, 2006;
Holthausen et al, 2010; Sung et al, 2003; Krejci et al, 2012)). In the panels on the left: RecA family proteins function in all
three phases: 1) Presynaptic phase: formation of nucleoprotein filament by RecA family proteins loading on ssDNA; 2)
Synaptic phase: formation of three-stranded intermediate and D-loop, in order to realize strand exchange between the
invading DNA substrate and homologous duplex DNA template; 3) Postsynaptic phase: DNA synthesis in using 3’end of
invading DNA as primer, and RecA family proteins dissociated from DNA in ATP-hydrolysis dependent manner. In the panel
on the right: SFM (structure from motion) images of human Rad51-DNA complex at the different phases: (A) formation of
nucleoprotein filament; (B) Strand exchange; (C) and (D) earlier and later of Rad51 filaments disassembling from DNA.
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3) Postsynaptic phase. During this phage, RecA family proteins dissociate from
dsDNA in an ATP-hydrolysis dependent manner, to expose the 3’-OH end of invaded
ssDNA. This invading 3’end will be used as primer to realize the subsequent DNA
synthesis (Krejci et al, 2012; van der Heijden et al, 2007; Holthausen et al, 2010).
Indeed, the filament disassociation starts from the end when the terminal Rad51
hydrolyses ATP. The disassembly occurs in bursts of varying numbers of monomers
interspersed by long pauses. Even if the internal Rad51 monomers simultaneously
hydrolyze ATP, they stay upon the filament through protein-protein interactions. The
terminal Rad51 has only one interface with its neighbor, therefore, its hydrolysis of ATP
ruptures this interface to disassemble the Rad51 protein assembly (Modesti et al, 2007,
van Mameren et al, 2009). In Sulfolobus solfataricus, this ATP hydrolysis-mediated
RadA disassembly from ssDNA can occur only in the presence of magnesium and
ssDNA under a high temperature (65°C-85°C).

Globally, in vitro ATP binding, but not hydrolysis, is necessary for the formation
of nucleoprotein helical filaments, formation of synaptic complex, formation D-loop and
strand exchange by RecA family proteins. ATP hydrolysis is obligatory for the
dissociation of RecA family proteins from DNA. Although ATP hydrolysis is not required
for presynaptic complex formation, it could occurr also during the formation of
nucleoprotein filaments, which results in dissociation of recombinase and
destabilization of the filament (Holthausen et al, 2010; Chi et al, 2006). Moreover,
reducing the ATP hydrolysis rate can promote DNA strand exchange activity of hRad51
(Bugreev & Mazin, 2004). So, we can suppose that in vivo, some mediator proteins
should temporarily inhibit ATPase activity of RecA family proteins to stabilize
nucleoprotein filament formation and stimulate strand exchange process during the
DNA repair by HR.
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Furthermore, genetic studies have demonstrated that radA gene is important.
Deletion of radA gene in Holoferax volcanii is not lethal but augments its sensibility to
DNA damage agent, such as UV light. This means that radA gene is not essential for
survival of this archaeaon in laboratory condition, but it is important for the DNA repair
mechanism. In contrast, in hyperthermophilic archaea, Sulfolobus islandicus,
Thermococcus kodakarensis and Pyrococcus furiosus, the deletion of this gene is
lethal, meaning that radA gene is essential for survival in these microorganisms which
grow at high temperature (Haldenby et al, 2009; Farkas et al, 2012; Zhang et al, 2013).
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II. Hypotheses for biological functions of primase /recombinase

association

The molecular mechanisms by which homologous recombination repairs DSBs
have been extensively studied and are now well characterized in bacteria and
eukaryotes. More and more studies have shown that HR is a pivotal pathway in the
maintenance of genome integrity. The mechanisms by which HR contribute to DNA
replication in bacteria and eukaryotes have been reported (Cox, 2001, 2007; West,
2003; Costes & Lambert, 2012; Ait Saada et al, 2018), but in archaea these
mechanisms are poorly understood. From the highly-connected sub-network
encompassing four proteins from Pyrococcus abyssi: RadA, RadB, small subunit p41
of DNA Primase and DNA ligase, we try to understand better how homologous
recombination acts to protect, restart and repair replication forks. Two main
hypotheses have been proposed based on several reported studies from bacteria and

eukaryotes:
1. Lesion site bypass by cooperation between RadA and Primase

Bacteria possess special translesion synthesis polymerases, such as Pol I, IV,
V from E. coli. Several studies have shown that recombinase RecA proteins are
essential for activating DNA polymerase V (UmuD’2C) to catalyze TLS on AP-site DNA
damage both in vivo and in vitro (Patel et al, 2010). The last model of RecA-PolV TLS
function revealed that RecA filament (RecA*) is required to directly activate PolV, by
transferring a molecule of RecA with ATP from the 3’-proximal tip of RecA filament to
form an activated “PolV-RecA-ATP” complex. This activated form can catalyze TLS
without RecA filament (Jiang et al, 2009) (Figure 52).

PfuPrimase has been shown to display TLS activity but is strongly inhibited at
before AP-sites (Jozwiakowski et al, 2015). Hence, we thought that the interaction

between PabRadA and PabPrimase could have TLS activity on AP-site DNA damage.
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Figure 52 : Model for pol V Mut function (Patel et al, 2010). Transfer of an ATP-bound RecA subunit from RecA filament
(RecA*) creates the active pol V Mut (PolV-RecA-ATP). PolV Mut can migrate to a template-primer site where its activity is
required (such as AP-site) and extend the primer and insert nucleotides opposite any lesion encountered (TLS). Upon
dissociation, pol V Mut is inactivated.
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2. RadA-mediated intermediate extension by DNA polymerase

In Bacteria, translesion DNA polymerase Pol |V is preferentially recruited to
RecA-mediated D-loop and promotes D-loop intermediate extension (Figure 53A)
(Pomerantz et al, 2013). Mcllwraith et al have demonstrated similarly that human
recombinase Rad51 proteins interact with DNA polymerase n (Pol n, one of TLS
polymerases in eukaryote). Rad51 proteins target the Poln to the primer in D-loop
substrate and stimulates its DNA extension activity, suggesting that Poln functions at
stalled replication forks for the reinitiation of DNA synthesis by HR repair (Mcllwraith et
al, 2005) (Figure 53B).
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Figure 53 : (A) Model for D-loop extension by Pol IV in Bacteria (Modified from (Pomerantz et al, 2013)). ssDNA is incubated
with RecA, ATP and dNTPs, promoting RecA filament formation. A supercoiled plasmid containing the same sequence as the
ssDNA is then added, facilitating D-loop formation. And then Pol IV is recruited by D-loop and extends the D-Loop. (B) Model
for pol V Mut function (Modified from (Mcllwraith et al, 2005)). Replication fork may regress to form a “chicken foot”
structure when it stalls at a DNA lesion. This “chicken foot” structure can undergo nucleolytic cleavage (indicated by arrows)
by either HJ resolvase or a flap endonuclease. Fork regression allows subsequent nucleotide excision repair processes to
remove the blocking lesion. The double-strand break formed by fork collapse serves as a substrate for Rad51 (indicated in
blue) binding and the inintaiton of HR repair. When the lesion is present on the leading strand, 5’3’ resection at the DSB
will be required to form an extended 3’ single strand for RAD51 binding and subsequent HRR. RAD51 mediates the formation
of a D-loop that serves as a primer for DNA synthesis by poln. RAD51 may play an active role in poln recruitment. In
subsequent steps, the crossover strands need to be cut to reestablish a replication fork.
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This model is unknown in archaea, but as mentionned above, PfuPrimase has
TLS activity, so we want to test if primase from P. abysii could extend the D-loop
intermediate in the presence of RadA, as observed in eukaryotic model. Nevertheless,
the same study has shown that D-loop intermediate extension cannot be promoted by
the replicative DNA polymerase & or by another TLS polymerase such as poli
(Mcllwraith et al, 2005). So, we are curious to know wether the two replicative
polymerases B and D in archaea could perform D-loop intermediate elongation with
RadA.

This study was conducted in three phases: firstly, we have produced and purified the
proteins RadA from P. abyssi and P. furiosus with two different purification methods,
small subunit of Primase (Primase-P41) and Primase complex (p41-p46) from

Pyrococcus abyssi.

Physical interaction between RadA and Primase is in progress by Gaélle Hogrel
(Post-doc in Lab). The test ColP was utilized in the first time to confirm the physical
interaction. Unfortunately, the obtained results cannot conclude the physical interaction.
Then the detection was initiated by immunodetecton of PabP46 and PabRadA from
cellular extract after separation by ultracentrifugation on a 5-25% sucrose gradient.
Interestingly, the preliminary result (Figure 54) shown that PabP46 accumulated in
fractions at higher molecular weight (F5 to F9) than primase complex alone (P41/46
was expected around 86 kDa). Co-sedimentation of PabP46-RadA was observed in
fraction 9 which may correspond to a macromolecular assembly, suggesting that

PabPrimase complex physically interact with PabRadA.
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Figure 54: Localization of native P46 and RadA in 5-25 % sucrose gradient. P. abyssi cellular extract was fractionated on a 5-
25% sucrose gradient after ultracentrifugation at 210 000 g during 20 hours. Proteins of interest were revealed by western-
blot with their specific antibodies.

Once physical interaction was detected, we have then confirmed their enzymatic
activities, such as DNA binding activity, D-loop formation and DNA strand exchange
acivity of PabRadA compared with PfuRadA ; and primer extension activity by PabP41

compared with PabPrimase.

Secondly, we have tried to test which type of DNA damage could stop the DNA
synthesis by P41 or Primase and if RadA could help to perform DNA damage bypass.

Finally, to answer if RadA mediates DNA synthesis from strand invasion
intermediates of HR, we tested the DNA polymerasion activity of both P41 and Primase
on substrates mimicking D-loop substrates, and then added RadA in different
conditions. Similar experimental design was also used to look at D-loop substrate
extension by Polymerases B and D from P. abyssi, and test the effect of RadA on this

activity.
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III. Materials & Methods

1) Protein

The radA gene of Pyrococcus abyssi, with the His6-tag at the N-terminal region,
was inserted into a pFO4 (AmpR) vector (Marine Express (Groisillier et al, 2010)). The
radA gene of Pyrococcus furiosus, without tag (plasmid provided by Y. Ishino, (Komori
et al, 2000b)), was inserted into pET27a. The p41 gene of Pyrococcus abyssi, with the
His6-tag at the N-terminal region, was inserted into a pQES80-L (AmpFR) vector (Le
Breton et al, 2007), and the p46 gene of Pyrococcus abyssi, without tag, was inserted
into a pET26b+ (Kan®) vector (Le Breton et al, 2007). All of targeted genes were
expressed in Escherichia coli Rostta pLysS. The p41 gene and p46 gene were
expressed together in the same strain (E.coli Rosetta pLysS) to form PabP41_ P46

complex (PabPrimase).

Cells were grown at 37°C to an ODeoo 0,7-0,8, and the protein expression was
induced with 1 mM IPTG. Four hours after induction, cells were harvested by
centrifugation (8000G), and resuspended in lysis buffer containing (i) for PabRadA :
50 mM Tris-HCI pH8; 1 mM DTT, 300 mM NaCl; 10mM Imidazole, (ii) for PfuRadA:
50mM Tris-HCI pH8; 0,5 mM DTT, 400 mM NaCl; 0,1 mM EDTA, supplemented by an
EDTA-Free protease inhibitor (Roche), (iii) for PabP41 : 50 mM Tris-HCI pH8; 500 mM
NaCl; 10 mM Imidazole, 1 mM DTT, (iv) for PabPrimase : 50 mM MES pH6 ; 200 mM
NaCl; 20 mM Imidazole, 1 mM DTT, . Cells were sonicated on ice, 20 seconds on, 30
seconds off, at 35% amplitude, repeated 5 times. Protein supernatant was collected

by centrifugation (10000rpm) during 20min and incubated at 80°C for 15 or 20 min.

For three proteins from Pyrococcus abyssi, after centrifugation (10000 rpm during
30 min), soluble fractions were loaded onto a nickel resin column “HiTrap Chelating
HP” (CE Healthcare) and connected with second heparin column “HiTrap Heparin” (CE
Healthcare). After the washing stage of nickel column, proteins were eluted with a
linear gradient from 0 mM to 500 mM or 1 M imidazole, and injected directly to heparin
column, and eluted with a linear gradient from 0 mM to 500 mM or 1M NaCl. Peak
fractions were run on 15% SDS-PAGE gel with migration buffer MOPS-SDS at 180V
for 50min. For PabRadA and PabP41, proteins were pooled and dialyzed using “Cellu-
Sep T2” (6000-8000 MWCO, membrane Filtration Products, Inc) at 14°C in
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conservation buffer (i) for PabRadA: 50 mM Tris-HCI pH8, 200 mM NacCl, 0,1 mM
EDTA, 0,5 mM DTT, complemented with 20% glycerol and stored at -20°C, (ii) for
PabP41: 50mM Tris-HCI pH8, 300mM NaCl, 1mM DTT, complemented with 20%
glycerol and stored at -20°C. For PabPrimase, the peak fractions were pooled before
running on a “Superdex 200 10/300 GL” column (CE Healthcare). PabPrimase proteins
were eluted, concentrated and dialyzed at 14°C in conservation buffer (50 mM MES
pH6, 600 mM NaCl, 1 mM DTT), and then complemented with 40% glycerol and stored
at -20°C.

Table 16 : Composition of elution buffers during protein purification

PabRadA PabP41 PabPrimase

50 mM Tris-HCI 50 mM Tris-HCI,

pH8 oH 8 50 mM MES pH 6

Nickel column | 555 "\ '\oc 300 mM NaCl 200 mM NaCl
elution buffer X o 1 M Imidazole
500 mM Imidazole 1 M imidazole 1 mMDTT
1mMDTT 1mMDTT

50 mM Tris-HCI 50 mM Tris-HCI,

Heparin 50 mM MES pH 6

column elution pHg pH 8 1M NacCl
buffer 1 M NaCl 1 M NaCl 1'mM DTT
1mMDTT 0,5mMDTT

The purification protocol of PfuRadA was modified from that described by (Komori
et al, 2000b). In brief, after centrifugation (10000 rpm, 30 min), soluble fractions were
mixed with polyethylenimine (Polyethylenimine 50% (W/V), sigma) at a final
concentration of 0,5%. Protein pellets was obtained after centrifugation (10000 rpm,
20 min) and PfuRadA proteins in pellets were eluted with 0.3 M ammonium sulfate in
buffer A (50 mM Tris-HCI, pH 8.0, 0.1 mM EDTA, 0.5 mM DTT, 5% glycerol) from the
precipitate after polyethylenimine treatment. After centrifugation (10000 rpm, 20 min)
the supernatant was mixed with an equal volume of 2 M ammonium sulfate and applied
onto a phenyl-sepharose column “Hiprep 16/10 phenyl FF (lowsub)” (CE Healthcare)
(substrates are separated on the basis of their different hydrophobicity according to a
hydrophobic interaction). PfuRadA proteins were eluted with a linear gradient from 1
M to 0 M ammonium sulfate (Elution buffer: 50 mM Tris-HCI, pH 8.0, 0.1 mM EDTA,
0.5 mM DTT, 5% glycerol). The fractions were dialyzed in buffer containing 50 mM
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Tris-HCI, pH 8.0, 200 mM NacCl, 0.1 mM EDTA, 0.5 mM DTT, 5% glycerol. The
dialysate was applied onto heparin column “Hitrap heparin” (CE Healthcare), and
PfuRadA proteins were eluted at high salt concentration (~0,7 M NaCl) (Elution buffer:
50 mM Tris-HCI, pH 8.0, 1 M NaCl, 0.1 mM EDTA, 0.5 mM DTT, 5% glycerol) . The
fractions were mixed with the same volume of buffer A and were applied onto a “Mono
Q HR 5/5” column (CE Healthcare). PfuRadA proteins were eluted with a linear
gradient from 1 M to 0,5 M ammonium sulfate (Elution buffer: 50 mM Tris-HCI, pH 8.0,
1 M NaCl, 0.1 mM EDTA, 0.5 mM DTT, 5% glycerol). PfuRadA proteins were dialyzed
at 14°C in conservation buffer (60 mM Tris-HCI, pH 8.0, 450 mM NaCl, 0.1 mM EDTA,
0.5 mM DTT, 5% glycerol) and stored at -20°C.

All proteins were quantified using absorbance measurement at 280nm by
Nanodrop. All molar concentrations indicated in this study corresponded to the
monomeric form of PabRadA, PfuRadA, PabP41 and PabPrimase.
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2) DNA substrates

Table 17 : List of oligonucleotide and DNA substrate

Label
. . Size (5°Cy5 s o
Oligonucleotides (base) or Sequences (5’-3’)
5’FAM)
1 L17* 17 nt X TGCCAAGCTTGCATGCC
2 L17** 17 nt X TGCCAAGCTTGCATGCC
3 L32* 32 nt X TGCCAAGCTTGCATGCCTGCAGGTCGACTCTA
CATCTGGCCTGTCTTACACAGTGCTACAGACTGGAACAAAAACCCTGC-
4 L50 50 nt AG
CAGGAAACAGCTATGACCATGATTACGAATTCGAGCTCGGTACCCGGG-
3 L87 87 nt GATCCTCTAGAGTCGACCTGCAGGCATGCAAGCTTGGCA
. CAGGAAACAGCTATGACCATGATTACGAATTCGAGCTCGGTACCCGGG-
6 L87 87 nt x GATCCTCTAGAGTCGACCTGCAGGCATGCAAGCTTGGCA
7 L87 RC 87 nt TGCCAAGCTTGCATGCCTGCAGGTCGACTCTAGAGGATCCCCGGGTAC-
CGAGCTCGAATTCGTAATCATGGTCATAGCTGTTTCCTG
8 L87 AP 87 nt CAGGAAACAGCTATGACCATGATTACGAATTCGAGCTCGGTACCCGGG-
n
- GATCCTXTAGAGTCGACCTGCAGGCATGCAAGCTTGGCA
CAGGAAACAGCTATGACCATGATTACGAATTCGAGCTCGGTACCCGGG-
9 | L87_80oxoG | 87 nt
GATCCTXTAGAGTCGACCTGCAGGCATGCAAGCTTGGCA
. CAGGAAACAGCTATGACCATGATTACGAATTCGAGCTCGGTACCCGGG-
10 | L87_uracil | 87 nt
GATCCTXTAGAGTCGACCTGCAGGCATGCAAGCTTGGCA
M13mp18
11 7250 M13mp18 RF | DNA (BioLabs, N4018S
RF | DNA P ( ’ )
AAGATGTCCTAGCAAGGCACCCTAGTAGCGTGGTAGAATTCGGCAGCG-
12 | DL _Trap60 | 60 TCATGCGACGGC
13 DL Scal 91 GCCAGGGACGGGGTGAACCTGCAGGTGGGCGGCTGCTCATCGTAGGT-
— TAGTATCGACCTATTGGTAGAATTCGGCAGCGTCATGCGACGGC
14 DL Sca2 91 GCCGTCGCATGACGCTGCCGAATTCTACCACGCTACTAGGGTGCCTTG-
— CTAGGACATCTTTGCCCACCTGCAGGTTCACCCCGTCCCTGGC
15 | DL_intFAM 29 X AAGATGTCCTAGCAAGGCACCCTAGTAGC
Modified nucleotide is noted in en “ ” in orange
DNA Substrate Primer / Template (N° / N°) schematic
5Cy5 87nt
L87/87 6/7
87nt
5CyS a7t
L17/87 1/5 e
87nt
5CYS 3ot
L32/87 3/5
87nt
L17/87_AP 1/8
5CYS  17nt
L17/87_oxoG 1/9 -
L17/87_Uracil 1/10
D-Loop 13/14/15 S\
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Oligonucleotides were purchased from Eurogentec and were purified by RP-
HPLC or PAGE, and Double-stranded circular DNA M13mp18 RF | DNA was
purchased from BioLabs. Annealing reactions were done in presence of 10mM Tris-
HCI pH8, 100nM NaCl by heating to 95°C for 5 min, and then cooling to room
temperature over-night. Final concentration of dsDNA substrate is 1uM. The D-loop
complexes were further purified by gel electrophoresis. Labeled DNA substrates were

constructed with the following sequences in table 18.

3) EMSA (Electrophoretic Mobility Shift Assay)

For the DNA binding analysis, PabRadA, PabP41 and PabPrimase proteins were
incubated with different DNA substrates, as indicated in figures. in 10uL reactions
containing fixation buffer (20 mM Tris-HCI pH 8, 150 mM NaCl, 2mM DTT, 50 pg/mL
BSA, 0,5% Triton-X100), 10 mM MgCl2, complemented with 2,5 mM ATP (when
indicated). 10 nM DNA substrates were incubated with increasing proteins
concentration (i) PabRadA was 0; 6,25; 12,5; 25; 50; 100; 200; 400; 800 and 1250 nM;
(ii)) PabP41: 0; 20; 40; 80; 100; 160 and 200 nM; (iii) PabPrimase: 0; 10; 20; 40; 80;
100; 200 nM), the mix was incubated for 10 min at 65°C for PabRadA or 55°C for
PabP41 and PabPrimase. After being mixed with 10uL Ficoll 20%, the samples were
resolved by electrophoresis (60V, for 2h) through a 0,75% agarose gel in 1X Tris
Borate EDTA (TBE) buffer. Labeled fragments were analyzed with a fluorimager
Typhoon 9500 (GE Healthcare) and quantified with Image Quant software.
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4) D-loop formation assay

For D-loop reactions with PabRadA, in 20uL reaction, 2 nM ssDNA L87 (Oligo
N°6) was preincubated with an increasing concentration of RadA (0, 2, 16, 100 nM) at
65°C in the reaction buffer containing 20 mM Tris-HCI pH8, 50 ug/mL BSA, 1 mM DTT,
150 mM NaCl, 10 mM MgCl2 or 1 mM CaCl. complemented with 2,5 mM ATP (when
presented). After 10 min, reactions were started by the addition of 5 nM M13 double-
stranded plasmid (N°13), and incubation continued for an additional 30 min at 65°C.
Reactions were stopped by addition of stop buffer (50 ug/mL Proteinase K, 0,5% SDS
and 40 mM EDTA) and were further incubated for 15 min at 37°C. The reaction
products were separated by agar gel electrophoresis (0,75%, 130 V, 120 min, 4°C) in
1X TBE buffer. Labeled fragments were analyzed with a fluorimager Typhoon 9500
(GE Healthcare).

5) Strand exchange assay

For strand exchange assays, in 20 uL reaction, 25 nM ssDNA L87 was incubated
at 65°C for 10 min with PabRadA or PfuRadA proteins at increasing concentrations (0,
150, 375, 750, 1250 nM) in a reaction buffer (20 mM Tris-HCI pH8, 50 ug/mL BSA, 1
mM DTT, 150 mM NaCl, 10 mM MgClz) complemented with ATP (when indicated).
After addition of 62,5 nM dsDNA substrates (substrate L87/87), the strand exchange
reaction was allowed to proceed during 30 min at 65°C. The reaction aliquots were
stopped by addition of stop buffer (50 yg/mL Proteinase K, 0,5% SDS and 40 mM
EDTA) and were further incubated for 15 min at 37°C. The reaction products were
separated by non-denaturing polyacrylamide gel electrophoresis (6%, 130 V, 150 min,
4°C) in 1X TBE buffer. Labeled fragments were analyzed with a fluorimager Typhoon

9500 (GE Healthcare) and quantified with Image Quant software.
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6) DNA Synthesis assay

For DNA synthesis reactions with different DNA polymerases (PabP41,
PabPrimase, PabPol B exo- and PabPol D exo- (two last proteins were already
available in the lab)) in the condition: (i) without RadA and (ii) with RadA. In 10 uL
reaction, (i) 50 nM DNA substrates (indicated in figure) were incubated with an
increasing concentration of proteins (0, 50, 100, 200, 400 nM) at 55°C; or (ii) 50 nM
DNA substrate 17/87 was preincubated with an increasing concentration of PfuRadA
(0, 400, 1250, 2500 nM) in reaction buffer at 55°C. After 10 min, 400 nM DNA
polymerase was added. in the reaction buffer containing 20 mM Tris-HCI pH8, 10 mM
MgCl2, 150 mM NaCl, 200 yM dNTP, 50 pg/mL BSA, 1 mM DTT. After 60 min
incubation, reactions were stopped by addition of stop buffer (86% deionized formamid,
0,01 N NaOH, 10 mM EDTA, 2 uM Trap) and by heating samples at 95°C for 5 min.
The reaction products were separated by electrophoresis on a gel composed of 18%
polyacrylamide 19:1, 7 M urea, 16% deionized formamide and 1x TBE. Labeled

fragments were analyzed with a fluorimager Typhoon 9500 (GE Healthcare).
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7) TLS (Translesion DNA synthesis) assay
Translesion DNA synthesis reactions were carried out in two conditions: (i)
without ssDNA and (ii) with ssDNA, in a reaction buffer consisting of 20 mM Tris-HCI
pH8, 10 mM MgClz2, 150 mM NacCl, 200 uM dNTP, 50 pg/mL BSA, 1 mM DTT and 2,5
mM ATP / ATPyS (Sigma).

In 10 uL reaction, for (i): 50 nM DNA L17/87_AP was preincubated with an
increasing concentration of PfuRadA (0, 400, 1250, 2500 nM) in reaction buffer at 55°C.
After 10 min, 400 nM PabP41 or PabPrimase were added. For (ii): 125 nM ssDNA L17
or L50 were preincubated with saturated amount of PfuRadA (2,5 uM) with ATP at
55°C; at the same time, 400 nM PabP41 or PabPrimase were pre-incubated also with
ATP at 55°C. After 10 min, 50 nM DNA substrates D, PfuRadA and PabP41 or
PabPrimase were added in reaction buffer, to initiate primer extension. Then the
incubation continued for an additional 60 min at 55°C. The reactions were stopped by
addition of stop buffer (86% deionized formamid, 0,01 N NaOH, 10 mM EDTA, 2 uM
Trap) and by heating samples at 95°C for 5 min. The reaction products were separated
by electrophoresis on a gel composed of 18% polyacrylamide 19:1, 7 M urea, 16%
deionized formamide and 1x TBE. Labeled fragments were analyzed with a fluorimager
Typhoon 9500 (GE Healthcare).
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IV. Results and discussion

1) Protein purification
To study the functional interaction between RadA and P41 subunit of DNA
primase, we have purified the proteins RadA from Pyrococcus abyssi and Pyrococcus
furiosus, as well as Primase complex (P41/p46) and isolated P41 subunit from

Pyrococcus abyssi (Figure 55).
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Figure 55: Purification of proteins. Purification of PabRadA (A), PfuRadA (B), PabPrimase (C) and PabP41 (D). Coomassie
stained SDS-PAGE gel (15%) of purified protein. Lane Ladder, molecular weight marker (molecular mass indicated in
kiloDaltons).

All the purified proteins migrated at their expected sizes. However, additional faint
bands of lower molecular weights were present in PabRadA pattern, indicative of
potential degradation occurring during the purification. The difference in size between
PabRadA and PfuRadA corresponds to an additional His-tag located at the N-ter of
PabRadA. The proteins were considered to be pure enough and were in sufficient

amount to follow on with biochemical characterizations
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2) Biochemical characterization

a) RadA DNA binding, DNA pairing and strand exchange activities

Archaeal Recombinases possess DNA binding, DNA pairing and strand
exchange activities (Komori et al, 2000b). Using electrophoretic mobility shift assay
(EMSA), we first tested DNA binding abilities of PabRadA.

Figure 56 showed that PabRadA bound ssDNA in a ATP-independent manner
(Figure 56) as observed for archaeal PfuRadA (Komori et al, 2000b); bacterial RecA
(Menetski & Kowalczykowski, 1985) and human Rad51 (Morozumi et al, 2013). In
presence or absence of ATP, PabRadA started to bind to ssDNA from concentration
of 50 nM (ratio ssDNA:PabRadA is 1:5, Figure 56, lane 5 and 15), and the total protein-
DNA complexes were formed with 400 nM PabRadA (ratio ssDNA:PabRadA is 1:40,
Figure 63, lane 8 and 18).

In addition, we tested PabRadA DNA binding activity on different lengths and
different types of DNA substrates in presence of ATP (Figure 57 A-E). Quantitative
analysis of the gel retardation assays clearly indicated that PabRadA preferentially
binds to ssDNA, in comparaison to dsDNA and primed DNA (Figure 57 F right panel)
and display higher affinity to long ssDNA oligonucleotide (Figure 57 F left panel). This
result is in contradiction with the reported lack of preference of PfluRadA between
dsDNA and ssDNA (Komori et al, 2000b). EMSA was performed in conditions similar
to that reported for PfuRadA, however, PabRadA possesses additional His-tag and the
purified sample of PabRadA contained more DNA contaminants compared to PluRadA
sample. These differences might explain the difference observed regarding DNA
substrate preference. Still, that PabRadA displays affinity towards dsDNA, a

prerequisite to test strand exchange activity.
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Figure 56 : ATP-independent DNA binding activity of PabRadA. PabRadA (0; 6,25; 12,5; 25; 50; 100; 200; 400; 800 and 1250
nM) and 10 nM ssDNA (87nt) were incubated with or without 2,5 mM ATP at 65°C for 10 min. reaction products were analyzed
by 0,75% agar gel electrophoresis in 1X TBE buffer, and the bands were detected by autoradiography.
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Figure 57 : DNA length-/substrate-dependent binding activity of PabRadA. PabRadA (0; 6,25; 12,5; 25; 50; 100; 200; 400;
800 and 1250 nM) and 10 nM different DNA substrates were incubated with 2,5 mM ATP at 65°C for 10 min. Reaction products
were analyzed by 0,75% agar gel electrophoresis in 1X TBE buffer, and the bands were detected by autoradiography (A)-(E).
(F) the gels shown in (A)-(E) were subjected to image analysis to obtain data points for a graphical representation of the
results.
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b) D-loop formation assay

Prior to determine the strand exchange activity of PabRadA, we have tested its
strand invasion property, which means the D-loop formation ability. For that purpose,
Supercoiled M13 DNA was incubated with a complementary labeled 87nt ssDNA, in
absence or presence of PabRadA. The reaction products were then resolved in a
native gel. As shown in Figure 58, when supercoiled M13 was added in the reaction,
in absence of RadA (lane 1), in addition to the labeled 87nt ssDNA at the bottom of the
gel, a smear was observed in the middle of the gel, likely corresponding to non-specific
association of supercoiled DNA with 87nt oligonucleotide. However, in presence of
increasing concentration of RadA (Figure 58, lanes 2 to 4) a specific product was
observed, corresponding to the invasion of deoxyoligonucleotide into the supercoiled
M13 replicative form. This product appeared at concentration of RadA starting from 16
nM (stoichiometry ratio ssDNA/RadA is 1:8). This result confirmed that PabRadA is
capable to promote the invasion of ssDNA (87 nt) into the circular double-stranded
M13, to form D-loop. In addition, we confirmed that this activity is ATP-dependent
(Figure 58, compare lanes 4 and 5) as described for recombinases from Archaea,
Eukaryotes and Bacteria (Sigurdsson et al, 2001; Chi et al, 2006; Seitz et al, 1998;
Komori et al, 2000a). Strand invasion was also enhanced when Mg?* divalent cation in
reaction buffer was replaced by Ca?* (Figure 58, lane 6 to 9) as observed for human
Rad51 (Bugreev & Mazin, 2004).
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Figure 58 : D-loop formation activity of PabRadA. PabRadA (0, 2, 16, 100 nM) was pre-incubated with 2 nM 87nt ssDNA at
65°C for 10 min, and then 5 nM double-stranded circular DNA substrate M13 were added and incubated with or without 2,5
mM ATP with either 10 mM MgCI2 or 1 mM CaCl2 at 65°C for 30 min. Reaction was stopped by addition of Proteinase K, SDS
and EDTA. Reaction products were resolved in 0,75% agar gel electrophoresis and fluorescence revealed using Typhoon 9500
(GE Healthcare).
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c) Strand exchange assay

Next we investigated DNA strand exchange activity of PabRadA and PfuRadA by
three-strand exchange assay using labeled DNA duplex and homologous ssDNA,
represented on top of Figure 59. Using this assay, displacement of the labeled strand

within the duplex DNA is followed by native gel electrophoresis.
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Figure 59 : DNA strand exchange activity of RadA. PabRadA or PfuRadA (0, 150, 375, 750, 1250 nM) was pre-incubated with
25 nM ssDNA (L87) at 65°C for 10 min, and then 62,5 nM double-stranded DNA substrate (Substrate 87/87) were added and
incubated with or without 2,5 mM ATP with 10 mM MgCI2 at 65°C for 30 min. Reaction was stopped by addition of Proteinase
K, SDS and EDTA. Reaction products were resolved in 6% polyacrylamide non-denaturant gel electrophoresis and
fluorescence revealed using Typhoon 9500 (GE Healthcare).

In the absence of PabRadA, the labeled DNA fragment is not displaced from the
DNA duplex (Figure 59, lane 2). In contrast, when PabRadA is present a band
corresponding to the labeled displaced fragment is observed at expected size (87 nt)
indicating that PabRadA is active and promote strand exchange (Figure 59, lane 3-6).
We obtained similar results with PfuRadA, however the protein from P. furiosus
showed higher efficiency (Figure 59, lane 8-12). This difference of efficiency between
PabRadA and PfuRadA might be related to the higher ratio of DNA contamination in
the PabRadA sample, as mentioned above. ATP dependence of strand exchange
reactions was also confirmed for both RadA proteins (Figure 59, lane 6 vs 7 and lane
11 vs 12), as already reported for PfuRadA (Komori et al, 2000b).
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d) Primase/P41 DNA binding activity

We then checked the biochemical properties of DNA primase complex and
isolated p41 subunit of P. abyssi. DNA binding activities of both PabP41 and
PabPrimase have been detected using gel retardation assay. The binding affinity of
PabPrimase to single-stranded DNA and primer/template DNA was much higher than
that of PabP41 (Figure 60A vs 60B). At the maximum concentration (200 nM) of
proteins, PabP41did not show a strong DNA binding activity (Figure 60A, lane 7 and
14). In contrast, with the same amount of the PabPrimase, there is a clear shifted band
with different mobility (Figure 60B), indicating that the subunit PabP46 subunit probably
increases DNA affinity of the PabPrimase to DNA by forming a complex with the
catalytic subunit PabP41. These results are in line with the reported properties of
PfuPrimase and its catalytic subunit p41 (Liu et al, 2001). The same study also

revealed that the large subunit of PfuPrimase displays high affinity for dsDNA.
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Figure 60 : DNA binding activity of PabP41and PabPrimase. PabP41 (0; 20; 40; 80; 100; 160 and 200 nM) or PabPrimse (0O;
10; 20; 40; 80; 100; 200 nM) and 10 nM different DNA substrates were incubated without ATP at 55°C for 10 min. Reaction
products were analyzed by 0,75% agar gel electrophoresis in 1X TBE buffer, and the bands were detected by autoradiography
(A) for DNA-PabP41 complex; (B) for DNA-PabPrimase complex.
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e) DNA Synthesis

Ability to extend primer/template substrate was then investigated for PabPrimase
and PabP41. Archaeal DNA primase is an enzyme involved in the replication of DNA,
PfuP41 subunit utilizes preferentially dNTPs than rNTPs in vitro for the de novo
synthesis (Liu et al, 2001). The primer-elongation activities of DNA primase and the
p41 subunit were analyzed in the presence of 5-end-labeled DNA primers (17nt)
hybridized to a short single-stranded DNA template of 87 bases (Figure 61). As shown
in Figure 67 A and B, PabP41 and the PabPrimase complex were able to elongate
DNA primers. Nevertheless, the elongation was not complete and efficiency was higher

with the PabPrimase complex. This is consistent with previous report of PabPrimase
characterization (Le Breton et al, 2007).
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Figure 61 : DNA synthesis activity by PabPrimase or PabP41. PabPrimase or PabP41 (0, 50, 100, 200, 400 nM) was incubated
with 50 nM primed DNA substrate (substrate 17/87) at 55°C for 60 min without ATP. Reaction products were resolved in 18%
PAGE and fluorescence revealed using Typhoon 9500 (GE Healthcare).
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f) Lesions bypass synthesis

It has already been reported that both isolated p41 subunits and p41-p46 complex
from Archaeoglobus fulgidus, or p41-p46 complex from P. furiosus display translesion
abilities to bypass common oxidative DNA lesions, such as 8-Oxo-2-deoxyguanosines
(8-oxo dG) and UV light-induced DNA damage (Jozwiakowski et al, 2015). In this
regard, we checked whether the corresponding enzymes from P. abyssi showed
similar properties. To this aim, we tested whether PabPrimase and Pabp41 could
traverse 8-oxo dG and deoxyuracil (dU) on templates containing damages at position
33nt. Figure 62 clearly showed that subunit p41 and the primase holoenzyme could
readily bypass dU damage, they could also bypass 8-oxo dG damage but with a
marked pausing site at the position of the lesion. This result was still in accordance
with the reported behavior of primase from A. fulgidus and P. furiosus (Jozwiakowski
et al, 2015). In the same paper, the authors also demonstrated that Euryarchaeal

primases were blocked by abasic site lesion.
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Figure 62 : Translesion synthesis past 8-oxo-dG, dUs. PabPrimase or PabP41 (0, 50, 100, 200, 400 nM) was incubated with
50 nM primed DNA substrate with different DNA damages (8-oxo dG or dU) at 55°C for 60 min without ATP. Reaction products
were resolved in 18% PAGE and fluorescence revealed using Typhoon 9500 (GE Healthcare).
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Indeed, thermophilic archaea are subjected to increased levels of oxidative
stress, promoting depurination of 8-oxo dG to apurinic site (AP) and we demonstrated
in the laboratory that endogenous AP sites persist in the genome of P. abyssi and at a
slightly higher level compared with Escherichia coli (Palud et al, 2008). Figure 63
showed that, consistent with previous report, primase and p41 subunit from P. abyssi
could not bypass this type of lesion. Notably, we previously demonstrated that
presence of AP sites strongly inhibited the DNA polymerizing activity of the only two
DNA polymerases from P. abyssi, PabPolB and PabPolD, which raises the question of

how P. abyssi can cope with abasic lesions present in the genome?
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Figure 63 : Translesion synthesis past an abasic site. PabPrimase or PabP41 (0, 50, 100, 200, 400 nM) was incubated with 50
nM primed DNA substrate with AP site at 55°C for 60 min without ATP. Reaction products were resolved in 18% PAGE and
fluorescence revealed using Typhoon 9500 (GE Healthcare).
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3) Could RadA help Primase to perform Translesion Synthesis?

At that point, we confirmed that the primase and recombinase, produced and
purified, displayed the expected activities. We then sought to study a potential
functional interplay between these proteins. The first hypothesis tested was the
possibility that RadA might help primase to bypass damages, and more particularly AP
sites, as we demonstrated, in vitro, that neither DNA polymerases nor DNA primase
from P. abyssi are able to bypass this kind of lesion, detected in the genome (Palud et
al, 2008). The rational basis for the exploration of such a hypothesis also stems from
the description of a comparable association in E. coli, where DNA polymerase V,
activated by a RecA nucleoprotein filament (RecA*), catalyzes translesion DNA

synthesis.

Pol V is a low-fidelity DNA polymerase induced as part of the SOS regulation in
E. coliin response to DNA damage. The replicative polymerase, pol I, typically stalls
when it encounters a DNA template lesion. One pathway that enables restoration of
fork movement involves pol V, which replaces pol Il and catalyzes translesion DNA
synthesis. After TLS, pol Ill resumes normal replication. Both in vitro and in vivo, pol V
TLS activity requires the assembly of an active RecA filament on single-stranded (ss)
DNA, termed RecA* (The active form of DNA polymerase V is UmuD'2C—RecA-ATP
(Jiang et al, 2009). In addition, an in vitro system has been reconstituted containing
PolV subunit and RecA that demonstrated replicative bypass of a single AP DNA lesion
(Rajagopalan et al, 1992). Although polV from E. coli is obviously not a DNA primase,
it was tempting to speculate that an association of primase and RadA could play a

similar function in bypassing DNA lesions in Archaea.

To this aim, we used the same experimental design, as described above, to test
the abilities of primase and p41 subunit to bypass AP site in presence of RadA. In this
case, however, we used RadA from P. furiosus, as the protein was produced in greater
amount and was more efficient than PabRadA in strand exchange reaction. Similar
results were obtained when PabRadA was used instead of PfuRadA (data not shown).
Figure 64 showed that in absence of RadA protein, the DNA synthesis by primase and
p41 subunit was blocked, as expected (Lane 3 of Figure 64 A and B). When RadA was
added in the reaction, we could not observe DNA synthesis above the damaged site

indicating that, in these conditions, RadA could not mediate translesion synthesis by
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primase or p41 subunit. On the contrary, increasing concentration of RadA resulted in
strong inhibition of DNA synthesis for both enzymes (Lane 4-6 of Figure 64 A and B).
We demonstrated above that RadA can bind to primer template substrate (Figure 57E),
we thus suppose that excess of RadA might saturate the DNA substrate and prevent
access to the primase. One study has demonstrated that higher concentration of RecA
were highly inhibitory for PolV-mediated DNA synthesis (Pham et al, 2001).
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Figure 64 : No TLS effect by P41 or Primase in the presence of RadA. (i)PfuRadA (0, 400, 1250, 2500 nM) was pre-incubated
with 50 nM primed DNA substrate containing AP site, or (ii) 2500 nM PfuRadA was pre-incubated with 125 nM ssDNA for 10
min at 55°C, then (i) 400 nM PabPrimase or PabPP41, or (ii) 50 nM primed DNA substrate and 400 nM PabPrimase or PabP41
were added and incubated at 55°C for 60 min with 2,5 mM ATP. Reaction products were resolved in 18% PAGE and
fluorescence revealed using Typhoon 9500 (GE Healthcare).
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Several studies have shown that a trans-activated RecA nucleoprotein filament
is required for activation of its PolV-catalyzed TLS in vitro (Schlacher et al, 2006; Jiang
et al, 2009). In this context, we added ssDNA in the reaction. We used two types of
ssDNA, one was homologous to the template, corresponding to the region of the
primer/template, the other oligonucleotide is a mixed sequence without homology with
the substrate. We wanted to see whether DNA filament formation or strand exchange
activity were necessary for the activation of TLS activity of DNA primase. The ssDNA
was pre-incubated with an excess of RadA to form a saturated amount of nucleation
filament, and then primase and damaged primed DNA were added into the reaction.
Once again, we could not observe TLS activity, in these conditions, for both
PabPrimase and PabP41 (Figure 64A & B, Lane 7-8).
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4) Which DNA polymerase promotes DNA synthesis from strand invasion
intermediates of HR
We were disappointed by these results but decided to investigate the potential
association of primase and RadA in a different context. Indeed, this detected
association could also indicate that DNA primase might have a role in DNA
recombination pathway. The most obvious hypothesis would be that Primase or p41
subunit could be in charge of DNA synthesis from strand Invasion Intermediates of
homologous recombination. Indeed, it has been shown in Eucaryotes and Bacteria,
that specialized translesion-synthesis DNA polymerases (poln and pol IV, respectively)
can extend DNA synthesis from D-loop recombination intermediates in which an
invading strand serves as the primer (as mentioned in Figure 53, Page 128) (Mcllwraith
et al, 2005; Pomerantz et al, 2013).

In contrast, this question, of which polymerase has the ability to extend D loop
recombination intermediates, is still pending for the Archaea. However, answering this
question turns out to be crucial in the context of recent findings demonstrating that in
euryarchaea Haloferax volcanii and Thermococcus kodakarensis, origins of replication
are not essential and deletion of all known origins of replication does not result in
growth defects (Hawkins et al, 2013). It has thus been suggested that origin-depleted
cells depended upon the recombination machinery to initiate DNA replication. Most
surprisingly, under normal growth conditions, even when the putative origin is present,
T. Kodakarensis did not utilize the origin, and initiation occurred at many sites along
the chromosome (Gehring et al, 2017). These different reports emphasize the
importance of studies aiming to highlight interplay between DNA recombination and

DNA replication mechanisms in Archaea.

In this regard, we looked at the performance of DNA polymerases B and D as
well as primase and p41 subunit from P. abyssi on synthetic substrates mimicking D-
loop recombination intermediates. For that purpose, we used the exonuclease-
deficient versions of PolB and PolD to concentrate first on the extension activities of
these enzymes. Purified PolB exo- and Pold exo- were already available in the

laboratory.

153



Chapter 2: Primase & RadA

We started with the study of extension activities by the polymerases on a simple
17nt/87nt primer/template substrate in absence or presence of RadA. To unify the
reaction condition, we used the same reaction buffer of Pab41 and PabPrimase to test
the DNA synthesis activity of PabPolB and PabPolD. Figure 65 showed that addition
of RadA in primer extension reactions did not drastically change the extension
capabilities of the enzymes. Increase of PolD exo- efficiency and slight inhibition of p41
subunit (Figure 65 A and B, lane 12 and 6), at high concentration of RadA, were only

observed once and it is thus difficult to conclude on a robust effect of RadA in these
conditions.

+
17nt
L W ... N
87nt
PabPolB- (400 nM) PabPolD- (400 nM)
PfuRadA - I + /I + /I
Polymerase - + +
87nt
S0nt
. e —
37nt
- P |
e | - - e
1 2 3 4 5 6 7 8 9 10 1 12
PabP41 (400 nM) PabPrimase (400 nM)
PfuRadA - | + /I ] I + |/I
Polymerase - + - +
87nt
- — — —
s7nt s — — —
50nt
- — -
37nt . B -
pa—
- —
= e — — |
B — e — — — — ——
ey 'ap . = = =
= — — —
- - — —
o — | — - -
v |- - -
L

1 2 3 4 s 6 7 8 9 10 11 12
Figure 65 : RadA has no significative effect on DNA extension by different polymerases. PfuRadA (0, 400, 1250, 2500 nM)
was pre-incubated with 50 nM primed DNA substrate (substrate 17/87) for 10 min at 55°C, then 400 nM PabPolB, PabPolD,

PabPrimase or PabP41were added and incubated at 55°C for 60 min without ATP. Reaction products were resolved in 18%
PAGE and fluorescence revealed using Typhoon 9500 (GE Healthcare).
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To go further, we put the four polymerases to the test to extend D-loop
intermediates. This substrate consisted of three distinct oligonucleotides forming D-
loop after annealing. In this structure, the two strands of a double-stranded DNA
molecule are separated for a stretch and held apart by a third FAM-labeled strand of
DNA, which extension can be followed by migration of the reaction products in
denaturating PAGE (Figure 66, top). We first observed an already reported
phenomenon when primase and p41 subunit were in presence of labeled ssDNA
(control lanes 1 in Figure 66 A and B). Indeed, these two enzymes displayed 3'-terminal
nucleotidyl-transferase activity, being able to incorporate nucleotides at the 3' end of
synthetic oligonucleotides in a non-templated manner. This property was already
reported for the DNA primase of Sulfolobus solfataricus (De Falco et al, 2004; Lao-
Sirieix & Bell, 2004). This peculiar activity might indicate that Archeal DNA primase
may play a role in DNA repair. We then observed that both DNA primase holenzyme
and PolB were able to extend the intermediate to completion (61nt, Figure 66A and C).
DNA polB was particularly proficient in synthesizing the full product, as equimolar ratio
of enzyme/DNA was sufficient to observe both synthesis of 61nt product and nearly
complete use of the template. This result is to be linked with the reported PolB’s
endowment of strand displacement (Henneke, 2012). In contrast, PolD could not
elongate the primer to produce a full product (Figure 66D lanes 4-7), however it could
incorporate 3-4 nucleotides and increasing concentrations of PolD did not improve this
extension activity. The p41 subunit of primase displayed low efficiency on
primer/template and was not able to synthesize a full product (figure 66B lane 2). When
RadA was added to the reaction, p41 subunit, as well as primase holoenzyme, could
incorporate one nucleotide, however in the case of p41, increasing concentrations only

slightly improve incorporation activity (Figure 66B, lanes 4-7).
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Figure 66 : DNA extension on D-loop by different DNA polymerases from Pyrococcus abyssi. PabPolB,
PabPolD, PabPrimase or PabP41(0, 50, 100, 200, 400 nM) were incubated with 50 nM synthetic DNA D-loop
substrate at 55°C for 60 min in the absence of ATP. Reaction products were resolved in 18% PAGE and
fluorescence revealed using Typhoon 9500 (GE Healthcare).

Altogether, these results indicate that, in these conditions, PolB seems to be the
best candidate to take charge of D-loop extension. However, these results are still
preliminary; repetitions are needed to confirm these data. Indeed, as | was running out
of time at the end of my PhD | could not repeat these last experiments and neither
could | perform the additional experiments that were planned to investigate further the
functional interplay between recombinase and polymerases in the context of D-loop
extension. In the next chapter, | will describe what would be, in my opinion, the follow
up experiments to perform in order to have a better molecular understanding of this

process in Archaea.
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General conclusion

In thesis, | have studied two functional interactions between proteins potentially

involved in homologous recombination in hyperthermophilic Thermococcales.

In Chapter I, we studied the physical and functional interplay between PCNA and
Mre11-rad50 complex from P. furiosus. We have identified a physical association
between PCNA and MR complex. In addition, we have demonstrated functional
interplay in vitro between PfuMR complex and PfuPCNA in the DNA end resection. At
physiological ionic strength, PCNA stimulates MR nuclease activities for DNA end
resection and promotes an endonucleolytic incision proximal to the 5’ strand of DNA
DSBs. In our conditions, we have shown that PiuPCNA/MR don’t have DNA helicase
activity, however, in condition suitable for DNA cleavage, the endonucleasic cleavage
product (27-29 nt) was displaced from the initial dsDNA substrate. Hence, we propose
that PfuPCNA stimulates PfuMR DNA end processing leading to an internal cleavage
coupled with 5’ end removal, to free 3’'overhang ssDNA for the subsequent step in HR
pathway. Furthermore, the genetic study of the PIP motif deletion in T. barophilus gave
a preliminary result, suggesting that interaction of PCNA with MR complex may be
essential for cells viability. Altogether, our findings indicate that the both physical and
functional interactions between PfuMR complex and PfuPCNA consist with an end

resection process for the HR pathway.

To sum up the main results obtained in the context of homologous recombination,
we propose a revised model for this pathway in hyperthermophilic archaea (Figure 67).
We propose that once DNA from HA suffers DSBs, MR/PCNA complex will be recruited
to DNA ends, and perform a endonuclease cleavage at 5’ end of DNA and displace
this 5’ fragment to free a 3’overhang in size of 27-29 nt. Interestingly, we demonstrated
in the laboratory that at least 20 nt are required for binding one PabRPA trimer onto
DNA efficiently. This means that the product of nuclease/unwinding activity of
PCNA/MR complex could be bound by RPA in order to prevent ssDNA nuclease
degradation. In a following step, NurA/HerA complex could load on the protected
3’overhang substrate to trigger 5’23’ exonucleasic degradation to produce a long

3’end that is used for the strand invasion step. In support to this hypothesis, it has been
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shown that HerA/NurA complex preferentially processes short overhang substrates,
either 3’ or &, in comparison to blunt DNA substrates (Blackwood et al, 2012). However,
up to now, there is no mechanistic evidence to suggest how the HerA/NurA helicase—

nuclease works in conjunction with the Mre11-Rad50 complex.
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Figure 67: Model of initiation of homologous recombination in hyperthermophilic archaea. Adapetd from (Blackwood et al,
2012; Hogrel et al, 2018). Green solid box : confirmed results from chapter | ; Red boxes: speculative mechanism (dotted line)
and supporting findings (solid line) . Pab: Pyrococcus.abyssi; Sso: Sulfolobus solfataricus; Pfu: Pyrococcus furiosus.
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In chapter Il, we explored the functional interplay between DNA Primase and
recombinase RadA from P. abyssi or P. furiosus. In the first time, we have successfully
produced and purified different proteins required: PabRadA, PfuRadA, PabP41
(catalytic subunit of Primase) and PabPrimase (or Pabp41_p46 complex). Enzymatic
activities of each protein were tested subsequently. Our results have shown that all of
enzymes bound different DNA substrate (ssDNA, dsDNA and primed DNA) in an ATP-
independent manner. PabRadA preferentially binds to ssDNA in comparison to others.
We also demonstrated that PabRadA/PfuRadA possesses both D-loop formation and
strand exchange abilities in ATP-dependent manner. Both PabP41 and PabPrimase
have primer-elongation activities. Then we tested biological function of Primase/RadA
association. The first hypothesis regarding a potential function in TLS synthesis did not
prove to be accurate as, in the condition tested, primer-elongation by PabPrimase
holoenzyme or P41 subunit alone was blocked by abasic site lesion in the absence or
presence of PfuRadA. We then tested DNA synthesis from strand invasion
intermediates. We have shown that in our condition without ATP with a simple
primer/template substrate, RadA doesn’t have significant effect on primer extension by
PolD exo-, PolB exo-, Primase and P41, although there is an augmentation of PolD
exo- efficiency and a slight inhibition of Pabp41; however, these observations need to
be conformed. With the mimic D-loop substrate, we have observed that both PabPolB
and PabPrimase can perform a complete primer extension, but PabPolB has a much
higher efficiency than PabPrimase. In contrast, PabP41 displayed a low efficiency on

mimic D-loop substrate, while PabPolD incorporated only 3 or 4 nucleotides.

To replace these findings in the model of HR in hyperthermophilic archaea, we
propose that polymerase (PolB or Primase) could extend the D-loop intermediate, and
DNA ligase could be recruited by PCNA or primase to ligate the nick. Simultaneously,
strand exchange results in the formation of holiday junctions that can branch migrate,
possibly catalyzed by the Hjm. Hjm is stimulated by PCNA, and can interact with the
junction-resolving enzymes Hjc, which can form a functional complex with PCNA.

Finally, DNA ligase will seal the resultant nicked duplexes (Figure 68).
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Figure 68: Model of homologous recombination after initiation in hyperthermophilic archaea. Study from (Hogrel et al,
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This model is still speculative, but we believe that it could serve as a basis to
address pending questions in order to get a comprehensive understanding of HR

pathway in Archaea. In particular, this model highlights the following questions:

Is there a coordination between MR complex and HerA/NurA complex at dsDNA

break to achieve generation of long 3’overhang substrate necessary for RadA loading ?

Which polymerase is in charge of extension of D-loop intermediates?

Perspectives:

To answer these questions, the effect of RPA on distinct activities of MR complex
should be looked at. Indeed, we could consider the possibility that RPA could improve
both the endonucleolytic cut promoted by PCNA/MR and the observed local unwinding
activity. In support to this hypothesis, we have shown in the laboratory that RPA
displayed limited unwinding ability. In addition, we should also perform nuclease
assays for PCNA/MR complex in the presence of NurA/HerA complex to detect the
generation of long 3’overhang products that might reflect a concerted work between
the two complexes. To this aim it would be beneficial to carry out these assays using
linear plasmids. In addition, the inactive mutant versions of all these key players should
prove to be beneficial to dissect enzymatic contributions of these proteins to deliver

the proper DNA substrate for RadA loading.

To answer the other question regarding the identity of polymerase involved in
elongation of HR intermediates, the next step could be to see the activity of
polymerases, but this time in presence of RadA, on synthetic D-loop substrate. Finally,
the test will be applied in the model that RadA-induced strand exchange between
ssDNA and double-stranded circular DNA, and then Primase-induced extension from
the invaded primer (Figure 69). From this experimental design, we can explore if
primase, or other polymerases is able to load on invaded ssDNA strand and initiate
primer extention. The length of primer extension could help us to decide the function

of primase in this model is used for “primer synthesis” or “primer elongation”.
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RadA

Primase / PolB /polD

+ 5'Cy5

#*

Figure 69. Proposed test to study Primase exention from RadA-induced invaded strand.

In the sub-network of chapter Il, RadB and Ligase are two other proteins identified

with RadA and Primase.

RadB is a paralogous of RadA, which is only found in euryarchaeota, not in
crenarchaeota (Haldenby et al, 2009; McRobbie et al, 2009). Archaeal RadB is
involved in homologous recombination in modulating RadA activity by direct interaction
in vitro and in vivo. For exemple, PfuRadB inhibits RadA-induced strand exchange
activity (Komori et al, 2000b), or HvoRadB plays a role in stabilizing RadA filaments
(Wardell et al, 2017). RadB can interact with other protein involved in HR, for example,
PfuRadB interacts with Holliday junction resolvase (Hjc). PfuRadB is able to stimulate
Holliday junction cleavage activity of Hjc (Komori et al, 2000b). PfuRadB interacts also
with the small subunit DP1 of PolD; it suggested that RadB might play a minor role in
DNA replication (Hayashi et al, 1999).

Pfuligase is a strict ATP-dependent ligase, the main function of DNA ligase is to
catalyze the phosphodiester bond formation. Interestingly, PfuLigase alone cannot
bind to a nicked DNA substrate at a high salt concentration; it needs PfuPCNA to form
a DNA Ligase-PCNA-DNA complex and to stimulate its enzymatic activity (Kiyonari et
al, 2006; Ishino & Ishino, 2012) .
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Purification of PabRadB and PabLigase and then characterization of their
functional activities should be performed also. Then try to detect the effect of RadB on
RadA or add RadB and Ligase in the reaction to explore more functional effect among

these four proteins.

We will continue to identify activities and molecular interactions of individual
enzymes that have a plausible connection with DNA repair and replication fidelity,
however the best route to understanding biologica function will be whether the
proposed contribution to genome maintenance can be confirmed in living archaeal
cells. Unfortunately, as already stated in this document, the genes for DNA
recombination proteins in HA are essential. In the long term of these two studies, we
can try to develop conditional mutants or fluorescent-labeled proteins in vivo, leading
to observe the co-localization of fluorescent proteins (such as PCNA/MR,
RadA/Primase, RadA/RadB, RadB/Primase etc) during cells growth, or after inducing
different DNA damage, using UV that induces DSB, or Hydroxyurea that induces
stalled replication forks, to confirm a precise role of these proteins in HR involved in

DNA replication and repair mechanism.
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Annexes

Annexes

L Polymerase B and Polymerase D from Pyrococcus abyssi

PabPolB is a monomeric DNA polymerase and the crystal structure of PabPolB
shown that is looks like a “hand” (Figure 70A). The “Palm” domain (in orange) contains
the catalytic site (5°>3’ DNA polymerization activity); the “finger” domain (in pink) has
nucleotides recognition activity; the “Thumb” domain (in red) is for DNA binding; the N-
terminal (in green) is responsible for recognizing and binding deaminated bases 4 nt
upstream the primer-template junction during DNA replication; and the last domain of
PabPolB is “exonuclease domain” (in blue) which carries a 3’5 exonuclease

proofreading activity (Gouge et al, 2012; Gueguen et al, 2001).

PabPolD is a heterodimeric DNA polymerase which is composed of a large subunit
(DP2) and a small subunit (DP1). The subunit DP2 possess the 5'>3’ polymerization
activity, and the subunit DP1 is responsible for 3’25’ exonuclease activity (Cann et al,
1998; Gueguen et al, 2001). Recently, the crystal structures of these two subunits of
PabPolD have been determined (Figure 70B). The study revealed that the catalytic
core of DP1 is different from all other known DNA polymerase, but possesses a
catalytic site similar to RNA polymerase family. Interestingly, the subunit DP1has a
structure similar to Mre11 which has also a 3'>5’ exonuclease activity (Sauguet et al,
2016).

Biochemical studies have demonstrated that both PabPolB and PabPolD are
primer-directed DNA polymerase, but PolPolB recognizes only DNA primer, while
PabPolD recognizes both DNA and RNA primer, and preferentially to primed template
compared to PabPolB. Hence, it is suggesting that PabPolB might function upon
leading strand while PabPolD could be involved in the synthesis of both lagging strand
and leading strand. In addition, both PabPolB and PabPolD harbor DNA strand
displacement activity (Henneke et al, 2005; Henneke, 2012). In addition, archaeal PolB
is not only used for DNA replication, but also implicated in DNA repair pathways. For
example, PolB from T. kodakarensis was involved in RER (ribonucleotide excision

repair) pathway to remove the ribonucleotide inserted in DNA (Heider et al, 2017).
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Moreover, genetic studies have shown that archaeal PolD enzyme is always
essential, but not for PolB. For example, in Halobacterium sp. NRC-1, both PolB and
PolD are essential for cellular survival (Berquist et al, 2007). In contrast, in T.
kodakarensis and Methanococcus maripaludis S2, it is unable to introduce polD
mutation in vivo, however, cellules lacking PolB can grow normally but with an
increased sensitivity to UV irradiation (Cuboriova et al, 2013; Sarmiento et al,

2013)(Cuboriova et al, 2013; Sarmiento et al, 2013).

A “Thumb” domain :
DNA binding activity

5’ primer

merization activity

2s recognition activity

“Exonuclease” domain : “Finger” domain :
3’25’ exonuclease activity Nucleotide recognition activity

Crystal structure of PabPolB

B “Palm” domain :
5’->3’ polymerization activity

N-terminal Catalytic domain

self-assembly region Central domain

“Exonuclease” domain
3'-5" Exonuclease prool-reading activity NTD 3’5’ exonuclease activity

Subunit DP1 Subunit DP2

Crystal structure of PabPolD

Figure 70: Crystal structure of PabPolB and PabPolD
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II.  Materials and Methods of Supplementary data of article
“Physical and functional interplay between PCNA DNA clamp
and Mr11-Rad50 complex from the archaeon Pyrococcus

furiosus” (Hogrel et al, 2018)
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MATERIAL AND METHODS (Supplementary data)

SPR experiments

Data were obtained using a Reichert SR7000DC spectrometer instrument (Reichert linc., Buffalo, NY).
The running buffer was 25 mM HEPES pH 7.0, 150 or 300 mM NaCl, 1 mM DTT, 0.05 % Tween 20,
and the flow rate was 25 pl/min. PiluPCNA was immobilized on a mixed self-assembled monolayer (10 %
C11-(OEG)6-COOH: 90 % C11-(OEG)3-0OH), Reichert Inc.) via classical amine coupling chemistry and
the chip was stabilized after serial injections of 100 mM HsPOa4 (3 x 30 s). Each curve displayed was
double referenced with a set of blank buffer injections. When the interaction with Mre11 PIP-like peptide
was analysed, a concentration range from 0.37 uM to 30 uM of peptide was injected on the PluPCNA
chip at 25°C. Acquisitions with PfuMR were performed as described above, with a running buffer
containing 25 mM HEPES pH 7.0, 300 mM NaCl, 1 mM DTT, 0.05 % Tween 20 and a concentration
range of PfuMR from 1.56 nM to 50 nM. Data were then fitted using a global analysis method with
Scrubber 2.0a software (Biologic Software, Australia). Kinetic constants for binding were calculated
using global fitting analysis that accounts for both association and dissociation phases as well as the

maximal level of complex formation.

Co-immunoprecipitation experiments

Experiments were performed as described in the “materials and methods” section, except for the
following steps. In 20 pl reaction, 1ug PfuPCNA alone was incubated 10 min at 4°C with anti-PCNA
Dynabeads prepared in 20 mM Tris-HCI pH 8.0, 150 mM NaCl, 1 mM DTT). Beads were washed with
binding buffer (25 mM HEPES pH 7.0, 150 mM NaCl, 1 mM DTT, 0.05 % Tween 20). Then in 20 pl
reaction, 5 ug PfuMR or PfuMR APIP complex were added to PfuPCNA in binding buffer 150 or 300 mM
NaCl. The resulting protein complexes were incubated 15 min at 4°C. Beads were washed 3 times with
100 pl binding buffer 150 mM or 300 mM NaCl before final elution. Fractions bound to the beads were
analysed either by Western-blotting (using His-tag antibody) or Coomassie blue staining as indicated in

figure legends.

DNA substrates
Labelled dsDNA substrates were constructed with the following sequences. Phosphorothiate bonds

are indicated by “s” between nucleotides.

S§50/50:

5'Cy5-CTGCAGGGTTTTTGTTCCAGTCTGTAGCACTGTGTAAGACAGGCCAGATG -3
5-CATCTGGCCTG-TCTTACACAGTGCTACAGACTGGAACAAAAACCCTGCAG-3

Biotine _S50/50s
5’'Cy5-CT(biotin)GCAGGGTTTTTGTTCCAGTCTGTAGCACTGTGTAAGACAGGCCAGATG -3
5-CATCTGGCCTGTCTTACACAGTGCTACAGACTGGAACAAAAACCCsTsGsCsAsG-3..
3'Cy5_S50/50s
5-CTGCAGGGTTTTTGTTCCAGTCTGTAGCACTGTGTAAGACAGGCCAGATG-3'Cy5
5-CATCTGGCCTGTCTTACACAGTGCTACAGACTGGAACAAAAACCCsTsGsCsAsG-3'.
3'Cy5_S50s/50s



5-CTGCAGGGTTTTTGTTCCAGTCTGTAGCACTGTGTAAGACAGGCCsAsGsAsTsG-3'Cy5
5-CATCTGGCCTGTCTTACACAGTGCTACAGACTGGAACAAAAACCCsTsGsCsAsG-3'.

S50/50s:

5Cy5-CTGCAGGGTTTTTGTTCCAGTCTGTAGCACTGTGTAAGACAGGCCAGATG-3
5-CATCTGGCCTGTCTTACACAGTGCTACAGACTGGAACAAAAACCCsTsGsCsAsG-3'.

S50s/50s:
5'Cy5-CTGCAGGGTTTTTGTTCCAGTCTGTAGCACTGTGTAAGACAGGCCsAsGsAsTsG-3’
5-CATCTGGCCTGTCTTACACAGTGCTACAGACTGGAACAAAAACCCsTsGsCsAsG-3'.

S87/87s:
5'Cy5-CAGGAAACAGCTATGACCATGATTACGAATTCGAGCTCGGTACCCGGGGATCCTCTAGAG
TCGACCTGCAGGCATGCAAGCTTGGCA-3
5-TGCCAAGCTTGCATGCCTGCAGGTCGACTCTAGAGGATCCCCGGGTACCGAGCTCGAATTCG
TAATCATGGTCATAGCTGTTsTsCsCsTsG-3’

S87s/87s:
5'Cy5-CAGGAAACAGCTATGACCATGATTACGAATTCGAGCTCGGTACCCGGGGATCCTCTAGAG
TCGACCTGCAGGCATGCAAGCTsTsGsGsCsA-3
5-TGCCAAGCTTGCATGCCTGCAGGTCGACTCTAGAGGATCCCCGGGTACCGAGCTCGAATTCG
TAATCATGGTCATAGCTGTTsTsCsCsTsG-3’

RQ-S87s/87s:

5FAM- CAGGAAACAGCTATGACCATGATTACGAATTCGAGCTCGGTACCCGGGGATCCTCTAGA
GTCGACCTGCAGGCATGCAAGCTsTsGsGsCsA-3’
5-TGCCAAGCTTGCATGCCTGCAGGTCGACTCTAGAGGATCCCCGGGTACCGAGCTCGAA
TTCGTAATCATGGTCATAGCTGTTsTs(BHQ1)CsCsTsG-3’

RQ23-S87s/87s:
5’'CAGGAAACAGCTATGACCATGAT(FAM)TACGAATTCGAGCTCGGTACCCGGGGATCCTCTAGA
GTCGACCTGCAGGCATGCAAGCTsTsGsGsCsA-3’

5- TGCCAAGCTTGCATGCCTGCAGGTCGACTCTAGAGGATCCCCGGGTACCGAGCTCGAATTCG
TAAT(BHQ1)CATGGTCATAGCTGTTsTsCsCsTsG-3'

The following oligonucleotides were used as reverse complement to avoid re-annealing of DNA
product onto the dsDNA substrate.

Trap RC50:

5-CTGCAGGGTTTTTGTTCCAGTCTGTAGCACTGTGTAAGACAGGCCAGATG-3

Trap RC87:
5-CAGGAAACAGCTATGACCATGATTACGAATTCGAGCTCGGTACCCGGGGATCCTCTAGAGTCG
ACCTGCAGGCATGCAAGCTTGGCA-3

Trap 3'87RC

5-CAGGAAACAGCTATGACCATGATTACGAAT-3

Electrophoretic mobility shift assays (EMSAs)
In 10 pl reaction, 25 nM DNA substrate S50/50s were pre-incubated with 50 or 200 nM PfuPCNA, when
indicated, in a DNA binding buffer (25 mM HEPES pH, 7.0, 150 or 300 mM NaCl, 1 mM DTT, 0.5 mg/ml



BSA, 0.1% Triton-X100) complemented with 1 mM ATP, 5 mM MgCl. and 5 mM MnClz at ambient
temperature for 5 min. DNA substrate or DNA/PfuPCNA complex were then incubated with a
concentration range from 0 nM to 1000 nM of PfuMR at ambient temperature for 15 min. Samples were
loaded on a 0.75% agarose gel and run for 4 hrs at 60 V at 4°C with running buffer 1X TBE. Gels were

imaged with fluorimager Typhoon 9500 (GE Healthcare) and quantified with Image Quant software.

ATPase assays

Pre-incubation of 200 nM PfuMR wt or APIP with 400 nM PfuPCNA (when indicated) was performed at
65°C for 10 min. Proteins were then incubated at 65°C for 30 min in 15 pl buffer containing 25 mM
HEPES pH 7.0, 300 mM NaCl, 1 mM DTT, 0.5 mg/ml BSA, 5 mM MgCl. complemented with 200 nM
dsDNA S50s/50s, when indicated, before adding 1 mM ATP and ATP y32P (62.5 nCi/ul) for 60 min.
Two microliters of reaction solution were collected at various time points and spotted on TLC plates
(PEl-cellulose, Nagel). ATP, ADP and Pi were separated by TLC using 250 mM KH2POas. Products were
analysed by autoradiography and level of Pi generated was quantified by MultiGauge (Version 3.0)
software to quantify ATPase activity. Three independent experiments were performed to measure

ATPase activities.

Native gel DNA unwinding assays

Reactions were performed as described in “Real time fluorescence DNA unwinding assays” section of
the materials and methods, except that at the end of incubation at 55°C, the samples were loaded onto
an electrophoresis gel composed of 10% polyacrylamide 19:1 and 1X TBE in a running buffer (1X TBE)
for 3h at 120 V. Labelled fragments were analysed with fluorimager Typhoon 9500 (GE Healthcare) and

quantified with Image Quant software.
FIGURE LEGENDS — SUPPLEMENTAL DATA

Figure S1. (A) Purified recombinant P. furiosus PCNA, Mre11-Rad50 and truncated constructs of Mre11
and Rad50. (B) Construct schematics for PfuMre11 and PfuRad50 (adapted from (1)). PfuRad50-link
constructs contain Gly-Ser repeat sequences to link Rad50 N and C terminal lobes. In PfuMre11
sequence, dotted arrow indicates a disordered region. In PfuRad50 sequences, black arrows show
region binding with Mre11 RBD, the shortened version PfuRad50'"2 lacks several amino acids required
for Mre11 binding. (C) Influence of co-factors on the physical interaction between PfuPCNA and PfuMR.
Co-immunoprecipitaion experiments were performed as described in the “Material and methods* section
using beads coated with PCNA antibodies. PiuPCNA and PfuMre11 were revealed through His-tag

detection by western-blotting. The experiment was performed in condition containing 150 mM NaCl.

Figure S2. Mre11 and Hel308/Hjm proteins of order Thermococcales harbour a PIP-like motif.
Alignment of selected C-terminal domains from archaeal proteins using ScanProsite with the pattern
[PK]-x-[KRNA]-x-[GSPNK]-x(1,3)-[IL]-x(2)-[WFY]-[ILV] as anchor on archaeal proteins. The figure was
generated using EsPript server and similar highlighted positions were determined using BLOSUM62
similarity matrix. Abbreviations: Pfu, Pyrococcus furiosus ; Pab, Pyrococcus abyssi ; Pho, Pyrococcus

horikoshii ; PspNA2, Pyrococcus sp. NA2 ; Pya, Pyrococcus yayanosii ; PspST04, Pyrococcus sp.



STO04 ; Pfe, Palaeococcus ferrophilus ; Ppa, Palaeococcus pacificus DY20341 ; Tga, Thermococcus
gammatolerans ; TspAM4, Thermococcus sp. AM4 ; Tha, Thermococcus nautili ; Ton, Thermococcus
onnurineus ; Teu, Thermococcus eurythermalis ; Tko, Thermococcus kodakarensis ; Tzi,
Thermococcus zilligii ; Tpa, Thermococcus paralvinellae ; Tli, Thermococcus litoralis ; TspPK,
Thermococcus sp. PK ; Tsi, Thermococcus sibiricus MM 739 ; Tsp4557, Thermococcus sp. 4557 ; Tcl,

Thermococcus cleftensis.

Figure S3. PIP-like motif of PfuMR complex plays a key role in interaction with PfuPCNA (A)
Surface plasmon sensograms for binding of Mre11 PIP-like peptide onto immobilised PfuPCNA with a
concentration range from 0.37 uM to 30 pM of peptide and 30 uM of non-interacting peptide. The
experiment was performed with running buffer containing 150 mM NaCl. (B) Left panel, SDS-PAGE of
purified PfuMR and PfuMR APIP proteins, right panel,co-immunoprecipitation assays with PiuMR (wt or
APIP and PfuPCNA in binding buffer with 150 or 300 mM NaCl. 1 ug of protein was loaded on SDS-
PAGE as Input. IP corresponds to the immunoprecipitation assays in presence of beads coated with
PCNA antibodies. Fractions bound to the beads were analysed by Coomassie blue staining. (C) Surface
plasmon sensograms for binding of PiuMR complex to immobilised PfuPCNA from a concentration
range from 1.56 nM to 50 nM of PfuMR complex. Experimental curves were fitted with a model
describing a PCNA:MR stoichiometry of 1:1 and a binding reaction with two events of distinct kinetic

constants. Experiments were performed in condition containing 300 mM NacCl.

Figure S4. dsDNA end resection by PfuMR nuclease activities. Reactions in (A) and (B) were
performed in same conditions as Figure 3B and 3D, except that reaction buffer contained 150 mM NaCl.
(C) Time course experiments. Reactions included 25 nM of dsDNA S50/50s incubated with 25 nM
PfuMR (left panel) at 70°C from 0 to 90 min and complemented by 50 nM PfuPCNA (right panel). (D)
25 nM of DNA substrate were incubated at 70°C, 30 min with increasing concentrations of PfuMR APIP.
(E) 25 nM of DNA substrate were pre-incubated with indicated concentrations of PfuPCNA at room
temperature for 5 min before adding 25 nM PfuMR APIP. Reactions were performed for 30 min at 70°C.
Reaction buffer contained 300 mM NaCl.

Figure S5. PfuPCNA and salinity do not influence DNA binding activity of PfuMR. 25 nM of S50/50s
DNA substrate incubated with an increasing concentration of PfuMR complex at ambient temperature
for 15 min complemented by 50 or 200 nM PfuPCNA, when indicated, in condition containing 150 or

300 mM NaCl. Experiments were performed in triplicate and error bars correspond to standard deviation.

Figure S6. Influence of co-factors on the functional interaction between PfuMR and PfuPCNA.
Reactions included 25 nM dsDNA S50/50s incubated 30 min at 70°C with 25 nM PfuMR, complemented
with 50 nM PfuPCNA, 1 mM ATP, 5 mM MgClz and 5 mM MnClz, when indicated. All experiments were
performed in condition containing 300 mM NaCl.

Figure S7. Comparison of DNA resection by PfuPCNA/MR wt and APIP on different dsDNA

substrates. DNA substrates are illustrated on top of the figures. 25 nM dsDNA substrates were pre-



incubated with 50 nM of PfuPCNA at room temperature for 5 min before adding 25 nM PfuMR. The

reactions were performed for 30 min at 70°C.

Figure S8. DNA unwinding activity of PfuPCNA/MR complex at 55°C. Reactions included 25 nM
RQ-S87s/87s (A) or RQ23-S87s/87s (B) DNA substrates incubated 30 min at 55°C with 25 nM PfuMR
wt or APIP, complemented with 50 nM PfuPCNA, 1 mM ATP and 5 mM MgClz, 5 mM MnClz, when

indicated. All experiments were performed in condition containing 300 mM NacCl.

Figure S9. PfuPCNA has no effect on ATPase activity of PfuMR. ATPase assays were carried out
at 65°C with 200 nM PfuMR wt or APIP in presence of 1 mM ATP, 5 mM MgCl,, and complemented
with 200 nM dsDNA S50s/50s and 400 nM PfuPCNA when indicated. Experiments were performed in

triplicate and error bars correspond to standard deviation.
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Etudes fonctionnelles des nouvelles interactions protéine-protéine impliquées potentiellement
dans la recombinaison homologue chez les archées hyperthermophiles

Mots clés : Archée hyperthermophile, Réparation/réplication/recombinaison de '’ADN,
complexe PCNA/Mre11-Rad50, DNA Primase, recombinase RadA

Résumé : Les archées hyperthermophiles ont une
température optimale de croissance supérieure a 80°C.
Les cellules exposées a un stress thermique subissent
une augmentation de la sensibilité aux agents induisant
des cassures double brin de 'ADN. Les études sur les
eucaryotes et bactéries ont démontré que la
recombinaison homologue joue un réle essentiel non
seulement dans la réparation de I'ADN, mais aussi dans
le redémarrage des arréts de la fourche de réplication.
Les enzymes associées aux étapes initiales de la
recombinaison homologue chez les archées sont
homologues a celles des eucaryotes, et différentes des
analogues bactériens. De plus, plusieurs études ont
démontré que les protéines impliquées dans la
recombinaison homologue sont essentielles chez les
archées hyperthermophiles, soulignant l'importance
biologique de cette voie de réparation chez ces
organismes particuliers. Le role de la recombinaison
homologue pour la stabilité génomique a été bien étudié
chez les eucaryotes et les bactéries, cependant, peu de
ses propriétés fonctionnelles ont été étudiées chez les
archées hyperthermophiles.

Pour mieux comprendre le mécanisme de recombinaison
homologue impliquée au niveau de la maintenance
génomique chez les archées, un réseau d'interactions
protéine-protéines a été révélé précédemment au
laboratoire a partir des protéines de Pyrococcus abyssi.
Ces travaux ont démontré de nouvelles interactions ou
interviennent les protéines de la réplication et les protéines
de la recombinaison de 'ADN. L'objet de cette étude de
thése est de présenter deux interactions : PCNA/Mre11-
rad50 (MR) complexe et Primase/RadA. Pour la premiere
fois chez P. furiosus, une interaction physique et
fonctionnelle a été démontré entre le PCNA et le complexe
MR (Pinitiateur de HR). Un motif, situé en position C-
terminale de Mre11, permet linteraction avec PCNA.
PCNA stimule l'activité endonucléase du complexe MR a
distance proche de l'extrémité 5 d’'une cassure double
brin. Cette propriété est en accord avec lintervention
ultérieure des enzymes assurant la suite du mécanisme de
réparation par recombinaison homologue. Par ailleurs, les
protéines RadA, Primase et P41 ont été produites et
purifiées. Leurs fonctions enzymatiques ont été confirmé.
Cependant, nous n’avons pas pu caractériser la fonction
de 'association de RadA/Primase.

Functional studies of new protein-protein interactions potentially involved in homologous

recombination in hyperthermophilic archaea

Keywords: Hyperthermophilic archaea, DNA repair/replication/recombination, PCNA/MR complex,

Primase/RadA

Abstract: Hyperthermophilic archaea (HA) are found
in high-temperature environments and grow optimally
above 80°C. Usually, cells exposed to heat stress
display an increased sensitivity to agents inducing
double-stranded DNA breaks (DSBs). Studies in
Eukaryotes and Bacteria have revealed that
homologous recombination (HR) plays a crucial role not
only in DNA DSBs repair, but also in the
collapsed/stalled DNA replication fork restart.
Recombinase and various HR-associated enzymes in
archaea specifically resemble the eukaryotic
homologues, rather than bacterial homologues.
Furthermore, several studies have demonstrated the
necessity of HR proteins in HA, suggesting that, HR is
an important mechanism in HA. HR influencing genome
stability has been well studied in Eukaryotes and
Bacteria, however, few of its functional properties have
been studied in HA.

To better understand how HR mechanism is involved in the
archaeal genome maintenance process, a previous work
proposed a protein-protein interaction network based on
Pyrococcus abyssi proteins. Through the network, new
interactions involving proteins from DNA replication and
DNA recombination were highlighted. The targets of the
study presented here for two protein interaction are:
PCNA/Mre11-rad50 complex (MR complex) and
Primase/RadA. For the first time in P. furiosus, we showed
both physical and functional interactions between PCNA
(Maestro in DNA replication) and MR complex (initiator of
HR). we have identified a PCNA-interaction motif (PIP)
located in the C-terminal of Mre11, and shown that PCNA
stimulated MR complex endonuclease cleavage proximal
to the s’ strand of DNA DSBs at physiological ionic
strength. For the second interaction, we have purified the
proteins PabRadA/PfuRadA, PabPrimase and PabP41,
and confirmed its enzymatic functions. However, we were
not able to characterize the function of Primase/RadA
association.



