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Abstract

The proteasome system allows the elimination of functional or structurally impaired
proteins. This includes the degradation of nascent peptides. In Archaea, how the pro-
teasome complex interacts with the translational machinery remains to be described.
Here, we characterized a small orphan protein, Q9UZY3 (UniProt ID), conserved in
Thermococcales. The protein was identified in native pull-down experiments using
the proteasome regulatory complex (proteasome-activating nucleotidase [PAN]) as
bait. X-ray crystallography and small-angle X-ray scattering experiments revealed
that the protein is monomeric and adopts a B-barrel core structure with an oligonu-
cleotide/oligosaccharide-binding (OB)-fold, typically found in translation elongation
factors. Mobility shift experiment showed that Q9UZY3 displays transfer ribonucleic
acid (tRNA)-binding properties. Pull-downs, co-immunoprecipitation and isother-
mal titration calorimetry (ITC) studies revealed that Q9UZY3 interacts in vitro with
PAN. Native pull-downs and proteomic analysis using different versions of Q9UZY3
showed that the protein interacts with the assembled PAN-20S proteasome machin-
ery in Pyrococcus abyssi (Pa) cellular extracts. The protein was therefore named Pbp11,
for Proteasome-Binding Protein of 11kDa. Interestingly, the interaction network
of Pbpl1 also includes ribosomal proteins, tRNA-processing enzymes and exosome
subunits dependent on Pbp11's N-terminal domain that was found to be essential for
tRNA binding. Together these data suggest that Pbp11 participates in an interface

between the proteasome and the translational machinery.
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1 | INTRODUCTION

The proteasome represents the main protein degradation machin-
ery in Eukarya and Archaea. This large molecular machine consists
of a 20S peptidase core that associates with regulatory particles
responsible for the specific recognition of target proteins, their
energy-dependent unfolding and their translocation in the 20S com-
plex (Majumder & Baumeister, 2019). In Eukarya, the proteasome
substrate selection is mainly achieved by the covalent attachment
of small ubiquitin modifiers on target proteins involving a complex
E1-E2-E3 enzymatic cascade (Finley et al., 2004). Ubiquitinated
protein recognition and deubiquitination are achieved by a subset
of subunits forming the lid of the 19S proteasome regulatory parti-
cle (Finley & Prado, 2020). The proteasome is mainly responsible for
proteostasis by determining the half-lives of proteins in the cytosol.
It also controls fundamental biological functions by rapidly eliminat-
ing a variety of regulatory factors (Navon & Ciechanover, 2009). In
addition, the proteasome plays a key role in proteome quality control
and stress response by eliminating toxic misfolded or damaged pro-
teins in the cytosol (Goldberg, 2003). In particular, co-translational
ubiquitination and subsequent proteasome activity were proposed
to be responsible for the degradation of defective ribosomal prod-
ucts (Wang et al., 2013).

Archaea possess an eukaryotic-like 20S proteasome exhibit-
ing reduced complexity in terms of subunit composition but with a
similar overall organization (Maupin-Furlow, 2013a). The substrate
unfolding and translocation into the archaeal 20S catalytic core are
completed by the proteasome-activating nucleotidase (PAN) AAA-
ATPase complex (Majumder & Baumeister, 2019; Zwickl et al., 1999).
PAN forms a ring complex made of six subunits that share 41%-
45% sequence identity with the eukaryotic AAA-ATPases forming
the base of the 19S proteasome regulatory particle. Cryo-electron
microscopy (Cryo-EM) structure and small-angle scattering studies
of the archaeal PAN-20S complex from Archaeoglobus fulgidus and
Methanocaldococcus jannaschii provided important fundamental in-
sights into the functional cycle of proteolytic ATPases underlining
the highly dynamic nature of the PAN complex (lbrahim et al., 2017;
Mahieu et al., 2020; Majumder et al., 2019).

The physiological roles of the archaeal proteasomes remain
poorly explored. Gene expression studies indicated that proteasome
subunits accumulate during heat or salt environmental stresses
(Chamieh et al., 2008), while a recent study demonstrated a role in
the regulation of cell division (Risa et al., 2020). Ubiquitin-like mod-
ification (SAMPylation, urmylation) activities have been reported in
Archaea (Anjum et al., 2015; Humbard et al., 2010). This pathway
seems to be dependent on a family of ubiquitin-like molecules called
Small Archaeal Modifier Proteins (SAMPs) (Maupin-Furlow, 2013b).
In most Archaea, the pathway depends only on a single E1-like SAMP
activator (Ranjan et al., 2011). Recently, a complete ubiquitination
cascade composed of E1/E2/RING-E3 eukaryotic-like enzymes was
discovered in the Aigarchaeota and the Asgard archaea superphyla
(Hennell James et al., 2017). Despite this progress, little is known
about the recognition mechanisms and processing of the conjugated

proteins by archaeal proteasome systems. In particular, there is no
evidence yet for the existence of PAN-interacting factors potentially
responsible for an elaborate regulation of the archaeal proteasome.

In the present study, we searched for novel PAN-interacting
proteins using the deep-sea model hyperthermophilic archaeon
Pyrococcus abyssi (Pa). By using in vitro affinity purification,
coupled with mass spectrometry (MS) analysis, we identified
Q9UZY3 (UniProt ID), a small orphan protein of 11kDa, as a pu-
tative proteasome partner. We confirmed by pull-down and co-
immunoprecipitation experiments that Q9UZY3 physically interacts
with the proteasome regulatory particle PAN. We also report pro-
teomic, biochemical and structural data indicating that Q9UZY3 is
a tRNA-binding protein closely related to the archaeal proteasome
in Thermococcales. We therefore named it Pbp11, for Proteasome-
Binding Protein of 11kDa. The tRNA-binding capacity of Pbp11 is
required for the formation of a protein-interaction network com-
posed mainly of ribosomal proteins, components of the universal
tRNA-processing machinery, in particular various tRNA modification
enzymes, and the RNA exosome-degrading machinery. These data
highlight Pbp11 as a protein candidate to be part of a previously un-

recognized ribosome-associated quality control system in Archaea.

2 | RESULTS

2.1 | Identification of QQUZY3 as a proteasome
regulatory complex interactant

The archaeal AAA-ATPase PAN functions as a protein unfoldase
and displays 20S proteasome-activating properties in vitro (Smith
et al., 2011; Wilson et al., 2000). In Eukarya, the homologous com-
plex (called regulatory particle) acts as a platform for the docking
of proteins involved in the regulation of the proteolytic machinery.
Whether such proteins exist in Archaea is currently unknown. Here,
we used the purified and active (Figure S1) recombinant His-tagged
P. abyssi PAN as a molecular bait to search for partners in P. abyssi
cell extracts as described in Pluchon et al. (2013). We selected a
small protein of 11kDa (UniProt ID: Q9UZY3) for more detailed
studies since it was unambiguously detected by mass spectrometry
(MS) in triplicate assays and not in the negative controls. QQUZY3
has no predicted function and BLAST (Basic Local Alignment
Search Tool) searches indicated that homologous proteins are pre-
sent in Thermococcales. The protein alignment of these orthologs
(Figure 1a) shows a moderate degree of conservation except in
the N-terminal region, which is predicted to be disordered (Kelley
et al., 2015). To validate our preliminary interaction data, we first
performed reverse pull-down experiments using different QQUZY3
constructs as baits. We purified Q9UZY3 expressed with N- or C-
terminal Histidine tag (Q9UZY3-Ntag, Q9UZY3-Ctag) and a variant
lacking the first 20 amino acids (Q9UZY3-AN-Ctag) (Figure S2a).
Recovered proteins were analyzed by western-blot using a PAN-
specific antibody. The raw figures and quantified data are available in
Figure S3. The presence of the native PAN protein was significantly
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FIGURE 1 Pyrococcus abyssi Q9UZY3 physically interacts with PAN. (a) Q9UZY3 protein sequence alignment shows the amino

acids' conservation for the core domain, while the disordered region (1-20) is poorly conserved. The blue line indicates the sequence
corresponding to the N-ter truncated (AN) version of Q9UZY3. Details of the sequence alignment are provided in the materials and methods
section. (b) Pull-down assays with immobilized His-tagged Q9UZY3. All three recombinant forms of Q9UZY3 (details in Figure S2a) co-
precipitated PAN from P. abyssi cellular extract. Native PaPAN was revealed by western-blot with anti-PAN antibodies. (c) Recombinant
Q9UZY3-Ntag was co-purified with immobilized PaPAN. Q9UZY3 was revealed by western-blot using anti-His-tag antibodies. The raw
figures and quantified data are available in Figure S3. (d) Measurement of Q9UZY3 binding to PaPAN by ITC at 45°C. Experimental data
were fitted by one side binding model (in black) and buffer signal (in red) was substracted.
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detected in the pull-downs of the three versions of recombinant
Q9UZY3 (Figure 1b).

To determine if the pull-down that we detected in the total P.
abyssi extracts corresponds to direct interactions between PAN and
Q9UZY3, we performed in vitro interaction studies using purified
recombinant proteins. We first performed co-immunoprecipitation
experiments with purified proteins and showed that the untagged
Q9UZY3 protein was efficiently captured by the immobilized PAN
(Figure 1c). As an AAA-ATPase, PAN undergoes important confor-
mational changes during the adenosine triphosphate (ATP) hydro-
lyzing cycle (Kim et al., 2015; Smith et al., 2011). The co-existing
nucleotide states have been shown to be associated with modifi-
cations of the intersubunits' contact, rotation motions of the hex-
amer and binding to the 20S particle (Majumder et al., 2019). The
co-immunoprecipitation experiments show that hydrolyzable ATP
and non-hydrolyzable ATPyS (adenosine 5'-[y-thio]-triphosphate) do
not prevent the interaction between PAN and Q9UZY3 (Figure 1c).
This last observation confirms the physical interaction of Q9UZY3
also with the nucleotide-binding form of PAN. Then, we tried to
co-purify the PAN-Q9UZY3 complex using streptavidin-tagged
Q9UZY3. PAN was co-eluted with Q92UZY3 after affinity column
extensive wash and elution with biotin (Figure S4). However, the
complex dissociated on size exclusion columns. We therefore used
isothermal titration calorimetry (ITC) to quantify the binding equilib-
rium directly by measuring the heat change resulting from the asso-
ciation of Q9UZY3 to PAN. The ITC thermogram (Figure 1d) shows
the titration of Q92UZY3 when injected into PAN solution. Fitted
with a one binding site model, it allows one to determine a K, value
of 0.59+0.18 uM.

To determine which PAN domains are important for the forma-
tion of the PAN-Q9UZY3 complex, we produced the N-terminal
domain, responsible for substrate recognition (PAN1), and the
ATPase-containing domain (PAN2) separately (Figure S5a). Because
PaPAN1 displayed a tendency to aggregate in solution, we chose to
reconstitute the complex using Pyrococcus horikoshii (Ph) system,
with PhPAN1, PhPAN2 being orthologous to PaPAN1, PaPAN2, and
058951 to Q9UZY3. Co-immunoprecipitation assays not only con-
firmed that the interaction is conserved in another species (Figure
S5b, lane 4) but also revealed that Q9UZY3 ortholog specifically
binds PAPAN2 (Figure S5c, lane 8) and not PhPAN1. Interestingly, the
N-terminal region of Q9UZY3, predicted to be disordered, is not es-
sential for QQUZY3 complex formation with PAN (Figure 1b, lane 6).
Collectively, these experiments strongly support direct interactions
between PAN and Q9UZY3 in vitro and suggest the existence of a
physiological complex between these proteins. We then performed
enzymatic assays to explore whether Q9ZUY3 can regulate PAN
unfoldase activity. However, unfolding kinetics of the fluorescent
substrate, GFPssrA, in the presence of PAN did not show significant
effect of QQUZY3 on this activity (Figure Séa). The subunits of the
P. abyssi 20S complex («, 1, f2) were purified and assembled (Figure
Séb) to assess if the PAN:20S could degrade Q9UZY3. The signal of
the GFPssrA was followed by western blot as positive control for
PAN-20S activity (Figure Séc). In vitro previous studies reported

proteolytic activity of the 20S complex without the regulatory par-
ticle PAN (Anjum et al., 2015), as observed here with the GFPssrA as
substrate (Figure Séc, lane 3). But, in the same conditions, no signifi-
cant degradation of Q9UZY3 by the 20S proteasome in the absence
or presence of PAN could be observed (Figure Sé6d). At this stage of
the study, we did not detect, in our conditions, any functional in-
teraction with PAN. We analyzed then the structural properties of
Q9UZY3 to gain further insight into its function.

2.2 | Thecrystal structure of Q9UZY3 reveals
similarities with nucleic-acid binding modules

The X-ray structure of the Q9UZY3 ortholog from Pyrococcus furiosus
(Pf) (77% sequence identity) was deposited in the Protein Data Bank
(PDB code: 1XE1 and 4PGO), but no further characterization was
published. Using the Q9UZY3-AN-Ctag construct from P. abyssi, we
obtained crystals and solved the structure by molecular replacement
at a resolution of 1.65A (Figure 2a PDB: 7ANU, Table $3). Despite a
moderate sequence identity between the Q9UZY3 proteins from P.
furiosus and P. abyssi, the X-ray structure of Q9UZY3 is remarkably
well conserved (root mean square deviation [RMSD] = 0.466A, for
58 residues).

In order to investigate the shape of the protein in solution, we
performed small-angle X-ray scattering (SAXS) analysis of QQUZY3
(see acquisition parameters Table S4). An excellent fit (;(2 = 1.07)
was obtained between the experimental curve of Q9UZY3-AN-Ctag
and the theoretical curve calculated from the X-ray crystal structure
when considering the Q9UZY3 as a monomer (Figure S7a). Using
the Bayesian inference (Hajizadeh et al., 2018) from the ATSAS
suite (Franke et al., 2017), the molecular weight interval was pre-
dicted within the interval 7950-9950Da for a theoretical value of
10,200 Da. Together, these data confirm that Q9UZY3-AN-Ctag is
a monomeric protein in solution. Guinier analysis of the experimen-
tal SAXS curve of Q9UZY3-Ctag yielded a radius of gyration (Rg) of
17.3A (Figure S7b). Here, the Bayesian inference calculated a molec-
ular weight interval of 10,850-12,400 Da for a theoretical molecular
weight of 12,509 Da. Based on these data and supported by the gel
filtration profile (Figure S2), the full-length (FL) Q9UZY3 behaves
also mainly as a monomeric protein in our conditions.

From the structural analysis, we noticed that Q9UZY3 main core
(Figure 2a) is reminiscent of the oligonucleotide/oligosaccharide-
binding (OB)-fold domain (Murzin, 1993), known to bind nucleic
acids (Arcus, 2002; Theobald et al., 2003). The OB-folds have a low
degree of sequence or structural similarity, but they are typically
formed of five-stranded {3 barrels with interspersed loop and helical
elements (Figure S8a). Q9UZY3 also displays p-barrel architecture; it
is composed of six p-sheets connected by loops and lacks a helices,
suggesting that it may be a non-canonical OB-fold protein.

We next searched for structural homologs of Q9UZY3 using the
DALI server (Holm, 2020). Surprisingly, this search retrieved classi-
cal translation elongation factors such as elongation factor thermo
unstable (EF-Tu) (Bacteria) and elongation factor 1-alpha (EF-1a)
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FIGURE 2 The archaeal Q9UZY3 displays features of a transfer ribonucleic acid (tRNA)-binding protein. (a) X-ray structure of QQUZY3
protein determined at a resolution of 1.65A displays an oligonucleotide/oligosaccharide-binding fold (OB-fold)-like domain (PDB: 7ANU). The
missing N-terminal tail is indicated by a dotted line. (b) Q9UZY3 shares structural homology with the domain Il of translation elongation factors.
Left panel, representation of elongation factor thermo unstable (EF-Tu) from Escherichia coli (Ec) (in cyan) complexed with tRNAP"® (10B2) and
aligned with Q9UZY3 (in magenta). Right circle, backbone representation of Q9UZY3 (in magenta) aligned with the domain Il of EcEF-Tu (10B2)
(in cyan). (c) Sequence alignment of Q9UZY3 with the domain Il of ECEF-Tu. Key residues involved in the binding of tRNA ends are indicated. (d)
Electrostatic surface of ECEF-Tu (Il) (upper panel) and Q9UZY3 (lower panel). tRNAP™® was modeled into Q9UZY3 structure using the structural
alignment with EcEF-Tu (ll) (10B2). The surfaces were calculated with Adaptive Poisson-Boltzmann Solver (APBS) (Holst & Saied, 1993). In

red, negatively charged surface (-5 kT/e); in blue, positively charged surface (+5 kT/e). (e) Electrophoretic mobility shift assays with tRNAs.
Full-Length (FL) and N-ter truncated (ANQ9UZY3 were incubated at a molar ratio of 1:1 (lanes 2, 4) or 2:1 (lanes 3, 5) with Pyrococcus abyssi

(P. abyssi) tRNAs. Samples were loaded to 0.8% agarose gel and ribonucleoprotein complexes (RNP) were revealed by staining with ethidium
bromide. Lanes 6 and 7: proteins were loaded in the absence of added tRNA as negative control for a nucleic-acid signal.
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(Eukarya/Archaea) as most significant hits. To further explore the
similarity with translation elongation factors, we superimposed the
structure of Q9UZY3 with the one of Escherichia coli (E. coli [Ec]) EF-
Tu (ECEF-Tu) bound to tRNAP"® (Figure 2b). Significant root mean
square deviation (RMSD) score (1.04A, over 55 amino acids, Coot
[Emsley et al., 2010]) was obtained supporting structural homology
with the domain Il of EcEF-Tu (EcEF-Tu Il). To confirm, we aligned
the Q9UZY3 structure with several translation elongation factors
(Figure S8b). All alignments fitted into the second domain with sig-
nificant RMSD scores.

Domain Il of EF-Tu interacts specifically with tRNA ends through
conserved amino acids, such as E259 and R288, in ECEF-Tu (Nissen
et al., 1999), and contains a pocket suitable for the aminoacylated
3" end (Nissen et al., 1995; Figure 2d, upper panel). Intriguingly, the
two amino acids involved in tRNA end interaction are conserved
between EcEF-Tu Il and Q9UZY3 (Figure 2c). Moreover, after over-
laying the electrostatic surface of Q9UZY3 with EcEF-Tu II-tRNA
complex, we noticed that Q9UZY3 also contains a slightly positively
charged pocket for the 3'CCA end charged with the amino acid
(Figure 2d, lower panel). Together these data suggest that Q9UZY3
is a tRNA-binding protein, which might recognize the acceptor stem
extremity of tRNAs.

2.3 | Q9UZY3 specifically binds tRNAs

To assess if QQUZY3 binds tRNA as suggested by structural homol-
ogy with EcEF-Tu Il, we performed electrophoretic mobility shift
assays using total tRNAs extracted from P. abyssi (Figure 2e). We
observed a specific gel shift retardation mirroring the formation of
a ribonucleoprotein complex (RNP) by the addition of full-length
Q9UZY3 to the reaction mixture (Figure 2e, lanes 1 to 3). No shift
was observed by using the truncated version of Q9UZY3 at the N-
terminus (AN) (Figure 2e, lanes 4 and 5). Therefore, the N-terminal
domain is essential for the RNA-binding capacity of Q9UZY3. These
results were reproducible with the different Q9UZY3 constructs
(Figure S9). Similar experiments with short single-stranded DNA/
RNA, double-stranded DNA or DNA/RNA hybrid did not allow to
detect gel shift retardation (Figure S10). In the light of our data, we
propose that Q9UZY3 is able to bind tRNAs and that flexible N-
terminal tail is required for the binding.

2.4 | The Q9UZY3 interaction network
connects the proteasome with ribosome and
ribosome-associated machinery

To identify the proteins interacting with Q9UZY3 from the P. ab-
yssi cell extract, we used Q9UZY3 recombinant protein as a bait in
an N- or C-terminal His-tagged version and performed affinity pu-
rification coupled to mass-spectrometry (AP/MS) analyses. In par-
allel, control experiments without bait protein were carried out to
eliminate unspecific proteins from our analysis. Similar assays were

performed with a nuclease treatment to reduce RNA- or DNA-
mediated Q9UZY3 interactions. We specifically identified 45 pro-
tein partners retrieved with both tagged versions of the bait protein
(Figure 3a). Among them, 11 were still detected after nuclease treat-
ment (Figure 3b).

Assignments of Gene Ontology (GO) terms (Ashburner
et al., 2000; The Gene Ontology Consortium, 2019) of each candi-
date (Table S4) confirm that Q9UZY3 is, as expected, closely con-
nected to the proteasome degradation pathway (Figure 3, orange).
In addition to PAN, all 20S proteasome subunits (a, p, and p,) were
identified, suggesting that Q9UZY3 interacts with the assembled
PAN-20S proteasome core complex. Moreover, a less known ar-
chaeal proteasome activator was also retrieved, PbaB, which was
reported to function as an ATP-independent proteasome activator
and a molecular chaperone in P. furiosus (Kumoi et al., 2013). The
same experiment with the AN version of Q9UZY3 as a bait reaf-
firmed the connection with the proteasome machinery with five out
of seven partners annotated as proteasome subunits (Figure 3c). In
addition, Q9V1QO0, homologous to the aminopeptidase TET1 which
is a proteolysis-related protein (Durd et al., 2005), was identified.
This factor is supposed to be involved in the trimming of proteasome
degradation products (Borissenko & Groll, 2005). Nevertheless, its
detection in the Q9UZY3 network was dependent on the presence
of the N-terminal domain.

Remarkably, besides the proteasome system, 55% of the
Q9UZY3 network is composed of partners with assigned function
in RNA metabolism (Figure 3a, ribosomal proteins, tRNA modifi-
cation proteins, RNA catabolic process). Several ribosomal sub-
units of both 30S and 50S subunits, two components of the RNA
exosome as well as the recently described 5’-3’ exoribonuclease
aRNase J and the RNA helicase ASH-Ski2 (Phung et al., 2020) are
specifically detected. Interestingly, most of these partners are
missing from both the nuclease-treated (Figure 3b) and the AN
version (Figure 3c) networks. These data strongly suggest that the
connection to partners in RNA metabolism occurs via RNA and
requires the RNA-binding capacity of Q9UZY3 as described above
(Figure 2e).

The molecular identity of the Q9UZY3 natural partners deter-
mined in the interactomes is in good agreement with the in vitro
PAN and RNA-binding activities that we described. Accordingly, we
propose to name it Pbp11 for Proteasome-Binding Protein of 11 kDa.
The loss of the RNA-related protein partners in the interactomes
when the samples were treated with RNAse or when the Q9UZY3
RNA-binding function was abolished also corroborates the RNA-
binding activity of Pbp11.

3 | DISCUSSION

Protein degradation processes must be both efficient and tightly
regulated to ensure protein homeostasis. In Archaea, little is known
about recognition mechanisms of the conjugated proteins by the pro-
teasome system or how it could be connected to other fundamental
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processes. The regulation of the 20S archaeal proteasome is sup-
posed to be principally assumed by the hexameric AAA-ATPase
PAN. This protein is responsible for targeting misfolded proteins,
for opening the 20S «-ring and for unfolding and translocating the
polypeptide chain into the proteolytic chamber. To date, there is no
evidence for the existence of PAN-interacting factors possibly re-
sponsible for regulation of the archaeal proteasome.

In this work, we identified a unique small protein that interacts
with the proteasome machinery, which we named Pbp11 (UniProt
ID, Q9UZY3). Remarkably, we show that Pbp11 has the ability to
bind to tRNAs extracted from P. abyssi and is conserved among
Thermococcales. Pull-down experiments using total P. abyssi protein
extract, co-immunoprecipitation and co-purification using purified
recombinant proteins highlighted a strong connection between
Pbp11 and PAN. The presence of the proteasome activator, PbaB,
and the aminopeptidase TET1, a large peptidase complex that pro-
cesses 20S protease-peptide products, in the Pbpl1 interaction
network suggests the capture of an active protein-degrading system
able to unfold protein substrate until their degradation into amino
acids (Groll et al., 2003; Kusmierczyk et al., 2011).

Our observations also let us to question whether Pbp11 could
function as a targeting signal for the degradation of a specific
protein class associated with tRNA. In Archaea, proteins named
SAMPs with structural (but no sequence) similarity to eukaryotic
ubiquitin are widely distributed across the archaeal phyla (Maupin-
Furlow, 2011). In Sulfolobus acidocaldarius, SAMP orthologs have
been shown to function as targeting signals for the degradation by
the PAN-20S complex (Anjum et al., 2015). In P. abyssi, QQUYT7
and Q9V034 are annotated as SAMP homologs but they were not
found in the Pbp11 interaction network. Here, Pbp11 does not con-
tain the canonical C-terminal di-glycine motif used for the covalent
attachment of ubiquitin-like modifiers to target proteins (Burroughs
et al., 2007). Moreover, no physical interaction was observed be-
tween Pbpll and PAN N-terminal coiled coils involved in protein
substrate recognition. Altogether, this argues against the direct
function of Pbp11 in proteolysis pathways as a small modifier pro-
tein like SAMP/Urm1 proteins. Moreover, we could not detect a
significant proteolytic activity of the PAN-20S system on the small
Pbp11 protein. Together these observations suggest that Pbp11 is
unlikely a substrate of the PAN-proteasome. However, one cannot
completely exclude that in vivo, Pbp11 could be a long-lasting sub-
strate of the proteasome.

A remarkable property of the Pbpl1 protein, revealed by our
structural and biochemical analyses, is its capacity to bind tRNAs
extracted from P. abyssi. In addition, the Pbp11 interaction net-
work includes tRNA-modifying enzymes or constituent proteins
of tRNA-binding complexes such as ribosomal proteins. It is in-
teresting to note that these partners, unlike the proteasome ma-
chinery, are lost after degradation of the RNA in the cell extract
or in the absence of the Pbpl1l N-terminal domain binding the
tRNA. These observations indicate that the tRNA-binding prop-
erties of Pbp11 could be harnessed to target the proteasome ac-
tivity toward tRNA-containing complexes. A molecular cross-talk

between the proteasome, ribosome and RNA-degrading machinery
has been described in Eukarya in the context of the translational-
associated quality control (Karamyshev & Karamysheva, 2018; Sha
et al., 2009). The stalled ribosomes act as a signal for ribosome re-
cycling and for the destruction of nascent peptide by the 26S pro-
teasome system (Dimitrova et al., 2009; Ito-Harashima et al., 2007;
van Hoof et al., 2002). The eukaryotic ribosome-associated protein
quality control (ribosome quality complex [RQC]) system involves
a multiprotein complex that includes a specific E3 ligase to trigger
the ubiquitinylation of nascent peptides (Defenouillére & Fromont-
Racine, 2017; Doamekpor et al., 2016). The RQC binds stalled 60S
ribosomal particles and the ubiquitinated defective translation
products are subsequently transferred to the proteasome by the
cell division control protein 48 (CDC48) AAA-ATPase complex
(Defenouillére et al., 2013). The pathways that control protein- and
RNA-quality are particularly important to eliminate defective elon-
gation products generated by stress conditions or by aberrant non-
stop or no-go messenger RNAs (mRNAs) to maintain proteostasis
(Doma & Parker, 2006; Frischmeyer et al., 2002). Concomitantly,
the RNA exosome quality control system is recruited to process
defective mRNAs or ribosomal RNAs (rRNAs). Two decades ago,
based on comparative genomics analyses, Koonin and colleagues
proposed a tight functional coupling between translation, RNA
processing and degradation (mediated by the exosome) and pro-
tein degradation (mediated by the proteasome) in Archaea (Koonin
et al., 2001). Here, the existence of archaeal proteins, homologous
to some members of the eukaryotic RQC system and the connec-
tion between ribosome, exosome and proteasome revealed in this
study, suggests the existence of a RQC system in Archaea. Some
proteins with unknown functions retrieved in the Pbp11 interac-
tion network provide a starting point in the search for components
of the archaeal RQC. A promising candidate is Q9VOU1 protein,
as it shares 33% sequence identity (56% similarity) with Rqc2 ho-
molog from Haloferax volcanii and displays NEMF-bacterial FbpA
(fibronectin-binding protein A)-like proteins, Caliban and Tae2
(NFACT) domain typical for Rqc2 proteins (Lytvynenko et al., 2019;
Figure S11).

One important remaining question is to understand whether
Pbp11 is a Thermococcales-specific protein that was acquired in
response to chaotropic environmental conditions or whether it is
more widely spread among (extremophilic) Archaea. The sequence-
based search for orthologs outside Thermococcales was hindered
by the small protein size of Pbp11 and its low sequence conser-
vation even among closely related Thermococcales species. We
therefore cannot exclude the existence of Pbp11 orthologs in other
Archaea.

In conclusion, the results described in this study lead us to pro-
pose Pbpl1l as an interesting candidate to study tight connections
between the proteasome complex and RNA-processing machinerys
through its interaction with tRNAs. It remains to be determined how,
mechanistically, Pbp11 could participate in the physical connec-
tion between these nanomachines in the context of extremophilic
Archaea.
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4 | MATERIALS AND METHODS

4.1 | Protein sequence alignment

Amino acid sequences from Pyrococcus abyssi (Q9UZY3), Pyrococcus
horikoshii (058951), Pyrococcus furiosus (Q8U2D2), Pyrococcus
yayanosii (FBAH42), Pyrococcus sp. NA2 (FAHKB3), Thermococcus
kodakarensis (Q5J1Q5), Thermococcus eurythermalis (AOA097QT95),
Thermococcus gammatolerans (C5A299), Thermococcus barophi-
lus (AOAOSIXFW4) and Paleococcus pacificus (AOAO75LPX0)
were aligned with the T-coffee package (Di Tommaso et al., 2011;
Notredame et al., 2000) and viewed with ESPript 3.0 (Robert &
Gouet, 2014). The N-terminal region was predicted as disordered by
secondary structure analysis with Phyre 2 (Kelley et al., 2015).

4.2 | Protein purification

421 | PAN

A truncated form of PAN from P. abyssi (PaPAN, UniProt: Q9V287),
lacking the first 31 amino acids (Figure S1), was synthesized and
cloned into pET-30a(+) vector (Genecust), between the Ndel and
Notl restriction sites, to promote the expression of the protein of
interest with a 6-Histidine tag at the C-terminal position. PaPAN was
overexpressed in E. coli BL21(DE3) cells carrying PAN/pET-30a(+).
IPTG (isopropyl-1-thio-D-galactopyranoside) was added to a final
concentration of 1mM, and the cells were further grown overnight
at 20°C to induce the expression from PAN/pET-30a(+). The cells
were harvested by centrifugation at 3000xg for 15min. The cell pel-
let was resuspended into Buffer 1 (50mM Tris-HCI, pH 8.0, 150 mM
KCl, 150mM NaCl, 10mM MgCl,, 10% glycerol), complemented
with 0.25mg mi™ lysozyme (Euromedex), 0.05mg ml™ DNase | grade
Il (Roche), 1 mgml™ Pefabloc SC (Roche) and ethylenediaminetet-
raacetic acid (EDTA)-free protease inhibitor (cOmplete™, Roche).
The cell pellet was mixed and incubated for 30 min at 4°C and then,
was disrupted by using a LM20 Microfluidizer (Microfluidics) cov-
ered in ice at 18 KPsi (kilo-pound per square inch). Then, the lysate
was incubated at 80°C for 10 min and centrifuged at 10,000xg for
1h.

The soluble fraction was loaded into an affinity column (5 ml-
HiTrap Chelating HP, GE Healthcare) equilibrated with Buffer 1
supplemented with 20mM imidazole. After washing with 40mM
imidazole, the protein was eluted with Buffer 1, supplemented with
300mM imidazole. Then, the buffer was exchanged by dialysis (10
MWCO (molecular weight cut-off) to 20mM Tris-HCI, pH 8.0, and
150 mM NaCl. The protein was loaded onto an anion exchange col-
umn (Resource Q, GE Healthcare) and was eluted with 20mM Tris-
HCI, pH 8.0, and a linear salt gradient (0.15-1 M NaCl). Next, PAN
was injected into the gel filtration column (Superdex 200 10/300 GL,
GE Healthcare). The elution buffer was composed of 20mM Tris-
HCI, pH 8.0, 150mM KCI, 150mM NaCl, 10mM MgCl, and 1mM
dithiothreitol (DTT).

The final PAN concentration was calculated by measuring the
absorbance at 280nm with a predicted extinction coefficient of
14,440M™ cm™ and a molecular weight of 254,231.4 Da (for the
hexameric PAN) (ProtParam, ExPASy; Gasteiger et al., 2005).

422 | Q9UZY3 (Pbpll)

Four recombinant versions of P. abyssi Q9?UZY3 were synthesized
and cloned (Genecust) as described in Figure S2. Following the same
protocol as for PAN expression, proteins were overexpressed in
E. coli BL21(DE3) and cell pellets were resuspended into Buffer 2
(20mM Tris-HCI, pH 8.0, 150mM NacCl), complemented with 0.1%
Triton X-100, 25mM MgSO,, 0.25 mgml'1 lysozyme (Euromedex),
0.05mgml™ DNase | grade Il (Roche), 0.2 mgml™ RNase (Roche) and
EDTA-free protease inhibitor (cOmplete™, Roche). The cells were
disrupted by sonication and incubated at 25°C for 30min. Then
the cell extract was treated by heating at 70°C for 15min and the
lysate was clarified by centrifugation at 10,000xg for 1 h. His-tagged
Q9UZY3 was purified by using (i) an affinity column (5-ml HiTrap
Chelating, GE Healthcare) with a linear gradient of 20-250 mM imi-
dazole; (i) a cation exchange column (Resource S, GE Healthcare)
with a linear gradient of 50-500mM NaCl and (iii) a size exclusion
column (Superose 12, GE Healthcare) with elution in Buffer 2. For
the untagged Q9UZY3, only the purification steps (ii) and (iii) were
performed. The final Q9UZY3 concentration was calculated by
measuring the absorbance at 280 nm using the predicted extinction
coefficient (ProtParam, ExPASy) listed in Table S1. The primers and
cloning strategies for expression in bacteria cells are listed in Table
S2.

4.3 | Isothermal titration calorimetry (ITC)

ITC measurements were carried out at 45°C with a 250rpm (revo-
lutions per minute) stirring with the MicroCal PEAQ-ITC (Malvern
Panalytical). A 200-pl sample of 7.9 uM PaPAN in ITC buffer (20mM
Tris-HCI, pH 8.0, 150mM NaCl, 150mM KCI, 10mM MgCl, 1mM
DTT) was titrated with 2 ul injections of a total of 27 (2 ul x27 injec-
tions) of 324 M Q9UZY3-Ctag-His in ITC bufferin 5 s each injection
at 180s intervals. Curve was fitted by a one binding site model and
the buffer signal was subtracted.

4.4 | Protein crystallization and data processing

Initial screening for crystallization conditions of the truncated
Q9UZY3-AN-Ctag (Figure S2) was performed at the HTX Lab
platform (EMBL, Grenoble, France). According to initial crystal
hits obtained, the conditions were manually optimized by vapor
diffusion at 293 K. A 1.5 pl drop of protein solution (20mM Tris-
HCI, pH 8.0, 150 mM NaCl), concentrated at 11 mgml™, was mixed
with 1.5 pl of solution containing 200 mM potassium thiocyanate



HOGREL ET AL.

Wi LEYJﬁ

and 25% polyethylene glycol (PEG) 3350. After 2days, crystals
were harvested, soaked in the previous crystallization solution
supplemented with 20% glycerol and finally cryo-cooled in liquid
nitrogen.

Q9UZY3-AN-Ctag diffraction data were collected on a single
crystal at the ID23 beamline of the European Synchrotron Radiation
Facility (ESRF, Grenoble, France). Diffraction frames were integrated
using the program XDS (Kabsch, 2010). Scaling, molecular replace-
ment and density modification were done within the CCP4 suite of
programs (McCoy et al., 2007) using SCALA (Evans, 2006), PHASER
(McCoy et al., 2007) and DM (Cowtan & Zhang, 1999), respectively.
The structure of Pyrococcus furiosus Pbp11 ortholog (RCSB PDB ac-
cession code: 1XE1) was used as search model for molecular replace-
ment. Automatic model building was performed with the program
BUCCANEER (Cowtan, 2006). Then the initial model was manually
improved in Coot (Emsley et al., 2010) prior to refinement with
PHENIX (Adams et al., 2010). Two units of Q9UZY3 were found in
the asymmetric unit, likely stacked within their respective hexahisti-
dine tag through the binding of a nickel ion.

Data collection and refinement statistics are summarized in
Table S3. Structural figures were prepared with PyMOL (The PyMOL
Molecular Graphics System, Version 1.3 Schrédinger, LLC).

4.5 | tRNA-binding electrophoretic mobility
shift assays

Pyrococcus abyssi cells were grown overnight at 95°Cin 50 ml of yeast
extract, peptone and sucrose (YPS) medium under anaerobic condi-
tions as described earlier (Erauso et al., 1993). Cells were collected
by centrifugation (5000xg, 10 min) at 4°C and total tRNAs were ex-
tracted using Trizol (Sigma-Aldrich) and purified on 8 M urea acryla-
mide gel as described (Perrochia et al., 2013). Next, 30pM tRNA
(0.9 pgul™) was incubated with 36 or 72uM of Q9UZY3 recombi-
nant protein in buffer containing 20mM Tris-HCI, pH 8.0, 50 ug mi™?
bovine serum albumin (BSA), 2mM DTT, 0.5% Triton and 300mM
NaCl. Samples were incubated on ice for 15min, loaded onto a 0.8%
(w/v) agarose gel and separated by electrophoresis at 4°C in 1x TBE
(Tris-borate-EDTA) buffer. Ribonucleoprotein complexes (RNP) were
revealed after staining with ethidium bromide solution (0.5 pg mi™).

4.6 | Cell extract preparation

Pyrococcus abyssi was cultivated on exponential growth phase in bio-
reactors under physiological conditions (95°C, pH 6.5, anaerobic).
The cell extracts were prepared as described (Pluchon et al., 2013).
Briefly, P. abyssi pelleted cells were resuspended in 1/3 w/v of 1x
phosphate-buffered saline (PBS) buffer (Euromedex), supplemented
with EDTA-free protease inhibitor (cOmplete™, Roche). After sonica-
tion, the crude extracts were clarified by two successive centrifu-
gations at 10,000xg for 60 min. The concentrations of total protein
were measured by the Bradford protein assay (Bio-Rad).

4.7 | Pull-down experiments

Purified His-tagged Q9UZY3 were used as baits in the clarified
whole-cell extract of P. abyssi. In a reaction volume of 200pl sup-
plemented with 10mM MgCl,, 20ug of bait proteins was incubated
overnight with 1 mg of P. abyssi extract under rotation at 4°C. The
bait-extract complex was further incubated with 0.4 mg of cobalt-
coated magnetic beads (Dynabeads, Invitrogen) for 3 h at 4°C and
then washed three times with PBS buffer at 4°C.

To study the physical interaction between purified proteins, PAN
and Q9UZY3, 8.33pug of anti-Pyrococcus horikoshii PAN polyclonal
antibody was immobilized onto 1.5 mg of magnetic Dynabeads
Protein A (Thermo Fischer Scientific) in a final volume of 50 pul. Then,
antibodies were covalently anchored using 29 pg of BS, crosslinker
(Thermo Fischer Scientific). In a 20 ul reaction volume, 1 pg PAN was
incubated with 2 pg Q9UZY3 for 15min at 65°C first then at 4°C
for 45min in the binding buffer: 20mM Tris-HCI, pH 8.0, 300mM
NaCl, 10mM MgCl, and, when indicated, 4mM ATP or 4mM ATPyS
(Figure 1c). The resulting protein complexes were trapped by anti-
PAN Dynabeads over 15 min at 4°C. Beads were washed three times
with PBS buffer.

4.8 | Protein detection by Western-blot

The mix of bead-protein complexes was finally eluted in dena-
turing loading buffer (XT sample buffer, Bio-Rad) and incubated
for 10 min at 95°C. Proteins were separated on sodium dodecyl
sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) (4%-20%
Pierce) and transferred onto a polyvinylidene diFluoride (PVDF)
membrane (Thermo Fisher Scientific). The anti-PAN antibodies
were raised against the purified recombinant protein from P. horiko-
shii (ProteoGenix) PAN was probed using a 1:5000 dilution and the
antirabbit immunoglobulin G (IgG), horseradish peroxidase (HRP)-
linked as secondary antibody (Amersham) with 1:10,000 dilution.
For His-tagged proteins, Q9UZY3 was detected using anti-penta-
His tag monoclonal antibody (Thermo Fisher Scientific) diluted at
1:2000 and the antimouse IgG, HRP-linked as secondary antibody
(GE Healthcare). Proteins were revealed by immunofluorescence
(Pierce™ ECL plus Western-Blotting Substrate, Thermo Fisher
Scientific). Image acquisitions were done with a ChemiDoc XRS+
(Bio-Rad) and quantifications were carried out using ImageJ soft-
ware (Schneider et al., 2012).

4.9 | Interactome analysis

The protein-protein interaction properties of Q9UZY3 were probed
by pull-down experiments using the three purified His-tagged
Q9UZY3 (Ntag, Ctag and AN-Ctag) incubated with 2mg cell extract
as described in Section 4.6. Negative controls were performed using
cobalt-coated beads alone, instead of the bait-bead complexes. For
the nucleic-acid free assays with Q9UZY3-Ntag and Q9UZY3-Ctag,
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clarified cell extracts were incubated with a cocktail of 10 U RNase A
(Roche), 100U RNaseT1 (Thermo Fisher Scientific) and 10 U DNase |
(Sigma) per milligram (mg) of extract for 30 min at 25°C. Experiments
were done in duplicate for each His-tag position. Purified protein
complexes were eluted in XT sample buffer (Bio-Rad) completed
with reducing agent (Bio-Rad), incubated at 95°C for 10 min and sep-
arated by short migration on 12% SDS-PAGE (Criterion XT Precast
gels, Bio-Rad). Protein-containing gel slices were submitted to shot-
gun proteomic analyses.

Samples were analyzed by mass spectrometry (MS) at the
PAPPSO proteomics core facility (http://papso.inrae.fr) as described
(Phung et al., 2020). Protein samples were injected twice into the
MS instrument to make technical duplicates. Then peptides were
identified with X!TandemPipeline software (Langella et al., 2017)
by the spectrum-matching approach using the proteome database
UP0O00009139 for P. abyssi proteins. The resulting specific spectra
numbers reflected the signal of peptides specific for each protein.
Data were normalized between replicates as described (Branson &
Freitas, 2016). A minimal cut-off of two normalized specific spectra
was applied as the minimum MS signal. The data of the two His-
tagged Q9UZY3 (Ntag and Ctag) were merged to display redundant
hit proteins. Diagram networks were created using Cytoscape 3.7.2
software (Shannon et al., 2003).
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