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Abstract

In the past few years, our understanding of the RNA virosphere has changed dramatically due to the growth and spurt of
metagenomics, exponentially increasing the number of RNA viral sequences, and providing a better understanding of their
range of potential hosts. As of today, the only conserved protein among RNA viruses appears to be the monomeric RNA-
dependent RNA polymerase. This enzyme belongs to the right-hand DNA-and RNA polymerases, which also includes reverse
transcriptases and eukaryotic replicative DNA polymerases. The ubiquity of this protein in RNA viruses makes it a unique
evolutionary marker and an appealing broad-spectrum antiviral target. In this work pairwise structural comparisons of viral
RdRps and RTs were performed, including tertiary structures that have been obtained in the last few years. The resulting
phylogenetic tree shows that the RdRps from (+)ss- and dsRNA viruses might have been recruited several times throughout
the evolution of mobile genetic elements. RTs also display multiple evolutionary routes. We have identified a structural core
comprising the entire palm, a large moiety of the fingers and the N-terminal helices of the thumb domain, comprising over
300 conserved residues, including two regions that we have named the “knuckles” and the “hypothenar eminence”. The
conservation of an helix bundle in the region preceding the polymerase domain confirms that (—)ss and dsSRNA Reoviruses’
polymerases share a recent ancestor. Finally, the inclusion of DNA polymerases into our structural analyses suggests that
monomeric RNA-dependent polymerases might have diverged from B-family polymerases.

Keywords RNA-dependent polymerases - RNA-dependent RNA polymerases - Structure - Evolution - DNA-dependent
DNA polymerases

Introduction

The development of metagenomics, metatranscriptomics and
the powerful bioinformatic tools to explore these techniques
has dramatically changed our understanding of the global
RNA virosphere and has made clear that so far, we have
merely characterized the tip of the iceberg (Shi et al. 2018a;
Zhang et al. 2019; Edgar et al. 2022). The number and the
diversity of sequenced RNA viruses has increased exponen-
tially with each new published work (Shi et al. 2016, 2018a;
Edgar et al. 2022). The diversity of hosts in which viruses
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have been discovered is also on the rise; interestingly, most
of the new hosts are invertebrates (Shi et al. 2016) and basal
vertebrate lineages such as fish and amphibians (Shi et al.
2018b; Parry et al. 2020), but this result may be the outcome
of a sampling bias.

RNA viruses have also been at the public health spot-
light for the last couple of years. The infamous COVID-19
pandemic is caused by the SARS-CoV-2, an RNA virus of
the Coronaviridae family. As of February 2022, this emer-
gent disease has left a toll of over 435 million cases and
over 6 million deaths around the globe (https://coronavi-
rus.jhu.edu/). Despite the plethora of information gathered,
the available data suggest that the only conserved protein
in all the sequenced RNA viruses is the monomeric RNA-
dependent RNA polymerase (RdRp) (Shi et al. 2016; Zhang
et al. 2019; Edgar et al. 2022). The ubiquity of the RdRp
in RNA viruses makes it a molecular marker to infer deep
evolutionary relationships between these viruses, retrovi-
ruses, and a set of DNA viruses endowed with homologous
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polymerases (Shi et al. 2016; Wolf et al. 2018). This has also
led to consider it as an equally attractive target in the search
for broad-spectrum antivirals (Cannalire et al. 2020; Jicome
et al. 2020; Wang et al. 2021).

Monomeric RNA-dependent polymerases (Rdp) are part
of a diverse group of enzymes that play an essential role
in viral and cellular processes. These enzymes include the
replicative RdRps of RNA viruses and retroviral reverse
transcriptases (RT), the replicative enzymes of eukaryotic
mobile genetic elements such as LTR- and non-TLR retro-
transposons (Finnegan 2012), group II introns (Zhao and
Pyle 2016) and diversity-generating retroelements (DGR) in
prokaryotes (Novikova and Belfort 2017). In addition, cellu-
lar organisms from the three major domains also encode for
different RTs performing a wide array of functions including
defense systems in prokaryotes (Toro et al. 2019; Gonzélez-
Delgado et al. 2021), the extension of telomeres (Mitchell
et al. 2010), and as part of the pre-mRNA-splicing factor 8
in the eukaryotic spliceosome (Galej et al. 2013).

All these polymerases are part of the Superfamily of
DNA- and RNA polymerases, in which the fingers, palm
and thumb functional subdomains can be identified (Steitz
1999). In the case of viral RdRps, the hand adopts a closed-
hand shape due to the presence of structural elements,
deemed the “fingertips”, that allow the interaction of the
fingers and the thumb subdomains (Ferrer-Orta et al. 2006).
The palm subdomain contains two universally conserved
catalytic aspartic acids, which catalyze the synthesis of
the 3'-5" bond, and, perhaps not surprisingly, it is the most
ancient and the most conserved one (Steitz 1999). Despite
the primary structure variability in monomeric Rdps, their
three-dimensional structures have revealed a high degree of
structural conservation. Seven structural motifs (A-G) are
conserved in monomeric Rdps. Each of these motifs include
residues that participate in key steps, such as divalent metal
ion-binding, discrimination and binding of the incoming
nucleotide, and coordination of the leaving pyrophosphate
group (Jacome et al. 2015). Bioinformatic methods have
led to the recognition of an additional motif H, although as
of today its function has not been elucidated (Cerny et al.
2014).

Except for several Nidovirales families, that include
the Coronaviridae, RNA viruses are characterized by the
lack of proofreading mechanisms during genome repli-
cation, which results in an extremely high mutation rate
(10E~~10E~> mut/site/rep) in comparison to prokaryotes
(Duffy 2018). Thus, the evolutionary relatedness between
homologous proteins can rapidly become unidentifiable
in terms of primary structure. Since the tertiary structure
of proteins is more conserved in evolution, the use of ter-
tiary structure-based phylogenies has become a valuable
alternative when studying proteins for which the evolu-
tionary relationships have become “hazy”, as is the case
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of viral monomeric Rdps (Cerni et al. 2014; Monttinen
et al. 2014, 2021; Jacome et al. 2015; Venkataraman et al.
2018; Peersen 2019).

Apart from their significance as a plausible broad-spec-
trum antiviral target, monomeric Rdps have also been the
focus of research efforts on the origins and early evolution
of life (Lazcano 1986; Lazcano et al. 1988). Despite being
an open issue, it has been argued that prior to the evolution-
ary emergence of cellular DNA genomes, life probably went
through a series of RNA-based stages, i.e. the RNA world, a
very ancient and perhaps primordial life stage in which RNA
partook in the transmission of genetic information as well
as the catalytic capabilities of RNA-based entities, followed
by an RNA—protein world, in which proteins gradually took
over the catalytic repertoire and RNA served as the infor-
mational molecule (Gilbert 1986; Vasquez-Salazar and Laz-
cano 2018; Hernandez-Morales et al. 2019). During these
early stages, well before the emergence of the Last Universal
Common Ancestor (LUCA), monomeric polymerases lack-
ing absolute template and/or product specificity might have
existed, and may have polymerized nucleic acids homologs
that might have preceded RNA itself such as TNA (Chaput
et al. 2003). As discussed below, minor changes in few key
residues might have allowed for the emergence of more
specific monomeric polymerases, such as replicative DNA-
dependent DNA polymerases, monomeric DNA-dependent
RNA polymerases, and RNA-dependent DNA polymerases,
i.e. RTs. Prokaryotic group II introns RTs should have led to
the emergence of eukaryotic proteins such as the telomer-
ase and the spliceosomal prp8 (Doolittle 2014; Lambowitz
and Belfort 2015; Novikova and Belfort 2017; Gonzalez-
Delgado et al. 2021). The analyses of biological information
complementary to the phylogenetic hypotheses, hint to a
more recent emergence of RdARp-dependent RNA viruses,
perhaps at the evolution of eukaryotic cells (Campillo-
Balderas et al. 2015). The versatility of polymerases is also
present in the “double-psi f-barrel” family, in which replica-
tive archaeal DNA polymerases, multi-subunit cellular RNA
polymerases and eukaryotic RdRps share a homologous pro-
tein fold (Sauguet et al. 2016).

Since the publication of our previous work (Jicome
et al. 2015), the structures of several RNA viral replicases
and cellular RTs have been obtained, either by X-ray crys-
tallography or by cryo-electron microscopy. Accordingly,
we have decided to include these structures into our evo-
lutionary analysis and provide here an updated version of
the monomeric Rdp’s evolutionary tree. A careful analysis
of the structures allowed us to identify additional univer-
sally conserved structural elements which we have named
the “knuckles” and the “hypothenar eminence”, following
the anatomically-based right-hand nomenclature used for
this enzyme. Finally, we added cellular right-hand DdDps
to a subset of the Rdps structure-based tree, yielding a
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scenario in which extant monomeric Rdps diverged from
family B DdDps.

Material and Methods
Phylogenetic Trees

RNA-Dependent Monomeric Polymerases Structure
Selection

A search in the Protein Data Bank (PDB) was performed
using the terms “RNA-dependent RNA polymerase” (E.C.
2.7.7.48) and “reverse transcriptase” (E.C. 2.7.7.49). The
structures that were released after the publication of our
previous article (Jacome et al. 2015) and up to January
2022 were selected and added to the database. When more
than one structure was available for the same polymerase,
we selected those without ligands or bound substrates,
those with the highest degree of completeness, or those
with the highest structural resolution. The structures were
edited so that only the polymerase domain was compared,
therefore additional domains and accessory structural ele-
ments were not considered for the structural comparisons.
The structures with poor resolution (>4 A) were discarded
for further evolutionary analysis. Overall, fifty-four struc-
tures were included for the RdRPs and RTs’ structural
comparisons. The entire list of the structures used in this
section can be found as Supplementary Table 1.

DNA-Dependent DNA Polymerases Structure Selection

A search in the Protein Data Bank (PDB) was performed
using the terms “DNA-dependent DNA polymerase” (E.C.
2.7.7.7). Structures from the three right-hand DNA poly-
merases families, i.e. family A, family B and family Y,
were selected manually from the database. When more
than one structure was available for the same polymerase,
we selected those without ligands or bound substrates,
those with the highest degree of completeness, or those
with the highest resolution. As with the RdRps, structures
with poor resolution (>4A) were discarded for further
evolutionary analyses. In the end, thirty-two DdDps (8
family A, 16 family B, 8 family Y) were added to a subset
of 37 Rdp structures. The entire list of the structures used
in this section can be found as Supplementary Table 2.
The structures were edited so that only the polymerase
domain was compared, therefore additional domains and
accessory structural elements were not considered for the
structural comparisons.

Structural Comparisons and Phylogenetic Trees
Construction

The pairwise structural comparisons were performed with
the web-based Secondary Structure Matching program
(Krissinel and Henrick 2004), within the Protein Data Bank
in Europe. From each pairwise comparison, we obtained the
RMSD and the number of superimposed residues. In order
to normalize the results, we calculated the Structural Align-
ment Score (Subbiah 1993) using the following formula:
[(RMSD x 100)/number of superimposed residues]. Geo-
metric distance matrices were built, one for the monomeric
RNA-dependent polymerases and one that also included
DdDps. These matrices were then processed with the FITCH
algorithm included in the PHYLIP version 3.695 package
to infer phylogenetic trees. The latter were visualized and
edited with FigTree (http://tree.bio.ed.ac.uk/software/figtr
ee/).

Structures’Visualization, Analysis, and Rendering

All the structures were visualized, analyzed, and rendered
with Chimera version 1.14 (Pettersen et al. 2004).

Results and Discussion
Updating the Rdps Phylogenetic Tree

In this evolutionary analysis, we have included 54 Rdps’
structures: 25 tertiary structures used in the previous pub-
lication (Jacome et al. 2015) and 29 new ones in this work.
These recently added polymerase structures belong to:
double-stranded RNA viruses (dsRNA): Cystoviridae (1),
Picobirnaviridae (1), and Reoviridae (1); positive sense
single-stranded RNA viruses [(+)ssRNA]: Picornaviridae
(4), Caliciviridae (1), Coronaviridae (2), Permutotetraviri-
dae (1), and Flaviviridae (3); negative sense single-stranded
RNA viruses [(—)ssRNA]: Arenaviridae (1), Orthomyxo-
viridae (1), Phenuiviridae (1), Pneumoviridae (1), and
Rhabdoviridae (2); single-stranded RNA viruses with RT
(sSRNA-RT): Retroviridae (2) and Metaviridae (1). We have
also added six cellular RTs: Tetrahymena thermophila- and
Homo sapiens telomerase’s RT, three bacterial group II
Introns, and Saccharomyces cerevisiae spliceosome’s Prp8.

Perhaps not surprisingly, the overall topology of the
unrooted tree (Fig. 1) is in fact quite similar to those previ-
ously published (Cerni et al. 2014; Monttinen et al. 2014,
2021; Jacome et al. 2015; Venkataraman et al. 2018). There
are two branches that only include RdRps from (+)ssRNA
viruses, one clustering families Picorna, Calici and Coro-
naviridae, and the other that encompasses the Flaviviri-
dae family. Double-stranded RNA polymerases are found
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Fig.1 Unrooted dendogram based on the structural comparisons of
monomeric RNA-dependent polymerases. The branches are colored
as follows: (4+)ssRNA viruses—blue; (—)ssRNA viruses—red;
dsRNA viruses—green; cellular reverse transcriptases—purple; viral
reverse transcriptases—gold. YFV yellow fever virus, JEV Japanese
encephalitis virus, DENV dengue virus, ZIKV zika virus, CSFV clas-
sical swine fever virus, BVDV bovine viral diarrhea virus, HCV hepa-
titis C virus, RHDV rabbit hemorrhagic disease virus, FMDV foot-

in several branches along the tree. The case of the Birna/
Permutotetraviridae polymerases is interesting, since these
polymerases are characterized by the presence of a circular
permutation, in which the order of the strands that conform
the palm subdomain is altered, instead of being 2-3-1-4, they
are 1-2-3-4; the rest of the subdomains are highly conserved
(Gorbalenya et al. 2002; Pan et al. 2005; Ferrero et al. 2015).
Further in the tree there is a branch including the Cystoviri-
dae, and another branch with dsSRNA Reoviridae and (+)
sSRNA Fiersviridae. Polymerases from (—)ssRNA viruses
form one branch. Segmented (—)ssRNA viruses are, in turn,
divided in Bunyavirales and Orthomyxoviridae branches,
whereas the Mononegavirales are located in another clade,
one branch corresponds to the Prneumoviridae, whereas
the other branch groups all the Rhabdoviridae. The most
divergent Rdps are the reverse transcriptases, which are all
grouped in one large branch, except for the spliceosomal
prp8, which is interspersed between the viral RdRps. This
might be explained by the fact that only one of the active
site aspartates can be identified, indicating that prp8 has
lost its polymerization activity (Galej et al. 2013). Cellu-
lar RTs form two different clades, one includes group II
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and-mouth disease virus, IPNV infectious pancreatic necrosis virus,
IBDV infectious bursal disease virus, Ty3 Saccharomyces cerevisiae
Ty3 retrotransposon, FIV feline immunodeficiency virus, HIV-I
human immunodeficiency virus 1, HIV-2 human immunodeficiency
virus 2, MMLV Moloney murine leukemia virus, Prp8 spliceosomal
protein prp8, VSV vesicular stomatitis virus, RSV respiratory syncyt-
ial virus, SFTSV severe fever with thrombocytopenia syndrome virus,
BMCV Bombyx mori cypovirus (Color figure online)

intron maturases, whereas the other groups eukaryotic tel-
omerases. The Retroviridae and the Metaviridae RTs form
the farthest clade. It is interesting to highlight that dsSRNA
polymerases form several different clades, which suggests
that viral RdRps lack substrate specificity and that viruses
with dsRNA genomes might have hijacked the RdRp several
times. Our structural phylogeny is in accordance with previ-
ous phylogenies (Xiong and Eickbush 1990; Nakamura et al.
1997; Gladyshev and Arkhipova 2011), in which viral RTs
and LTR retrotransposons are closer to each other and cel-
lular RTs stem from different branches closer to viral RdRps.

The Structural Conservation of Monomeric
RNA-Dependent Polymerases Extends Beyond
Conserved Motifs A-H

The elevated mutation rate of RNA viruses, combined with
the diversity in terms of complementary functional domains
of Rdps, have hindered the attempts to analyze their evo-
lution through sequence-based approaches. However, as
will be discussed below, the actual conservation of Rdps
is remarkable when their tertiary structures are compared.
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The numerical analysis of the pairwise comparisons
shows that the mean RMSD for all of them is 3.38 A, and
the mean number of aligned residues is 287. When only the
RdRps are considered, the mean RMSD is 3.08 A and 348.3
aligned residues; whereas when the RTs are compared, the
mean RMSD is 2.89 A and 201.7 superimposed residues.

Monttinen et al. (2021) described a conserved core of 231
amino acids comparing only the RdRp structures, which is
significantly smaller than the 348 residues core we report.
This difference might be due to the different methodologies
used. The mean number of superimposed residues when
RdRps and RTs are compared reveals that the structural
conservation must necessarily extend beyond the palm sub-
domain. Lang et al. (2013) previously identified additional
conserved structures, which they named “homomorphs”, in
the moieties preceding and following structural motifs A-G
in the (+)ss and dsRNA polymerases available at the time
of their publication. However, since that time, the number
and the diversity of the polymerases’ three-dimensional
structures has increased and now include milestones like

Fig.2 Extended conserved core in RNA-dependent RNA polymer-
ases including the “knuckles” and “hypothenar eminence” structural
motifs. a The Enterovirus D68 3Dpol (PDB 5XE0) is depicted here
in “frontal” and “dorsal” views as a representative RdRp. Structural
motifs A-F are colored orange, whereas the additional structural ele-
ments described in this work are colored blue. b From left to right,
representative RdRp structures belonging to Baltimore groups III
(dsRNA; PDB 6TZ0, Bombyx mori cypovirus; the comparison with
5XEOQ yields the following results: RMSD—3.74; No. of superim-

the determination of various (—)ssRNA viral polymerases.
We have therefore aimed to identify the additional conserved
elements in all the tertiary structures of monomeric viral
Rdps available by designating topologically equivalent struc-
tures, i.e. regions of the protein with the same secondary
structure, located in a similar place within the amino acid
primary structure, and with a similar orientation and con-
nectivity within the tertiary structure. A thorough analysis of
the RdRp and the RT structures suggests that these enzymes
have a conserved core that extends beyond the structural
motifs previously recognized (Fig. 2). The RMSD, the num-
ber of superimposed residues and the corresponding SAS
from all the pairwise comparisons between RdRps and RTs
can be found in Supplementary table 3.

The Extended Conserved Core in RARps

For the description of the extended conserved core, we will
consider, as a three-dimensional reference, that the active
site of the palm subdomain is facing upwards and motifs D

posed residues—321; SAS—1.165), IV [(+)ss RNA; PDB 5XEO,
Enterovirus D68] and V [(—)ssRNA; PDB 4WRT, Influenza B virus;
the comparison with 5XEO yields the following results: RMSD:
3.75; No. of superimposed residues—300; SAS—1.250] are shown
here. Structural motifs A—F are colored orange, the “knuckles” struc-
tural motif is colored purple, the “hypothenar eminence” structural
motif is colored green, and the rest of the extended core is colored
blue (Color figure online)
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and E are in the anterior part of the polymerase (Fig. 2a). In
all the three-dimensional viral RdRp structures available,
the extended conserved core includes several regions of the
fingers, the palm domain, plus the N-terminal structural
elements of the thumb subdomain. The average number of
residues in the viral RdARps encompassing this extended con-
served core is 424 residues and the most significant numbers
are those of (—)ssRNA viruses, which are the ones with a
higher number of additional structures.

The conserved core starts with a descending helix located
above motif D followed by a small connector; next, there is a
helix perpendicular to the palm subdomain that runs behind it
which we have named the “knuckles” (Fig. 2b), followed by a
connector whose average length is 9 residues going upwards
lacking secondary structure, with the exception of (—)ssRNA
viral polymerases, in which there are well-defined helical ele-
ments projecting outwards. The next moiety has been deemed
the “pinky finger” and is part of the template entrance tunnel
(Thompson et al. 2007). This region is quite variable in terms
of structure, although there is a conserved structural element
in (4+)ss and some dsRNA viral polymerases which has been
denominated motif G (Gorbalenya et al. 2002; Pan et al. 2005).
In the case of (—)ssRNA polymerases, the characteristic sig-
nature of this motif (T/SX,G) (Gorbalenya et al. 2002) can-
not be identified, and this region is longer, reaching over 120
amino acids in the Orthomyxoviridae PB1, consisting of long
[-strands that extend above the core of the enzyme. This is
followed by motif F, which partakes in the coordination of
the incoming nucleotide’s phosphates via conserved positive
residues (K or R). In the case of the Cystoviridae polymerases,
following the first B-strand of motif F, there is an insertion of
around 55 residues that projects towards the thumb subdo-
main in the exterior of the polymerase as part of the fingertips.
After motif F, a “twisted” helix descends towards the palm
subdomain followed by a connector facing the active site, and
a second helix preceding motif A. Following the anatomical
nomenclature, we named this ensemble the “hypothenar emi-
nence” due to its location in the palm subdomain opposite the
thumb subdomain (Fig. 2b). The only exceptions in terms of
connectivity are the Birnaviridae and the Permutotetraviridae
polymerases, in which the second helix connects with motif C
and not with motif A due to a circular permutation (Pan et al.
2005; Ferrero et al. 2015). Right after motif A, perpendicular
to the palm subdomain and above the ‘“knuckles” helix, poly-
merases have a helix-turn-helix motif followed by a p-loop-f
motif pointing towards the exterior of the protein. After the
second strand there is a short connector, whose average length
is 6 residues that leads to the highly conserved palm subdo-
main defined by structural motifs B to E. In (—)ssRNA poly-
merases, the region right after the first f-strand is bulkier due
to an insertion of approximately 40 amino acids that points
towards the surface of the protein. In all Rdps, the C-terminal
moiety consists of the thumb subdomain, which interacts with
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the template and the primer chains. With very few exceptions,
in DNA- and in RNA polymerases this subdomain is mostly
helical and highly variable; nevertheless, in RdRps at least
the first three structural elements are conserved and consist of
three helices in the following direction: ascending-descending-
ascending, and the second helix is located closer to the active
site.

An Additional Conserved Structure in (—)ssRNA
and Reoviridae Polymerases

The polymerases of (—)ssRNA viruses and dsSRNA Reoviri-
dae are considerably larger than those of ss(+) and the RTs,
usually comprising several hundreds of residues and addi-
tional intricate structural elements surrounding the core sub-
domains. In our tree (Fig. 1), RdRps of these viruses form
two distinct branches that are nevertheless close in terms of
structural distance. In the region preceding the conserved
core described above, and facing motifs D and E from the
palm subdomain, these polymerases have a conserved heli-
cal bundle (Fig. 3). This conserved region had been previ-
ously recognized by Liang et al. (2015) in the polymerases
of the Influenza A virus, the vesicular stomatitis virus and
the Reovirus Lambda 3. Although the length of these helices
is different in all the cases, and there are some additional
structural elements in some of them, the connectivity and
the relative location of the structures are the same (Fig. 3).
In the case of (—)ssRNA Bunyavirales, Mononegavirales,
and the dsSRNA Reoviridae, this helical structure is located
in the N-terminal half of a large polymerase protein; how-
ever, in the case of the Orthomyxoviridae, whose poly-
merases consist of three subunits (PA, PB1 and PB2), this
fragment is formed by the C-terminal residues of the PA
subunit and the N-terminal residues of the PB1 subunit. It
must be underlined that in our tree, the branches including
these viruses are consecutive. When a structural compari-
son is performed between the unedited Bunya, Mononega
and Reoviridae polymerases, 200 additional residues can be
superimposed, which should reduce the geometrical distance
between them, and probably fuse the respective branches in
the tree. This structural/evolutionary relatedness had been
previously recognised by Wolf et al. (2018), albeit based
on brittle sequence alignments, as will be discussed below,
and by Monttinen et al. (2021). Our work strengthens this
hypothesis by showing the presence of conserved structural
features in these viral families.

The Extended Conserved Core in Reverse
Transcriptases

Previous sequence-based phylogenetic analysis divided RTs
in two large groups, one encompassing viral RTs and LTR
retrotransposons, and the other clustering group II introns
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Non-segmented ss(-)RNA viruses

Fig.3 Helical bundle conserved in (—)ssRNA and dsRNA viral
RdRps. The topologically equivalent helices are colored as follows
(from the N-terminus to the C-terminus): orange, yellow, green, cyan,
dark blue, purple, magenta. Representative RdRps shown here cor-

and non-LTR retrotransposons (Xiong and Eickbush 1990).
This divide is confirmed when the structures are visualized.

Cellular Reverse Transcriptases: Group Il Introns
Maturases, Spliceosomal Prp8 and Telomerase RT

Compared to RdRps, cellular RTs display a more diverse
array of structures preceding Motif F, probably reflecting
that each one of them participates in different cellular pro-
cesses. The telomerase RTs have a helical RNA-binding
domain (TRBD), which sits on top of the active site, and
stabilizes the enzyme’s interactions with the nucleic acids
(Mitchell et al. 2010; Gillis et al. 2010). On the other hand,
the RTs of group II intron maturases and the spliceosomal
Prp8 have a four-helical bundle above the fingers subdomain,
which has been named N-Terminal Extension (NTE) or RT-0
(Zhao and Pyle 2016; Stamos et al. 2017).

Following motif F, cellular RTs present what we have
termed the “hypothenar eminence” (Fig. 4b), called RT-2a in
RTs (Stamos et al. 2017), which has a structure quite similar
to viral RdRps, and consists of a descending twisted helix, a
connector, and a helix prior to motif A (Fig. 4). Right after
motif A, RTs also have the conserved structure consisting of

respond to dsRNA virus: Simian rotavirus VP1 (PDB 2R7Q); seg-
mented (—)ssRNA virus: Influenza B virus polymerase PDB 4WRT;
non-segmented (—)ssRNA virus: respiratory syncytial virus L protein
PDB 6PZK (Color figure online)

a helix-turn-helix (RT-3a; Stamos et al. 2017) followed by
a B hairpin, also named the Insertion in the Fingers Domain
(IFD). The B hairpin in the R. intestinalis and E. faecalis
group II intron maturases is in an inactive conformation,
occupying the active site and not pointing towards the exte-
rior of the protein (Zhao and Pyle 2016). Moreover, the
thumb subdomain is absent in these group II intron RTs. The
rest of the cellular RTs present the three-helical bundle in
the N-terminus of the thumb subdomain (Fig. 4a); however,
although the first two helices of the telomerase thumb have
a similar location, their structural elements are not clearly
defined (Fig. 4).

Viral RTs

Viral RTs (Retroviridae and Metaviridae) are endowed with
most of the extended conserved core of RdRps and cellu-
lar RTs, including structural motifs A-F (Figs. 2, 4). Many
of the structural features of the extended conserved core
preserve the same connectivity and location, but without
clearly defined secondary structures. These regions comprise
the helix-turn-helix following motif A and the hypothenar
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Fig.4 Extended conserved
core in reverse transcriptases. a
Tribolium castaneum telomer-
ase reverse transcriptase (PDB
3KYL) is depicted on the left
and human immunodeficiency
virus 1 reverse transcriptase
(PDB 4G1Q) is depicted on the
right. The comparison between
both structures yields the fol-
lowing results: RMSD—3.24;
No. of superimposed resi-
dues—156; SAS—2.077. Struc-
tural motifs A—F are colored
orange, whereas the additional
structural elements described
in this work are colored blue. b
Tribolium castaneum telomer-
ase reverse transcriptase (left)
and human immunodeficiency
virus 1 reverse transcriptase
(right) showing the “hypothenar
eminence” motif colored green
(Color figure online)

eminence or RT2a; in these segments, the helical elements
are very small or substituted by connectors (Fig. 4b).

Additional features are more similar to the telomerase
RT than to the other cellular RTs included in this work. The
conserved helical bundle of NTE/RT-0 is substituted by a
connector located above the active site and a helix located
outside the protein above motifs D and E leading to motif
F. Moreover, the first helix of the thumb subdomain is
replaced by an ascending connector, in an analogous way
to the telomerase.

Reconstructing the Global RNA Virosphere
Evolution: Walking on Quicksand?

It is tempting to try to understand the evolution of all RNA
viruses using the RdRp as an evolutionary marker (Wolf
et al. 2018; Koonin et al. 2020; Edgar et al. 2022). How-
ever, the use of the RdARps primary structure is a double-
edged sword. First of all, the available evidence suggests
that RdRps have undergone polyphyletic recruitments by
the ancestors of extant RNA viral groups. On the other
hand, it allows to incorporate all the viral known sequences
without the need for biochemical or molecular characteriza-
tion, thereby, including metagenomic-derived putative viral
sequences. However, as pointed by Holmes and Duchene
(2019), sequence-based phylogenetic reconstructions have
proven to have methodological limitations when studying
deep evolutionary phenomena or highly diverging proteins,
which is the case of RNA viral polymerases. Considering
its intrinsic difficulties, it may be somewhat ambitious not
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only to posit evolutionary relations between highly divergent
sequences, but also to propose a timeline for the evolution-
ary events that have led to the viral groups known today
(Wolf et al. 2018; Koonin et al. 2020).

An additional caveat of some sequence-based evolu-
tionary works (Wolf et al. 2018; Koonin et al. 2020) is that
they have not included viral RTs in their analyses, although
the latter are known to be homologous to the viral RdRps.
Viral RTs could have been used as an outgroup to root the
tree instead of the cellular counterparts. As noted by Zhao
and Pyle (2016) and pointed out in this work, the structural
similarity between viral RdRps and cellular RTs is quite
remarkable; conversely, viral RTs are the farthest in terms of
structural distance, whereas the eukaryotic telomerases are
located somewhere in between (Fig. 1), sharing structural
features with cellular and viral RTs.

Biochemical characterizations of RNA polymerases have
shown that by mutating some key residues (Lyakhov et al.
1992; Sousa and Padilla 1995; Rai et al. 2017) or by sub-
stituting the divalent metal ion from Mg2+to Mn2+, these
enzymes can incorporate ANTPS and extend a DNA chain
(Arnold et al. 1999; Hung et al. 2002). The same is true
for DdDps, in which a few mutations in paramount resi-
dues (Gao et al. 1997; Xia et al. 2002; Cozens et al. 2012;
Vaisman et al. 2012), or the substitution of Mn2+ instead
of Mg2+in the active site, favors the synthesis of RNA
chains (Riccheti and Buc 1994). Extant RTs and replicative
right-hand DdDps discriminate between ribonucleotides and
deoxyribonucleotides by a single bulky residue located in the
upper portion of motif A, which is called the “steric gate”:
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Glu in family A polymerases, and Tyr or Phe in family B
DdDps and RTs (Gao et al. 1997; Astatke et al. 1998; Brown
and Zuo 2011). This suggests that relatively minor changes
in ancestral polymerases could have led to their adaptation
to the different templates that may have appeared during cel-
lular evolution. Recently, Peyambari et al. (2021) proved that
the partitivirus polymerase (dsRNA plant-viruses that cause
persistent infections) can carry out RNA-dependent RNA
polymerization and reverse transcription. This dual function
had not been previously reported in RNA viruses replicases,
leading Peyambari et al. (2021) to propose that dsSRNA viral
polymerases with RdRp and RT activities might have been
the first ones to emerge. Conversely, the identification in
bacteria and archaea of numerous RTs associated with dis-
tinct functions (Toro and Nisa-Martinez 2014; Toro et al.
2019) has reinforced the hypothesis that prokaryotic group
II introns were transferred to eukaryotes during the endos-
ymbiosis processes via the ancestral mitochondria and chlo-
roplasts, subsequently evolving into the spliceosome and the
telomerase (Novikova and Belfort 2017; Gonzalez-Delgado
et al. 2021). The fact that our tree is unrooted does not allow
us to assign a relative timeline for the evolutionary events

cerevisiae
— . coli
H. Sapiens

observed. However, the works summarized here show that
the right-hand polymerases’ substrate- and product specifici-
ties are far from absolute, and that minor changes allow them
to use both RNA and DNA. Hence, it is likely that the earli-
est forms of the monomeric right-hand polymerases lacked
absolute specificity, as has been suggested for other possible
paramount ancient nucleic acid-associated enzymes such as
the exonucleases (Zuckerkandl and Villet 1988; Dworkin
et al. 2003; Cruz-Gonzalez et al. 2021).

Structural Conservation in RNA-Dependent-
and B-Family DNA Polymerases

We have included the DdDps that adopt a right-hand shape
and are homologous to the viral RdRps and RTs, namely,
family B, family A and family Y, and built a structure-based
tree (Fig. 5). The RMSD, the number of superimposed
residues and the corresponding SAS from all the pairwise
comparisons between Rdps and DdDps can be found in Sup-
plementary table 4. Based on the work by Monttinen et al.
(2016), we rooted the tree using the family Y polymerases as
an outgroup. In their tree family B DdDps, family A DdDps,
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Fig.5 Right-hand polymerases structure-based phylogenetic tree.
The branches are colored as follows: cyan—family Y DNA-depend-
ent DNA polymerases; orange—family A DNA-dependent DNA
polymerases; purple—family B DNA-dependent DNA polymerases;
gold—viral reverse transcriptases; magenta—cellular reverse tran-
scriptases; green—ds RNA-dependent RNA polymerases; red—i(—)
ss RNA-dependent RNA polymerases; blue—(+)ss RNA-dependent
RNA polymerases. DdDp DNA-dependent DNA polymerases, JEV
Japanese encephalitis virus, DENV dengue virus, BVDV bovine viral
diarrhea virus, HCV hepatitis C virus, RHDV rabbit hemorrhagic

disease virus, FMDYV foot-and-mouth disease virus, IPNV infectious
pancreatic necrosis virus, /BDV infectious bursal disease virus, 7y3
Saccharomyces cerevisiae Ty3 retrotransposon, FIV feline immu-
nodeficiency virus, HIV-1 human immunodeficiency virus 1, HIV-2
human immunodeficiency virus 2, MMLV Moloney murine leukemia
virus, Prp8 spliceosomal protein prp8, VSV vesicular stomatitis virus,
RSV respiratory syncytial virus, SFTSV severe fever with thrombocy-
topenia syndrome virus, BMCV Bombyx mori cypovirus (Color fig-
ure online)
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RdRps and RTs form one clade, whereas family Y DdDps
group with enzymes such as nucleotide cyclases, Prim-pol
domains, and Transposases IS200-like. In our tree (Fig. 5),
family A pols, including the monomeric T7-phage mono-
meric DNA-dependent RNA polymerase are forming one
branch. B-family DdDps are located on a different branch,
from which monomeric Rdps stem.

A detailed analysis of the structures provides direct
clues to understanding the relatedness between family B
DdDps and monomeric Rdps (Fig. 6). On the one hand,
despite the presence of additional structural and functional
domains in many of these enzymes, the core of the poly-
merase domain is highly conserved including the entire
palm subdomain. However, the subdomains’ order may
provide insights on their evolutionary relationships. In
family A polymerases, the thumb precedes the fingers and
palm subdomains, whereas in family B and monomeric
Rdps the sequence is as follows: fingers—motif A—fin-
gers—motifs B-D—thumb. Moreover, in family B pols
as well as in Rdps, the elements preceding motif A con-
sist of a helix located in the fingers followed by a con-
nector that descends towards the base of the palm, i.e.

5XEO
Enterovirus 68
ss(+)RNA

Fig.6 Depiction of representative family B DNA-dependent DNA
polymerases and RNA-dependent polymerases highlighting the topo-
logically equivalent structural elements. a Thermococcus gorgonar-
ius DNA-dependent DNA polymerase (PDB 1TGO; the comparison
with 5XEQ yields the following results: RMSD—3.46; No. of super-
imposed residues—104; SAS—3.327); b Saccharomyces cerevisiae
DNA-dependent DNA polymerase Delta (PDB 3IAY; the comparison
with 5XEOQ yields the following results: RMSD—4.09; No. of super-
imposed residues—129; SAS—3.170); ¢ Enterovirus D68 RNA-
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the hypothenar eminence (Fig. 6). As mentioned above,
motif E in RNA polymerases, i.e. three small antiparal-
lel beta-strands perpendicular to the main palm p-sheet,
precedes three conserved helices of the thumb subdomain.
Interestingly, B-family polymerases display a similar set
of structural elements (Fig. 6). Three antiparallel p-strands
follow the palm subdomain; however, in these polymer-
ases, the strands are more extended, giving the appear-
ance of two parallel B-sheets. These strands are followed
by an “ascending” connecting element, which lacks any
recognizable secondary structure in most of the available
structures. Following this connector there are two antipar-
allel helices, the first one “descends” whereas the second
“ascends”. Despite the differences in length of some of
the B-family DdDps’ elements, the connectivity is prac-
tically the same compared to those of monomeric RNA
polymerases.

B-family DdDps are distributed in all domains of life and
in many DNA viruses. In eukaryotes, most archaea, and sev-
eral double-stranded DNA viruses, they partake in genomic
replication and repair, whereas in bacteria they participate
in repair processes (Kazlauskas et al. 2020).

3IAY
S. Cerevisiae DdDp delta

4G1Q
HIV-1 RT

dependent RNA polymerase (PDB 5XE0); d Human immunodefi-
ciency virus 1 reverse transcriptase (PDB 4G1Q); the comparison with
5XEQ yields the following results: RMSD—35.5; No. of superimposed
residues—161; SAS—3.416). In the 4 structures the colors are as fol-
lows: structural motifs A-D and F—orange; beta-strands preceding
the thumb subdomain—cyan; “hypothenar eminence”—green; thumb
subdomain N-terminal helices—magenta; fingers subdomain—dark
blue; thumb subdomain—red (Color figure online)
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Conclusions

The significance of structure-based phylogenetic trees
is increasingly becoming more evident, especially when
studying deep evolutionary events such as the intricate
evolution of right-hand DNA- and RNA polymerases.
As shown in this work, despite their elevated mutation
rates, viral RdRps and RTs as well as cellular RTs’ struc-
tures share an extensive, conserved core that can be easily
identified when comparing three-dimensional structures.
Unlike primary sequence-based methodologies, in which
no more than a handful of conserved residues and small
motifs can be identified, the conserved structural core
comprises most of the fingers and the N-terminal moiety
of the thumb subdomains, and the entire palm subdomain,
which is the catalytic component involved in the forma-
tion of the 3'-5' bonds. Our tree supports the idea that
dsRNA as well as (4+)ssRNA viral polymerases might have
undergone polyphyletic recruitments during the evolu-
tionary emergence of different viral groups, and that their
template- and substrate specificities are far from absolute.
Our results support the possibility that the Reoviridae
polymerases and those of (—)ssSRNA polymerases might
share a recent ancestor. However, at the time being, the
tree does not allow us to propose which came first. When
monomeric viral Rdps and DdDps are compared, the tree
indicates that the former diverged from the latter, which
suggests that their emergence is more recent than previ-
ously thought, and that the biological entities encoding for
them are not primordial.

The comparison of tertiary structures has proven quite
successful for studying the evolutionary history of RNA
viruses, whose extremely high mutation rates have erased
the footprints within their primary structure. Analyses of
tertiary structures have shown the wide array of evolu-
tionary strategies exploited by RNA viruses such as gene
duplications (Cisneros-Martinez et al. 2021) and hijacking
events (Monttinen et al. 2019; Cruz-Gonzalez et al. 2021),
underpinning the mosaic-nature of these biological enti-
ties’ genomes. The development and the advances of cryo-
EM have been critical in the obtention of a more diverse
spectrum of viral tertiary structures, and it is expected that
this diversity will continue to increase, which might allow
to answer some of the current evolutionary unknowns.
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