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Polyadenylation of mitochondrial RNAs in higher eukaryotic organisms have diverse effects on their function
and metabolism. Polyadenylation completes the UAA stop codon of a majority of mitochondrial mRNAs in
mammals, regulates the translation of the mRNAs, and has diverse effects on their stability. In contrast, poly-
adenylation of most mitochondrial mRNAs in plants leads to their degradation, consistent with the bacterial
origin of this organelle. PAPD1 (mtPAP, TUTase1), a noncanonical poly(A) polymerase (ncPAP), is responsible
for producing the poly(A) tails in mammalian mitochondria. The crystal structure of human PAPD1 was
reported recently, offering molecular insights into its catalysis. This article is part of a Special Issue entitled:
Mitochondrial Gene Expression.

© 2011 Elsevier B.V. All rights reserved.
1. Introduction

Polyadenylation has important roles in regulating the function
and metabolism of RNAs. In bacteria, the addition of a poly(A) tail
to an mRNA generally leads to its degradation, and therefore bacte-
rial polyadenylation is a destabilizing modification. In contrast, poly-
adenylation in eukaryotes produces much more diverse effects,
which depend on the cellular organelle (nucleus, cytoplasm, mito-
chondrion, chloroplast) as well as the organism in which the modi-
fication takes place. Nuclear polyadenylation of mRNAs is
important for their export, stability, and translation, and is part of
the 3′-end modifications for most mRNA precursors (pre-mRNAs),
and this area has been reviewed extensively over the years [1–5].
Cytoplasmic polyadenylation is involved in regulation of mRNA
translation [6,7]. Polyadenylation in chloroplasts generally leads to
RNA degradation, consistent with the bacterial origin of this organ-
elle [8,9].

The addition of a poly(A) tail is catalyzed by poly(A) polymer-
ases (PAPs). Nuclear PAPs that are involved in the 3′-end proces-
sing of pre-mRNAs have been studied extensively over the years.
More recently, a collection of non-canonical PAPs (ncPAPs) has
been identified, which are involved in polyadenylation in other
organelles (as well as in the nucleus). Some of these ncPAPs have
hondrial Gene Expression.
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relaxed base selectivity and can also synthesize oligo- or poly-
uridylate tails, and hence are also known as poly(U) polymerases
(PUPs) or terminal uridylate transferases (TUTs or TUTases).

Degradation of the poly(A) tail in the mitochondria is carried out
by polynucleotide phosphorylase (PNPase) in plants [8]. In humans,
a recent report identifies 2′-phosphodiesterase (PDE12) as a deade-
nylating enzyme in the mitochondria [10]. Human PNPase, on the
other hand, is localized in the intermembrane space [11,12], while
mitochondrial mRNA degradation occurs in the matrix. Other stud-
ies showed however that PNPase forms a stable complex with the
helicase hSuv3p, which is a matrix protein [13,14]. Depletion of
PNPase increased the poly(A) tail length of some mitochondrial
mRNAs, but did not affect the steady-state levels [15]. The exact
function of human PNPase in regulating poly(A) tails remains to
be demonstrated. PNPase has an important role in maintaining mi-
tochondrial homeostasis, and is also required for importing
nuclear-encoded RNA into the mitochondria [16]. PNPase also has
PAP activity in some organisms, although it produces 3′-end tails
with mixed base composition since it does not have a stringent sub-
strate selectivity.

This review will focus on the current knowledge on mitochondrial
polyadenylation and the enzyme that adds the poly(A) tail tomitochon-
drial RNAs. Mitochondrial polyadenylation was first reported nearly
40 years ago [17–19]. It is required for the completion of the UAA stop
codon of many of the mitochondrial mRNAs in mammals. It is also
involved in regulating the stability ofmRNAs, although the actual effects
may be rather complicated in mammals. Among the seven ncPAPs in
humans, only one, known as PAPD1, mtPAP or TUTase1, has been
found to function in the mitochondria [15,20]. The crystal structure of
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Fig. 1. Diverse effects of mitochondrial polyadenylation in higher eukaryotes. Yeast
mitochondrial mRNAs are not polyadenylated. Instead, their stability is controlled by a
dodecamer sequence at the 3′-end.
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this ncPAP was reported recently [21], offering molecular insights into
its catalysis.

2. Mitochondrial polyadenylation in animals

Human mitochondrial DNA (mtDNA) exists in a double-stranded
circular form with 16,569 base pairs. Both strands of the mtDNA are
transcribed to generate large, polycistronic RNA molecules, which
are processed by endoribonucleases to produce RNAs involved in rep-
lication and transcription initiation, along with 2 rRNAs, 22 tRNAs and
mRNAs (with no introns) encoding 13 proteins required for oxidative
phosphorylation [22,23].

Human mitochondrial mRNAs carry a poly(A) tail of ~50 adeny-
lates. One function of polyadenylation is to complete the UAA stop
codon, as endoribonucleolytic processing of seven of the mRNAs
leave only the U or UA of the stop codon at the 3′-end [22,24–27].
A pathogenic microdeletion in the ATP6 mRNA removes two bases
of the stop codon, and the non-stop mRNA is deadenylated and
then degraded in a translation-dependent manner [28]. On the
other hand, the initial round of translation appears to be able to pro-
duce functional ATPase 6 enzyme [29], before this aberrant mRNA is
degraded.

Polyadenylation of mitochondrial mRNAs may also regulate their
stability, although the actual effects can be rather complicated and
may depend on the RNA or other factors [24–27,30]. Adenylated trun-
cated RNA transcripts, some with internal polyadenylation, are
observed in human mitochondria [30]. Degradation intermediates
and aberrant RNAs with extended poly(A) tails also accumulate in
the absence of hSuv3p [14]. Reduction of the length of the poly(A)
tail by knocking down PAPD1 in HeLa cells decreased the stability of
the CO1, CO2, CO3 and ATP6 mRNAs but had no effect on the stability
of the ND3 mRNA [15]. In another study, however, PAPD1 knock-
down had no effect on the stability of ATP6/8, CO3 and ND3 mRNAs
[20]. Removal of the poly(A) tails by targeting the cytosolic poly(A)-
specific 3′-5′ exoribonuclease (PARN) into the mitochondria made
one group of mRNAs more stable, a second group of mRNAs less sta-
ble, and had no effect on a third group [31]. Increased abundance of
the ND1 mRNA was observed when the poly(A) tail was shortened
or removed [10].

Interestingly, oligoadenylate tails are observed in the absence
of PAPD1, both in knock-down experiments and in patients with
mutated PAPD1 (see below) [32]. Therefore, there may be two
classes of adenylated RNAs in mammalian mitochondria, with
poly(A) or oligo(A) tails. It has been suggested that there may be
a separate mitochondrial enzyme that can produce the oligo(A)
tails [33,34].

The poly(A) tail may also be involved in regulating translation in the
mitochondria [10]. This is further supported by the observation that
targeting the cytosolic poly(A)-binding protein (PABPC1) into themito-
chondria caused strong inhibition of translation [31].

Polyadenylation may also play a role in the editing of the 3′-end
acceptor region of some mitochondrial tRNAs [35,36].

3. Mitochondrial polyadenylation in plants

Similar to what happens in chloroplasts, polyadenylation of mito-
chondrial RNAs in plants generally lead to their degradation [8,9]. In
comparison, most of the mature stable mRNAs are not polyadeny-
lated, while levels of polyadenylated RNAs are low due to their
rapid degradation. Under heat stress conditions, polyadenylated
(and presumably stabilized) mRNAs accumulate in Arabidopsis [37],
through an unknown mechanism. Mitochondrial polyadenylation in
plants may be carried out by bacterial-type PAPs [38], whereas
polyadenylation-assisted RNA degradation is carried out by the mito-
chondrial PNPase [8,9].
4. Mitochondrial polyadenylation in trypanosomes

Polycistronic mitochondrial precursor RNA transcripts in trypano-
somes are processed by endoribonucleases. Some of the released
pre-mRNAs are then edited extensively by the insertion or deletion
of uridines, defined by small, guide RNAs, while other pre-mRNAs
do not require editing (named never-edited pre-mRNAs) [39,40].
Polyadenylation is related to the editing status and has diverse effects
on these mRNAs at various stages of processing. Pre-edited, partially
edited and fully edited transcripts are stabilized by the addition of a
short (20–25 nt) poly(A) tail, catalyzed by KPAP1 (kinetoplast
PAP1) [41–43]. Fully edited transcripts that lack an adenylate tail
are degraded much faster than its precursor in an in vitro turnover
assay [42].

Never-edited and fully edited mRNAs acquire a long (200–300 nt)
poly(A/U) tail by extending the short poly(A) tail, making them
translationally competent [44]. The poly(A/U) tails are added by the
enzymes KPAP1 and RET1 (RNA editing TUTase1) [45], and this pro-
cess is stimulated by a heterodimer of two pentatricopeptide repeat
(PPR) proteins KPAF1 and KPAF2 (kinetoplast polyadenylation/uridy-
lation factor) [44].

5. Mitochondrial mRNAs in yeast

Budding yeast (S. cerevisiae) mitochondrial mRNAs are not polyade-
nylated, and no PAP activity has been identified in this organelle in
yeast. Instead, they carry a conserved dodecamer sequence,
AAUAA(U/C)AUUCUU, at their 3′-ends [46]. Similarly, mitochondrial
mRNAs in fission yeast (S. pombe) are not polyadenylated either, and
they have a C-rich motif near the 3′-end [47]. Therefore, polyadenyla-
tion of mitochondrial mRNAs may be restricted to the higher
eukaryotes.

It is believed that the dodecamer sequence may recruit protein
factor(s) that can protect the mRNAs from the mitochondrial
degradosome (mtExo) in budding yeast [48] (Fig. 1). The mtExo
degradosome is a protein complex with two subunits, the SUV3
helicase and the DSS1 exoribonuclease [49–51]. Deficient degrado-
some activity can be rescued by a reduction in the transcription rate
of the mitochondrial RNA polymerase, indicating the importance of
maintaining proper mRNA levels in the mitochondria [49,50]. Pro-
teins that are homologous to the components of the budding
yeast mtExo have been identified in the fission yeast, although
they may be more involved in mitochondrial mRNA processing
than degradation [52].
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6. Poly(A) polymerases (PAPs)

Canonical PAPs contain three domains (Fig. 2). The N-terminal
(palm) domain shows high sequence homology with the Polβ super-
family, which contains a signature helix-turn motif that is conserved
from yeast to humans [53]. In contrast to DNA polymerases, however,
PAPs incorporate rNTPs in a template-independent manner. A con-
served catalytic triad of Asp residues in the palm domain is critical
for activity. This triad coordinates two divalent metal ions, which in
turn interact with the incoming nucleotide substrates [54–56]. The
middle (fingers) domain is tightly associated with the palm domain,
and the active site is located at the interface between the two do-
mains (Fig. 3A). A C-terminal, RNA-binding domain (RBD) follows im-
mediately after the fingers domain, which contributes to the binding
of the RNA substrate [56] (Fig. 3A).

A family of non-canonical PAPs (ncPAPs) has been identified over
the recent years, from yeast to humans [57–62]. One common feature
of the ncPAPs is that they lack the RBD that directly follows the middle
(finger) domain (Fig. 2). As a result, some of the ncPAPs require
RNA-binding protein cofactors for activity. In addition, many of the
ncPAPs have uridylate transferase activity, and hence are also known
as TUTs or TUTases. Moreover, the sequence conservation between
canonical and ncPAPs is quite low (10–15% identity) for their palm
and fingers domains.

Among the seven ncPAPs in humans, only PAPD1 (mtPAP,
TUTase1) has a mitochondrial targeting sequence (residues 1–37) at
the N-terminus (Fig. 2), and is known to be localized in mitochondria
[15,20,26]. In contrast to other ncPAPs, PAPD1 appears to be active on
its own, without the need for a cofactor [15], and mediates the poly-
adenylation of mitochondrial mRNAs. On the other hand, structural
and biochemical studies suggest that PAPD1 may be active only as a
dimer (see below) [21], and therefore its monomer may not be
functional.

PAPD1 has also been identified as one of two ncPAPs that can
oligouridylate histone mRNAs (which are not polyadenylated), thereby
initiating their degradation (hence the name TUTase1) [60]. However, it
is not clear how PAPD1 becomes localized in the cytoplasm for this
modification, and how it can distinguish between the A and U
substrates in different cellular compartments. A recent report identifies
another ncPAP as being responsible for histonemRNA oligo-uridylation
[63].

RNAs with poly(U) tails have also been observed in human mito-
chondria under certain conditions [14,27,30,34]. It is not clear
whether this process is related to the oligouridylation of histone
mRNAs, or whether PAPD1 has a role in mitochondrial mRNA
polyuridylation.

7. Structure of the mitochondrial poly(A) polymerase (PAPD1)

The structure of PAPD1 contains three domains: the canonical palm
and fingers domains and an N-terminal RBD-like (RL) domain
(Figs. 2, 3B) [21]. The overall structure of the palm and fingers domains
of PAPD1 is similar to that in the canonical PAPs (Fig. 3A), the yeast
Fig. 2. Schematic drawing of the domain organization of yeast canonical PAP and human
PAPD1, a noncanonical PAP (ncPAP). The palm and fingers domains are shown in yellow
and magenta, respectively. The RBD of yeast PAP is shown in cyan. The mitochondrial
targeting sequence and RL domain of PAPD1 are shown in black and blue, respectively.
ncPAP Trf4 (Fig. 3C) [64], as well as the mitochondrial editosome-like
complex associated TUTase1 (MEAT1, Fig. 3D) [65], the RNA editing
TUTase2 (Fig. 3E) [66] and the minimal TUTase4 (Fig. 3F) [67,68] from
T. brucei. These other enzymes do not contain an RNA binding domain
following the fingers domain either, although they carry insertions in
other parts of the structure.

Residues 62–133 in the N-terminal region of PAPD1 forms a sep-
arate domain (Fig. 2), with a backbone fold that is similar to RBDs
[21]. This domain has been named the RBD-like (RL) domain
(Fig. 3B), as it is probably unlikely to be involved in binding the
RNA substrate in PAPD1. It has tight interactions with the palm do-
main, is on the opposite face from the active site, and its position is
entirely different from that of the RBD in canonical PAPs (Fig. 3A). In-
stead, the domain helps to mediate the dimerization of PAPD1
(Fig. 3G), which appears to be required for the catalytic activity of
this enzyme [21].

Despite lacking the RBD of canonical PAPs, a large pocket at
the interface between the palm and fingers domains of PAPD1 is
sufficient to accommodate the ATP and the last nucleotide of the
RNA substrate [21]. On the other hand, the adenine base of ATP
does not appear to be specifically recognized by PAPD1 in this
model of the active site. Data from in vitro studies indicate that
PAPD1 can utilize all four nucleotides as substrates, although it
is much more active with ATP or UTP [21]. It remains to be seen
how PAPD1 achieves specificity for a poly(A) tail in the
mitochondria.

Different mechanisms for substrate preference have been estab-
lished from studies on other PAPs. The canonical PAP from yeast is
an induced-fit enzyme, and this behavior is important for its specific-
ity for ATP [56,69]. Studies with the T. brucei TUTases suggest that
base stacking and specific hydrogen-bonding with the enzyme, direct
and water-mediated, may be important for substrate selectivity
[65,67,68].

8. Disease-associated mutations in PAPD1

Studies with autosomal-recessive spastic ataxia with optic atrophy
identified an N478D missense mutation in PAPD1 that is associated
with the disease phenotype [32]. The poly(A) tails of mitochondrial
mRNAs are very short in affected individuals. This residue, located in
the fingers domain, is highly conserved among PAPD1 homologs. It is
disordered in the structure of PAPD1, but may be involved in binding
the RNA substrate of the enzyme [21].

A single-nucleotide polymorphism, resulting in a D39G mutation,
was found to be associated with intramuscular fat deposit and extreme
obesity in cattle [70]. This residue is located just after themitochondrial
targeting sequence of PAPD1. How thismutation can affect PAPD1 func-
tion is currently unknown.

9. Concluding remarks

Polyadenylation in the mitochondria is an important regulatory
mechanism for RNA function and stability in higher eukaryotes. Mito-
chondrial polyadenylation in plants leads to the degradation of
mRNAs, consistent with the bacterial origin of this organelle. Polyade-
nylation in the mitochondria of other higher eukaryotes has evolved
new functions, and can stabilize (aswell as destabilize)mRNAs. In addi-
tion, polyadenylation may be involved in regulating mitochondrial
translation. In mammals, polyadenylation is required to complete the
UAA stop codon of a majority of the mitochondrial mRNAs. In trypano-
somes, poly(adenylation/uridylation) is coupled to the extensive edit-
ing and stability of the mitochondrial mRNAs. On the other hand,
mitochondrial polyadenylation appears to have been lost in the fungal
species during evolution.

Mitochondrial polyadenylation is catalyzed by the noncanonical
poly(A) polymerase (ncPAP) PAPD1 (mtPAP, TUTase1) in mammals.

image of Fig.�2


Fig. 3. Structural comparisons of PAPD1with other PAPs and TUTases. (A). Schematic drawing of the structure of yeast PAP (D154Amutant) in complexwith ATP and oligoadenylate [56],
colored as in Fig. 2. ATP is shown in a cpk model, and the oligo(A) in a stick model. The divalent metal ion is shown as a sphere in orange. (B). Structure of human PAPD1monomer [21].
(C). Yeast Trf4 in complexwith a fragment of Air2 (in orange) [64]. (D). T. bruceiMEAT1 in complexwith UTP [65]. The bridging domain (BD) is colored in green. (E). T. bruceiRNA-editing
TUTase2 in complex with UTP [66]. The middle domain (MD) is colored in green. (F). T. brucei TUTase4 in complex with dinucleotide, UpU [68]. The palm and fingers domains of each
structure are shown in the same orientation. (G). Structure of human PAPD1 dimer [21]. All structure figures were produced with PyMOL (www.pymol.org).
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This enzyme is able to function on its own, without the need for an
RNA-binding domain (as in canonical PAPs) or an RNA-binding pro-
tein cofactor (as for some other ncPAPs). The crystal structure of
PAPD1 reveals a well-defined active site. However, the molecular
basis for the substrate preference of this enzyme is still not known,
and it appears to have strong activity with both ATP and UTP in
vitro. It will be of great interest to elucidate how PAPD1 and other
mammalian ncPAPs can produce homogeneous poly-/oligo-adenylate
or uridylate tails in vivo.
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