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Abstract

The addition of poly(A)-tails to RNA is a phenomenon common to almost all organisms. Not only homopolymeric poly(A)-tails, comprised
exclusively of adenosines, but also heteropolymeric poly(A)-rich extensions, which include the other three nucleotides as well, have been observed in
bacteria, archaea, chloroplasts, and human cells. Polynucleotide phosphorylase (PNPase) and the archaeal exosome, which bear strong similarities to one
another, both functionally and structurally, were found to polymerize the heteropolymeric tails in bacteria, spinach chloroplasts, and archaea. As
phosphorylases, these enzymes use diphosphate nucleotides as substrates and can reversibly polymerize or degrade RNA, depending on the relative
concentrations of nucleotides and inorganic phosphate. A possible scenario, illustrating the evolution of RNA polyadenylation and its related functions,
is presented, in which PNPase (or the archaeal exosome) was the first polyadenylating enzyme to evolve and the heteropolymeric tails that it produced,
functioned in a polyadenylation-stimulated RNA degradation pathway. Only at a later stage in evolution, did the poly(A)-polymerases that use only ATP
as a substrate, hence producing homopolymeric adenosine extensions, arise. Following the appearance of homopolymeric tails, a new role for
polyadenylation evolved; RNA stability. Thiswas accomplished by utilizing stable poly(A)-tails associatedwith themature 3′ ends of transcripts. Today,
stable polyadenylation coexists with unstable heteropolymeric and homopolymeric tails. Therefore, the heteropolymeric poly(A)-rich tails, observed in
bacteria, organelles, archaea, and human cells, represent an ancestral stage in the evolution of polyadenylation.
© 2007 Elsevier B.V. All rights reserved.
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1. Polynucleotide phosphorylase (PNPase)

PNPase (EC 2.7.7.8) was discovered in 1955 by Grunberg-
Manago et al. [1] and was the first enzyme to be identified that
catalyzes the formation of RNA using ribonucleotides. It was
e archaeal exosome as poly(A)-polymerases, Biochim. Biophys. Acta (2008),
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Fig. 1. PNPase acts as both a polymerase and a 3′ to 5′ exoribonuclease. PNPase
is presented schematically as a homotrimer. When polymerizing RNA (left side
of figure), PNPase consumes nucleotide diphosphates (NDPs) and produces
inorganic phosphate (Pi). During exoribonucleolytic RNA degradation (right
side of figure), the opposite occurs. Because the equilibrium of this reaction lies
close to unity, PNPase is extremely sensitive to Pi and NDP concentrations (gray
wedges at bottom). Therefore, the reaction catalyzed by PNPase can theoretically
be dictated by local concentrations of each substrate.
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later characterized by Littauer and Grunberg-Manago in studies
of the nature of ribonucleotide incorporation into nucleic acids
in E. coli [2].
Fig. 2. Structural similarities between RNase PH and the 3′→5′ RNA degradation m
[29,33] and eukaryotic [41] exosomes, as well as the predicted structure of the chloro
The structures were generated using Pymol (http://pymol.sourceforge.net/).
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Unlike RNA polymerases, it does not require a template and
cannot copy one and when supplied with a mixture of ribo-
nucleotide diphosphates (NDPs), the ensuing polymerization
reaction forms a random copolymer. PNPase not only catalyzes
5′→3′ RNA polymerization but processive 3′→5′ phosphor-
olysis as well [2–4]. As a phosphorylase, it uses phosphate (Pi)
to cleave phosphodiester bonds (Fig. 1). The phosphorolysis
reaction, unlike hydrolysis, is close to equilibrium and therefore,
mostly reversible. The direction of PNPase activity, either deg-
radation or polymerization, can be controlled by the relative
concentrations of NDPs and Pi (Fig. 1).

In E. coli, PNPase is mostly active in 3′→5′ phosphorolysis
during RNA degradation and 3′ end processing, but a substantial
degree of activity in the polymerization of heteropolymeric tails
has also been reported [5,6]. Part of the PNPase population in
E. coli is associated with the endoribonuclease RNase E, an RNA
helicase, enolase, and possibly other proteins in a high molecular
weight complex termed the degradosome [7]. In spinach
chloroplasts, cyanobacteria, and gram-positive bacteria, PNPase
is suggested to be the major polyadenylating enzyme [8–11]. It
achines. The structures of RNase PH [19,20], the bacterial PNPase [24], archaeal
plast PNPase [27], are shown in order to compare their ring-shape compositions.

e archaeal exosome as poly(A)-polymerases, Biochim. Biophys. Acta (2008),
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was also reported to be a global regulator of virulence and
persistence in Salmonella enterica [12]. In Chlamydomonas, the
chloroplast PNPasewas recently presented to be a key regulator in
the adaptation to Pi starvation [13]. In human cells, PNPase was
identified in an overlapping pathway screen to discover genes
displaying coordinated expression as a consequence of terminal
differentiation and senescence of melanoma cells [14]. Although
it harbors a mitochondrial target peptide, the human PNPase was
recently localized to the mitochondrial inter-membrane space
(IMS), not to the matrix and therefore, unlike its homologues in
Fig. 3. A. Phylogenetic tree of the RNase PH-domains of bacterial and organellar PN
exosome proteins and E. coli RNase PH were aligned using the Clustal X multiple
[27]. Proteins from the same organism have the same color. The dotted lines indicate
of these regions is therefore low. The organisms are: At, Arabidopsis thaliana; So,
antibioticus; Sy, Synechocystis sp. PCC6803; St, Staphylococcus aureus; Dm,
cerevisiae; and Mt, Methanobacterium thermoautotrophicum. [Reproduced with
B. Domain analysis comparison of RNase PH, the bacterial and organellar PNPases,
PNPase are shown in red and orange and the KH and S1 domains are shown in gree
degradation activity is shown in gray. Note that the PNPase enzyme is a homotrimer,
RNase PH core domains.
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bacteria, chloroplasts, and plant mitochondria, may not play a
direct role in the processing and degradation of RNA [15–17].

RNase PH (EC 2.7.7.56) is a second Pi-dependent 3′→5′
exoribonuclease in bacteria that functions in the trimming of the
tRNA precursors at their 3′ ends [18]. In bacteria, six RNase PH
polypeptides form a homohexameric structure that is similar to
that of PNPase and the exosome core (Fig. 2) [19,20]. Indeed,
RNase PH homologues have been observed in some archaea
and eukaryotes in which they form the core of the exosome
complex (see below) [21].
Pases and exosome proteins. The 1st and 2nd core domains of PNPases, related
sequence alignment tool, and a phylogenetic tree was constructed as described
regions of the tree in which the bootstrap value was less than 50%; the validity
Spinacia oleracea; Hs, Homo sapiens; Ec, Escherichia coli; Sa, Streptomyces
Drosophila melanogaster; Ce, Caenorhabditis elegans; Ye, Saccharomyces
permission of the American Association of Plant Biology from Ref. [27].]
and the archaeal and eukaryotic exosomes. The two core RNase PH-domains of
n and light blue, respectively. The exosome protein harbors the hydrolytic RNA
as indicated by the (×3) label, which makes a complex with the same number of

e archaeal exosome as poly(A)-polymerases, Biochim. Biophys. Acta (2008),

http://dx.doi.org/10.1016/j.bbagrm.2007.12.004


Fig. 4. The polyadenylation-stimulated RNA degradation pathway. The three
stages of polyadenylation-stimulated RNA turnover are: (1) endonucleolytic
cleavage, (2) polyadenylation, and (3) exonucleolytic digestion. The first
endonucleolytic cleavage is believed to be performed by RNase E in E. coli and
related bacteria. RNase J has been implicated to this function in Bacillus subtilis.
The polyadenylation is performed by Ntr-PAP, producing homopolymeric poly
(A)-tails or by PNPase, producing heteropolymeric poly(A)-rich tails. In
hyperthermophilic and several methanogenic archaea, the heteropolymeric tails
are synthesized by the archaeal exosome. The exonucleolytic degradation step is
carried out by PNPase and RNase II/R in bacteria and by the archaeal exosome,
in the exosome-containing archaea. In those in which the exosome is not present,
neither is polyadenylation and degradation is carried out by RNase R.
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2. Structural similarities between PNPase, RNase PH, and
the exosome complexes

The amino acid sequences of PNPases from bacteria, as well
as from the nuclear genomes of plants and mammals, display a
high level of homology and feature a similar composition of five
motifs (Fig. 3) [22–27]. The protein contains two domains that
are related to the RNase PH enzyme termed the phosphorolytic
domains, 1st and 2nd core domains, or RNase PH-like domains.
An additional two domains are homologous to the K1 and S1
domains characterized in RNA binding proteins and the fifth, an
α-helix domain, separates the two core domains. The PNPases
of plants and animals are directed to the chloroplast and
mitochondrion by an N-terminal transit peptide that is removed
from the protein upon translocation.

The three-dimensional structure of the PNPase from the
bacterium, Streptomyces antibioticus, has been deciphered by
X-ray crystallographic analysis. The enzyme forms a ring-
shaped homotrimeric complex, with the hexameric PH-domains
surrounding a central channel that can accommodate a single-
stranded RNA molecule (Fig. 2) [24,28].

PNPase has not been found in any members of the archaeal
domain. However, several hyperthermophilic and methanogenic
archaea contain a protein structure that is composed of two
proteins, Rrp41 and Rrp42, which are homologous to RNase PH
and one protein, containing a KH/S1 domain (Fig. 3). Three
copies of these proteins form a nine-subunit complex termed the
archaeal exosome that, like PNPase, is responsible for the
polyadenylation and degradation of RNA [29–34]. Crystal-
lographic analysis of the archaeal exosome revealed a structure
very similar to that of the bacterial PNPase (Fig. 2). The
eukaryotic exosome, which is active in 3′→5′RNAdegradation
in the cytoplasm and nucleus, is composed of 10–11 subunits
and its alignment with the archaeal exosome and the various
PNPases clearly points to a striking similarity between both the
number and characteristics of the different domains [34–40].
The same type of core structure is formed: a ring-shaped
complex created by six different PH-like polypeptides, in which
three different subunits each contribute a KH and an S1 domain
[41]. The yeast exosome core, in addition to RNase PH-like
polypeptides, contains a novel subunit with hydrolytic 3′
exonuclease activity, termed Rrp44 or Dis3, that is homologous
to members of the bacterial RNase R family [21,42,43].
Interestingly, however, both the yeast and human exosomes
were recently shown to lack RNA phosphorolysis activity
[41,42]. It could be suggested that this activity was lost during
the evolution of the eukaryotic exosome, despite the fact that it
preserved the ring-shaped PNPase-like core structure (Fig. 2).

These observations imply that the bacterial and organellar
PNPases, as well as the archaeal and eukaryotic exosomes,
constitute a family of ring-shapedmachines, which has evolved to
phosphorolytically (in bacteria and organelles) and/or hydro-
lytically (in eukaryotes) polymerize and degrade RNA. The
hypothetical ancestral complex, from which these enzymes
evolved, was already present before the separation of bacteria,
archaea, and eukaryotes (Fig. 3). It could be hypothesized that the
RNase PH, S1, andKHdomainswere functionally assembled into
Please cite this article as: S. Slomovic, et al., Polynucleotide phosphorylase and th
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these ring-structured RNA phosphorolysis machines as the result
of evolutionary processes and necessities. It is likewise interesting
to postulate why this machinery separated into several different
proteins in archaea and eukaryotes while remaining comprised of
repetitions of one protein in bacteria and organelles.

3. The polyadenylation-stimulated RNA degradation
pathway and PNPase as a polymerase

The molecular mechanism of RNA polyadenylation and
degradation in prokaryotes and organelles has been extensively
studied, mostly by analyzing E. coli. The general scheme of this
pathway consists of three sequential steps initiated with en-
donucleolytic cleavage of the transcript. In the second stage, the
cleavage product is polyadenylated and thereby targeted for
rapid exonucleolytic degradation which comprises the final step
(Fig. 4). In E. coli, polyadenylation is carried out mainly by a
nucleotidyl transferase-type poly(A)-polymerase (Ntr-PAP),
producing homopolymeric poly(A)-tails, and to a certain extent,
by PNPase, which extends heteropolymeric poly(A)-rich tails
containing all four nucleotides [5]. Hfq, a protein that resembles
the eukaryotic Sm polypeptide, was found to be involved in
modulating the polyadenylation activity between Ntr-PAP and
PNPase [44,45]. The exonucleolytic degradation, is performed
by PNPase, RNase II, and possibly, also by RNase R [46].
Research in E. coli led to the study of related mechanisms in
other systems, revealing polyadenylation-stimulated RNA
degradation pathways in other bacteria, chloroplasts, both
plant and humanmitochondria, archaea, and for nuclear encoded
transcripts in yeast and human cells. The detection of non-
abundant, truncated polyadenylated RNA molecules, which are
e archaeal exosome as poly(A)-polymerases, Biochim. Biophys. Acta (2008),
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Table 2
Poly(A)-polymerases, their substrates, and the nature of the tails which are
produced

Enzyme Location Tails Substrate References

1. PNPase Bacteria,
organelles

Hetero NDPs [5,8,10,44,47,48]

2. Archaeal
exosome

Archaea Hetero NDPs [32,49]

3. Ntr-PAP Bacteria,
organelles?

Homo ATP [61,62]

4. mtPAP Animal
mitochondria

Homo ATP [67,68]

5. Trf4, trf5 Nucleus Homo ATP [59,69–71]
6. GLD-2 Homo ATP [59,72,73]
7. Pol II PAP Nucleus Homo ATP [74]
8. Pol II PAP Cytoplasm Homo ATP [74]
9. ? Mammals: Hetero ? [54]

–Nucleus?
–Cytoplasm?

Table 1
Examples of heteropolymeric tails

Organism Polymerase Example of a representative tale

B. subtilis [48] PNPase GA3UA6CUA4CACA18UA8CAACA3UACGA4CA3U2A17CA3GA9U2A8 (23S rRNA)
S. colelicolor [65] “ A3UA2U2A3UA5UA4U2A4GA5UA17 (23S rRNA)
E. coli [66] “ A6GCUACAUGA12GCUGACGUGA6GAGACUAU2CGA4CAG2A3GUA8U21 (lpp)
Synechocystis [9] “ G2UGACAGA2G3A5UAUACAGAGA2GAUGA3GUA2GUA2GAGAGAUCUGAGCGA4CU2A5GA5CUA6-

CAAG2A2GA3GA2U2GA4G3 CA9U2AGACACA6 (rbcL)
Spinach chloroplast [47] “ A2GAGAG2AG2CA6G2A2GA5GAGA3G2A2GUA3GA2GCA4GA6G2CAGAGA5G2A3GA3GA4GAGAGA3-

G2ACA7UA8GAGA3G2A4G2AG2ACAG2A4GAG2A3CA5GAGC2AGA5G2AG2A4G2CGAG2AGA5GAGA-
GAUA2C4A13GAG2AG2A3C3A3G2A3UA9G2A3GUG2A14 ( psbA)

Archaea (Sulfolobus) [32] Archaeal exosome AGAUA3CUGA2GACAGA7G2A4GA2UA4GAUAGAGAUA4UAGUAGAG3AUGA3GACUA12G2AUA17

(16S rRNA)
Human [54] ? A5GA4GA7GA3GA3GA3GAG2A2GA2GAG2AGA5G2AGA2G2AGA6G3AG2A4GAG2AG A3GA2GUA5GA19

(28S rRNA)
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the degradation intermediates caught between the second and
third stages of the pathway, serves as a tell tale sign of the
presence of a poly(A)-stimulated RNA degradation mechanism
[11].

4. Heteropolymeric poly(A)-rich tails are added by PNPase
or the archaeal exosome

For clarification, the terms “homopolymeric” and “hetero-
polymeric” tails refer here to post-transcriptionally added
extensions that were analyzed by DNA sequencing and found
to contain either only adenosines or any of the other nucleotides
as well, respectively. Examples of heteropolymeric tails are
presented in Table 1. Short tails, containing only several non-A
nucleotides, or tails produced by a non-specific polymerization
enzyme but not analyzed by DNA sequencing are not referred to
here as heteropolymeric tails.

Heteropolymeric poly(A)-rich tails were first discovered
when spinach chloroplast transcripts were analyzed for poly-
adenylation [47]. However, the identity of the polymerizing
enzyme was unknown and likewise, the biological meaning of
these extensions was not understood. Several years later, such
heteropolymeric tails were detected in E. coli strains, in which
the poly(A)-polymerase gene was inactivated, and PNPase was
identified as the enzyme responsible for this activity [5]. Fol-
lowing these initial observations, experiments in cyanobacteria,
the gram-positive bacteria, Streptomyces coelicolor and Bacil-
lus subtilis, as well as spinach chloroplasts, determined that in all
cases in which heteropolymeric poly(A)-rich tails were detected,
PNPase was the polymerizing enzyme [8–10,48]. Therefore,
once detected, the nature of the post-transcriptionally added
extensions, concerning their nucleotide composition, can in-
dicate the identity of the polymerizing enzyme (Tables 1 and 2).

To date, only few organisms or organelles have been
described in which RNA does not undergo any form of
polyadenylation and is, therefore, metabolized by other means.
Among these are the halophilic, and several methanogenic
archaea, as well as the small genome parasitic bacteria, my-
coplasma ([32,49] and Portnoy and Schuster, submitted). In
addition, polyadenylation does not occur in yeast mitochondria,
perhaps reflecting a general rule in fungus (Fig. 5) [50–52]. In
these organisms which lack poly(A), there is no PNPase and in
Please cite this article as: S. Slomovic, et al., Polynucleotide phosphorylase and th
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the case of polyadenylation-lacking archaea, the exosome is
absent. However, a correlation between the absence of PNPase
and of polyadenylation does not exist in trypanosomal mito-
chondria, where no PNPase has been identified yet polyadeny-
lation is present [53]. As described, the archaeal exosome is
very similar to PNPase and therefore, it was logical that the
RNA tails detected in the hyperthermophilic and methanogenic
archaea containing the exosome were found to be hetero-
polymeric (Table 1) [32,49]. Likewise, biochemical analysis of
the exosome in the hyperthermophilic archaea, Sulfolobus,
demonstrated that the exosome is indeed responsible for the
polyadenylation activity and produces, similar to PNPase in
bacteria and organelles, heteropolymeric tails [32].

5. Heteropolymeric tails in human cells

Heteropolymeric tails were recently discovered in human
cells [54]. Using oligo(dT)-primed reverse transcribed PCR
amplification, truncated, non-abundant polyadenylated tran-
scripts related to ribosomal RNA were detected (Table 1).
Surprisingly, approximately 50% of the isolated and sequenced
RNA fragments harbored heteropolymeric tails while the other
half contained homopolymeric extensions. Similar results were
obtained upon the application of a bioinformatic tool designed
e archaeal exosome as poly(A)-polymerases, Biochim. Biophys. Acta (2008),
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Fig. 5. A suggested scenario for the evolution of polyadenylation. A. First, polyadenylation functioned as a mechanism for RNA degradation in a polyadenylation-
stimulated RNA degradation pathway. The polymerizing enzyme was PNPase and/or the archaeal exosome, whichever existed first, and the tails were heteropolymeric
and unstable (left side). Later, PAP arose and with it, homopolymeric unstable tails. The stable poly(A)-tails, which characterize animal mitochondria and nucleus
encoded mRNAs, were established by stabilization of the homopolymeric unstable tails. At present, various organisms contain both stable and unstable tails, as shown
in part B. B. The distribution of homopolymeric (Homo.), heteropolymeric (Hetero.), stable, and unstable tails between different organisms and organelles. When “No
tails” is indicated, no polyadenylation takes place in this organism/organelle.
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to screen the human EST data bank in search of similar ribo-
somal sequences [54]. Heteropolymeric extensions, added to
truncated mRNA molecules in human cells, have been detected
as well (Bronshtein and Schuster, unpublished data). In addition
to the relatively long heteropolymeric tails described above
(Table 1), RNA with very short tails, containing as few as one
non-A (guanosine) residue, were found in the nucleus of human
cells [55]. It should be noted that a quality control mechanism,
involving the polyadenylation-stimulated degradation pathway,
which degrades improperly folded, mutated, and intergenic
transcripts, has been described in yeast and human cells
[21,38,55]. The discovery of heteropolymeric tails in human
cells opened the question of whether these are part of this
quality control mechanism. A second question concerns the
identity of the enzyme responsible for the polymerization of
these tails. One possibility is that a poly(A)-polymerase,
unidentified as of yet, which is not exclusively specific to
adenosine and therefore, introduces all four nucleotides, like
PNPase and the archaeal exosome, is responsible for this
activity. A second option is that these heteropolymeric tails,
Please cite this article as: S. Slomovic, et al., Polynucleotide phosphorylase and th
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similar to their prokaryotic and archaeal counterparts, are poly-
merized by the human exosome or PNPase. However, as des-
cribed in the previous paragraph, the human exosome was
recently shown to lack phosphorolytic activity and PNPase is
located in the mitochondrial inter-membrane space and there-
fore, neither are likely candidates [15,56].

6. Polyuridylation

Recently, several enzymes that preferentially polymerize
RNA using UTP as a substrate and therefore, could potentially
produce poly(U)-tails, were reported [57,58]. These enzymes,
like the Ntr-PAP, are template-independent members of the
DNA β-like superfamily and their homologues seem to be
present throughout Eukaria [59]. Indeed, polyuridylation of
reporter transcripts [57], decay intermediates of miRNA-
directed cleavage [60], as well as the insertion of U in the
poly(A)-tail of mRNA [58], has been reported. Similar to homo-
and heteropolymeric poly(A) extensions, in which the identity
of the enzyme, PAP or PNPase, determines the nature of the tail
e archaeal exosome as poly(A)-polymerases, Biochim. Biophys. Acta (2008),
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composition, the activity of poly(U)-polymerases seems to
produce poly(U)-tails and perhaps incorporate single uridine
residues into poly(A)-tails. It is too early to assess how common
polyuridylated RNA is, compared to polyadenylated RNA and
also, how long the average poly(U)-tails are and whether they
function in stabilization, destabilization, or both.

7. Are the heteropolymeric tails evidence of an ancestral
polyadenylation stage in evolution?

The almost ubiquitous presence of polyadenylation across the
life kingdoms, the heteropolymeric poly(A)-rich tails, and the
structural and functional similarities between the various
PNPases and human and archaeal exosomes, suggest the fol-
lowing possible scenario for the evolution of RNA polyadenyla-
tion (Fig. 5): The first role of polyadenylation to evolve was for
the purpose of targeting RNA to degradation. This occurred very
early in evolution, prior to the separation of the prokaryotic and
archaeal domains. Furthermore, it is suggested that the first
enzyme active in polyadenylation was either PNPase or the
archaeal exosome. Although PNPase can utilize all NDPs as
substrates, thereby synthesizing heteropolymeric RNA exten-
sions, the tails were mostly composed of adenosines, as the
relative concentration of ADP was much higher than that of the
other nucleotides. Later, the poly(A)-polymerases appeared,
already specific to ATP and therefore, produced homopolymeric
poly(A)-tails. It is logical that the poly(A)-polymerases evolved
after the PNPases and evolutionarily, quite recently as, for
example, in bacteria and plant organelles, the poly(A)-poly-
merases evolved from nucleotidyl transferases (Ntr) (the enzyme
which adds the CCA tail to the 3′ ends of tRNA). Indeed, their
amino acid sequences remain almost identical [61,62]. Cyano-
bacteria, S. coelicolor, and hyperthermophilic and some metha-
nogenic archaea represent the ancient polyadenylation stage in
evolution when only heteropolymeric tails existed (Fig. 5 and
Table 1). The heteropolymeric tails detected in many other
organisms, from bacteria to human cells, in which, in some
cases, these extensions coexist with homopolymeric tails, are
remnants of this early evolutionary stage.

Assuming that RNA degradation-stimulating polyadenyla-
tion was the first form of polyadenylation to appear in evolution,
this hypothesis could be taken a step further. It could be
suggested that the stable poly(A)-tails that characterize the 3′
ends of most nucleus-encoded and mitochondrial mRNAs in
mammalian cells originated and evolved from the destabilizing
tails of the degradation-stimulating poly(A) pathway (Fig. 5).
For example, during the drastic condensation of the animal
mitochondrial genome which eliminated almost all intergenic
regions, the addition of stable poly(A)-tails at the mature 3′ ends
of several mRNAs became essential, as they generated complete
and functional translational stop codons in cases in which only
partial stop codons of U or UA remained encoded in the gene
sequence [51,63,64]. Since amechanism for the polyadenylation
of truncated endonucleolytically cleaved transcripts, as part of
the polyadenylation-stimulated degradation pathway, already
existed at that point, the stabilization of these tails would seem
possible and may have been the turning point at which the poly
Please cite this article as: S. Slomovic, et al., Polynucleotide phosphorylase and th
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(A)-tails were stabilized and even used to grant stability to
mRNAs, as in the case of nucleus-encoded mRNA (Fig. 5) [11].
Alternatively, it could be argued that the stable poly(A)-tails of
nucleus-encoded mRNA evolved upon nuclear membrane
formation, in order to create a mechanism for the export of
mRNA from the nucleus. It could be further hypothesized that
the stable poly(A) extensions of nucleus-encoded mRNAs
coincided with the evolution of poly(A)-binding proteins,
thereby preventing digestion via exosomal degradation activity.
However, in the case of animal mitochondria, no poly(A)-
binding proteins are known to be present. Finally, the recently
observed poly(U)-polymerases could fit into this evolutionary
scenario if they evolved from a modification of the Ntr-PAPs, at
a relatively late stage, in order to establish specific functions yet
to be revealed.

Together, this evolutionary hypothesis implies that the reason
that nucleus-encodedmRNAmolecules contain 3′ end extensions
composed exclusively of adenosines resulted from the ancient fact
that adenosine evolved as the energy coin of life and therefore,
ADPwas (and remains) present at a higher concentration than the
other nucleotides. Hence, PNPase, the first poly(A)-polymerase,
although able to utilize all NDPs, produced tails rich with
adenosines, which laid the foundations for the conversion to
homopolymeric tails, that occurred later in evolution.

8. Note added in proof: A recent publication describes
the oligouridilation of histone mRNA as a stimulator of
degradation [1, 2]

[1] T.E. Mullen and W.F. Marzluff, Degradation of histone
mRNA requires oligouridylation followed by decapping and
simultaneous degradation of the mRNA both 5′ to 3′ and 3′ to 5′,
Genes Dev 22 (2008) 50–65.

[2] C.J. Wilusz and J. Wilusz, New ways to meet your (3′)
end oligouridylation as a step on the path to destruction, Genes
Dev 22 (2008) 1–7.
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