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Abstract

The structure and function of polynucleotide phosphorylase (PNPase) and the exosome, as well as their
associated RNA-helicases proteins, are described in the light of recent studies. The picture raised is of an
evolutionarily conserved RNA-degradation machine which exonucleolytically degrades RNA from 3" to 5.
In prokaryotes and in eukaryotic organelles, a trimeric complex of PNPase forms a circular doughnut-
shaped structure, in which the phosphorolysis catalytic sites are buried inside the barrel-shaped complex, while
the RNA binding domains create a pore where RNA enters, reminiscent of the protein degrading complex, the
proteasome. In some archaea and in the eukaryotes, several different proteins form a similar circle-shaped
complex, the exosome, that is responsible for 3’ to 5 exonucleolytic degradation of RNA as part of the
processing, quality control, and general RNA degradation process. Both PNPase in prokaryotes and the
exosome in eukaryotes are found in association with protein complexes that notably include RNA helicase.

Polynucleotide phosphorylase (PNPase), a major
exoribonuclease in bacteria and organelles

PNPase (EC 2.7.7.8) was discovered by Grunberg-
Manago and Ochoa while they were studying the
mechanism of biological phosphorylation in Azo-
tobacter vinelandii [1] and was characterized by
Littauer and Kornberg in studies of the nature of
ribonucleotide incorporation into nucleic acids in
Escherichia coli [2]. PNPase was the first enzyme to
be identified that can catalyze the formation of
polynucleotides from ribonucleotides. However,
unlike the RNA polymerases, PNPase does not
require a template and cannot copy one. When a
mixture of ribonucleotide diphosphates (NDPs)
serves as substrates for the polymerization reac-
tion the ensuing polymerization reaction forms a
random copolymer.

*To whom correspondence should be addressed. Fax: +886-2-
2782-6085; E-mail: mbsue@gate.sinica.edu.tw

PNPase catalyzes both processive 3’ to 5
phosphorolysis and 5" to 3’ polymerization of
RNA [2-4]. In E. coli, PNPase is mostly active in 3
to 5" phosphorolysis during RNA degradation and
3’ end processing, but recently a substantial degree
of activity in the polymerization of heteropoly-
meric tails has also been reported [5, 6]. Moreover,
in spinach chloroplasts, cyanobacteria and Gram-
positive bacteria, PNPase is suggested to be the
major polyadenylating enzyme [7, 8]. PNPase was
also reported to be a global regulator of virulence
and persistence in Salmonella enterica [9]. 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 called the degradosome
[10-14]. Human PNPase was identified in an
overlapping pathway screen to discover genes
displaying coordinated expression as a conse-
quence of terminal differentiation and senescence
of melanoma cells [15-17]. In human cells PNPase
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is mostly located in the mitochondrial intermem-
brane space and may not play the major role in the
processing and degradation of RNA that it plays
in bacteria, chloroplasts and plant mitochondria
[18, 19].

RNase PH (EC 2.7.7.56) is the other member in
bacteria of the Pi-dependent 3’ to 5" exoribonuc-
leases. The best characterized function of this
enzyme is trimming of tRNA precursors at their 3’
ends [20, 21]. RNase PH homologs are small single
domain proteins that are distributed among all
three primary kingdoms. In archaea and eukary-
otes they form the core of the exosome complexes
(Figure 2); in bacteria, six RNase PH polypeptides
form a homohexameric structure [22, 23] that is
similar to that of the PNPase and the exosome (see
below; Figures 2 and 3).

Similar structure of the RNase PH, PNPase
and 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 similar structures comprised
of five motifs (Figures 1 and 2) [12, 24-28]. The
protein is composed of two domains that are
related to the RNase PH enzyme. These domains
are termed the phosphorolysis domains or RNase
PH-like (PH) domains. The other two domains are
homologous to the K1 and S1 domains character-
ized in RNA binding proteins. The PNPases of
plants and animals are directed to the chloroplast
and mitochondria by an additional N-terminus
extension encoding a transit peptide. The transit
peptide is then removed from the protein after
translocation. The three-dimensional structure of
the PNPase from the bacterium Streptomyces
antibioticus has been revealed by X-ray crystallo-
graphic analysis. The enzyme is a ring (doughnut)-
shape formed by a homotrimeric complex, with the
hexameric PH-domains surrounding a central
channel that can accommodate a single-stranded
RNA molecule (Figure 3) [12, 27].

Mutation analysis of the E. coli PNPase sug-
gests that the phosphorolytic active site is located
at the 2nd core domain [32]. However, whether or
not the Ist core domain is also active is still an
open question. In the bacteria Streptomyces anti-
bioticus the 2nd core domain harbors the

phosphorolytic site while the Ist core domain is
engaged in the synthesis of the ‘“‘magic spot”
nucleotide ppGppp [27]. The domains of the
spinach chloroplast PNPase have been analyzed
in detail [24]. It was found that the 1st core
domain, which was predicted to be inactive in
bacterial enzymes, was active in RNA degradation
but not in polymerization. The 2nd core domain
was found to be only active in the degradation of
polyadenylated RNA. The high affinity poly(A)
binding site was localized to the S1 domain.

No PNPase is found in members of the
Archaea domain. However, several hypertherm-
ophilic and methanogenic Archaea contain a
protein complex that is composed of two pro-
teins (Rrp41 and Rrp42) homologous to RNase
PH and one protein containing a KH/S1 domain
[33]. Three copies of the three proteins form a
nine-subunit complex termed the archaeal exo-
some that, as with PNPase, is responsible for the
polyadenylation and degradation of RNA [29,
30, 34-37]. Moreover, crystallographic analysis
of archaeal exosome has revealed a structure
very similar to the PNPase of bacteria (Figure 3).
The eukaryotic exosome, which performs 3’ to 5’
RNA degradation in the cytoplasm and nucleus
[37-43], is composed of 10-11 proteins and is
considerably more complicated than that of the
Archaea (Table 1). Nonetheless, alignment of the
proteins of this complex clearly points to a great
similarity between the number and characteristics
of the different domains in the archaeal and
eukaryotic exosomes and the PNPases (Figure 2;
Table 1). The same core structure is formed: a
ring-shaped structure created by six different PH-
like polypeptides, where three different subunits
each contribute a KH and an Sl domain
(Figure 3) [31]. In addition to RNase PH-like
polypeptides, the yeast exosome core contains a
novel subunit with hydrolytic 3" exonuclease
activity (Rrp44 or Dis3) that belongs to the
family of RNase R and RNase II in bacteria
(Table 1) [38, 49].

These observations imply that the bacterial and
organelle PNPases and the archaeal and eukary-
otic exosomes constitute a unique ring-shaped
machine, which has evolved naturally to phosp-
horolytically or/and hydrolytically degrade and
polymerize RNA (Table 1). This ancestral ma-
chine was already present before the separation of
the bacteria, archaea and eukaryotes (Figure 1). It
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Figure 1. Phylogenetic tree of the RNase PH domains of bacterial and organelle PNPases and exosome proteins. The 1st and 2nd
core domains of PNPases, the related exosome proteins and the E. coli RNase PH were aligned using the Clustal X multiple se-
quence alignment tool, and a phylogenetic tree was constructed as described in Ref. [24]. Proteins from the same organism have
the same color. The dotted lines indicate regions of the tree where the bootstrap value was less than 50%; the validity of these re-
gions is therefore low. The organisms are: At, Arabidopsis thaliana; So, Spinacia oleracea; Hs, Homo sapiens; Ec, Escherichia coli,
Sa, Streptomyces antibioticus; Sy, Synechocystis sp. PCC6803; St, Staphylococcus aureus; Dm, Drosophila melanogaster; Ce, Caenor-
habditis elegans; Ye, Saccharomyces cerevisiae; and Mt, Methanobacterium thermoautotrophicum. [Reproduced with permission of
the American Association of Plant Biology from ref. 28 (Yehudai-resheff et al. 2003)].

is an interesting to postulate why this machinery bacteria and organelles. Alternatively, it could be

separated into several different proteins in Archaea hypothesized that the RNase PH, S1 and KH

and eukaryotes while remaining as one protein in domains were functionally assembled into these
1stcore H 2nd core KH S1
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Figure 2. Domain analysis of the RNase PH, the bacterial and organelle PNPase in comparison with the archaeal and eukaryotic
exosomes. The two core RNase PH domains of PNPase are shown in red and dark blue and the KH and S1 domains are shown in
yellow and pale blue, respectively. The exosome protein related to the bacterial RNase II is shown in gray. Note that the PNPase
enzyme is a homotrimer, as indicated by the (x3) label, which makes a complex with the same number of RNase PH core do-
mains.
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Figure 3. Similarities in the structure of the RNase PH and 3 — 5 RNA degradation machines: the PNPase and the exosome.
The structure of the RNase PH [22, 23], the bacterial PNPase [27], archaeal [29, 30] and eukaryotic [31] exosomes, as well as the
predicted structure of the chloroplast PNPase [24], are shown in order to compare the ring shape of these complexes. The molecu-
lar surfaces of these structures are represented in the same view and colored as in Figure 2. The structures were generated using
Pymol (see The PYMOL Molecular Graphics System in Further Information).

circle-type RNA phosphorolysis machines as the
result of non-related evolutionary processes.

Association of PNPase and the exosomes with
other proteins

In E. coli, part of the PNPase population is
associated with the endonuclease RNase E, RNA-
helicase and the glycolytic enzyme enolase to form
a complex termed the degradosome [51], in which
the scaffold is the RNase E [59]. However, another
part of the PNPase population in the E. coli cell is
associated with the RINA helicase alone (see
discussed below) [50]. Unlike the PNPase/exosome
complex that exists in almost all organisms as a
general machine for RNA phosphorolysis, the
degradosome appears to be unique to E. coli and
perhaps some other related bacteria, and disrupt-
ing its assembly does not result in lethality. The
PNPase or PNPase protein complex in the de-
gradosome executes its processive 3’ to 5’ phos-
phorolysis or degradation of RNA species upon
endonucleolytic cleavage by RNase E. In the
E. coli degradosome machine, PNPase acts as an

integral component, like RNA-helicase and eno-
lase. The architecture of the PNPase complex in
RNA degradosome in terms of binding to the
tetrameric complex of RNase E still awaits struc-
tural studies [60, 61].

In crude cell extracts of E. coli, PNPase is
heterogenous [62] and exists in two active forms, A
and B, with molecular masses of ~252 and
365 KDa, respectively [63]. The A form contains
three identical catalytic («) subunits and is present
as a homotrimeric exoribonuclease (i.e. o3 struc-
ture), whose structure parallels that of the hexa-
meric RNase PH complex and the core of the
eukaryotic exosome, as described above. The B
form consists of two types of chain o and f, and
has been assigned a structure of o3f, [63]. The
molecular mass of the f chain ranges between
from 48 KDa to 50 KDa [63] and co-immunopre-
cipitation, in vitro reconstitution and protein inter-
action analyses show that the PNPase f-subunit
is the RhIB, a DEAD-box RNA helicase; the
PNPase a-subunit associates with RhIB (f subunit)
by a direct interaction, which is not dependent
on the formation of the degradosome [50].
RhIB helicase promotes double-stranded RNA
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degradation by the PNPase [50]. Unlike the RNase
E-RhIB interaction, the interaction between
PNPase o- and f-subunits is rather unstable,
which most likely ensures a transient association
between the protein and the ring-shaped machine
core, as with accessory proteins of the eukaryotic
exosome [40].

The RNA degradation function of yeast nucle-
ar exosome is promoted by a nuclear polyadeny-
lation complex termed the TRAMP complex [54].
The TRAMP complex consists of a poly(A)
polymerase (Trf4p and/or TrfSp), a zinc knuckle
protein (Air2p) and a RNA-helicase (Mtrdp). The
Mtrdp RNA helicase is a DEVH-box RNA
helicase and is commonly known as an activating
cofactor of the exosome [64]. The Mtrdp RNA
helicase, which is shared between the TRAMP and
the exosome complexes, is likely to be important
in vivo in accelerating TRAMP-dependent exo-
some action on nuclear RNA species containing
secondary structures at their 3’ termini. The
molecular mechanism by which TRAMP-exosome
distinguishes a structured RNA species from
others is unknown.

Yeast cytoplasmic exosome, through the G
protein Ski7p, interacts with a Ski ternary-complex
consisting of the RNA helicases Ski2p, Ski3p and
Ski8p[52, 53]. The Ski ternary-complex is a cofactor
promoting exosome 3’ to 5 mRNA degradation.
Ski7p interacts with the exosome independently of
its interaction with Ski ternary-complex through a
distinctive segment in the N-terminal of Ski7p.
However, Ski7p interaction with both exosome and
Ski ternary-complexes is required for the 3’ to 5
mRNA decay. As the Ski7p is dynamically shared
between Ski ternary-complex and exosome, this
might suggest it plays a role in the activation of
RNA helicase ternary-complex, and the recruitment
and activation of cytoplasmic exosome. The Ski
ternary-complex and Ski7p are the cofactors that
determine specific substrates of the cytoplasmic
exosome. Interestingly, the yeast exosome, even
though preserving the ring-shaped structure of the
PNPase/exosome complexes, does not display any
phosphorolytic activity. Unlike the phosphorolytic
human exosome (see below), in yeast only hydro-
lytic RNA degradation activity has been detected
[31, 65] (Table 1).

Human cytoplasmic exosome, through its
interaction with various cellular proteins specifi-
cally bound to AU-rich elements (AREs) in the 3’

untranslated region of unstable mRNAs, recruits
ARE-containing mRNA species and has been
proposed to be responsible for the rapid degrada-
tion of ARE-containing mRNA species in human
cells by 3" to 5 RNA degradation [56-58]. ARE
binding proteins such as the RHAU, a putative
DExH RNA helicase, can facilitate both mRNA
deadenylation and decay through direct interac-
tions with both the deadenylase PARN and the
exosome [56]. RHAU can also interact with other
AU-rich binding proteins (e.g. NFAR1 and HuR)
through an RNA-dependent mode. Like the
TRAMP and Ski complexes of yeast exosomes,
the RHAU or RHAU-PARN complexes are the
cofactors that select specific ARE-containing
mRNA species for the exosome.

These studies suggest that cofactors most likely
play an essential role in determining the substrate-
specificity of different types of exosomes. Interest-
ingly, RNA helicase is a common cofactor for all
of the exosome species that participate in exo-
some-mediated RNA degradation. One of the
possible functional roles of RNA helicase in
accelerating exosome action is that of a ““‘molecular
motor” coupled to specific RNA binding proteins
to drive the mechanics of complex RNA remod-
eling/decay reactions [56]. The specificity of any
protein interaction between RNA helicase and
RNA exosome thus might be important in facil-
itating the admittance of certain RNA species to
the RNA exosome. Confirmation will come from
future biochemical, genetic and/or structural stud-
ies of RNA helicase and the exosome.

The biological function of PNPase and exosome

PNPase and the exosome are heavily engaged in
the 3’ to 5" exonucleolytic degradation of RNA.
The important role of the eukaryotic exosome in
the quality control mechanisms of RNA degrada-
tion and gene expression is also well established
[41]. As mentioned above, PNPase and the archa-
eal exosome are also responsible, either alone or
together with poly(A)-polymerase, for polymeri-
zation during the degradation process. When
PNPase or the archaeal exosome is the polymer-
izing enzyme, heteropolymeric tails composed
mostly of adenosine but also of other nucleotides
are produced [5, 8, 36, 66]. Heteropolymeric tails
were also recently identified in human cells [67].



Whether or not these tails are produced by the
eukaryotic exosome, which functions both as a
degrader and polymerizer like PNPase and the
archacal exosome, is still an open question. Addi-
tionally, while the yeast exosome was recently
described to display only hydrolytic RNA degra-
dation activity, the human exosome is active in
phosphorolysis of RNA [31, 65].

In spinach chloroplasts, PNPase is not associ-
ated in a complex with other proteins and no
posttranslational modifications, such as phosphor-
ylation, have been identified [68]. As this complex
is found in the same compartment at the same time
as both RNA degradation and polymerization
activities, the question of what determines the
activity that it displays has been raised. As a
phosphorylase, the enzyme’s activity is mostly
reversible and the direction towards degradation
or polymerization is determined by the relative
concentrations of Pi and nucleotide diphosphates
[24, 66]. This observation raises the prospect that
PNPase can function as a modulator of the ratio
of concentrations of nucleotide/Pi, in addition to
having functions in RNA degradation and poly-
merization (Figure 4).

Conclusions

The exosome core contains six domains homolo-
gous to the phosphorolytic enzyme RNase PH and

Degradation
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forms a ring-shaped structure similar to that
formed by the homohexameric bacterial RNase
PH and the homotrimeric PNPase enzyme, an
important 3" exonuclease catalyzing mRNA deg-
radation in bacteria and organelles. The PNPase
contains a duplication of RNase PH domain (Ist
and 2nd RNase PH domains) plus the two RNA-
binding domains, KH and S1. From analysis of
several bacteria, it is thought that only the 2nd
RNase PH domain possesses phosphorolytic activ-
ity. In the archaeal exosome, as in the PNPase,
only one of the two RNase PH proteins (Rrp41p,
resembling the 2nd RNase PH in bacteria) has
phosphorolytic 3’ exonuclease and polymerase
activity. In human exosomes, only one of the six
RNase PH-like proteins is phosphorolytic. Yeast
exosomes (of both cytoplasmic and nuclear types)
share the same ring shape; however, their phos-
phorolytic subunits are catalytically inactive. In all
of these different machines, the PH-domain dupli-
cation in a ring-shaped structure has been evolu-
tionarily conserved in different species and across
domains, suggesting some essential geometry in
the cellular machinery in bacteria, archaea, yeast
and human. The correct geometric structure of the
machine might be important for gating 3’-single
stranded RNA species for RNA processing or
degradation. Of the many exosome cofactors, the
RNA helicases might be important for substrate
recognition and recruitment, and activation of
catalytic activities of various types of exosomes.

Polymerization

Figure 4. A model for possible modulation of enzymatic activities of PNPase and archaeal exosome as an exoribonuclease or a
polymerase. The spinach chloroplast PNPase is modeled as a homotrimer according to the crystal structure of this enzyme from
the bacteria Streptomyces antibioticus [27]. Since its activity could be modulated by the internal concentrations of nucleotides and
Pi, and these fluctuate as the result of PNPase (or the archaeal exosome) activity, it is possible that the enzyme is actually moving
back and forth degrading and polymerizing RNA. When degrading RNA, it consumes Pi and produces nucleotides, therefore
increasing the local concentration of nucleotides (left side of figure). However, when polymerizing RNA, it consumes nucleotides
and produces Pi (right side of figure). Therefore, while working in one direction, and if no other mechanism controls the activity, it
could reach a situation whereby changes in the local concentrations of nucleotides and Pi will cause the enzyme to turn around
and work in the opposite modality.
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