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Abstract—It has been suggested that RNA polymerase ribozyme displaying reverse transcriptase and integrase activities has
played a vital role in the origin of life on Earth. Here, we present a hypothesis that formation of universal ancestral units of
all living organisms — retroelements — in the evolution was mediated by reverse transcriptase. The propensity of retroele-
ments to mutations and their insertion capacity have formed a basis for the origin of complex DNA structures — primary
genomes — that have given rise to archaea, eukaryotes, bacteria, and viruses. Conserved properties of retroelements have
been preserved throughout the evolution; their modifications have facilitated the emergence of mechanisms for the interac-
tions between proteins and nucleic acids. Life has evolved due to insertional mutagenesis and competition of autonomous-
ly replicating polynucleotides that allowed to preserve structures with adaptive properties. We hypothesize that natural selec-
tion of mechanisms for the defense against insertions based on the ribonuclease activity of reverse transcriptase ribozyme
has led to the emergence of all universal enzymatic systems for the processing of RNA molecules. These systems have been
and still remain the key sources of structural and functional transformations of genomes in the course of evolution. The data
presented in this review suggest that the process of translation, which unifies the nucleic acid and protein worlds, has devel-
oped as a modification of the defense mechanisms against insertions. Polypeptides formed by this defense system have
potentiated the activity of ribozymes in the composition of ribonucleoproteins (RNPs) and even functionally replaced them
as more efficient catalysts of biological reactions. Here, we analyze the mechanisms of retroelement involvement in the
structural and regulatory transformations of eukaryotic genomes supposedly reflecting the adaptive principles that had orig-
inated during the beginning of life on Earth. Simultaneously with the evolution of existing proteins, retroelements have
served as sources of new ribozymes, such as long non-coding RNAs. These ribozymes can function in complexes with pro-
teins in the composition of RNPs, as well as display independent catalytic and translational activities; their genes have a
potential for the transformation into protein-coding genes. Hence, the conserved principles of RNA, DNA, and proteins
interregulation formed at the time of life origin on Earth have been used throughout the evolution.
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The existence of the RNA world at the time of life
origin on Earth is now a prevailing concept in modern
science. Numerous data have been accumulated on the

depend on proteinaceous enzymes, replication of genetic
information and its transformation into functional
sequences in the RNA world had been mediated only by

existence of ribozymes with inherent catalytic activities.
Although nowadays all preserved life forms on Earth
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RE, retroelement; RISC, RNA-induced silencing complex;
RNAIi, RNA interference; RNP, ribonucleoprotein; RT, reverse
transcriptase; SINE, short interspersed nuclear element;
snoRNA, small nucleolar RNA; snRNA, small nuclear RNA;
TE, transposable element.
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polyribonucleotide molecules. Such mechanisms can be
reconstructed under laboratory conditions in a complete
absence of proteins. Moreover, it was experimentally con-
firmed that ribozymes are capable of self-replication with
the exponential growth [1]. In the RNA world, organisms
required an RNA polymerase ribozyme for the RNA-
based inheritance and expression of “RNA genes”.
Although this ancestral enzyme has been lost during the
course of evolution, the key functional aspects of RNA-
catalyzed RNA replication can be investigated by proxy
using ribozymes generated by in vitro selection, such as
RNA polymerase R18 [2].
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In 2016, Horning and Joyce [3] reported successful in
vitro application of the RNA polymerase ribozyme that
was capable of replicating short RNA sequences and syn-
thesis of various functional molecules, including aptamers
and ribozymes, in the absence of proteins, which proved
complete self-reliance of RNA replication and expression.
Modulation of the ribozyme activity in vitro allowed to
reproduce the self-sustained RNA evolution. It is possible
that under non-equilibrium boundary conditions allowing
to overcome the effects of thermodynamic equilibrium
(e.g., dilution and degradation of oligonucleotides) [4],
the observed processes were similar to those that had
occurred during the origin of life on Earth.

It was suggested that the flux of heat energy through
the open pores in submerged rock has facilitated oligonu-
cleotide replication with selection for longer strands. In
experiments utilizing the interplay of molecular ther-
mophoresis and laminar convection, strands of 75
nucleotides survived, while the shorter ones ceased to
exist. The interplay between the two mechanisms is based
on the balancing of the entropy of mixing. Thermo-
phoresis directs molecules horizontally from the warm
side to the colder one. At the same time, the liquid moves
vertically via laminar convection and takes the molecules
with it. Convection diverts horizontal thermophoretic
exhaustion and enhances vertical accumulation of the
molecules. This interaction between molecular motion
and liquid flow results in the effective net transport of
oligonucleotides to the lower part of the compartment. As
a result, accumulation balances diffusional dilution and
solves the problem of molecule concentration related to
the process of life origin [4].

Protein-free RNA had been functional already prior
to the formation of cellular life forms — the last universal
common ancestor of cells existed ~3.9 billion years ago
[5]. Despite this fact, ribozymes remain successful and
somewhat prevalent functional elements that include
conserved RNAs [tRNAs, rRNAs, small nuclear RNAs
(snRNAs), small nucleolar RNAs (snoRNAs), spliceo-
some ribozymes] and variable polyribonucleotides [group
I and II introns, non-coding RNAs (ncRNAs)]. The first
ribozyme — group I intron — was discovered in the ciliate
Tetrahymena already in 1982 [6]. The ribonuclease P
ribozyme involved in the processing of tRNA molecules
was found in 1983 [7]. The hammerhead-type ribozymes
from plant virus satellite RNAs were described in 1986
[8]. Their numerous variants have been found in all exist-
ing Kingdoms of life [9]. Over the recent years, the role of
long ncRNA ribozymes in the formation of new protein-
encoding genes [10-13], genome regulation in ontogene-
sis, and interaction with the mobile genetic elements
(transposable elements, TEs) [14, 15] have been reported.
These data could reflect the ancient principles of evolu-
tion that had formed during the life origin, when the
RNA—-DNA world had transformed into the world
involving proteins.
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The self-replication of DNA biopolymers, which
are more stable than RNA and can preserve adaptive
sequences vital for their survival, has become an essential
requirement for the exponential growth of the amount
and diversity of polynucleotides on Earth. The key event
in this process was emergence of reverse transcriptase
(RT), which facilitates transfer of the genetic informa-
tion encoded in the RNA polymer to DNA.
Conservation of RT in the genomes of all organisms indi-
cates its universal importance throughout the evolution.
During the origin of life, RT could be a ribozyme that
had provided a new genetic material to DNA, even from
a single source, due to the accumulation of mutations in
RNA molecules. The frequency of mutations in RNA
(1073-107%) is much higher in comparison with DNA
(107°-107%) [16]. Indeed, Samanta, and Joyce were able
to obtain the RNA polymerase ribozyme that exhibited
RT properties as a secondary activity [17]. Furthermore,
correlation between the structures of protein domains in
RT and ribozymes was revealed [18], which indicated
their continuity in evolution and alternative use in iden-
tical biological processes, as well as the ancient origin of
the RT protein. In this connection, it can be suggested
that the properties of protein analogues of ribozymes
could reflect the characteristics of their ancestral RNA
precursors.

The RT protein possesses the activity of ribonuclease
H [19]. Other analogues of this enzyme are Argonaute,
Dicer, Cas9, transposases, integrases, and splicing sys-
tems [20]. Hence, it is likely that ribozymes with the
properties of these enzymes have originated from RT
through its modifications via mutations. This means that
the RT ribozyme had the potential not only to perform
reverse transcription, but also to catalyze integration of
the formed polynucleotides molecule and processing of
RNA molecules, which has facilitated the evolutionary
success associated with the lengthening of the complex
DNA structures.

High RNA mutability was the cause of variability of
early genomes but, at the same time, presented the threat
for maintaining adaptive properties of polynucleotides
required for their stable self-replication. Only those com-
plex DNA molecules and their transcripts survived that
have developed the defense mechanisms against inser-
tions into the most important adaptive DNA regions.
These defense mechanisms have become the basis for the
emergence of clustered regularly interspaced short palin-
dromic repeats (CRISPRs), RNA interference (RNAI),
spliceosomal splicing, and translation. The conditions for
their formation have been provided by the RNase activity
of RT ribozyme. It is most likely that the original function
of rRNAs, tRNAs, and processing ribozymes involved in
their maturation was the defense against insertions (Fig.
1), as suggested by the conservation of relations of
rRNAs, tRNAs, snRNAs, snoRNAs with retroelements
(REs) in the course of evolution [21-25].
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Fig. 1. Evolution of ribozymes during the origin of life on Earth.

It is commonly accepted that RT plays a key role in
the evolution of all forms of life. REs are abundant in
eukaryotic genomes and comprise from 3 to 85% of all
nucleotide sequences in DNA [26]. According to the
modern classification (http://www.girinst.org/repbase/),
REs belong to the class I TEs [27] and can be
autonomous or non-autonomous. The majority of the lat-
ter are short interspersed nuclear elements (SINEs) [28]
that are transferred from one genome locus to another via
the “copy and paste” mechanism with the help of long
interspersed nuclear elements (LINEs). At the same time,
SINEs have common nucleotide sequences and proper-
ties with REs lacking long terminal repeats (non-LTR-
REs) [29]. SINEs are derivatives of tRNAs, snRNAs, and
5S rRNA [21, 24, 29-31], the processing products of
which participate in RNAI for transposons [23, 25]. This
implies the association of REs with the emergence of the
translation system at the early stages of life evolution. The
data on the use of tRNA molecules as primers for reverse
transcription of LTR-REs could serve as a corroboration
of the evolutionary relationship between the REs contain-
ing long terminal repeats (LTR-REs) and non-LTR-REs
[28].

DNA transposons (DNA-TEs) translocating via the
rolling circle (Helitron, Maverick) and cut-and-paste
(TIR, Crypton) mechanisms belong to the class IT TEs

[32]. They encode the enzyme transposase that catalyzes
DNA-TE excision and integration into a new genome
region [28]. Phylogenetic analysis revealed that DNA-TE
proteins are of the ancient origin and contain specific
structural motifs (folds) that had already existed during
the period when the first cellular organisms appeared
[33]. The enzymes required for the amplification and
extension of biopolymers have been of the utmost impor-
tance when the life was emerging. The cut-and-paste
mechanism has become relevant at the later stages of evo-
lution; hence, it can be suggested that DNA-TEs have
originated from REs. An argument in favor of this
hypothesis is the emergence in RT of ribonuclease H
domains [19] (characteristic for structurally similar trans-
posase and integrase [34, 35]) as the secondary activity.
Ribonuclease H belongs to the superfamily of nucleo-
tidyltransferases that also includes transposase, retroviral
integrase, resolvase, and nuclease of the RNA-induced
silencing complex (RISC) [36]. Enzymes similar to
ribonuclease H participate in the universal conserved
defense systems against viruses and TEs, including RISC
(Argonaute, Dicer) and CRISPR (Cas9) [20]. Consider-
ing the possibility of RNA succession by protein domains
in the course of evolution [18], one can assume that RT
ribozymes could simultaneously possess the properties of
replicases and ribonucleases; modification of these prop-

BIOCHEMISTRY (Moscow) Vol. 84 No. 8 2019



REVERSE TRANSCRIPTASE AND ORIGIN OF LIFE

erties has resulted in the formation of new processing sys-
tems.

It has been suggested that emergence of RNA mole-
cules capable of replication of primitive RNA genome
was the pivotal event in the origin of life. Moreover, the
earliest and simplest biological processes depended on
RNA for both inheritance and metabolism. Current data
on the central catalytic role of RNA in splicing, gene
expression, and translation, as well as multiple RNA
functions in the formation of specific receptors and cata-
lysts [2], prove the existence of the RNA world at the early
stages of evolution. It is possible that the TE-like ele-
ments have served as universal units during the origin of
life. Their interaction and competition in the formation
of primary genomes have served as a basis for all following
evolutionary processes. However, due to the high level of
mutability of transposon nucleotide sequences [16], it is
difficult to evaluate the role of these elements in the for-
mation of genomes of modern organisms. Analysis of
human DNA with the help of specific oligonucleotides
revealed that TEs comprise >67% of all nucleotide
sequences, rather than 45%, as it was assumed before
[37]. Modern analytical methods have allowed identifica-
tion of “hidden” TEs in the genomes of various animal
species in order to determine their role in the formation
of regulatory elements and protein-coding genes in the
course of evolution. As a result, significantly higher num-
ber of nucleotide sequences originating from TEs have
been identified [38].

It is likely that all Earth biomass, starting from
moment of life appearance, has been formed due to the
existence of TEs as universal units. The study by Horning
and Joyce [3], in which artificial in vitro RNA evolution
has been reconstructed by decreasing the accuracy of
ribozyme functioning in the protein-free medium (result-
ing in 10% of errors during elongation of new RNA
chains) can serve as a corroboration of this statement.
Random mutations occurring at each tenth nucleotide in
all RNA molecules can give rise to 10" different RNA
variants, which proves the efficiency of evolution occur-
ring with the participation of polymerases capable of
making a large number of errors [3]. As a result, the
molecular variability has been maintained during transi-
tion from the RNA world to the world including DNA,
RNA, and proteins. This is in agreement with the fact that
most RTs introduce errors due to the absence of proof-
reading (3’'-5" exonuclease) domain. RNA-dependent
RNA polymerases that also lack the 3'-5" exonuclease
domain responsible for proofreading activity are consid-
ered evolutionary precursors of RTs [39]. It is plausible
that preservation of the ability to introduce errors indi-
cates conservation of the ancient properties of RTs that
have played a universal role in the evolution of all living
organisms. The similarity between the ribozyme domains
and their protein analogues [18] suggests that RTs of the
RNA world also possessed this property.
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According to the alternative hypothesis suggested by
Freeland et al. in 1999 [40], DNA was the last to appear
in the RNA—DNA-—protein triad. As an argument in
favor of this statement, the authors noted that the bio-
chemical reduction of ribonucleotides to deoxyribonu-
cleotides is out of the scope of RNA catalytic abilities
[40]. However, the authors did not consider the possibili-
ty of abiogenesis of DNA monomers in the absence of
intermediate step (ribonucleotides). Moreover, it was
proven that translation requires larger amount of heredi-
tary information than it can be supported by the RNA
genomes [17], which speaks in favor of our hypothesis
that proteins appeared the last in the course of evolution.
Most likely, the translation system has emerged as one of
numerous defense mechanisms of early DNA genomes
against insertions that used catalytic polypeptide domains
in the complex with ribozymes. This suggestion is sup-
ported by the data on the role of products of tRNA,
snoRNA, and rRNA processing [23, 25] in RNAi for
transposons.

FEATURES OF REVERSE TRANSCRIPTASE

Proteins of the RT family have the same evolutionary
origin, which has been proven based on the homology of
their amino acid sequences and presence of RTs in all
domains of life [39]. The RT enzyme is responsible for the
conversion of RNA into ¢cDNA and is required for the
invasion of REs and their proliferation in the genomes.
RT was first identified in 1970 by two research groups in
the RNA-containing mouse leukemia virus and Rous sar-
coma virions [41, 42]. In 1989, bacterial RTs were discov-
ered in REs known as retrons in Myxococcus xanthus [43]
and Escherichia coli B [44]. More than 50% of currently
identified bacterial RTs are encoded by the group II
introns, which are mobile REs with the ribozyme proper-
ties [45]. RTs have served not only as a key element in the
RNA world transition into the RNA—DNA-—protein
world, but also preserved their universal ability to acceler-
ate evolution at all the later stages. It is believed that the
precursors of RTs were RNA-dependent RNA poly-
merases [39] that at the time of the origin of life on Earth
were represented by ribozymes [2, 3]. Hence, ancient RTs
could also be ribozymes capable of synthesizing DNA on
the RNA template (as it has been proven in [17]).

The use of nucleoside triphosphates for elongation of
either RNA or DNA molecules is a fundamental proper-
ty of all living organisms. The reaction catalyzed by RNA
ribozyme is similar to the activity of telomerase.
Telomerase is a specialized DNA polymerase that con-
tains a short RNA in its composition which serves as a
template for the synthesis of telomeric DNA repeats. It
was suggested that ribozymes with the activities similar to
the activity of nucleotidyltransferase had played the role
of telomerases before the emergence of protein-mediated
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catalysis. Although tRNA nucleotidyltransferase is most-
ly responsible for the addition and maintenance of the
CCA-3' tail at the acceptor stem of tRNA, this cell
enzyme can also function as a “telomerase” in the viral
RNA genomes that accept the tRNA-like structures at
their 3’'-ends [46]. In this regard, the data on close asso-
ciation between tRNAs and REs in eukaryotes [21, 25,
28] may reflect the evolutionary relationship of these
molecules. As universal mediators, tRNAs could have
been originally used as a required link in RNA and DNA
polymerization (likely, even before the emergence of the
integrase ribozyme and DNA elongation via insertions).
Further selection of certain tRNAs capable of interaction
with amino acids mediated by various ribozymes has con-
nected the polynucleotide world to the protein world via
the triplet genetic code universal for all living organisms.
Close relationships between tRNAs and REs containing
complementary nucleotide sequence and using tRNAs as
templates confirm this suggestion [19]. The natural
ribozyme that catalyzes RNA polymerization via elonga-
tion of the RNA primer was identified in the living ciliate
Tetrahymena thermophila, which corroborates the theory
of self-replication of pre-biotic RNAs [47]. It was exper-
imentally demonstrated that unstable non-functional
complexes consisting of shorter 3’-truncated oligonu-
cleotides could be stabilized and become functional
through the non-enzymatic elongation of the primer [48].

It has been suggested that unlike RTs, other DNA
polymerase families have developed the proofreading
mechanisms which provide higher fidelity of DNA syn-
thesis during genome replication. In order to determine if
the lack of proofreading activity is a historical coinci-
dence or functional limitation of reverse transcription,
high-fidelity thermostable DNA polymerase for efficient
use of RNA templates was designed, which proved that
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the combination of proofreading activity with reverse
transcription is possible [39]. Apparently, this result indi-
cates conservation of the ancient type of RT, because
amplification mediated by this RT is characterized by
high mutability, required for the variability and acquiring
of new adaptive features. This universal property ensuring
DNA amplification and its variability could have been a
key element in the origin of life.

The similarity between the structures of ribozymes
and RT protein domains [18] suggests the existence of
evolutionary pathways for the transformation of catalytic
RNA molecules into the protein ones, as well close rela-
tionship between these molecules and their interchange-
ability (Fig. 2). RNA-dependent RNases are considered
as precursors of RTs [39], with RNA ribozymes as their
ancient forms. Hence, it is only logical to assume that RT
ribozymes should be available in living organisms.
Indeed, the fact that the highly organized RNA poly-
merase ribozyme can function as RT has been confirmed.
This RT activity has been of vital importance for the tran-
sition from the RNA to DNA genomes during the origin
of life on Earth. It was suggested that this activity has
emerged as a secondary function of RNA-dependent
RNA polymerase ribozymes [17]. Although REs also
encode other proteins enhancing the efficiency of reverse
transcription, their RT possesses dual enzymatic activity:
it can copy both RNA and DNA templates as a DNA
polymerase and cleaves RNA in the composition of the
RNA/DNA hybrids as ribonuclease H [19].

The presence of ribonuclease H activity in RT sug-
gests the universal role of this enzyme in the evolution of
key systems for transcript processing in live organisms.
This is related to the fact that ribonuclease H belongs to
the nucleotidyltransferase superfamily, which also
includes transposase, retroviral integrase, resolvase, and

RNA and DNA world Protein world

Translation system

Succession of ribozyme
functions by proteins

Optimization of ribozyme
functions during complex
interactions with proteins
in the composition
of RNPs

Emergence of new
proteins displaying
enzymatic functions
not characteristic
for ribozymes

Replace-
ment of Joined functioning
ribozymes of ribozymes
by proteina- and proteinaceous
ceous enzymes
enzymes

Fig. 2. Relationship between ribozymes and proteinaceous enzymes in the course of evolution.
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RISC nuclease Argonaute [36]. There is an evolutionary
succession in the 3D structures of domains of RNA
ribozymes and proteinaceous enzymes with similar func-
tions [18]. Hence, it is very likely that during the origin of
life on Earth, some modifications of RT ribozymes result-
ed in the appearance of ribonuclease activity, thus becom-
ing the basis for the evolution of processing systems.
Comparison of structures of retroviral integrases,
transposases, and their binding sites in DNA revealed that
both types of enzymes could have common biochemical
and genetic properties, which indicates the possibility
that they have originated from a common ancient
sequence [34]. Both transposase and retroviral integrase
have the same domain similar to ribonuclease H, with the
DDE/D catalytic triad that coordinates divalent cations
required for DNA cleavage and integration [35].
Chimeric ribozymes with the properties of different
enzymes have been described, which confirms the possi-
bility of a multifunctional nature of ancient RTs. In par-
ticular, the ribozyme from the Clostridium difficile bacteri-
um displays features characteristic for group I introns and
insertion elements [49]. The RE encodes integrase and
RT as a single polypeptide that is processed by the pro-
tease encoded in the same RE [50]. These data suggest
that some versions of RT ribozymes could have addition-
al ribonuclease and integrase activities. The mechanistic
similarity between the DNA transposase and integrase
enzymes from REs emphasizes their close evolutionary
relation. It is assumed that retroviruses have originated
from the LTR-RE Ty3/Gypsy. The copies of their DNA
can be found in the genomes of the majority of living
organisms [51]. The evolutionary kinship and interrela-
tionship between different enzymes responsible for the
transposition indicated a possible scenario of life origin
from REs as structural and functional units that have
given rise to other TEs. Their competition and interac-
tions, as well as ability for amplification via reverse tran-
scription, could have been the basis for the evolution.
Mutual parasitism of TEs has resulted in the prolif-
eration of non-autonomous REs that initially non-coding
enzymes required for the transposition. These elements
contain nucleotide sequences that play an important role
in the regulatory processes. For example, Alu REs are
associated with the activation of gene expression and
demonstrate high regulatory potential depending on the
chromatin state [52]. Alu elements belong to SINEs and
have originated from the reversely transcribed 7SL RNA.
The latter exists in the composition of RNPs as a
ribozyme or as a component of the signal-recognizing
particle (SRP) required for the ribosome transport
through the transmembrane pores. Interestingly enough,
the secondary structures of SRPs from animals, plants,
fungi, bacteria, and archaea are very similar [22], which
implies ancient evolutionary origin of 7SL RNA. This
provides the basis for suggestion that SRPs have originat-
ed from TEs — the very first universal source of all genes
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in the evolution. Alu and other SINEs, as well as 7SL
RNA, are processed by the Dicer enzyme with the forma-
tion of small ncRNAs [53].

ORIGIN OF TRANSLATION SYSTEM
AND SUCCESSION OF THE RIBOZYME
FUNCTIONS BY PROTEINS

Emergence of RT ribozymes from RNA polymeras-
es and their selection have been essential steps in the
maintenance and proliferation of systems for the
autonomous RNA replication. This is due to the high sta-
bility of DNA and conservation of adaptive genetic mate-
rial. Transcription of this genetic material back to RNA
by DNA-dependent RNA polymerases resulted in the
formation of polynucleotide molecules suitable for suc-
cessful amplification. Similar to the emergence of inte-
grase function by modification of RT ribozymes in the
RNA world, multiple insertions have facilitated evolution
and proliferation of systems of autonomously replicating
polynucleotides. However, this process has posed danger
for stable DNA genomes because of the accumulation of
mutations, when newly formed adaptive properties were
disrupted by new insertions. As a result, new mechanisms
of genome competition in a form of RNA-processing sys-
tems have developed in the course of selection. The basis
for the development of these defense mechanisms was
modification of the RT ribonuclease domain structure. It
is most likely that RNA polymerases and RT ribozymes
have become a source of various processing systems pro-
viding the defense against insertions through their modi-
fication via mutations. This ability has its reflection in the
protein world, e.g., the RT protein possesses the proper-
ties of ribonuclease H [19]. The members of its superfam-
ily are major participants in the processing systems in all
living organisms (RNAi, CRISPR system, splicing [20,
36]).

It is possible that the translation system has become
one of the mechanisms of processing and defense in the
RNA—-DNA world, which can explain the succession of
the ribozyme domains by proteins in the course of evolu-
tion and their relationship in the regulation of the same
biological processes. The possibility of protein control of
biological reactions without involvement of ribozymes
also speaks in favor of this suggestion, because selection
and conservation of polypeptides aiming to the improve-
ment of defense mechanisms implies advantage of their
use over the use of ribozymes. Initially, rRNAs, tRNAs,
and ribozymes processing them could have originated
from TEs and performed other functions required for the
competition of early genomes, including as components
of other defense systems. In particular, tRNAs are used as
primers by REs and retroviruses [19], which may reflect
an ancient evolutionary property of tRNA. Furthermore,
rRNAs [23, 54], snRNAs [23], tRNAs [55], and
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snoRNAs [56, 57] undergo non-random processing. The
obtained products of processing are used for RNAi of TE
[23, 25, 55, 58]. Ribozymes participate in various
processes and perform numerous functions. For example,
tRNAs are used not only as primers, but also in RNAi and
transport of amino acids. Proteinaceous enzymes partici-
pate in various processes and perform numerous func-
tions. For example, RT telomerases (TERTS) are used for
the regulation of gene transcription in addition to telo-
mere elongation [59]. Evolutionary relationships between
the translation system ribozymes and transposons are
manifested as site-specific features of TE integration. For
example, the R-element, miniature inverted repeat trans-
posable elements (MITEs), and Pokey insert into multi-
genic rDNA [60], while the R2 retroelement inserts into
the gene regions of the 28S rDNA [61].

The same close relationship and evolutionary kin-
ship have been revealed between all components of other
RNA-processing systems and TEs. For example, spliceo-
somal introns have originated from group II introns. The
latter are TEs with the ribozyme properties and RT activ-
ity [62]. At the same time, TEs in eukaryotes serve as a
source of spliceosomal introns [63, 64], splicing signals
[65, 66], splicing enhancers and silencers [67, 68], and
structural and functional components of the spliceosome
itself [69]. Moreover, similarly to TEs, spliceosomal
introns are processed by specific ribonucleases with the
production of ncRNAs [70].

Due to the emergence of translation system, living
organisms have moved to a new level of structural and
functional organization. As a result, proteinaceous
enzymes were able to replace ribozymes in competing
genomic systems, to function in the content of RNP com-
plexes, and to form domains with new activities not char-
acteristic for ribozymes. Despite these developments, the
properties of ribozymes exclusive for these molecules have
been conserved in the course of evolution, which proves
their role in the origin of translation system. In particular,
rRNA molecules in the content of ribosome directly con-
trol protein synthesis. It was shown that the ribosomal cat-
alytic sites are composed solely from RNA. Unlike
rRNAs, ribosomal proteins are located at a significantly
greater distance from the active sites of the ribosomes [71].
It cannot be ruled out that ribosomal ribozymes have orig-
inated from the modified TEs in the course of formation
of systems competing with other egoistic elements.
Participation of ncRNAs formed by rRNA processing in
RNAIi confirms this statement [23]. Furthermore, it is
most likely that TEs have also served as evolutionary
ancestors of tRNAs. Both the use of processed tRNA tran-
scripts in TE silencing (which implies complementarity of
their nucleotide sequences) [25, 55] and the use of tRNAs
[21] and rRNAs [21, 29-31] as a basis of non-autonomous
TEs in genomes validate this notion.

Hence, the relations between the RNA—DNA world
and proteins have emerged due to RTs and universal con-
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served RT-containing structures, such as REs and their
derivatives (DNA-TEs). Successful proliferation and
conservation during evolution of the reversely transcribed
rRNAs and tRNAs as autonomous TEs in various eukary-
otic genomes indicate their evolutionary kinship with
other TEs and are ensured by their common properties
with autonomous TEs, as well as the presence of homol-
ogous nucleotide sequence in their composition [23].
Interestingly enough, the 3’-end of SINE3, which has
originated from the 5S rRNA, displays significant similar-
ity with the CR1-like non-LTR RE. Similarly to the
CRI1-like REs, the copies of SINE3 are not flanked by the
duplicates of target sites, and their 3'-ends consist
of the (ACATT), and (ATT), microsatellites [29].
Transcriptionally active SINE28 that have originated
from the 3'-end of the large ribosomal subunit (28S) was
identified in mammalian genomes [31]. Some insect
genomes contain HaSE3 chimeric SINEs consisting of
tRNAs and 5S rRNAs [30]. SINEU elements originating
from the Ul and U2 snRNAs were identified in the
genomes of crocodiles, alligators, and gavials [24], which
suggests evolutionary relationship between translation
and splicing. This is in agreement with the fact that
snRNAs also undergo non-random processing [23] for
RNAIi of TE sequences in the genome. Hence, compo-
nents that associated the RNA—DNA world with proteins
during the origin of life have formed due to RT and TEs.
The main principles of these processes have been pre-
served in the course of evolution (Fig. 3).

ROLE OR REVERSE TRANSCRIPTASE
IN THE EVOLUTION OF PROKARYOTES

Although RTs are considered as eukaryotic enzymes,
they are also abundant in bacteria [72]. RTs mediate gene
exchange between the plasmids and the nucleoid, thereby
ensuring transmission of adaptive features between cells
and their descendants [73]. REs (retrons) were described
already in 1989 in the prokaryotic genomes of E. coli [44]
and M. xanthus [43]. In 2002, a prokaryotic RE termed
diversity-generating retroelement (DGR) was identified
[74]. Phylogenetic analysis revealed that bacterial RTs
could be classified into 17 groups: RTs from group II
introns, retrons, and retron-like elements, DGR RTs,
Abi-like RTs, RTs from the CRISPR-Cas system, G2L
(group II-like RTs), and 11 other RT groups with
unknown properties [75]. Bacterial genomes contain
numerous non-characterized RTs and associated
sequences with a wide variety of domain structures. With
the exception of group II introns, RT-containing ele-
ments do not display any features of active retromobility
but are involved in the defense of genomes against phages
[72]. These genomic structures have retained their
ancient evolutionary property aiming to ensure the com-
petition of egoistic genomes, in the course of which new
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Fig. 3. Schematic representation of the evolution of processing systems as defense mechanisms.

defense systems have been formed. Group II introns
encode more than 50% bacterial RTs that can generate
complementary DNA on the RNA template. These
introns act as ribozymes and mobile REs and are classi-
fied into A, B, C, D, E, F, G, CL1/2 (chloroplast-like),
and ML (mitochondrion-like) groups. All of them have
developed via association of ancient RTs with the struc-
tural catalytic RNAs [75].

Group II introns encode their own RTs that stabilize
catalytically active RNA for the forward and reverse splic-
ing and convert integrated intron RNA into DNA [76].
Group II introns were first identified in 1986 in the mito-
chondrial transcript from Saccharomyces cerevisiae [77].
It was suggested that these elements were evolutionary
predecessors not only of spliceosomal introns, but also of
spliceosomes themselves, REs, and eukaryotic telomeres
[76]. The structure of the catalytic domain of these RTs is
very similar to telomerase, and the active site for
splicing — to the spliceosome Prp8 protein, which sug-
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gests evolutionary relationship between splicing and
retromobility [18]. Moreover, it was shown that the Prp8
protein has originated from RT transposons in the course
of evolution [69].

It was demonstrated that RTs of the type III
CRISPR-Cas system are related to the RTs encoded by
the group II introns. Association of RTs with the
CRISPR-Cas system has occurred multiple times in the
course of evolution. Phylogenetic analysis of RTs from
the CRISPR system allowed to classify them into 12
groups and revealed co-evolution of RTs with the Casl
proteins, as well as their horizontal transfer to the
archaeal genomes [45]. RTs contain sequences with the
properties of ribonuclease H, which belongs to the
nucleotidyltransferase superfamily together with Cas9
[20]. Hence, it can be suggested that the CRISPR system
has formed in the course of evolution from the defense
mechanisms exhibited by one RE group against other
TEs. Prokaryotes fight viruses with the help of innate
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immune systems of receptor modification, restriction-
enabled modification, and abortive infection. RNA-
mediated CRISPR-Cas adaptive immune system has
been identified in the majority of archaea and ~40% bac-
teria [45]. RT plays an important role in this system by
catalyzing reverse transcription of foreign RNA [78].

Integration of new nucleotide sequences (spacers) in
prokaryotes with the help of CRISPR system is accompa-
nied by the removal of other parts of genome (repeats),
which preserves the size of the nucleoid DNA. As a result,
the maximum genome length of M. xanthus is only 16-
times greater than the minimal length of the Micoplasma
genitalium genome. The evolutionary success and an
extremely wide variety of phenotypes and genome sizes in
eukaryotes could be explained by the universal role of
insertions in their evolution and functioning, which, in
turn, could reflect the processes that had occurred during
the life origin on Earth. The sizes of eukaryotic genomes
can differ 70,000 times (from 2.3 Mbp in S. cerevisiae to
148,852 Mbp in Paris japonica) [79]. However, a signifi-
cant homology between the CRISPR and RNAI systems
with participation of small interfering RNAs was reported
[20]. It can be suggested that the common ancestor of all
domains of life had a defense mechanism modification
that provided the basis for the development of CRISPR
system in prokaryotes and RISC in eukaryotes. The
specifics of their functioning affected the structural fea-
tures of genomes from different Kingdoms of life. Despite
the lengthy period of evolution from the moment of life
emergence, modern organisms still possess the mecha-
nisms reflecting succession of the ribozyme functions by
proteins at the early stages of evolution, long ncRNAs
being the most prominent example.

ROLE OF REVERSE TRANSCRIPTASE
IN THE EVOLUTION OF EUKARYOTES

Eukaryotic REs are classified into 2 main groups
according to the mechanism of their transposition and
DNA organization. The first class consists of LTR-REs
characterized by the presence of direct repeats of several
hundred base pairs at their ends and pol and gag genes.
The product of the pol/ gene contains several enzyme
domains (RT, ribonuclease H, integrase, and proteinase).
The gag gene encodes GAG (Group-specific AntiGen)
proteins. REs belonging to the second class — non-LTR-
REs — contain one open reading frame (ORF) encoding
a protein with the RT and EN (endonuclease) domains or
two ORFs (the first one is similar to the retroviral gag gene
and the second one encodes RT and EN domains). It was
suggested that LTR-REs have evolved from non-LTR REs
via development of integrase, while retroviruses originat-
ed from LTR-REs via inclusion of envelope genes (env
domains) from other viruses [45]. Genome sequencing
has revealed that eukaryotes can contain more RT genes
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than genes encoding any other protein. Around 40% of
nucleotide sequences in the mammalian genomes are
REs, mainly LINEs and SINEs. The content of TEs in
plant DNA can reach 91% (Asparagus officinalis), mainly
due to LTR-REs [80].

Eukaryotic RTs are involved in addition of telo-
meres, replication of mitochondrial plasmids, transcrip-
tion and proliferation of retroviral genomes [39], and
gene duplication [80]. RTs comprise a basis of REs, which
serve in eukaryotes as key sources for the formation of
both regulatory [65] and protein-coding sequences via
either domestication of REs themselves [81, 82] or
exonization of their nucleotide sequences [66, 83, 84].
REs were found to be the source of the most conserved
properties in eukaryotic genomes that distinguish them
from prokaryotes. For example, centromeric satellites
[85] and centromere-binding proteins CENP/CENH3
[86] interacting with the centromeric REs [87], telomeres
[88] and telomerase [89], transcription factors [65] and
their binding sites [90] have originated from REs. Many
microRNAs [91] and their target nucleotide sequences in
the protein-coding genes have originated from REs and
other TEs [65, 66, 81-84]. One cannot rule out that
ncRNA-processing proteins, as well as the main compo-
nents of the RNAI system, have also originated from TEs
in the course of evolution, similar to spliceosome. Based
on the mechanisms of evolution of eukaryotic genomes, it
can be suggested that REs and RTs could be the sources
of the origin of life itself, which is associated with the use
of REs as universal units conserved through all the stages
of evolution. Functioning of long ncRNAs is typical for
eukaryotes. They represent the best example reflecting
the principles of TE participation in the emergence of
self-regulating systems and succession of ribozymes by
proteinaceous enzymes.

Long ncRNAs are ribozymes capable of functioning
either on their own or in the content of RNPs. They par-
ticipate in the transcription regulation by affecting his-
tone modification and DNA-binding complexes, includ-
ing transcription factors [92]. Furthermore, nucleotide
sequences of many processed transcripts of long ncRNAs
completely match the sequences of TEs [15], and >80%
of active domains of all long ncRNAs have originated
from transposons [14]. REs can function as genes of long
ncRNAs [93, 94], i.e., processed RE transcripts display
ribozyme properties, which may reflect their ancient con-
served feature that could have been a key factor in the ori-
gin of life. Investigating the role of long ncRNAs in the
formation of new protein-coding genes could reveal sim-
ilar processes at the early stages of evolution, when tran-
sition from the RNA—DNA world into the protein world
had occurred by the succession of the ribozyme functions
by polypeptide enzymes. The origin of evolutionary new
eukaryotic enzymes from the translation products of long
ncRNA transcripts has been demonstrated in independ-
ent studies [10-13] and was possible due to the ability of
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long ncRNAs to bind ribosomes and be translated into
functional peptides [95].

Due to the RT function, active proliferation of REs
in eukaryotic genomes has become the source of bio-
chemically active, strictly regulated non-coding ele-
ments, such as transcription factor binding sites and
ncRNA. In the course of evolution, this process facilitates
rearrangement of genetic regulatory networks, thus pro-
viding foundation for genetic variability and emergence of
new species [96]. In addition, REs are important sources
of hybrid dysgenesis during formation of new species. The
outbreaks of transposition events that facilitated genetic
instability have been observed following hybridization.
The association between hybrid transpositions and
demethylation has been observed in both mammals and
plants [97].

Similar to the long ncRNAs, pre-mRNA molecules
of protein-coding genes can form various 3D configura-
tions. Moreover, their secondary and tertiary structures
play an important role in the processing and stability of
pre-mRNAs [98], which suggests functional significance
of the evolutionary precursors of these RNAs and their
evolutionary origin from TEs. For example, the abun-
dance of TEs sequences in long ncRNA domains could be
associated with their ability to form conformations par-
ticipating in the essential biological reactions [14].
Various algorithms using minimization of free energy and
maximum expected accuracy, as well as comparative evo-
lutionary methods, are being developed to predict the
secondary structures of RNAs. However, these tools are
not ideal. The secondary structure of pre-mRNA could
either promote or inhibit the splicing of the molecule
itself, depending on the features of nucleotide sequences
in its introns. Following the splicing, the RNA secondary
structure could also affect the molecule stability and reg-
ulation of RNAI. Splicing of pre-mRNA molecules is also
influenced by their tertiary structure. The G-quadruplex,
which can enhance or inhibit splicing via creating or
obscuring the sites of RNA binding with the protein, is an
example [98]. REs possess similar properties — they can
control recognition of the splicing sites through the for-
mation of specific 3D hairpin structures [99].

Processing of introns of protein-coding genes into
functional ncRNAs [70] make them similar to TEs [91].
Conservation of RNAIi involving TE transcripts in the
course of evolution indicates a universal nature of this
mechanism. Active use and conservation of genetic code
(encoding of amino acids with nucleotides) could be
associated with the possibility of peptide interactions
with the primary and secondary DNA structures [100] in
order to ensure the defense mechanisms. Both ribozymes
or proteins are efficient in different types of biological
reactions. If ribozymes provide unique advantages in a
certain process, they preserve their functions. However,
newly formed proteinaceous enzymes are capable of
replacing these RNA molecules by ensuring better adap-
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tation. This non-equilibrium state is a source of evolu-
tionary transformations and generation of new protein-
coding genes in the DNA regions containing genes of
ncRNAs [10-13].

It is generally assumed that the majority of RT-like
enzymes belong to REs or viruses and do not have any
defined function in the host cell with the exception of
telomerase. However, a unique class of RT-associated
genes termed »vf was discovered. The rvt genes are com-
ponents of the host cell genome (and not RE compo-
nents); they exist as single copies and can contain introns
at the evolutionary conserved positions. The vz genes can
change under selection pressure; they have been found in
all major taxonomic groups including Protista, fungi, ani-
mals, plants, and bacteria, although their distribution is
not phylogenetically uniform [101]. RTs are used in the
generation of high-copy genes, such as MADS-box and
cytochrome P450 genes [102]. Histone genes are also
characterized by cluster organization and do not contain
introns, which suggests their origin from TEs of the com-
mon ancestor of all eukaryotes. This hypothesis is sup-
ported by the fact that the CENP/CENH gene encoding a
variant of the H3 histone, has originated from TE [86].
Small ncRNAs are capable of exerting their epigenetic
effect via histone modification [103], while TEs them-
selves serve as the sources of ncRNAs [91]. Different
types of TEs are associated with specific modifications of
histones in the regions of their location (LTRs and
LINEs — with H3K9me3 mark; other TEs — with
H3K27me3 marks) [104]. The size distribution of the
conserved and non-conserved introns has the maxima
close to the lengths of dinucleosomal and nucleosomal
DNAs [105]. The obtained data indicate that TEs possess
universal properties and represent conserved units of all
living organisms capable of forming self-regulatory com-
plex structures that can efficiently evolve. Participation of
histones in the regulation of genome function reflects the
fact that during the life appearance, proteins have been
used not only for the continuity of ribozyme functions but
also for the formation of new optimal adaptive properties.
Moreover, TEs have given rise to genes directly involved
in the chromatin remodeling [106]. It was found that TEs
have been the source for the acetyltransferase complex
HDP1/2 [107], chromatin modification factors BEAF-32
and HIM-17 [108], centromeric proteins Abpl [65], and
insulators [109].

A considerable body of data has been accumulated
on the universal nature of RT as a key link connecting the
RNA and DNA worlds in the origin of life on Earth.
Conservation of the RT involvement in the formation of
new principles of self-regulation and self-reproduction is
manifested in the evolution of bacteria, archaea, and
eukaryotes, which could reflect similar mechanisms in
the origin of ancestral pre-cellular forms of life. Modified
versions of the RNA polymerase ribozyme could have
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possessed the properties of RT, ribonuclease, and inte-
grase to support self-reproduction of RNA and DNA
biopolymers. However, preservation of information on
the adaptive properties essential for the survival of DNA-
based biomolecules required the balance between inser-
tions (providing variability and lengthening of early
genomes) and protection of important genetic material.
In this connection, selection of mechanisms protecting
from the insertions has occurred together with the forma-
tion of RNA-processing systems (RISC, CRISPR, splic-
ing, and translation). The sources for these systems might
have been modified RT ribozymes possessing various
ribonuclease activities. Amino acids and peptides could
have been used for the optimization of protective mecha-
nisms in competing egoistic polynucleotide molecules.
Later, the improvement of the translation system has
become the basis for the interconnection of the
RNA—-DNA world with polypeptides. In these processes,
succession of the functions of ribozymes by protein
enzymes occurred. This principle is conserved in eukary-
otes, because ribozymes of long ncRNA can be translated
with the formation of functional molecules. In the course
of selection, genes of long ncRNAs could have been
transformed into the protein-coding ones, with the
processed transcripts preserving their enzymatic activity.
As a result, REs in eukaryotes have become the sources of
transcription factors and their binding sites, centromeres
and centromere-binding protein, telomeres and telo-
merase, protein-coding genes and ncRNAs interacting
with them, introns, and components of spliceosomes.
This represents a universal principle of self-regulation of
REs and their derivatives required for the life origin and
its evolution.
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