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ABSTRACT

Giant viruses have extraordinarily large dsDNA
genomes, and exceptionally, they encode various
components of the translation apparatus, includ-
ing tRNAs, aminoacyl-tRNA synthetases and trans-
lation factors. Here, we focused on the elongation
factor 1 (EF1) family of viral translational GTPases
(trGTPases), using computational and functional ap-
proaches to shed light on their functions. Multiple
sequence alignment indicated that these trGTPases
clustered into two groups epitomized by members of
Mimiviridae and Marseilleviridae, respectively. trGT-
Pases in the first group were more closely related to
GTP-binding protein 1 (GTPBP1), whereas trGTPases
in the second group were closer to eEF1A, eRF3 and
Hbs1. Functional characterization of representative
GTPBP1-like trGTPases (encoded by Hirudovirus,
Catovirus and Moumouvirus) using in vitro reconsti-
tution revealed that they possess eEF1A-like activity
and can deliver cognate aa-tRNAs to the ribosomal A
site during translation elongation. By contrast, rep-
resentative eEF1A/eRF3/Hbs1-like viral trGTPases,
encoded by Marseillevirus and Lausannevirus, have
eRF3-like termination activity and stimulate peptide
release by eRF1. Our analysis identified specific as-
pects of the functioning of these viral trGTPases with
eRF1 of human, amoebal and Marseillevirus origin.

INTRODUCTION

The eukaryotic Nucleocytoplasmic Large DNA Viruses
(NCLDYV) form the proposed order Megavirales, which in-
cludes the Ascoviridae, Asfarviridae, Iridoviridae, Marseille-
viridae, Mimiviridae, Phycodnaviridae, Poxviridae and the
proposed Pandoraviridae and Pithoviridae families (1-3).
Several of these groups contain giant viruses, which have
extraordinarily large dsDNA genomes (0.5-2.5 Mb) and
virus particles, and infect a wide phylogenetic range of eu-
karyotes, including amoebae, phytoplankton and micro-

zooplankton (4-7). The first giant virus to be described,
Acanthamoeba polyphaga mimivirus (APMV), was discov-
ered in amoeba from water in a hospital cooling tower dur-
ing studies of a pneumonia outbreak (8), and many others
have subsequently been identified (4,6,7,9-12). An excep-
tional property of these viruses is that they encode com-
ponents of the protein synthesis apparatus, including tR-
NAs, aminoacyl-tRNA synthetases and translation factors
(6,10,11,13-17). Prior to the discovery of APMYV, the pres-
ence of genes encoding multiple components of the transla-
tion apparatus had been thought to be restricted to cellular
organisms.

The evolutionary histories of these genes suggest that
they had multiple origins, and in different viruses were ac-
quired through convergent capture of host genes from di-
verse hosts and by inter-virus exchange, followed by grad-
ual loss (3,6,18). These observations suggest that there are
circumstances in which these viruses benefit from the ac-
quisition and retention of translation-related genes. Impor-
tantly, viral genes that encode the translational components
are transcribed in virus-infected cells (19-22; http://www.
igs.cnrs-mrs.fr/mimivirus/), and in one instance (APMYV ini-
tiation factor (eIF) 4A), one of these gene products has been
found to influence viral mRNA translation, growth and fit-
ness (21). However, except for two APMV aminoacyl-tRNA
synthetases, the biochemical activity of giant virus-encoded
components of the translation apparatus has not been con-
firmed (23).

Here we focused on one of the virally encoded pro-
tein synthesis-related gene groups: translational GTPases
(trGTPases). TrGTPases are a superfamily of proteins that
belong to the P-loop GTPase superclass and participate in
all stages of translation. They contain a highly conserved
GTPase (G) domain followed by two B-barrel domains,
and can be divided into EF1, SelB, EF2 and IF2 fami-
lies (24,25). Different giant viruses encode different com-
plements of trGTPases, including eIF2y (a member of SelB
family), eIF5B (a member of IF2 family) and members of
the EF1 family. The EF1 family is epitomized by bacterial
and eukaryotic elongation factors EF-Tu and eEF1A, the
eukaryotic release factor eRF3, and the mRNA surveillance
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factor Hbsl. ¢eEF1A, eRF3 and Hbsl are also closely re-
lated to eukaryotic GTPBPs, which constitute a relatively
divergent group in the SelB family (25). The members of
EF1 family and GTPBPI1 have a similar function of deliv-
ering their binding partners to the ribosomal A site in a
GTP-dependent manner. Thus, EF-Tu and eEF1A deliver
aa-tRNA to the A site during translation elongation (26).
eRF3 forms a ternary complex with GTP and eRF1, de-
livering eRF1 to the A site of pre-termination complexes.
eRF1 and eRF3 function interdependently, with eRF1 pro-
moting eRF3’s GTP-binding and ribosome-dependent GT-
Pase activities (27-30) and eRF3 enhancing eR F1-mediated
peptide release (31). Hbsl, which is involved in ‘no-go’
and ‘non-stop’ mRNA decay, delivers to the A site a par-
alogue of eRF1 called Pelota, which participates in split-
ting of stalled 80S ribosomes (32,33). A recent study (34)
revealed that GTPBPI also possesses eEF1A-like elonga-
tion activity, delivering aa-tR NA to the A site, but the kinet-
ics of GTPBPI-mediated elongation argues against its func-
tioning in elongation, but supports involvement in mRNA
surveillance (34,35). In each case, the GTP is hydrolyzed af-
ter binding of the ternary complex to the ribosome, which
reduces the affinity of the trGTPase to its partner, leading
to its release into the A site and to dissociation of the trGT-
Pase (26,36-38).

EF1 family members encoded by giant viruses have
variously been classified as GTPBP1 (13), EF-Tu (16),
eEF1A (3,10,17) and as a GTP-binding translation
elongation/initiation factor (11). In this study, we applied
computational and functional in vitro reconstitution ap-
proaches to clarify our understanding of this group of giant
virus translation factors. We found that they segregate into
two classes epitomized by members of Mimiviridae and
Marseilleviridae, respectively. Analysis of GTPases en-
coded by representative members of these families revealed
that they possess eEF1A-like elongation and eRF3-like
termination activities, respectively.

MATERIALS AND METHODS
Plasmids

The following expression vectors have been described: Hisg-
tagged human elF1 and eIF1A (39), e[F4A and elF4B
(40), elF4Gl736 1115 (eIF4Gm) (41), elF5 (42), eRF1 and
eRF3aC lacking the N-terminal 138 a.a. (referred to as
eRF3 in the text) (43,44), Pelota and Hbsl (32) and Hisg-
tagged Escherichia coli methionyl tRNA synthetase (45).

Vectors for expression of N-terminally Hisg-tagged viral
proteins were prepared by inserting the relevant ORFs into
pET28a using the indicated restriction sites to generate
pET28a-CTV1-GTPase (Ndel/BamHI), pET28a-HV-
Sang-GTPase (Nhel/BamHI), pET28a-MVMV-GTPase
(Nhel/BamHI), pET28a-Ac-eRF1  (Nhel/BamHI),
pET28a-MVMV-eRF1 (Nhel/BamHI), pET28a-MoV-
mon-GTPase (BamHI/Xhol) and pET28a-LV-GTPase
(BamHI/Notl) (GeneWiz, South Plainfield, NJ, USA).
The vector for expression of eRF1amini-domain (in Which
a.a. 328-373 has been substituted by the sequence AS-
TAAS) was generated by mutagenesis of the wr eRF1
vector (NorClone Biotech Laboratories, London, Ontario,
Canada).

The following transcription vectors have been de-
scribed: tRNA;Met (46), tRNAXU-AAG (47) and MVHL-
STOP, MF-STOP and MLHL-STOP mRNAs (31,34). The
MFFF-STOP mRNA transcription vector was made simi-
larly by inserting an appropriate DNA fragment flanked by
a T7 promoter and a HindIII restriction site into pUCS57
(GeneWiz).

Purification of mammalian and viral translation factors and
ribosomal subunits

Native 40S and 60S ribosomal subunits, elF2, elF3,
elF5B, eEF1H, ¢EF2 and total native aminoacyl-tRNA
synthetases were purified from rabbit reticulocyte lysate
(Green Hectares, Oregon, WI, USA) as described (48,49).
Recombinant Hisg-tagged elF1, elF1A, eIF4A, elF4B,
elF4Gr36.1115, €lF5, eRF1, eRF3, Pelota, Hbsl, GTPBP1
and Escherichia coli methionyl tRNA synthetase were ex-
pressed in E. coli BL21 (DE3) and purified as described
((31) and references therein; 32,49). eRF1 amini-domain Was
purified in a similar way to the wz eRF1 (43).

Recombinant Hisg-tagged MoV-mon GTPase, LV GT-
Pase, CTV1 GTPase, HV-Sang GTPase, MVMYV GTPase,
Ac eRF1 and MVMV eRF1 were expressed in 4 1 of E.
coli BL21 DE3 Star (Invitrogen). Protein production was
induced by addition of 0.5 mM IPTG, after which cells were
grown for 16 h at 16°C or for 2 h at 16°C for MVMV eRF1.
All proteins were isolated by affinity chromatography on
Ni-NTA agarose followed by FPLC on a MonoS 5/50 GL
column for all GTPases and on a MonoQ 5/50 GL column
for all eRF1s.

Preparation of mRNAs and tRNAs

tRNA;Met tRNAMU-AAG and all mRNAs were in vitro
transcribed using T7 RNA polymerase. Native calf liver to-
tal tRNA was from Promega. Yeast native tRNAP" was pu-
rified as described (50). In vitro transcribed tRNA;Met was
aminoacylated using E. coli methionyl tRNA synthetase
(49). Elongator tRNAs were aminoacylated using total na-
tive aminoacyl-tRNA synthetases or purified specific yeast
tRNA synthetases (49,51). Leu-tRNA" and Phe-tRNAPhe
were separated from non-aminoacylated tRNAs by HPLC
on an RP18 column. Native total aa-tRNAs were purified
as described (52).

Assembly and toe-printing analysis of ribosomal complexes

Ribosomal complexes were assembled essentially as de-
scribed (31,49,53). First, 48S initiation complexes were
formed by incubating 25 nM mRNA with 60 nM 40S sub-
units, 350 nM elF1, 350 nM elF1A, 90 nM elF2, 60 nM
elF3, 300 nM elF4A, 60 nM elF4B, 250 nM elF4G736.1115
and 100 nM Met-tRNA;Met in 400 wl of buffer A (20 mM
Tris—HCI pH 7.5, 3.8 mM MgCl,, 100 mM KCl, 0.25 mM
spermidine, 2 mM DTT) supplemented with 1 mM ATP, 0.3
mM GTP and 1 U/pl RiboLock RNase inhibitor (Thermo
Scientific) for 10 min at 37°C. To obtain 80S ICs, reaction
mixtures were supplemented with 90 nM of 60S subunits,
200 nM eIF5 and 60 nM elF5B, and incubation continued
for an additional 10 min. To obtain pre-TCs, elongation was



carried out by mixing 80S IC reactions with 60 nM ¢EF2,
150 nM eEF1H and 1 wM native total calf liver aa-tRNA,
after which incubation continued at 37°C for an additional
15 min. Assembled 80S ICs and pre-TCs were purified by
centrifugation in a Beckman SW55 rotor for 1 h 35 min at
4°C and 53 000 rpm in 10-30% linear sucrose density gradi-
ents (SDG) prepared in buffer B (20 mM Tris—-HCI, pH 7.5,
2.5 mM MgCl,, 100 mM KCl, 0.25 mM spermidine, 2 mM
DTT), and stored at —80°C.

Elongation experiments were carried out by mixing
SDG-purified 80S ICs with 60 nM eEF2, 300 nM indi-
vidual aa-tRNAs and 150 nM of eEF1H, HV-Sang GT-
Pase, CTV1 GTPase, MoV-mon GTPases, LV GTPase or
MVMYV GTPase, after which incubation continued at 37°C
for an additional 15 min (unless otherwise indicated). In
time course experiments (Figure 2E), the elongation re-
actions were stopped by elevating the Mg”>* concentra-
tion to 20 mM before initiating primer extension. Result-
ing ribosomal complexes were analyzed by toe-printing
(49) using AMYV reverse transcriptase (Promega) and [**P]-
labeled oligonucleotide primers complementary to nt 149—
166 of MLHL-STOP and MFFF-STOP mRNAs, nt 143—
160 of MF-STOP mRNA, or nt 209-227 of MVHL-STOP
mRNA. cDNA products were resolved in 6% polyacry-
lamide sequencing gels followed by autoradiography.

Termination experiments were carried out by mixing 3.75
nM of SDG-purified pre-TCs with various combinations
of 50 nM MoV-mon GTPase, 50 nM LV GTPase, 50 nM
CTV1 GTPase, 50 nM HV-Sang GTPase, 50 nM MVMV
GTPase, 50 nM human eRF3, 30 nM human eRF1, 30
nM human eRF1 amini-domain, 30 1M Ac eRF1 and 30 nM
MVMYV eRF1 and incubating the reaction mixtures at 37°C
for 15 min. The resulting ribosomal complexes were also an-
alyzed by toe-printing, as described above.

UV crosslinking assay

0.3-0.5 pM MoV-mon GTPase, LV GTPase, CTV1 GT-
Pase, or HV-Sang GTPase were incubated for 5 min at 30°C
in 30 wl buffer B with 120 nM [a-**P]GTP individually or in
combination with 0.4 wM deacylated native yeast tRNAPhe
or amino-acylated native yeast Phe-tRNAP" in the pres-
ence of 0.5 mg/ml casein. Assembled complexes were irra-
diated on ice for 10 min at 254 nm, treated with RNAses
A and T1 for 15 min at 37°C, and analyzed by 4-12% SDS-
PAGE followed by fluorescent SYPRO staining (Invitrogen)
(to ensure equal loading) and autoradiography.

NTP hydrolysis assays

0.25 wuM MoV-mon GTPase, LV GTPase, CTV1 GTPase,
HV-Sang GTPase, MVMYV GTPase, eRF3 or Hbs1 were in-
cubated for 20 min at 37°C in 10 pl buffer B with 40 nM [a-
32P]GTP in the presence/absence of different combinations
of 0.1 wM 80S ribosomes, 10 nM SDG-purified 80S Elon-
gation complexes (containing UUC codon in the A site),
0.5 wM Phe-tRNAPP (.25 uM Pelota, 0.25 uM eRF1,
0.25 pM eRF1 Amini-domain» 0-25 pM Ac eRF1, and 0.25 pM
MVMYV eRF]1. [a-**P]GTP and [a-*>P]GDP in the reaction
mixtures were separated using TLC on polyethyleneimine
cellulose by spotting 1.5 pl aliquots onto the plates for chro-
matography done using 0.8 M LiCI/0.8 M acetic acid. In
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Figures 3A, 5B and Supplementary Figure S1C, the effi-
ciency of GTP hydrolysis was calculated by scanning the
TLC plates using an Amersham Typhoon (GE) and quanti-
fying the images using ImageQuantTL software. In Supple-
mentary Figure S2A, a similar experiment was done where
[a-*P]GTP was replaced by [a-*’PJUTP or [y-*’P]ATP,
and the TLC separated [a-*>P]JUTP and [a-**P]JUDP or [y-
32P]ATP and [*?P]P;, respectively.

Peptide release assay

For peptide release experiments, pre-TCs were assembled
on MVHL-STOP mRNA in the presence of [**S]Met-
tRNA;M¢* and purified by SDG centrifugation as described
above. 2 nM of purified pre-TC was rapidly mixed with the
indicated combinations of 20 nM MoV-mon GTPase, 20
nM LV GTPase, 20 nM CTV1 GTPase, 20 nM HV-Sang
GTPase, 20 nM MVMYV GTPase, 20 nM human eRF3, 10
nM human eRF1, 10 nM human eRF1 Amini-domain, 10 1M
Ac eRF1 and 10 nM MVMYV eRF1 in buffer A supple-
mented with 0.2 mM GTP, 1 U/ul RiboLock RNase in-
hibitor (Thermo Scientific), and 0.5 mg/ml casein. Reac-
tions were incubated at 37°C, and 20 .l aliquots were re-
moved at the indicated times and immediately mixed with
980 wl of a mixture of 5% TCA and 0.75% casaminoacids.
Samples were incubated on ice for 10 min and then cen-
trifuged for 10 min at 20 000 g at 4°C. 800 wl aliquots from
the top of each tube were collected, and the amount of re-
leased [PSIMVHL tetrapeptide was determined by scintil-
lation counting. The resulting curves were fitted to a single
exponential function using GraphPad Prism 7 software.

Sequence alignment and Phylogenetic analysis

The sequences of translational GTPases and eRF1 moi-
eties were aligned using CLUSTAL W. eRF1 open reading
frames were identified in tBLASTn (https://blast.ncbi.nlm.
nih.gov/Blast.cgi) searches of viral genomes, using known
eRF1 sequences as seeds, and potential frame-shift and stop
codon read-through sites were mapped by conceptual 3-
frame translation of relevant segments of viral genomes.

For maximum likelihood (ML) phylogenetic analysis of
translational GTPases encoded by giant viruses, Homo sapi-
ens and Acanthamoeba castellani Neff, sequences were sub-
mitted to the web server phylogeny.lirmm.fr for alignment
using CLUSTAL W (default parameters) and elimination
of positions containing gaps (54). The phylogenetic tree
was inferred in PhyML 3.0 (default parameters) (55) us-
ing these trimmed and aligned sequences, and applying the
WAG model for amino acid substitution and the approx-
imate likelihood-ratio test (aLRT) as a statistical test for
branch support (56). The resulting tree was visualized in
TreeDyn (57), and fonts were adjusted in a graphical edi-
tor.

RESULTS
Two groups of trGTPases encoded by giant viruses

Giant viruses encode multiple translation-related genes that
usually include one or more trGTPases. Viral trGTPases
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have the typical trGTPase domains and GTP binding ele-
ments, and sequence alignment suggested that EF1 family
members cluster into two distinct groups (Figure 1A). Max-
imum likelihood phylogenetic analysis done using PhyML
(Figure 1B) (55) confirmed that viral GTPases segregate
into two classes, one of which also contains eRF3, Hbs1 and
eEF1A, and the other, GTPBPI. One group included pro-
teins that were closer to eRF3, Hbsl and eEF1A, whereas
members of the second group are closer to GTPBPI.
GTPBPI-like proteins are encoded exclusively by members
of Mimiviridae, whereas eRF3/Hbsl /eEF1A-related pro-
teins are encoded predominantly by members of Marseille-
viridae, but also by some members of Mimiviridae, such as
Aureococcus anophagefferens virus (9), as well as Klosneu-
viruses (e.g. Klosneuvirus and Catovirus) which encode a
large repertoire of translation related genes (10). Indeed,
Catovirus encodes members of both classes: CTV1 GTPase
in the first, and CTV2 GTPase in the second.

Since viral GTPBP-like proteins from distinct groups
might differ functionally, we decided to characterize several
proteins from each group. Five proteins were selected for
further biochemical testing and were expressed and purified
from E. coli (Figure 2A). Three proteins were taken from the
GTPBPI1-like group: Catovirus (CTV1) GTPase, Hirudo
virus strain Sangsue (HV-Sang) GTPase, and Moumou-
virus monve (MoV-mon) GTPase. These proteins had 49—
51% similarity to human GTPBP1 but only 20-41% sim-
ilarity to human eEF1A, eRF3 and Hbsl. The two re-
maining proteins were taken from the eEF1A/Hbs1/eRF3-
like group: Lausannevirus (LV) GTPase, and Marseillevirus
marseillevirus (MVMYV) GTPase. These proteins had 50—
56% similarity to human eEF1A, eRF3 and Hbsl and 41—
42% similarity to human GTPBPI.

Mimivirus HV-Sang, CTV1 and MoV-mon GTPases possess
eEF1A-like activity in translation elongation

Since GTPBP1 was found to possess eEF1A-like activity
(34), all viral trGTPases were initially tested for a poten-
tial function in translation elongation using an in vitro re-
constitution approach, in which ribosomal complexes are
assembled from individual purified translational compo-
nents. First, 80S initiation complexes were formed from 40S
and 60S ribosomal subunits, initiation factors and Met-
tRNA;Me on derivatives of B-globin mRNA containing a
B-globin YUTR and a short (24 codons) open reading
frame (ORF) followed by a UAA stop codon. Elongation
was then induced by addition of eEF2, specific cognate
aa-tRNAs and eEF1H or a viral trGTPase, after which
the ribosomal position on mRNA was determined by toe-
printing.

In single-cycle elongation on the UUC (Phe) codon with
cognate native yeast Phe-tRNAPP the CTVI1, HV-Sang
and MoV-mon GTPBP1-like GTPases had an activity that
was comparable to that of eEF1H, whereas the LV and
MVMYV eEF1A/Hbsl/eRF3-like GTPases were inactive
(Figure 2B). Thus, this translation elongation assay revealed
a clear distinction between the two GTPase groups, point-
ing to a functional significance to the phylogenetic division
identified by computational analysis. CTV1 and MoV-mon
GTPases were also able to promote efficient elongation on

three consecutive UUC (Phe) codons, whereas the activ-
ity of the HV-Sang GTPase in three-cycle elongation was
lower (Figure 2C). The HV-Sang GTPase was also more
sensitive to post-transcriptional modifications of tRNA.
Thus, all three viral GTPBP1-like GTPases promoted ef-
ficient elongation on the CUU (Leu) codon with native
Leu-tRNAMU tRNA (Figure 2D), but the activity of the
HV-Sang GTPase was almost abolished when native Leu-
tRNAL" was replaced by the in vitro transcript, whereas
CTV1 and MoV-mon GTPases remained active (Supple-
mentary Figure S1A). To further compare the elongation
activities of viral GTPases and eEF1H, we performed time-
course single-cycle elongation experiments on the CUU
(Leu) codon with native Leu-tRNA" In this assay, CTV1
and MoV-mon GTPases and eEF1H promoted elongation
with similar rates, whereas elongation mediated by the HV-
Sang GTPase was substantially slower (Figure 2E). Thus,
in all experiments, the activity of the HV-Sang GTPase was
lower than that of CTV1 and MoV-mon GTPases, suggest-
ing a higher divergence of the HV-Sang GTPase from hu-
man eEF1H.

Consistent with the eEF 1 A-like activity of CTV1, MoV-
mon and HV-Sang GTPases in elongation, their UV cross-
linking to GTP was stimulated by aa-tRNA (Supplemen-
tary Figure S1B, upper panel). Similarly to eEF1A, but
unlike GTPBP1 (34), interaction of CTV1, MoV-mon and
HV-Sang GTPases with GTP was not stimulated by dea-
cylated tRNA (Supplementary Figure S1B, upper panel).
In contrast, cross-linking to GTP of the LV and MVMV
eEF1A/Hbsl/eRF3-like GTPases was not affected by ei-
ther aminoacylated or deacylated tRNAs (Supplementary
Figure S1B, lower panel). Again, consistent with their
elongation activity, GTP hydrolysis by CTV1, MoV-mon
and HV-Sang GTPases was stimulated by establishment of
codon-anticodon interaction (i.e. by the simultaneous pres-
ence of elongation complexes and cognate aa-tRNAs), de-
spite rather high background levels of GTP hydrolysis that
occurred in the presence of aa-tRNA alone (Supplementary
Figure S1C).

Marseillevirus LV and MVMYV GTPases possess the eRF3-
like activity in translation termination

Since LV and MVMYV GTPases are phylogenetically related
to eEF1A/eRF3/Hbsl but did not have eEF1A-like activ-
ity, they were tested for the eRF3-like and Hbs1-like activ-
ities. GTP hydrolysis by eRF3 and Hbsl1 is induced by the
simultaneous presence of 80S ribosomes and their binding
partners, eRF1 and Pelota, respectively (27,29,31,32,58).
We therefore assayed the ability of mammalian 80S ribo-
somes, eRF1 and Pelota to stimulate GTP hydrolysis by LV
and MVMYV GTPases. As with ¢eRF3, the GTPase activity
of the LV and MVMYV GTPases was induced by the simulta-
neous presence of vacant 80S ribosomes and human eRF1,
but not Pelota (Figure 3A, compare lanes 9-12 with lanes
15-18). Interestingly, unlike human eRF3, GTP hydrolysis
by viral GTPases could also be stimulated by eRF1 alone,
particularly strongly in the case of the MVMV GTPase
(Figure 3A, lanes 15, 17 and 19). The ribosome-uncoupled
activity of the MVMYV GTPase was specific to GTP and was
not due to a contaminating NTPase (Supplementary Figure
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TPV«DOG"Pnsu 20 EKIESSKFLVLGNVDAGKSSFVGVMEKNVL - -D KDTGRISTHSPHY - .- - IKNNEIT FGVMGLFGD - -YGIVMVGA 120
TPV-SL GTPase 25 EKI ESSKFLVLGNVDAGKSSFVGVMEKNVL - -D KDTGRISTHSPHY - . CIKGNEIT FGVMGL FGD - - YGIVMVGA 125
ACMaV GTPase 28 EKIESSKYVVLGNVDAGKSSFVGVMKKCIL - -D KET - - ~VNNGEIT FGITGLFCD- -YGLVIVSA 128
HV-Sang GTPase 29 EKIESSKYVVLGNVDAGKSSFVGVMKKCIL - .D. - ... .........DGNGYAR-SLIAKTKHEKET - ~VNNGEIT FGITGLFCD. .YGLVIVSA 129
APMIV GTPase 29 EKIESSKYVVLGNVDAGKSSFVGVMKKCIL - -D .- KET .- ~VNNGEI T FGITGLFCD- -YGLVIVSA 129
MV-ba GTPase 79 VKI ESAKFVVVGNVDAGKSSF | GVMKSDIL - . D . 1ETGR] . - VONNE I T FGVIGMFAD. - FGILVIGA 179
Terra1V GTPase 79 VKIESAKFVVVGNVDAGKSSF I GVMKSDIL - -D - 1ETGR - -VONNE I T FGVIGMFAD - -FGILVIGA 179
MV<chilo GTPase 67 VK1 ESAKFVVVGNVDAGKSSF | GVMKSDIL - -D : 1ETGR] : “VaNNEIT FGVIGMFAD - FGILVIGA 167
Courdo11V GTP: 67 VKIESAKFVVVGNVDAGKSSF I GVMKSDIL - -D - 1ETGR] . - VONNEI T FGVTIGMFAD- -FGILVIGA 167
MoV-goul GTPase 16 SKIESAKFVVVGNVDAGKSSF | GVMKSEVL - - D 1 - - VONNEI T FGITGMFAD- -FGILIVGA 116
APMoV GTPase 14 SKIESAKFVVVGNVDAGKSSF I GVMKSEIL - -D - 1 - - 1QNNEI T FGITGMFAD - - FGILVVGA 114
MoV-mon GTPase 14 SKIESAKFVVVGNVDAGKSSF I GVMKSEIL - - D - 1 - - IQNNEI T FGITGMFAD - - FGILVVGA 114
BsV GTPase J5VREIKCGIVIAGHVDAGKS'F CLISGKL - -D .- -- INSGK' .- -PENNTAL YGLLSHFPD- -YAFLIISA 137
CTV1 GTPass - IAVAGS I DAGKSSL I GVLSSGKL - D -~~~ VETGR E “KNRNKAT CGITGQFPD . -YAIVI AR 128
ILV1 GTPaso 2 238 SLOGNKRFLLEDF SVSHNSSFIGVNMNGIL - 1D .. . DGRGLAR. SUVARMPHEVTEGRESD! STRTMEF. ... N- - GKNV] FGITGLFPD . -YGILIVSA 338
G domain
G4 box G5 box
CTV1 GTPase 2 105 AKGE FE IRSAGI B | IVKKLEHFLKPLGLK - - GLFT....
MVMV GTPase 117 RKGEFEAGIS - EHLT .- IVSETKKHLVCRGFA - N
Cannes&VGTFass 117 RKGEFEAGIS - EHLT - IVSETKKHLVCRGFA - - L.
.V GTPas¢ 115 RKGEFEAGMSCK - - 11 F I NKMDO - TIKEETGRYLKKIGFT - - GLSSQNVSSPYR.- -
IMVGTP 115 RKGEFEAGMSSK - - - .E . - - --1a KTETNKFLOKIGFL - - GLSSQNITTHHR -
Tu\NomZGTPnn 96 RKGEFEAGMSSK - - - -E- - - L) KTETNKFLOKIGFL /GLSSONITTHHR.
440 RINEFEAGFD TLGVSRLVWVI LOKLOPFLKQVGFG- - G1TGANLLOPLD -
g 154 RKGEFETGFE TAGVKHL IVL | NKMDDP T VWS | VPFLKKVGFS - - GLTGANIKE - -0
Hs oRF3A 171 RKGEFETGFE - - TAGVKHL IVL | P FLKKVGEN . - GLTGANLKE - -0
AaV GTPase IZ1 EKNGFESAIAKGBRSAG - LALLGIEKVIVG | NKMDS . . COWSQTRFDE | KTEMSSMLQQVGMK - - B
- T B CNYSKOREDE [ KAEVSSHL vavom - o
122 0. NFAl AT aKoRRKNG |11 (E1 LNLLGVKOLIVCYA o ROE | RHMLLQT GAQ - ANQGD!
110 DOAE FAAGHSOS L TREHLRLAYALGLROLVVACNKMDA - VGWSE RRF GYVRAELARLLKKVGFR - swennLvunonnuswnv
119 AQGEFEAGFSK. AYTLGVKQAIVI 1EIQDEVSAYLKKVGYN.- - IGWGGD! -
AYTLGVKOL QKRYEE I VKEVSTY [KKIGYN . -
AYTLGVKOL IVKEVSAY I KKIGYN - ~ATVPFVPI E .
ARSLGVMOL TVVVI VGAFLKQAGFL - = TGENL | ARKD - -
RSLGVTOL . 1TGKLGHFLKQAGFK - - - SDVGFIPTSGLSGENL I TRSQ - -
| EKLHINE CERLE INY TR - YIRKKDISNIN- -~~~ ______ N1 TGEGIHT | KNL 1RO 1 NP
MTKEHL GLAL ALNVPVFVY - VTKIDMCPAN - - - |LQETLKLLORLLKSPGCRK -PVLVOSKDD NVT GENLDLLKMFLNLLSP
TPV-DO GTPase MITEHI ALLVANRIPFIVY - VIKIDICPEN. - - - VMTNVKKDLERI AKRHKKE - - - | HY FEKNEE TGHNINFARELITTIKS
TPV-SL GTPase METEHI ALLVANRIPFIVV-VTKIDICPDN- - - - VMANVKKDLERI AKRHKKE - - - VHYFDKDEE INKTGHNINFAREL I TTIKS
ACMaV GTPase SLLNANRIPFILI -VIKIDICPEN- - - - ILISLKKKFDY | ASKSKKK - - - ILYFEDSEE INKTGHNINFVRELLTSIKS
HV-Sang GTPase SLLNANRI ~MTKIDICPEN. - - -1 KKKFDY | ASKSKKK - - - ILYFEDSEE NKTGHNINFVRELLTSIKS
APMiV GTPase SLLNANRIPFIVI -VIKIDICPEN- - - - ILISLKKKFDY | ASKSKKK - - - ILYFEDSEE - INKTGHNINFVRELLTSIKS
MVdba GTPase MILEHI K v ~I1YFOEEQK .- NKTGFNIDETRKF TS 1KS
Terra1V GTPase MTLEH I K| - 1IYFQEEQK -
hile G* MTLEHI K| -1 IYFOEEQK -
Courdo11V GTPase MTLEH I K| -1 IYFQEEQK -
-goul GTPase EHIK CIVYFEDEEK
APMoV GTPase EHIK| -VMASLKRKLSDHSKKCKKQ - - - IVYFEDEEK
MoV-mon GTPase EHIKI K - VMASLKRKLSDHSKKCKKQ . - . IVYFEDEEK - - -
BsV GTP: 138 NRDKEEKKNQE ILRILMSLSIPVFLI -VIRIDITPHD - VVYIQILKMIKsnlEQFYGKDSKI"[LNIDAEHMDNSLrVVDEKKEKIKLNIYDY[NSKICNGKQHDFPVL!I
CTV1 GTPase 129 NRG - - - - - ILGILFYMRIPVILY -VIRADIAPVE - . - - I¥YNTTIKGIKSTCKMYNKT - . . PEFINNLEENSIDQE - -« ---KDLLRVKQIG-NIMONTCDHVPVITVSNKTGYYIETLKEMLFSLEP
ILV1 GTPase 2 DJBNNG..“..... GIFLYLKIPFIIL - ITRVDITPPN.- - - - IYEMVIDNITKILKKYKKK .- . -PKFLNTIDELKSINDPDKIANK-EKDTITIIDKIT -MELKVNPYLTPVLSVSNKTGYYMDSAKYLLSKLES -

G domain B-barrel domain Il

CTV1 GTPase 2 zalLanvla.....,....4..KSLLDYISDF..,.,.......NI.KIPISD!SEEEEMIRELMSle K1 KNNVDRYED! <« <« vovvven-NLV..-ANVLIFSM..D- .. cesssttccctcceecceasaaas 200

PCFLOVLSS| - SLERKK. - - scolll “VQUHTVSTDF - CODVPFADVGENATLLVS . . .. APEEMRQGDFLCSL. 309

- -PCFLDVLSSI-SLERKK. - . SEST Gyt ~ - VOVHTVSTDF - CODVPFADVGENATLLYS . - - - - - - APEEMRQGDFLCSL - 309

.PCLLQVLSDl.SI.KKN[..ESI.E'RVSVM- GKDKL - -LQVVDLSTDF -CONKEVAEAGENI FLSFI - - - - CQENPRQGDFLCSE - 307

- -PCLLQVLTEL -ESKKNA - -DSPSTRISVM. ---VQISGLFTDF-SQEKEEAEAGENVFLSFS. - - - --CDETPKQGDFLCSP - 309

“PCLLQVLTEL -ESKKNA- -DSPSTRISVM- ~VQISGLFTDF - SQEKEEAEAGENVFLSFS - ... CDETPKQGDFLCSP. 200

- -PSLVOVLDGL - RPPKRD - -PARALRIPILDRIKDA - - - - - GKVF I EGKVE - GVVLSVASDF - APDLDGAAAGEYVRIVVSGV - - - - - - -SDDQIRAGFVVCDA- 640

“_LPFIPYLDNL -PNENRS LE L VEVLGILSDDT - -ETDFVAPGENLKIRLKGI -~ - - EEEEILPGFILCOP- 351

- ~_LPFIPYLDNL -PNFNRS - e L VEVLGILSDDV- -ETDTVAPGENLKIRLKGI - - - -EEEEILPGFILCOP- 308

AaV GTPass 215 KMPWYDGNAAN | NPTTQ I KGVTLLDALEKFVTPPTRN RIEQ) - GCKMF SMEMHHK - -KFTECLPGDN I GMSIKGLY - - - - KDNMPKAGD! 1Y -KT 341

NV1 GTPase 55 NHPWY TGSDVKCLDGT TTHVHTLLDAF NNYVKVPKRY - ¢ - N LK 185

HKV1 GTPase 218 NMPWAT GVDVE T | NKQMVHVNCLMDVL DNH | QUPVRF - - PNNPLRMPYSGVLKI PG - RIEQ) IVELPTHTKARPCEGTVFSIEMHHT - -SQDI ANPGDNVGLNIKGLS DIMT LA 348

Ac eEF1A1 200 THPWY AG - ~-PTLIEALDAI -EPPGRRLLLDRPLRVPLODVYKI GG - - - GLUHSAEQFHN - - SMTEAGPGENVGFNVKQV - HY - AGDV 321

Ac eEF1A2 207 NL TWADG - --PTLIEALDS! -KPPKRP - -LDKPLRIPLQDIYKIGG- T .. - - - TEVKSVQMHHE - - EKAEGVPGDNI GFCVKSTG HV - CGEA 318

Hs oEF1A1 207 NMPWF KGWVKVTRKDGN - ASGTTLLEALDC| -LPPTRP - - TDKPLRLPLQDVYKI GG - VET = ~ - TEVKSVEMHHE - ALSEALPGDNVGFNVKNY - NV AGDS 320

Hs eEF1A2 207 NMPWF KGWKVERKEGN - ASGVSLLEALDT | »LPP'RP»-TDKPlRlPlQDVYKIEG- RVE T .. - - - TEVKSVEMHHE - - ALSEALPGDNVGFNVKNV - NV . CGDS 329

ibs1 T e C VaGLD CDP. 348

s Hbs KIEA - - CTVKGITLHDE - - PVDWARAGDHVSLTLVGMD - - - - CIFCop. 435

V1 GTPaso UNE - SFYTVE IMSIHKKQ - 1P CKYLYQNETGT || INSEAN - - - SKHMML I TSD 201

Hs G iTTLR “LLLGPDPLG-NFLSIAVKSIHRKR.MP.VKEVRGGQTASFALK. . . -K1KRSSIRKGMVMVSPR 387

TPV—DO G"Flsl TVKY| SENVSVLHENESGSIGIRLDTKG - - SYTREMFSKGQIVTTDM 350

TPV-SL GTPase PNEKSRTSNYPMIMFVDSTFSVTG- - TVKY| Q1 VT TDM 355

ACMaV GTPase PM. NKL: - QI VINDF 350

HV-Sang GTPase PM-NKL - TVKY }Q1 VINDF 360

APMiV GTPase - - TVKY) QI VINDF 360

MV-ba GTPase PIVNE I TKNYPPVMY IDST FNVHG - iTCKY) IQIVITDI 404

ase P IVNE I TKNYRRVMY IDST FNVHG - TCKY) QIVITDI 404

ase PIVNE | TKNYPPVMY 1DST FNVHG - TCKY, QIVITDI 302

Courdo11V GTPase iTCKY TYIPITIKSIHNCI - SONVDE | HKNESGSMGIRLDSKG - - SYTKEMFSKGQIVTITD! 392

MoV-goul GTPase iTCKY| EFVDE I HKNESGSIGIRLDSKG - - SYTKEMFSKGQI ITTD1 341

APMoV GTPase iTCKY SEFVDE IHKNESGSIGIRLDSKG - - SYTKEMFSKGQI 1 TTDI 339

MoV-mon GTPase E TCKY) SEFVDE | HKNESGS| GIRLDSKG - - SYTKEMFSKGQI 1 TTDI 330

BsV GTPase —QDI‘SVLEIIR!VK"AHAAKY KKWELSDY | PKDS | FYISDCSNPPG - 1MRG RESLIDI SDIHNESIAIAIPPSSKEFVKRSNIMK AIL'SSP 42

CTV1 GTPase 246 -RKLWDS - SN - - -~ IDGTVFYIDTVFNPPG- | VKGKKLSVGDT - - NFSOLKIRSIHNNF -RON | NELNDHERGCHA vssp 348

ILV1 GTPase 2 462 - ROSWHN - - -EL - - ~GEGSIFYIDSKFTPTG - I VRGDKI FVGSE . . ..IILLGPVNIGVEFKRIRW\EVHHNNVKEVVNVIDDRSRGCLAIKSLDKMDE.INPAURK LVIIVSK 567

B-barrel domain Il

CTV1 GTPase 2 7 < occeeeecaecaeeeaoo. . -NQILTKGYQFTVHI GDGNYKAE I LQCKP - -KI IKEP. .. ....T....EKP.....CG--- -MAIK.........1YDVPKHLIKQKSRLIFRTLNI IGCG 1 IEKFNHN 345
MVMV GTPase 310 -DSVIKKNSKFLCLAHVL - - -EQTPLFCPGTECVMOLFFGKHECCVEKVLG - - VKQ - -----G-EKFVKS. -CVGKVVIS-TREKILVEPFERFPKLGRFVIRDKSKTLAIGKVLAVSKE 419
Cannes8V GTPase 310 -DSVIKKNSKFLCLVHVL - - -EQTPLFCPGTECVMQL FFGKHECCVEKVLG - - VKQ - - -G-EKFVKS . -CVGKVVIS .- TREKILVEPFERFPKLGRFVIRDKSKTLAIGKVLAVSKE 419
LV GTPase 308 - SSPIKKCEKMLALVQVF - - -ESSPLFCPGTECVMQLHMSKYECSVEKIVD - - VKN - ALAEPFSEFPKLGRFVLRDKGKT | AVGKVLRVA - - 410
IMV GTPase 310 -EFPIQKCEKMLAMVQVF - - -ETNPLFCPGTECVMOLHMSKYDCSVEKIIS. -LAS.- - ALAEPFEDFPKLGRFVLRDKGKTLAIGKVLKTV. . 415
TuVfont.2 GTPase 201 -EFP|OKCEKML AMVOVE - - -ETNPL FCPGTECVMOL HMSKYDCSVEK IS - -LAS - ALAEPFEDFPKLGREVLRDKGKTLAI GKVLKTV . - 305
Ac eRF: 641 .EHPIVAVPQFEAQLAVIDLLEHKPI ISPGYTAVFHAHTAVEECTIKLILG. - TIDKKT . ~AFVSARIQ.-LTQPVCLDTYKDFPQLGRFTLRDEGKT | A1 GKVIRLPGA 757
Hs eRF3B QVCIARLR-TAGTICLETFKDFPOMGRFTLRDEGKT I A GKVLKLVPE 465
Hs oRF3A “QVCIARLR- TAGT I CLETFKDF POMGRETLRDEGKT I A1 GKVLKLVPE 482
AaV GTPase ENAEVVFE - PSKPFFLETYEKTPGLGRI AVMDSNSLVMLGKVLOVEYE 456
NV1 GTPase €1 AE | VWE - POAPFUVEAFDKCEGFGRVAI FDSS | CVMMGRV I SVEY - 200
HKV1 GTPase “DMAE | VVE - POKP | VADE FRNCE GL GRL AFMDSQNVVHML GKIVG 1 SSD 464
Ac eEF1A1 ~DAALVVLA . PVKPL KSVTRE 436
Ac eEF1A2 -DCAHVVLV.PSKPLCVESFTDYPPL KAVTKR 433
Hs eEF1A1 -DAAIVDMY - PGKPMCVESFSDYPPL KAVDKK 444
Hs eEF1A2 -« -DARIVEMV. TKNVEKK 444
Hbs1 -« -MTAVVEVV.TLKPVCIELFRDYKQLGRFML ISEIIH. 461
Hs Hbs1 -QWALVELQTQRP1 ALELYKDFKEL GREMLRYCGSTI ARGVVTE I KE . 510
v GTPlu LR- ... 368
Hs GTPBP IN(LI.OV 480
TPV-DO Gl’Pnu 145
TPV-SL GTPase vGIPF 450
ACMaV GTPase 1EGGIPF 454
HV-Sang GTPase IEGGIPF 455
APMiV GTPase IEGGIPF 455
MV-ba GTPase RFGIPY 499
Terra1V GTPase RFGIPY 499
ase RFGIPY 467
Courdo11V GTPase RFGIPY 487
MoV-goul GTPase PTTIMDNYQTVVHCRT I ROSGRLKLD - GIPY 436
APMoV GTPase PTTIMDNYQTVVHCRT IROSGRLKLD - PY 434
MoV-mon GTPase 340 EFAKKNTCYTFNCDIALFNH. . .PTTIMDNYQTVVHCRT I ROSGRLKLD - ... .. PY 434
BsV GTPase ----INICFKFKAI SATIKNGTSPVIHFNNVSQTARI I FD - - - G EK— SGDIHGIGMILSTLS! 514
CTV1 GTPa: 510 K_LLNNVCYRFKAEVEVLRH. | SATI01 GYCPVILOPVROSARI | SV. |DOI I VKKAI NEKSERNENSSNDK LT 1RTG. . DKAMVI FKFKFKSEFIEKD. ||| VVEFFR.EGTIRGVAKIVDIIP1 189
ILV1 GTPaso 2 568 N-VKQKVCYQF TADVELNH - - - SSVISPHYTPVIHCGP IRQTARINF - ~QSSPED - PALKLG - MTRFFR-EGTTRGVGIVKSILLI 661
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100 1 Marseillevirus marseillevirus (YP_003406906.1)
[Cannes 8 virus (AGV01518.1)

100 | Insectomime virus (AHA46163.1)

87 100 Tunisvirus fontaine2 (AHC54765.1)

| L— Lausannevirus (YP_004347016.1)

91 A. castellanii EF-Tu (XP_004351562.1)
71 _‘; H. sapiens eRF3a (NP_002085.3)
100 H. sapiens Hbs1 (NP_006611.1)
{ A. castellanii Hbs1 (XP_004339935.1)
L 73 H. sapiens eEF1A-1 (NP_001393.1).
00 61 - _‘_— A. castellanii eEF1A-1 (XP_004339060.1)
100 Klosneuvirus (ARF11950.1).
100 Hokovirus (ARF10763.1)
L—— A. anophagefferens virus (YP_009052194.1)
98 Edafosvirus (AYV77936)
100 ﬂerionvirus (AYV83900)
Catovirus 1 (ARF08594.1)
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100 Indivirus (ARF09802.1)
4l_— Barrevirus (AYV76952)
100 Edafosvirus (AYV78858)
93 N Catovirus 1 (ARF09249.1)
100 100 Terrestrivirus (AYV76667)
36 02 Harvfovirus (AYV81933)
Bodo saltans virus (ATZ80634.1)
&[Tupanvirus deep ocean (AUL78790.1)
Tupanvirus soda lake (AUL77516.1)
100 &‘ Hirudovirus Sangsue (AHA45220.1)
A. polyphaga mimivirus (YP_003987141.1).
‘- 400 | Terra 1 virus (ADX97533)
100 | ' Megavirus chiliensis (YP_004894803)
Moumouvirus goulette (AGF85065)

100 L Moumouvirus Monve (AEX62488.1)
H. sapiens GTPBP1 (NP_004277.2).

100

96
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Figure 1. Multiple sequence alignment and phylogenetic tree of H. sapiens eEF1A1, eEF1A2, eRF3A, eRF3B, Hbsl and GTPBP1, Acanthamoeba castel-
lanii eEF1A1, eEF1A2, eRF3 and Hbsl, and predicted trGTPases encoded by giant viruses. (A) The multiple sequence alignment was made with ClustalW.
NCBI accession numbers for H. sapiens proteins: eEF1A1 (NP_.001393), eEF1A2 (NP_001949), GTPBP1 (NP_004277), eRF3A (NP_002085), eRF3B
(NP_060564), HBS1 (NP_006611). NCBI accession numbers for Acanthamoeba castellanii proteins: eEF1A1 (XP_004339060), eEF1A2 (XP_004334950),
eRF3 (XP_004351562) and HBS1 (XP_004339935). NCBI accession numbers for viral GTPases: 4. castellanii mamavirus (ACMaV) (AEQ60824), Hirudo
virus strain Sangsue (HV-Sang) (AHA45220), A. polyphaga mimivirus (APMiV) (YP-003987141), Megavirus Iba (MV-1ba) (AGD92699), Terral virus
(Terral V) (ADX97533), Megavirus chilensis (MV-chile) (YP_004894803), Courdol1 virus (Courdo11V) (ADX97532), Moumouvirus goulette (MoV-goul)
(AGF85065), 4. polyphaga moumouvirus (APMoV) (ADX97534), Moumouvirus monve (MoV-mon) (AEX62488), Marseillevirus marseillevirus (MVMV)
(YP_003406906), Cannes 8 virus (Cannes8V) (AGV01518), Lausannevirus (LV) (YP_004347016), Insectomime virus (IMV) (AHA46163), Tunisvirus
fontaine2 (TuV-font.2) (AHC54765), Aureococcus anophagefferens virus (AaV) (YP_009052194), Klosneuvirus (KNV1) (ARF11950), Indivirus (ILV1) (GT-
Pase: ARF09642; GTPase2: ARF09802), Catovirus (CTV1) (GTPase: ARF09249; GTPase2: ARF08594), Tupanvirus deep ocean (TPV-DO) (AUL78790),
Tupanvirus soda lake (TPV-SL) (AUL77516), Hokovirus (HKV1) (ARF10763), Bodo saltans virus (BsV) (ATZ80634). Domains, Switch I and Switch II
elements and conserved G motifs (24) are indicated. GTPases encoded by A. castellanii mamavirus, Hirudo virus strain Sangsue, A. polyphaga mimivirus,
Megavirus Iba, Terral virus, Megavirus chilensis, Courdoll virus, Moumouvirus goulette, A. polyphaga moumouvirus, Moumouvirus monve, Catovirus, Indi-
virus (GTPase and GTPase2) Tupanvirus deep ocean, Tupanvirus soda lake and Bodo saltans virus formed a group that was closer to GTPBPI1, whereas
the second group of GTPases encoded by Catovirus (GTPase2), Aureococcus anophagefferens virus, Klosneuvirus, Marseillevirus marseillevirus, Cannes 8
virus, Lausannevirus, Insectomime virus, and Tunisvirus fontaine2 were closer to eRF3, Hbs1 and eEF 1 A. (B) Maximum Likelihood phylogenetic analysis of
translational GTPases encoded by giant viruses, Homo sapiens and Acanthamoeba castellani Neff (a free-living amoeba). The phylogenetic tree was derived
using PhyML 3.0 (55) and aligned sequences as indicated. The approximate likelihood ratio test (aLRT) was used as a statistical test for branch support;
an alRT score of >90 is consistent with a bootstrap score of at least 75 (56). Poorly supported nodes with scores of <90 are shown in red. Translational
GTPases chosen for biochemical analysis are shown in blue.
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Figure 2. The eEF1A-like activity of Mimivirus HV-Sang, CTV
MVMYV and MoV-mon GTPases resolved by SDS-PAGE. (B-D)
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1 and MoV-mon GTPases. (A) Purified His-tagged recombinant CTV1, HV-Sang, LV,
The activities of eEF1H and MVMYV, HV-Sang, CTV1, LV and MoV- mon GTPases in

(B and D) one-cycle and (C) three-cycle elongation on 80S initiation complexes (80S ICs) assembled on (B) MF-STOP, (C) MFFF-STOP and (D) MLHL-
STOP mRNAs in the presence of eEF2 and (B, C) cognate native yeast Phe-tRNAP'® and (D) cognate native Leu-tRNAMY, assayed by toe-printing.
(E) Time courses of one-cycle elongation by eEFIH and HV-Sang, CTV1 and MoV-mon GTPases on 80S ICs (assembled on MLHL-STOP mRNA)
with cognate native Leu-tRNA  assayed by toe-printing (upper panel), the efficiency of elongation was quantified by Phosphorimager (lower panel).

(B-E) Positions of the ORF codons are shown on the left. Positio
C/T/A/G depict corresponding DNA sequences.

ns of the 80S ICs and elongation complexes are indicated by arrows on the right. Lanes
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Figure 3. The eRF3-like activity of Marseillevirus LV and MVMV GTPases. (A) TLC analysis of [a->2P]JGTP hydrolysis by LV and MVMYV GTPases in
the presence/absence of different combinations of mammalian 80S ribosomes, human eRF1 and human Pelota, as indicated. In control experiments, [a-
32PIGTP is hydrolyzed by human eRF3 in the presence of 80S ribosomes and eRF1, and by human Hbsl in the presence of 80S ribosomes and Pelota. The
efficiency of hydrolysis was quantified by Phosphorimager and normalized to the condition with the highest GTP hydrolysis. (B) Kinetics of [*>’S]MVHL
tetrapeptide release by eRF1 alone (green), eRF1 and eRF3 (black), eRF1 and LV GTPase (red), or eRF1 and MVMV GTPase (blue). The concentrations
of pre-TCs, eRF1 and eRF3/LV/MVMV GTPases were 2, 10 and 20 nM, respectively. Each time point represents the average of three independent
experiments. Error bars represent SD. (C) Toe-printing analysis of post-termination complexes (post-TCs) obtained by incubation of pre-termination
complexes (pre-TCs) formed on MVHL-STOP mRNA with eRF1 alone or in combination with eRF3, MoV-mon GTPase, LV GTPase, CTV1 GTPase,
HV-Sang GTPase or MVMV GTPase, as indicated. The positions of pre-TCs, post-TCs, full-length cDNA and migrated upstream post-termination
ribosomes (+16 from CUU) are shown on the right. Lanes C/T/A/G depict the corresponding DNA sequence.

S2A). As expected, the mimivirus eEF 1 A-like proteins (HV-
Sang, CTV1 and MoV-mon GTPases) had no additional
Hbsl-like or eRF3-like activity in the GTP hydrolysis assay
(Supplementary Figure S2B), further confirming the func-
tional segregation of the two viral protein groups.

Next, we investigated the activities of LV and MVMV
GTPases in stimulation of peptide release by eRF1. For this,
we used in vitro reconstituted mammalian pre-termination
complexes (pre-TCs) formed on MVHL-STOP mRNA (31)
and containing tRNAM linked to a [*>’S]MVHL tetrapep-
tide in the P site and a UAA stop codon in the A site. Ter-
mination was induced using a low concentration of eRF1,
which allows efficient peptide release only in the presence
of eRF3 (31). Consistently, eRF1 alone had no significant
peptide release activity (Figure 3B, green). In these condi-
tions, LV and MVMYV GTPases were able to stimulate pep-

tide release by human eRF1 with efficiencies that were simi-
lar to that of human eRF3 (Figure 3B, black, red and blue).
In contrast, the mimivirus eEF1A-like proteins (HV-Sang,
CTV1 and MoV-mon GTPases) had no influence on the ac-
tivity of eRF1 in this assay (Supplementary Figure S2C).
The termination activities of LV and MVMV GTPases
were further assayed by toe-printing. The duration of incu-
bation of pre-TCs formed on MVHL-STOP mRNA with
eRF1 and eRF3-like GTPases before addition of the re-
verse transcriptase was long enough to complete peptide re-
lease. Binding of eRF1 to the A site of pre-TCs causes com-
paction of mRNA (59) that results in the appearance of the
characteristic +2nt toe-print shift, and since eRF1 remains
associated with ribosomal complexes after peptide release,
this shift persists in post-termination complexes (post-TCs)
(31). As expected, a strong +2nt toe-print shift was ob-
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Figure 4. Multiple sequence alignment of eRF1 encoded by different eukaryotes and by giant viruses. (A) The alignment was made with Clustal W. NCBI
accession numbers for the eukaryotic eRF1 proteins: H. sapiens (NP_004721), A. castellanii (XP_004338193), D. discoideum (XP_636638), P. fungivorum
(PRP77657), H. album (XP_020437748), A. subglobosum (XP_012752976), T. lacteum (KYRO01314). NCBI accession numbers for eRF1 encoded by gi-
ant viruses: Marseillevirus marseillevirus (MVMV) (ADB03912), Melbournevirus (MeV) (AIT54729), Cannes 8 virus (Cannes8V) (AGV01484), Tunisvirus
fontaine2 (TuV-font.2) (AHC54787), Insectomime virus (IMV) (AHA46142), Port-miou virus (PMV) (ALH06844), Lausannevirus (LV) (AEA07018), Brazil-
ian marseillevirus (BrMV) (AMQ10707), Hirudo virus strain Sangsue (HV-Sang) (AHA45107.1, AHA45106.1 and intervening/upstream sequences) and
Megavirus Iba (MV-lba) (AGD92187.1, AGD92188.1 and the intervening sequence). Domains (N, M, C and mini-domain), and the positions of con-
served sequence motifs and amino acid residues involved in stop codon recognition and peptide release (GTS3;_33, Ess, TASNIKSsg 64, YXCxxxF125 131,
GGQg3-185) (H. sapiens residue numbering), amino acid residues responsible for eRF3 binding (F91, 194, Y301, Q397, Qa01, Faoe) (H. sapiens residue
numbering) (61), and amino acid residues that could influence eRF1’s stop codon decoding specificity (Ras, I35, S70, G73, T76, Y96, T122, S123, L126, Ni29)
(H. sapiens residue numbering) (62) are indicated. (B) Schematic representations of examples of Mimivirus eRF1 coding regions, showing the potential for
synthesis of full-length proteins by the combination of readthrough of termination codons and frame-shifting.
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Figure 5. The activities of Marseillevirus LV and MVMV GTPases and human eRF3 with various eRF1 partners. (A) Purified recombinant human wr
eRF1, human eRF1 Amini-domain, 4- castellaniieRF1 and MVMYV eRF1, resolved by SDS-PAGE. (B) TLC analysis of [a—32P]GTP hydrolysis by LV GTPase,
MVMYV GTPase and eRF3 in the presence/absence of different combinations of 80S ribosomes, human w¢ eRF1, human eRF1 A mini-domain, 4. castellanii
eRF1 and MVMYV eRF]1, as indicated. The efficiency of hydrolysis was quantified by Phosphorimager and normalized to the condition with the highest
GTP hydrolysis. (C-F) Kinetics of [>SIMVHL tetrapeptide release by (C) human wr eRF1, (D) human eRF I Amini-domain, (E) 4. castellanii eRF1 and (F)
MVMYV eRF1 alone (black) or in the presence of human eRF3 (red) or MVMYV GTPase (blue). The concentrations of pre-TCs, eRF1s and eRF3/MVMV
GTPases were 2 nM, 10 nM and 20 nM, respectively. Each time point represents the average of three independent experiments. Error bars represent SD. (G,
H) Toe-printing analysis of post-termination complexes (post-TCs) obtained by incubation of pre-termination complexes (pre-TCs) formed on MVHL-
STOP mRNA with human wt eRF1, human eRF 1 Amini-domain, 4. castellanii eRF1 or MVMYV eRF1 alone or in the presence of human eRF3, LV GTPase,
or MVMV GTPase, as indicated. The positions of pre-TCs, post-TCs, full-length cDNA and migrated upstream post-termination ribosomes (+16 from
CUU) are shown on the right. Lanes C/T/A/G depict corresponding DNA sequences. (I) TLC analysis of [a->>P]GTP hydrolysis by MoV-mon, HV-Sang
and CTV1 GTPase in the presence/absence of combinations of 80S ribosomes, A. castellanii eRF1 and MVMYV eRF1, as indicated.



served after incubation of pre-TCs with human eRF1/¢eRF3
(Figure 3C, lane 3). On the other hand, incubation of pre-
TCs with eRF1 and LV or MVMV GTPases yielded much
weaker +2nt toe-print shifts, but led to the appearance of
more prominent additional stops +16 nt from the upstream
CUU codons that were cognate to the P site tRNAM" (Fig-
ure 3C, lanes 5 and 8). Migration of post-termination ribo-
somes to nearby codons that are cognate to the P site tRNA
has been reported previously and was attributed to destabi-
lization of the P site codon—anticodon interaction due to
adoption by the P site deacylated tRNA of the P/E hybrid
hybrid state, particularly after losing the stabilizing effect
of eRF1 due to its dissociation (60). Thus, although viral
eRF3-like GTPases strongly stimulate peptide release by
human eRF1, the binding between eRF1/viral eRF3-like
GTPase complexes and the post-termination ribosomes is
not stable, resulting in substantial ribosome migration. As
expected, no changes in toe-print pattern was observed af-
ter incubation of pre-TCs with eRF1 and eEF1A-like viral
GTPases (Figure 3C, lanes 4, 6 and 7).

The influence of eRF1’s nature on the activities of Marseille-
virus LV and MVMYV eRF3-like GTPases and human eRF3

Giant  viruses  with  genomes that  encode
eEF1A/eRF3/Hbsl-like GTPases also encode eRFI
homologues. Thus, in the cell, viral eRF3-like GTPases
would likely encounter amoebal and viral eRFl1s. To
investigate the activities of eRF3-like LV and MVMV
GTPases with their biologically relevant partners, we
first compared amino acid sequences of eRFls from a
variety of giant viruses and eukaryotic organisms (Fig-
ure 4A). eRF1 is a highly conserved eukaryotic factor,
and the human and amoebal homologs have 85% sim-
ilarity. Marseillevirus eRF1s also show a high degree
of conservation with their eukaryotic counterparts and
contain all conserved sequence motifs involved in stop
codon recognition and peptide release (GTS3i 33, Ess,
TASNIKSsg,M, YXCXXXF125,131, GGQ133,185; H. sapiens
residue numbering) and the majority of the amino acids
responsible for binding to eRF3 (Fa91, Ino4, Y301, Quor,
Fa06; H. sapiens residue numbering) (61). However, they
have amino acid residues at many positions that match sub-
stitutions that influence the stop codon decoding capacity
of human eRF1 (R, I35, S50, G73, T76, Yos, Ti22, Sios,
Li26, Ni29; H. sapiens residue numbering) (62). Moreover,
viral eRF1s lack the mini-domain, a flexible insertion into
the rigid core of the C-terminal domain that is involved in
interaction with eRF3 (63,64). The mini-domain stabilizes
the interaction of eRF1 with the 40S subunit (65,66) and
mutations in it affect stop codon specificity and enhance
termination on UAG (67). Interestingly, genomes of some
species of Mimiviridae also encode eRF1s, but their reading
frames are interrupted and their expression would require
read-through and frameshifting to bypass premature stop
codons (Supplementary Table S1; Figure 4B; Supplemen-
tary Figure S3) (14). Mimivirus eRF1s diverge more from
the eukaryotic consensus sequence, as they lack some or
all of the mini-domain, are C-terminally truncated, so that
they commonly lack equivalents of F4ps and some other
determinants of the eRF1-eRF3 interaction (e.g. acidic
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residues in the C-terminal tail) (63,64,68), and commonly
have substitutions in GTS and TASNIKS motifs (shown
for Hirudo virus strain Sangsue and Megavirus lba eRF1
in Figure 4A).

To determine how the nature of eRF1 affects the ac-
tivities of viral LV and MVMV GTPases and human
eRF3, amoebal A4. castellanii eRF1, MVMYV eRF1 and hu-
man wt eRF1 and eRF1 mutant lacking the mini-domain
(eRF1 Amini-domain) Were expressed and purified from E. coli
(Figure 5A). First, we compared the ability of these eRF1s
to stimulate the GTPase activity of LV and MVMV GT-
Pases and human eRF3 in the presence and in the absence
of mammalian 80S ribosomes (Figure 5B). Human eRF3
showed substantially higher GTPase activity in the presence
of 80S ribosomes and human w¢ and mutant eRF1 than 8§0S
ribosomes and A. castellanii or MVMYV eRF1 (Figure 5B,
compare lanes 13-14 and 32-33 with lanes 19-20 and 25—
26). No 80S-uncoupled GTP hydrolysis by human eRF3
was observed in the presence of any eRF1. In the case of
LV and MVMV GTPases, the lowest 80S-dependent and
the highest 80S-uncoupled GTPase activities were observed
in the presence of human wtr eRF1 (Figure 5B, lanes 9-
12). Replacement of human eRF1 by A4. castellanii or viral
MVMYV eRFls stimulated 80S-dependent GTP hydrolysis,
and importantly, substantially reduced the 80S-uncoupled
GTPase activity of viral GTPases, particularly in the case
of the MVMYV GTPase (Figure 5B, lanes 15-18 and 21—
24). Thus, combining human eRF3 and viral eRF3-like GT-
Pases with their biologically relevant partners increased the
efficiency and specificity of ribosome-dependent GTP hy-
drolysis. Interestingly, deletion of the mini-domain in hu-
man eRF1 reduced the 80S-uncoupled and stimulated the
80S-dependent GTPase activity of LV and MVMV GT-
Pases (Figure 5B, lanes 28-31). The fact that A. castel-
lanii eRF1, which contains the mini-domain, did not induce
ribosome-independent GTP hydrolysis by viral GTPases,
suggests the presence of additional features in human wt
eRF1 that contribute to stimulation of 80S-uncoupled hy-
drolysis by viral GTPases.

Next, we compared the efficiency of peptide release by
distinct eRF1s when they were combined with either hu-
man eRF3 or MVMV GTPase, using mammalian pre-TCs
assembled on the MVHL-STOP mRNA. Human wt eRF1,
eRF1 Amini-domain and A. castellanii eRF1 released peptides
at similar rates irrespective of whether they were combined
with eRF3 or MVMV GTPase (Figure SC-E). Surprisingly,
viral MVMYV eRF1 was less active with cognate MVMV
GTPase than with human eRF3 (Figure 5F) even though
MVMYV eRFI stimulated termination-uncoupled GTP hy-
drolysis by MVMYV GTPase more strongly and specifically
than human eRF3 (Figure 5B, compare lanes 23-24 and 25—
26). Peptide release by individual eRF1s was very inefficient
in all cases (Figure SC-F).

To assess the stability of interaction of different
eRF1/eRF3-like pairs with mammalian post-TCs, we em-
ployed the toe-printing assay. The duration of incuba-
tion of pre-TCs formed on MVHL-STOP mRNA with
eRF1/eRF3-like pairs before addition of reverse transcrip-
tase was sufficient for complete peptide release in all cases.
Stable interaction with post-TCs was observed for the hu-
man eRF1/eRF3 pair, which was manifested by the ap-
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pearance of the strong +2nt toe-print shift and only mi-
nor ribosome migration (Figure 5G, lane 4; Figure 5SH, lane
5). When human eRF1 was combined with LV or MVMV
GTPases, ribosomal association of factors with post-TCs
was less stable, resulting in reduction of the +2nt toe-print
shift and enhancement of ribosome migration (Figure 5G,
lanes 5-6; Figure 5H, lanes 6-7). In contrast, interaction
of MVMV eRF1 with post-TCs was more stable with LV
and MVMYV GTPases than with human eRF3 (Figure 5G,
compare lane 7 with lanes 8-9). In the case of A. castellanii
eRF1, slightly more stable interaction with post-TCs was
also observed when it was incubated with LV and MVMV
GTPases than with human eRF3 (Figure SH, compare lane
8 with lanes 9-10). Thus, in all cases, more stable interaction
with post-TCs occurred when eRF1s were combined with
their biologically relevant eR F3-like partners. Interestingly,
in the case of the eRF1 Amini-domain Mutant, interaction with
post-termination ribosomes was stable in the case of both
human eRF3 and viral LV and MVMV GTPases (Figure
5H, lanes 11-13). This effect is consistent with the positive
influence of deletion of the mini-domain on the GTPase ac-
tivity of the MVMYV GTPase (Figure 5B). Taken together,
our data on 80S-independent GTP hydrolysis and stability
of post-TCs reveal some degree of functional incompatibil-
ity between heterologous eRF1s and eRF3-like GTPases,
and conversely, of complementarity between viral factors.
They also show adaptation of the viruses to their amoebal
hosts.

Although mimiviral CTV1, HV-Sang and MoV-mon GT-
Pases did not function in termination with human eRF1
(Figure 3C and S2C), considering the omnipotent role of
archaeal elongation factor 1 alpha in elongation, termina-
tion and quality control (e.g. 69), we tested whether mimivi-
ral trGTPases could display eR F3-like activity with biolog-
ically more relevant partners, i.e. 4. castellanii or MVMV
eRF1s. However, in contrast to MVMYV or LV GTPases,
the GTPase activity of CTV1, HV-Sang and MoV-mon
GTPases was not stimulated by the simultaneous presence
of mammalian 80S ribosomes and either 4. castellanii or
MVMYV eRFls (Figure 51), arguing against an omnipotent
function of these GTPases in translation elongation and ter-
mination.

DISCUSSION

Here, we report that giant virus trGTPases belonging to
the EF1 family segregate into two classes, one more closely
related to eEF1A/Hbs1/eRF3 and the other to GTPBPI.
Marseilleviridae encode only proteins belonging to the first
class, whereas most mimivirus proteins of this type belong
to the second. A few members of the Klosneuvirinae subfam-
ily of Mimiviridae diverge from this pattern: Bodo saltans
virus encodes only a GTPBP1-like factor, but other mem-
bers instead encode an eEF1A /Hbs1 /eRF3-like factor (e.g.
Klosneuvirus and Hokovirus), or even encode both types
of trGTPase (e.g. Catovirus and Indivirus) (6,10). The pres-
ence of both classes of trGTPases in some but not all mem-
bers of this subfamily reflects the complex patterns of gene
acquisition and loss that characterize the evolution of giant
viruses (3). All the viral trGTPases that were tested here are
functional translation factors, but the two groups have very

different activities. The GTPBP1-like Mimiviridae GTPases
(exemplified by MoV-mon, HV-Sang and CTV1) possess an
eEF1A-like elongation activity and deliver aa-tRNA into
the ribosomal A site, while eEF1A /Hbs1/eRF3-like Mar-
seilleviridae GTPases (exemplified by LV and MVMYV) have
an eRF3-like termination activity and stimulate peptide re-
lease by eRF1.

In addition to the trGTPases, the genomes of giant
viruses contain different sets of other translation-related
genes (16,17). Members of all the lineages of Mimiviri-
dae that encode GTPBP1-type GTPases also encode vari-
able combinations of tRNAs, tRNA modifying enzymes
and aminoacyl-tRNA synthetases (Supplementary Table
S1; 6,10,11) whose transcription is upregulated in condi-
tions of limited nutrient availability (20). The fact that the
GTPases from three distinct Mimiviridae lineages have an
eEF1A-like elongation activity and that all mimiviruses
encode factors related to the process of translation elon-
gation suggest that other mimivirus GTPBP1-related GT-
Pases likely also possess elongation activity.

The basis for the advantages that expression of virus-
encoded components of the translation elongation appara-
tus could give to replication of mimiviruses has not been
determined, but various possibilities that are not mutually
exclusive can be considered. They include the ability to cir-
cumvent the putative shut-off of the host’s translation sys-
tem during infection by restoring levels of active compo-
nents (17), and enhancement of viral replication by syn-
thesis of translation factors that might be preferentially re-
cruited to the ‘virus factories’ where viral protein synthe-
sis, genome replication and capsid formation occur during
infection (70). A further possibility is that encoding a com-
plement of tRNAs and aminoacyl-tRNA synthetases might
serve to expand the host range of giant viruses, enabling
them to infect organisms in which the tRNA pool or the
availability of factors are suboptimal for translation of vi-
ral mRNAs (e.g. 71). Indeed, the codon and amino acid us-
ages of mimiviruses differ greatly from those of the Acan-
thamoebae species that are commonly used for their prop-
agation (15), so that the ability to overcome deficiencies in
the host tRNA pool could favor viral replication. Although
mimivirus-encoded tRNAs do not generally correspond
to codons that are used more frequently by mimiviruses
than by Acanthamoebae, these species are likely not nat-
ural hosts for mimiviruses in which viral infection might
benefit from expression of specific tRNAs or aminoacyl-
tRNA synthetases (15). The possibility that this mecha-
nism might favor viral replication in other host species can
therefore not be excluded. A fourth possibility is that virus-
encoded translation factors have become specialized fol-
lowing their capture from an ancestral host such that they
now promote selective translation of specific viral mRNAs.
For example, mimivirus eRF1 proteins and some mimivirus
aminoacyl-tRNA synthetases are encoded by interrupted
reading frames, and their expression would require read-
through and frameshifting to bypass premature stop codons
(Supplementary Table S1; Figures 4B and 6) (14). Analysis
of recently characterized mimivirus genomes such as those
of Bodo saltans virus (6), Edafosvirus and Terrestrivirus (7),
Klosneuviruses (e.g. Catovirus, Hokovirus and Kloseneu-
virus) (10) and Tupanviruses (11) shows that would also
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Mimiviridae aa-tRNA synthetases

Moumouvirus Monve Arg-RS

A. polyphaga Moumouvirus

A. polyphaga Mimivirus

213 UGAC Cys-RS Tyr-RS
230 UGAC
234 UGAC
247 "UGAC 423 UAGG 19 UAAA
1 [ 613 | 4|87 1] 378
readthrough readthrough readthrough
Moumouvirus monve lle-RS Megavirus Terra1l Arg-RS
28 1 110
1101 579
Leu * His %
i -/ .
UUAUAACAAC frameshift CAUUAAUAAA  frameshift
| IS | E— | M | E—
lle Thr Leu lle

Megavirus Terral Asn-RS

A. polyphaga Moumouvirus Tyr-RS

457

frameshift

1 155 1_94
| 487
lle * Glu *
i —r—
AUAUAGAUA frameshift GAAUAAAAA
[ T [T
lle Asp lle Lys

Figure 6. Mimivirus aminoacyl-tRNA synthetases encoded by readthrough and frame-shifting. Schematic representations of examples of Mimivirus
aminoacyl-tRNA synthetase (aaRS) coding regions, showing the potential for synthesis of full-length proteins by readthrough of termination codons

and frame-shifting.

express eRF1 proteins if they could exploit these mecha-
nisms (Supplementary Figure S3). Interestingly, the poten-
tial stop-codon read-through element in all these viruses
is strongly conserved (UGAC, where the stop codon is
bold and underlined) and corresponds to the sequence that
supports the highest level of read-through in eukaryotes
(72), whereas frame-shifting would occur at a consensus
sequence (CUUUAG) that resembles the CUUUGA shift-
site/stop codon cassette that promotes +1 frame-shifting in
the bacterial polypeptide chain release factor 2 (73). An in-
triguing possibility is that by analogy with various mutant
forms of eEF1A/EF-Tu that promote frameshifting (74),
mimivirus GTPases might also promote stop-codon sup-
pression and/or frameshifting to allow translation of those
genes. Suppression of stop codons might be facilitated fur-
ther by viral tRNAT™, which is one of the most commonly
encoded tRNAs in mimivirus genomes (15,16).

All lineages of Marseilleviridae encode trGTPases that
are closely related to eEF1A/Hbs1/eRF3, and in addition,
they also encode eRF1, but in contrast to mimiviruses,
do not contain genes for tRNAs or aminoacyl-tRNA syn-
thetases (17) (Supplementary Table S1). The facts that
two trGTPases from Marseilleviridae (LV and MVMYV)
had an eRF3-like activity, that eRF1 from this virus fam-

ily (MVMYV) was also functional in termination, and that
all members of Marseilleviridae encode eRF1 suggest that
other viral cEF1A/Hbsl /eRF3-related GTPases likely also
possess eRF3-like termination activity, implying that Mar-
seilleviridae encode an eRF1-eRF3 functional pair.

Viral termination factors possess some distinct struc-
tural characteristics compared to eukaryotic eRF1/eRF3.
Thus, viral eRF3-like GTPases do not contain the prion-
like N-terminal domain of eukaryotic eRF3 and have rel-
atively low conservation in the two B-barrel domains, but
contain all the functionally important elements in the G
domain. The most notable structural difference between
Marseillevirus/Mimivirus and eukaryotic eRF1s is the ab-
sence of the flexible mini-domain (67) in domain C of the
viral homologs. Mimivirus eRF1s are also C-terminally
truncated, and consequently lack some elements that have
been implicated in the functional interaction of eRF1 with
eRF3 (63,64,68). Viral eRF1 proteins also differ from their
cellular counterparts at numerous individual amino acid
residues: thus, MVMYV eRF1 (Figure 4) contains residues
equivalent to substitutions that affect stop codon speci-
ficity in eukaryotic eRF1 (61,62). However, not all viral
eRF1s have these substitutions, and there is a clear distinc-
tion between Marseillevirus eRF1s, in which the residues
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at these positions generally correspond to conservative sub-
stitutions vis-a-vis human eRF1, and Mimivirus eRF1s, in
which these residues are either identical to those in human
eRF1 or correspond to much more divergent substitutions
than in Marseillevirus eRF1s. It is therefore possible that
these two subgroups of viral eRF1s have somewhat dif-
ferent specificities. Indeed, phylogenetic analysis indicated
that eRF1 from Marseilleviruses is eukaryotic-like, whereas
eRF1 from Mimiviruses and members of Asfarviridae and
the proposed Pithiviridae may have an archaeal origin (3),
supporting the probable segregation of viral eRF1 proteins
into different functional classes.

Interestingly, peptide release by the MVMYV eRF1/eRF3
complex was substantially slower than by any other pair
that was tested. This difference was unlikely a consequence
of just the absence of the mini-domain in the MVMYV eRF1,
because deletion of mini-domain from human eRF1 did not
affect the rate of peptide release, and because in combina-
tion with human eRF3, peptide release by MVMYV eRF1
was also efficient. One possible explanation is that the viral
MVMYV eRF1/GTPase pair is the most heterologous for the
mammalian pre-TCs, and the activity of viral factors could
be higher on amoebal ribosomal complexes. However, as
noted above, some viral eRF1 proteins, including MVMYV,
contain residues with the potential to affect stop codon
specificity and thus to delay codon recognition. MVMV
eRF1 contains additional differences at residues adjacent
to motifs that are known to determine stop codon recog-
nition and peptide release in eukaryotic eRF1 that could
also contribute to delayed peptide release. Further analy-
sis will be required to determine the mechanism that is re-
sponsible for the relatively slow peptide release kinetics of
termination mediated by the MVMYV eRF1/eRF3 complex,
and whether the potential to form eRF1/eRF3 complexes
with different combinations of viral and cellular factors that
promote translation termination with different kinetics is
exploited, for example, by regulated expression of viral fac-
tors, to dynamically regulate termination during infection.

In any case, a consequence of an altered preference to-
wards certain stop codons could be exploited to favor
stop codon read-through, allowing translation of contigu-
ous ORFs that are separated by a stop codon or synthesis
of protein variants with longer C-termini. eRF1 variants
that delay termination at specific stop codons, for exam-
ple, in some ciliated protozoa, are associated with ‘shifty
stop frame-shifting’ (75), and the divergent eRF1 moieties
encoded by members of Marseilleviridae could potentially
promote a similar process, which appears to be required for
translation of some Marseillevirus polypeptides. For exam-
ple, translation of a putative restriction endonuclease that
is encoded by a single open reading frame (ORF) in In-
sectomime virus (Genbank accession: AHA46057) is en-
coded by two ORFs in Lausannevirus (YP_004347214 and
YP_004347215) and its translation would require frame-
shifting after ORF1 (76). Similarly, a putative origin of
replication-binding protein that is encoded by a single ORF
in Tunisvirus fontaine 2 (YP_009506852.1) is encoded by
two overlapping ORFs in Noumeavirus (YP_009345432.1
and YP_009345433.1) (77). Meaningful experimental anal-
ysis of potential differences in the stop codon specificity
of viral eRF1s will require the development of appropri-

ate in vitro and in vivo assay systems using amoebae to
ensure an environment containing homologous ribosomal
pre-termination complexes.

In conclusion, we have determined that several giant
viruses encode translational EF1-family trGTPases that are
active either in translation elongation or termination. The
possibilities that these factors act in concert with other
virus-encoded components of the translation apparatus
(e.g. tRNAs, aa-tRNA synthetases and eRF1) and that they
function in a divergent manner in specific circumstances or
on specific viral mRNAs to promote frame-shifting or stop
codon read-through merit further investigation.

SUPPLEMENTARY DATA
Supplementary Data are available at NAR Online.

FUNDING

National Institutes of Health [AI123406 to C.H.,
GM122602 to T.P]. Funding for open access charge: NI-
AID award [AI123406], via my grant administrators (The
Research Foundation for the State University of New
York).

Conflict of interest statement. None declared.

REFERENCES

1. Colson,P., De Lamballerie,X., Yutin,N., Asgari,S., Bigot,Y.,
Bideshi,D.K., Cheng,X.W., Federici,B.A., Van Etten,J.L.,
Koonin,E.V. et al. (2013) “Megavirales”, a proposed new order for
eukaryotic nucleocytoplasmic large DNA viruses. Arch. Virol., 158,
2517-2521.

2. Abergel,C., Legendre,M. and Claverie,J.M. (2015) The rapidly
expanding universe of giant viruses: Mimivirus, pandoravirus,
pithovirus and mollivirus. FEMS Microbiol. Rev., 39, 779-796.

3. Koonin,E.V. and Yutin,N. (2019) Evolution of the large
nucleocytoplasmic DNA viruses of eukaryotes and convergent origins
of viral gigantism. Adv. Virus Res., 103, 167-202.

4. Colson,P., La Scola,B. and Raoult,D. (2017) Giant viruses of
amoebae: a journey through innovative research and paradigm
changes. Annu. Rev. Virol., 4, 61-85.

S. Claverie,J.M. and Abergel,C. (2018) Mimiviridae: an expanding
family of highly diverse large dSDNA viruses infecting a wide
phylogenetic range of aquatic eukaryotes. Viruses, 10, ES06.

6. Deeg,C.M., Chow,C.T. and Suttle,C.A. (2018) The
kinetoplastid-infecting Bodo saltans virus (BsV), a window into the
most abundant giant viruses in the sea. Elife, 7, €33014.

7. Schulz,F., Alteio,L., Goudeau,D., Ryan,E.M., Yu,F.B.,
Malmstrom,R.R., Blanchard,J. and Woyke,T. (2018) Hidden diversity
of soil giant viruses. Nat. Commun., 9, 4881.

8. La Scola,B., Audic,S., Robert,C., Jungang,L., de Lamballerie,X.,
Drancourt,M., Birtles,R., Claverie,J.M. and Raoult,D. (2003) A giant
virus in amoebae. Science, 299, 2033.

9. Moniruzzaman,M., LeCleir,G.R., Brown,C.M., Gobler,C.J.,
Bidle,K.D., Wilson,W.H. and Wilhelm,S.W. (2014) Genome of brown
tide virus (AaV), the little giant of the Megaviridae, elucidates
NCLDV genome expansion and host-virus coevolution. Virology,
466467, 60-70.

10. Schulz,F., Yutin,N., Ivanova,N.N., Ortega,D.R., Lee, T.K.,
Vierheilig,J., Daims,H., Horn,M., Wagner,M., Jensen,G.J. et al.
(2017) Giant viruses with an expanded complement of translation
system components. Science, 356, 82-85.

11. Abrahao,J., Silva,L., Silva,L.S., Khalil,J.Y.B., Rodrigues,R.,
Arantes,T., Assis,F., Boratto,P., Andrade,M., Kroon,E.G. et al.
(2018) Tailed giant Tupanvirus possesses the most complete
translational apparatus of the known virosphere. Nat. Commun., 9,
749.


https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkz296#supplementary-data

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25

26.

217.

28.

29.

30.

31.

32.

Backstrom,D., Yutin,N., Jorgensen,S.L., Dharamshi,J., Homa,F.,
Zaremba-Niedwiedzka,K., Spang,A., Wolf,Y.I., Koonin,E.V. and
Ettema,T.J.G. (2019) Virus genomes from deep sea sediments expand
the ocean megavirome and support independent origins of viral
gigantism. MBio, 10, €02497-18.

Boyer,M., Madoui,M.A., Gimenez,G., La Scola,B. and Raoult,D.
(2010) Phylogenetic and phyletic studies of informational genes in
genomes highlight existence of a 4 domain of life including giant
viruses. PLoS One, 5, €15530.

Jeudy,S., Abergel,C., Claverie,J.M. and Legendre,M. (2012)
Translation in giant viruses: a unique mixture of bacterial and
eukaryotic termination schemes. PLoS Genet., 8, ¢1003122.
Colson,P.,, Fournous,G., Diene,S.M. and Raoult,D. (2013) Codon
usage, amino acid usage, transfer RNA and amino-acyl-tRNA
synthetases in Mimiviruses. Intervirology, 56, 364-375.

Abrahao,J.S., Araujo,R., Colson,P. and La Scola,B. (2017) The
analysis of translation-related gene set boosts debates around origin
and evolution of mimiviruses. PLoS Genet., 13, €1006532.
Koonin,E.V. and Yutin,N. (2018) Multiple evolutionary origins of
giant viruses [version 1; peer review: 4 approved]. FI000Res., 7, 1840.
Yutin,N., Wolf,Y.I. and Koonin,E.V. (2014) Origin of giant viruses
from smaller DNA viruses not from a fourth domain of cellular life.
Virology, 466—467, 38-52.

Legendre,M., Audic,S., Poirot,O., Hingamp,P., Seltzer,V., Byrne,D.,
Lartigue,A., Lescot,M., Bernadac,A., Poulain,J. ez a/. (2010). mRNA
deep sequencing reveals 75 new genes and a complex transcriptional
landscape in Mimivirus. Genome Res., 20, 664—674.

Silva,L.C., Almeida,G.M., Assis,F.L., Albarnaz,J.D., Boratto,P. V.,
Dornas,F.P., Andrade,K.R., La Scola,B., Kroon,E.G., da
Fonseca,F.G. et al. (2015) Modulation of the expression of
mimivirus-encoded translation-related genes in response to nutrient
availability during Acanthamoeba castellanii infection. Front
Microbiol., 6, 539.

Bekliz,M., Azza,S., Seligmann,H., Decloquement,P., Raoult,D. and
La Scola,B. (2018) Experimental analysis of mimivirus translation
initiation factor 4a reveals its importance in viral protein translation
during infection of Acanthamoeba polyphaga. J. Virol., 92, ¢00337-18.
Cherif Louazani,A., Baptiste,E., Levasseur,A., Colson,P. and La
Scola,B. (2018). Faustovirus E12 transcriptome analysis reveals
complex splicing in capsid gene. Front Microbiol., 9, 2534.
Abergel,C., Rudinger-Thirion,J., Giegé,R. and Claverie,J.M. (2007)
Virus-encoded aminoacyl-tRNA synthetases: structural and
functional characterization of mimivirus TyrRS and MetRS. J. Virol.,
81, 12406-12417.

Leipe,D.D., Wolf,Y.I., Koonin,E.V. and Aravind,L. (2002)
Classification and evolution of P-loop GTPases and related ATPases.
J. Mol. Biol., 317, 41-72.

. Atkinson,G.C., Baldauf.S.L. and Hauryliuk,V. (2008) Evolution of

nonstop, no-go and nonsense-mediated mRNA decay and their
termination factor-derived components. BM C Evol. Biol., 8, 290.
Maracci,C. and Rodnina,M.V. (2016) Review: translational GTPases.
Biopolymers, 105, 463—475.

Frolova,L., Le Goff,X., Zhouravleva,G., Davydova,.E., Philippe,M.
and Kisselev,L. (1996) Eukaryotic polypeptide chain release factor
eRF3 is an eRF1- and ribosome-dependent guanosine
triphosphatase. RNA, 2, 334-341.

Salas-Marco,J. and Bedwell,D.M. (2004) GTP hydrolysis by eRF3
facilitates stop codon decoding during eukaryotic translation
termination. Mol. Cell. Biol., 24, 7769-7778.

Pisareva,V.P,, Pisarev,A.V., Hellen,C.U., Rodnina,M.V. and
Pestova, T.V. (2006) Kinetic analysis of interaction of eukaryotic
release factor 3 with guanine nucleotides. J. Biol. Chem., 281,
40224-40235.

Fan-Minogue,H., Du,M., Pisarev,A.V., Kallmeyer,A.K.,
Salas-Marco,J., Keeling, K.M., Thompson,S.R., Pestova,T.V. and
Bedwell,D.M. (2008) Distinct eRF3 requirements suggest alternate
eRF1 conformations mediate peptide release during eukaryotic
translation termination. Mol. Cell, 30, 599-609.

Alkalaeva,E.Z., Pisarev,A.V., Frolova,L.Y., Kisselev,L.L. and
Pestova,T.V. (2006) In vitro reconstitution of eukaryotic translation
reveals cooperativity between release factors eRF1 and eRF3. Cell,
125, 1125-1136.

Pisareva,V.P., Skabkin,M.A., Hellen,C.U., Pestova,T.V. and
Pisarev,AV. (2011) Dissociation by Pelota, Hbsl and ABCEI of

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

SL.

52.

Nucleic Acids Research, 2019, Vol. 47, No. 11 5775

mammalian vacant 80S ribosomes and stalled elongation complexes.
EMBO J., 30, 1804-1817.

Shoemaker,C.J. and Green,R. (2011) Kinetic analysis reveals the
ordered coupling of translation termination and ribosome recycling
in yeast. Proc. Natl. Acad. Sci. U.S.A., 108, E1392-E1398.
Zinoviev,A., Goyal,A., Jindal,S., LaCava.J., Komar,A.A.,
Rodnina,M.V., Hellen,C.U.T. and Pestova,T.V. (2018) Functions of
unconventional mammalian translational GTPases GTPBPI and
GTPBP2. Genes Dev., 32, 1226-1241.

Woo,K.C., Kim,T.D., Lee,K.H., Kim,D.Y., Kim,S., Lee,H.R.,
Kang,H.J., Chung,S.J., Senju,S., Nishimura,Y. and Kim,K.T. (2011)
Modulation of exosome-mediated mRNA turnover by interaction of
GTP-binding protein 1 (GTPBP1) with its target mRNAs. FASEB J.,
25, 2757-2769.

Jackson,R.J., Hellen,C.U. and Pestova,T.V. (2012) Termination and
post-termination events in eukaryotic translation. Adv. Protein Chem.
Struct. Biol., 86, 45-93.

Dever, T.E., Dinman,J.D. and Green,R. (2018) Translation elongation
and recoding in eukaryotes. Cold Spring Harb. Perspect. Biol., 10,
a032649.

Hellen,C.U.T. (2018) Translation termination and ribosome recycling
in eukaryotes. Cold Spring Harb. Perspect. Biol., 10, a032656.
Pestova, T.V., Borukhov,S.I. and Hellen,C.U. (1998) Eukaryotic
ribosomes require initiation factors 1 and 1A to locate initiation
codons. Nature, 394, 854-859.

Pestova,T.V., Hellen,C.U. and Shatsky,I.N. (1996) Canonical
eukaryotic initiation factors determine initiation of translation by
internal ribosomal entry. Mol. Cell. Biol., 16, 6859-6869.
Lomakin,I.B., Hellen,C.U. and Pestova,T.V. (2000) Physical
association of eukaryotic initiation factor 4G (eIF4G) with eI[F4A
strongly enhances binding of eIF4G to the internal ribosomal entry
site of encephalomyocarditis virus and is required for internal
initiation of translation. Mol. Cell. Biol., 20, 6019-6029.
Pestova,T.V., Lomakin,I.B., Lee,J. H., Choi,S.K., Dever,T.E. and
Hellen,C.U. (2000) The joining of ribosomal subunits in eukaryotes
requires elF5B. Nature, 403, 332-335.

Frolova,L., Le Goff,X., Rasmussen,H.H., Cheperegin,S.,
Drugeon,G., Kress,M., Arman,l., Haenni,A.L., Celis,J.E.,
Phillippe,M. et al. (1994) A highly conserved eukaryotic protein
family possessing properties of polypeptide chain release factor.
Nature, 372, 701-703.

Frolova,L.Y., Tsivkovskii,R.Y., Sivolobova,G.F., Oparina,N.Y.,
Serpinsky,O.1., Blinov,V.M., Tatkov,S.I. and Kisselev,L.L. (1999)
Mutations in the highly conserved GGQ motif of class 1 polypeptide
release factors abolish ability of human eRF1 to trigger
peptidyl-tRNA hydrolysis. RNA, 5, 1014-1020.

Lomakin,I.B., Shirokikh,N.E., Yusupov,M.M., Hellen,C.U. and
Pestova, T.V. (2006) The fidelity of translation initiation: reciprocal
activities of eIF1, IF3 and YciH. EMBO J., 25, 196-210.
Pestova,T.V. and Hellen,C.U. (2001) Preparation and activity of
synthetic unmodified mammalian tRNAi(Met) in initiation of
translation in vitro. RNA, 7, 1496-1505.

Pisarev,A.V., Skabkin,M.A., Pisareva,V.P., Skabkina,O.V.,
Rakotondrafara,A.M., Hentze, M.W., Hellen,C.U.T. and Pestova,T.V.
(2010) The role of ABCE] in eukaryotic posttermination ribosomal
recycling. Mol. Cell, 37, 196-210.

Pestova, T.V. and Hellen,C.U. (2003) Translation elongation after
assembly of ribosomes on the Cricket paralysis virus internal
ribosomal entry site without initiation factors or initiator tRNA.
Genes Dev., 17, 181-186.

Pisarev,A.V., Unbehaun,A., Hellen,C.U. and Pestova,T.V. (2007)
Assembly and analysis of eukaryotic translation initiation complexes.
Methods Enzymol., 430, 147-177.

Rodnina,M.V. and Wintermeyer,W. (1992) Two tRNA-binding sites
in addition to A and P sites on eukaryotic ribosomes. J. Mol. Biol.,
228, 450-459.

von der Haar,F. (1979). Purification of aminoacyl-tRNA synthetases.
Methods Enzymol., 59, 257-267.

Rezgui,V.A., Tyagi, K., Ranjan,N., Konevega,A.L., Mittelstaet,J.,
Rodnina,M.V., Peter,M. and Pedrioli,P.G. (2013) tRNA tKUUU,
tQUUG, and tEUUC wobble position modifications fine-tune
protein translation by promoting ribosome A-site binding. Proc. Natl.
Acad. Sci. U.S.A., 110, 12289-12294.



5776 Nucleic Acids Research, 2019, Vol. 47, No. 11

53.

54.

55.

56.

57.

58.

59.

60.

6l.

62.

63.

64.

65.

Zinoviev,A., Hellen,C.U.T. and Pestova,T.V. (2015) Multiple
mechanisms of reinitiation on bicistronic calicivirus mRNAs. Mol.
Cell, 57, 1059-1073.

Dereeper,A., Guignon,V., Blanc,G., Audic,S., Buffet,S., Chevenet,F.,
Dufayard,J.F., Guindon,S., Lefort,V., Lescot,M. et al. (2008)
Phylogeny.fr: robust phylogenetic analysis for the non-specialist.
Nucleic Acids Res., 36, W465-W469.

Guindon,S., Dufayard,J.F., Lefort,V., Anisimova,M., Hordijk,W. and
Gascuel,O. (2010) New algorithms and methods to estimate
maximum-likelihood phylogenies: assessing the performance of
PhyML 3.0. Syst. Biol., 59, 307-321.

Anisimova,M. and Gascuel,O. (2006) Approximate likelihood ratio
test for branches: A fast, accurate and powerful alternative. Syst.
Biol., 55, 539-552.

Chevenet,F., Brun,C., Bafiuls,A.L., Jacq,B. and Chisten,R. (2006)
TreeDyn: towards dynamic graphics and annotations for analyses of
trees. BM C Bioinformatics, 7, 439.

Shoemaker,C.J., Eyler,D.E. and Green,R. (2010). Dom34:Hbs1
promotes subunit dissociation and peptidyl-tRNA drop-off to initiate
no-go decay. Science, 330, 369-372.

Brown,A., Shao,S., Murray,J., Hegde,R.S. and Ramakrishnan,V.
(2015) Structural basis for stop codon recognition in eukaryotes.
Nature, 524, 493-496.

Skabkin,M.A., Skabkina,O.V., Hellen,C.U. and Pestova,T.V. (2013)
Reinitiation and other unconventional posttermination events during
eukaryotic translation. Mol. Cell, 51, 249-264.

Cheng,Z., Saito,K., Pisarev,A.V., Wada,M., Pisareva,V.P.,
Pestova,T.V., Gajda,M., Round,A., Kong,C., Lim,M. et al. (2009)
Structural insights into eRF3 and stop codon recognition by eRF1.
Genes Dev., 23, 1106-1118.

Kryuchkova,P., Grishin,A., Eliseev,B., Karyagina,A., Frolova,L. and
Alkalaeva,E. (2013) Two-step model of stop codon recognition by
eukaryotic release factor eRF1. Nucleic Acids Res., 41, 4573-4586.
Ebihara,K. and Nakamura,Y. (1999) C-terminal interaction of
translational release factors eRF1 and eRF3 of fission yeast:
G-domain uncoupled binding and the role of conserved amino acids.
RNA, 5, 739-750.

Merkulova,T.I., Frolova,L.Y., Lazar,M., Camonis,J. and
Kisselev,L.L. (1999) C-terminal domains of human translation
termination factors eRF1 and eRF3 mediate their in vivo interaction.
FEBS Lett., 443, 41-47.

Taylor,D., Unbehaun,A., Li,W., Das,S., Lei,J., Liao,H.Y.,
Grassucci,R.A., Pestova, T.V. and Frank,J. (2012) Cryo-EM structure
of the mammalian eukaryotic release factor eRF1-eRF3-associated
termination complex. Proc. Natl. Acad. Sci. U.S.A., 109,
18413-18418.

66.

67.

68.

69.

70.

71.

72.

73.

74,

75.

76.

77.

des Georges,A., Hashem,Y., Unbehaun,A., Grassucci,R.A.,
Taylor,D., Hellen,C.U., Pestova,T.V. and Frank.,J. (2014) Structure of
the mammalian ribosomal pre-termination complex associated with
eRF1.eRF3.GDPNP. Nucleic Acids Res., 42, 3409-3418.
Mantsyzov,A.B., Ivanova,E.V., Birdsall,B., Alkalaeva,E.Z.,
Kryuchkova,P.N., Kelly,G., Frolova,L.Y. and Polshakov,V.I. (2010)
NMR solution structure and function of the C-terminal domain of
eukaryotic class 1 polypeptide chain release factor. FEBS J., 277,
2611-2627.

Eurwilaichitr,L., Graves,F.M., Stansfield,l. and Tuite,M.F. (1999)
The C-terminus of eRF1 defines a functionally important domain for
translation termination in Saccharomyces cerevisiae. Mol. Microbiol.,
32, 485-496.

Saito,K., Kobayashi,K., Wada,M., Kikuno.I., Takusagawa,A.,
Mochizuki,M., Uchiumi,T., Ishitani,R., Nureki,O. and Ito,K. (2010)
Omnipotent role of archaeal elongation factor 1 alpha (EFla) in
translational elongation and termination, and quality control of
protein synthesis. Proc. Natl. Acad. Sci. U.S.A., 107, 19242-19247.
Kuznetsov,Y.G., Klose, T., Rossmann,M. and McPherson,A. (2013).
Morphogenesis of mimivirus and its viral factories: an atomic force
microscopy study of infected cells. J. Virol., 87, 11200-11213.
Michely,S., Toulza,E., Subirana,L., John,U., Cognat,V.,
Maréchal-Drouard,L., Grimsley,N., Moreau,H. and Piganeau,G.
(2013) Evolution of codon usage in the smallest photosynthetic
eukaryotes and their giant viruses. Genome Biol. Evol., 5, 848-859.
Cridge,A.G., Crowe-McAuliffe,C., Mathew,S.F. and Tate,W.P. (2018)
Eukaryotic translational termination efficiency is influenced by the 3’
nucleotides within the ribosomal mRNA channel. Nucleic Acids Res.,
46, 1927-1944.

Baranov,P.V., Gesteland,R.F. and Atkins,J.F. (2002) Release factor 2
frameshifting sites in different bacteria. EMBO Rep., 3, 373-377.
Atkins,J.F. and Bjork,G.R. (2009) A gripping tale of ribosomal
frameshifting: extragenic suppressors of frameshift mutations
spotlight P-site realignment. Microbiol. Mol. Biol. Rev., 73, 178-210.
Vallabhaneni,H., Fan-Minogue,H., Bedwell,D.M. and Farabaugh,P.J.
(2009) Connection between stop codon reassignment and frequent
use of shifty stop frameshifting. RNA, 15, 889-897.

Mueller,L., Bertelli,C., Pillonel, T., Salamin,N. and Greub,G. (2017)
One year genome evolution of Lausannevirus in allopatric versus
sympatric conditions. Genome Biol. Evol., 9, 1432-1449.

Fabre,E., Jeudy.S., Santini,S., Legendre,M., Trauchessec,M.,
Couté,Y., Claverie,J. M. and Abergel,C. (2017) Noumeavirus
replication relies on a transient remote control of the host nucleus.
Nat. Commun., 8, 15087.



