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Background: Helicase SUV3, polynucleotide phosphorylase (PNPase), or mitochondrial poly(A) polymerases (mtPAP)
have individual activity in regulating mitochondrial mRNA (mt-mRNA)-polyadenylated (poly(A)) tails.
Results: SUV3 bridges PNPase and mtPAP to form a transient complex in modulating mt-mRNA poly(A) tail length depending
on the mitochondrial matrix Pi level.
Conclusion: mt-mRNA poly(A) tail length is modulated by a SUV3�PNPase�mtPAP complex.
Significance: Mitochondrial energy status affects mt-mRNA poly(A) tail length.

Mammalian mitochondrial mRNA (mt-mRNA) transcripts
are polyadenylated at the 3� end with different lengths. The
SUV3�PNPase complex and mtPAP have been shown to degrade
and polyadenylate mt mRNA, respectively. How these two
opposite actions are coordinated to modulate mt-mRNA
poly(A) lengths is of interest to pursue. Here, we demonstrated
that a fraction of the SUV3�PNPase complex interacts with
mitochondrial polyadenylation polymerase (mtPAP) under low
mitochondrial matrix inorganic phosphate (Pi) conditions. In
vitro binding experiments using purified proteins suggested
that SUV3 binds to mtPAP through the N-terminal region
around amino acids 100 –104, distinctive from the C-terminal
region around amino acids 510 –514 of SUV3 for PNPase bind-
ing. mtPAP does not interact with PNPase directly, and SUV3
served as a bridge capable of simultaneously binding with
mtPAP and PNPase. The complex consists of a SUV3 dimer, a
mtPAP dimer, and a PNPase trimer, based on the molecular
sizing experiments. Mechanistically, SUV3 provides a robust
single strand RNA binding domain to enhance the polyadenyl-
ation activity of mtPAP. Furthermore, purified SUV3�

PNPase�mtPAP complex is capable of lengthening or shortening
the RNA poly(A) tail lengths in low or high Pi/ATP ratios,
respectively. Consistently, the poly(A) tail lengths of mt-mRNA
transcripts can be lengthened or shortened by altering the mito-
chondrial matrix Pi levels via selective inhibition of the electron
transport chain or ATP synthase, respectively. Taken together,

these results suggested that SUV3�PNPase�mtPAP form a tran-
sient complex to modulate mt-mRNA poly(A) tail lengths in
response to cellular energy changes.

RNA polyadenylation is observed in almost all living organ-
isms. In Escherichia coli, plant mitochondria and chloroplasts,
transient polyadenylation of RNA transcripts serves as signal for
rapid exonucleolytic degradation (1–4). In eukaryotic cells, the
nuclear-encoded mRNA requires polyadenylation for stabiliza-
tion, and subsequent nuclear export and translation initiation in
the cytosol (5, 6). The poly(A) tail lengths for nuclear-encoded
mRNAs can be as long as 200–300 nucleotides (nt)5 (7). In com-
parison, human mitochondrial mRNAs (mt-mRNAs) have rela-
tively shorter poly(A) tails (�50 nt), which are critical for the com-
pletion of functional translation stop codons for 7 of 13
mt-mRNAs (8, 9). Polyadenylation has also been shown to be
involved in the editing of the 3�-acceptor region in mt-tRNAs (10,
11). Beyond this, the precise role of the human mitochondrial
mRNA poly(A) tails remains unclear.

RNA polyadenylation is generally carried out by poly(A)
polymerases (PAP), to incorporate ATP into poly(A) tails in a
template-independent manner, using primarily ATP as a sub-
strate (12). A mitochondrial specific poly(A) polymerase
(mtPAP) has been shown to elongate single-stranded 3� ends of
mt-mRNA transcripts (13–16). Knocking down mtPAP by
siRNA results in significant shortenings of the poly(A) tails of
the mt-mRNA transcripts. However, the effect on mRNA
steady-state levels seems to be transcript-specific (14, 15, 17).

On the other hand, removal of 3� poly(A) tails of mt-mRNA is
thought to be coupled to degradation of the entire transcript as
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in the E. coli model (18, 19). Polynucleotide phosphorylase
(PNPase), a 3� to 5� phosphate-dependent exoribonuclease in
E. coli RNA degradosome (20), has been implicated to be
involved in mt-mRNA degradation and surveillance (21).
Intriguingly, PNPase has also been shown to possess 3� poly-
adenylation activity via the reverse reaction in E. coli and the
chloroplasts (4, 14, 22, 23). PNPase also has multiple functions
including RNA import in the mitochondrial intermembrane
space (24, 25), and degradations of cytosolic mRNA (26) and
microRNA (27). In summary, the roles of mtPAP and PNPase in
human mt-mRNA poly(A) length regulation remain controver-
sial and have to be further investigated.

Previously, we demonstrated that human mitochondrial
helicase, SUV3, interacts with PNPase to form a heteropenta-
meric complex with a molecular mass of 330 kDa, capable of
degrading structured single-stranded RNA (ssRNA) substrates
in the presence of Pi in vitro (28, 29). Inactivation of SUV3 in
both yeast and human mitochondria leads to accumulation of
aberrant RNA molecules (30 –32). A recent study showed that
both SUV3 and PNPase are essential in degrading mt-mRNAs
in vivo, and PNPase is directly involved in deadenylation and
degradation of mt-mRNAs (13). Thus, it is likely that 3� poly-
adenylation of mt-mRNA may be closely modulated in coordi-
nation with the degradation of the transcript, similar to its
E. coli counterpart.

In this communication, we demonstrated that small frac-
tions of the SUV3, PNPase, and mtPAP form a complex under
low mitochondrial matrix Pi conditions. SUV3 serves as a
bridge for binding to mtPAP and PNPase simultaneously. The
complex consists of a SUV3 dimer, a mtPAP dimer, and a
PNPase trimer based on the molecular sizing experiments.
Mechanistically, SUV3 provides robust ssRNA binding ability
to enhance the polyadenylation activity of mtPAP. Further-
more, purified SUV3�PNPase�mtPAP complex is capable of
lengthening or shortening the RNA poly(A) tail lengths in low
or high Pi/ATP ratios, respectively. Consistently, the poly(A)
tail lengths of mt-mRNA transcripts can be lengthened or
shortened by altering the mitochondrial matrix Pi levels via
selective inhibition of the ETC or ATP synthase, respectively.
These results suggested that SUV3 bridges PNPase and mtPAP
to form a transient complex for modulating mt-mRNA poly(A)
tail lengths in response to energy changes.

EXPERIMENTAL PROCEDURES

Tissue Culture and Drug Treatments—Normal mammary
epithelial cells, MCF10A, grown to 70% confluence were
treated with either 5 �g/ml of oligomycin A or 1 mM 2-D-de-
oxyglucose (2-DG) and 0.5 mM sodium azide (Az) in the back-
ground of 5 �g/ml of actinomycin D unless otherwise specified.

Dithiobis(succinimidyl propionate) Cross-linking—The pro-
tocol was adopted from Smith et al. (33). Briefly, MCF10A cells
were treated with 0.5 mM dithiobis(succinimidyl propionate)
for 30 min and quenched with 1� PBS containing 5 mM Tris
(pH 7.4) for 10 min before washing once with 1� ice-cold PBS.
Then the cells were scrapped down and subjected to lysis and
gel filtration.

Cell Lysate Preparation—Cells were washed 2 times with
PBS, trypsinized, and lysed with 500 �l of lysis buffer (50 mM

HEPES, pH 7.6, 150 mM NaCl, 2.5 mM EGTA, 10% glycerol, and
0.2% Triton X-100) at 4 °C on a rotator for 15 min for post-drug
treatments and/or dithiobis(succinimidyl propionate) cross-
linking. The lysate was then clarified at maximum speed for 10
min at 4 °C.

Co-immunoprecipitation—Clarified cell lysate containing
300 �g of protein was incubated with either 1 �g of rabbit
polyclonal antibody for SUV3, PNPase, or mtPAP (GeneTex,
Irvine, CA), or rabbit IgG at 4 °C on a rotator for 2 h. Subse-
quently, 50 �l of bovine serum albumin (BSA)-blocked protein
G-Sepharose beads (GeneTex, Irvine, CA) was added to the
mixture and incubated at 4 °C on a rotator for an additional
hour. The beads were washed 3 times by spinning down and
replacing the supernatant with 1 ml of fresh lysis buffer. After
the wash, 2� SDS-PAGE loading buffer was added to the sam-
ples, which was heated in boiling water for 10 min before load-
ing onto a 8% SDS-PAGE gel for immunoblotting.

In Vitro Binding Experiment—The experimental protocol
was adopted from Wang et al. (29), except for GST-tagged pro-
teins that were purified using glutathione-Sepharose 4B beads
and eluted with 10 mM freshly prepared glutathione solution
(GE Healthcare Life Sciences).

SUV3�PNPase�mtPAP Complex Formation Experiment and
Analytical Ultracentrifugation—Recombinant His-SUV3, His-
PNPase, and His-mtPAP were separately purified with a nickel
affinity column, followed by MonoS, MonoQ, and heparin col-
umns (GE Healthcare Life Sciences), respectively. The proteins
were mixed at a 2/3/2 molecular ratio and dialyzed in dialysis
buffer (20 mM Tris, pH 8.0, 200 mM NaCl, 5% glycerol) at 4 °C
for 6 h while stirring at low speed. Subsequently, the protein
was concentrated and loaded onto a Superdex 200 gel filtration
column (GE Healthcare Life Sciences). Analytical ultracentri-
fugation was performed as previously described (29).

Polyadenylation Assay and Helicase Assay—12.5 ng/�l of
mtPAP was incubated with 40 nM ssRNA substrate (3WRNA)
of the sequence 5�-GUUGAGAGAGAGAGAGUUUGAGAG-
AGAGAG, with or without SUV3 in 100 mM Tris (pH 7.4), 1
mM ATP, 50 �g/�l of BSA, 6 mM DTT, and 2 mM MgCl2 for the
denoted times. The reaction was stopped with denaturing load-
ing buffer (1� TBE, 82% formamide, 0.1% bromphenol blue,
0.1% xylene cyanol), and subsequently loaded onto 14% dena-
turing gel (7 M urea, 1� TBE, 10% formamide). The gel was
subsequently dried and visualized using a Storm 320 Phosphor-
Imager (GE Healthcare Life Sciences). Helicase assay was per-
formed as previously described using the same 3WRNA/
T20DNA duplex (29).

RNA Poly(A) Processing Assay—50 ng/�l of SUV3�PNPase�
mtPAP complex was incubated with 50 nM ssRNA substrate
(3WRNA) in 100 mM Tris (pH 7.4), 1 mM ATP, 50 �g/�l of BSA,
3 mM DTT, and 2 mM MgCl2 and sodium phosphate (pH 7.5) of
the denoted concentrations for 30 min. The reaction was
stopped with formamide loading denaturing loading buffer (1�
TBE, 82% formamide, 0.1% bromphenol blue, 0.1% xylene cya-
nol), and subsequently loaded onto 8% denaturing gel (7 M urea,
1� TBE, 10% formamide). The gel was subsequently dried and
visualized using a Storm 320 PhosphorImager (GE Healthcare
Life Sciences). Quantifications on the relative abundance of
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poly(A) tail species that were longer than 50 nt were done by
ImageJ.

Circular RT-PCR—The protocol was adopted from Slomvic
et al. (34). In brief, 5 �g of total mRNA extracted from purified
mitochondria or cells was used for self-ligation overnight using
T4 RNA ligase (Ambion, Grand Island, NY). The circularized
RNA was purified using Qiagen RNeasy Mini Kit (Qiagen,
Valencia, CA), followed by reverse transcription using gene-
specific reverse primers. The first round of PCR was performed
using forward primer (F1) and reverse primer (R2). The second
round of nested PCR was performed using radioactively labeled
forward primer (F2) and reverse primer (R2). Primers were
ordered from Integrated DNA Technologies (Integrated DNA
Technology, San Diego, CA) and sequences were as described
in Ref. 34.

Mitochondrial Isolation, Drug Treatment, and RNA Ex-
traction—24 plates of human embryonic kidney (HEK) 293
cells were grown to confluence, washed once with PBS, and
trypsinized. Cells were washed once more with PBS, followed
by resuspending in 4 ml of mitochondria isolation buffer (70
mM sucrose, 210 mM mannitol, 5 mM HEPES, pH 7.2, 1 mM

EGTA, 0.5% (w/v) fatty acid-free BSA). The resuspended cells
were then transferred into a Dounce homogenizer and dis-
rupted with 12 passes at 300 rpm. 10 ml of isolation buffer was
added to the homogenized cells and centrifuged at 700 � g for 5
min. The supernatant was collected and centrifuged at 700 � g
twice more, until very little material was sedimented. Finally,
the supernatant was collected and centrifuged at 10,000 � g for
20 min and the mitochondria pellet was suspended in 300 �l of
MAS buffer (70 mM sucrose, 210 mM mannitol, 10 mM KH2PO4,
5 mM MgCl2, 25 mM PIPES, pH 6.8, 1 mM EGTA, 0.2% (w/v)
fatty acid-free BSA, 0.13 mM NADH). After determining the
protein concentration, mitochondria containing 300 mg of pro-
tein were transferred to an Eppendorf tube. The isolated mito-
chondria was treated with either 5 �g/ml (final) of oligomycin
A or 5 mM (final) sodium azide in the background of 5 �g/ml
(final) of actinomycin D in 100 �l (final) of MAS buffer for 1 h at
37 °C with the lid open. Unless otherwise specified, the entire
process was done at 4 °C or on ice.

RESULTS

SUV3, PNPase, and mtPAP Form a Large Molecular Mass
Complex in Vivo When the ETC Is Disrupted—To investigate
the underlying mechanism that regulates mt-mRNA poly(A)
dynamics, we first examined the mitochondrial enzymes that
harbor the necessary activities to synthesize and process mt-
mRNA poly(A) tails. The potential candidates included mtPAP,
which is responsible for the polyadenylation of mt-mRNA
poly(A) tails in the presence of ATP (13–16), and the
SUV3�PNPase complex, which has been shown to degrade
ssRNA in the presence of Pi (29). To test whether these three
enzymes can function as a unit to modulate the mt-mRNA
poly(A) tail lengths, co-immunoprecipitation experiments
were performed. As shown in Fig. 1, A and B, immunoprecipi-
tation of PNPase brought down SUV3 under normal culture
conditions, whereas immunoprecipitation of mtPAP under the
same conditions failed to bring down any detectable SUV3.
Because these enzymatic activities require either ATP or Pi, we

then treated cells with oligomycin A (Oligo) or Az/2-DG (a
glycolysis inhibitor) to modulate the mitochondrial matrix Pi
level. It was noted that import of Pi into the mitochondrial
matrix is mediated by a Pi/OH-antiporter at the expense of
the proton gradient established by the ETC (35). Inhibiting the
ETC by compounds such as Az, will result in disruption of the
proton gradient, hence damping the Pi import and decreasing
the matrix Pi level (36). Conversely, inhibition of the ATP syn-
thase by oligomycin A would increase the proton gradient
across the inner mitochondrial membrane, causing more Pi to
be imported into the matrix (37). Intriguingly, mtPAP was
coimmunoprecipitated with SUV3 only when the cells were
treated with Az, but not oligomycin A (Fig. 1B).

To further validate this observation, we fractionated the
whole cell lysate by size exclusion chromatography post
2-DG/Az treatment (Fig. 1C). Consistent with prior observa-
tions, the majority of SUV3 (dimer, calculated molecular mass
166 kDa) and PNPase (trimer, calculated molecular mass 250
kDa) existed in uncomplexed forms (24, 38). Yet, small portions
of the two proteins co-fractionated at a peak larger than 670
kDa. In contrast, the majority of mtPAP (dimer, calculated
molecular mass 132 kDa (16)) appeared to associate with a large
molecular mass complex. Subsequently, the fractions immedi-
ately larger than 670 kDa (fractions 16 –18) were pooled
together for co-immunoprecipitation experiments. As shown
in Fig. 1D, immunoprecipitation of SUV3 brought down both
PNPase and mtPAP from the pooled large molecular mass frac-
tions. Reciprocal immunoprecipitations of PNPase and mtPAP
brought down each other using the same fractions (Fig. 1E), but
not the low-molecular weight fractions (fractions 20 –23) (Fig.
1F). Together, these results suggested that small portions of
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FIGURE 1. SUV3, PNPase, and mtPAP interact in vivo to form a large
molecular mass complex when the ETC is disrupted. A and B, co-immuno-
precipitation assays of SUV3 by immunoprecipitating mtPAP or PNPase,
respectively, using whole cell lysate post 1 h of oligomycin A (Oligo) or Az and
2-DG treatments. C, control, culture media containing DMSO only. All pro-
teins were visualized by immunoblotting. C, gel filtration (Superdex 200) frac-
tionations of whole cell lysate post 1 h of Az and 2-DG treatments. Approxi-
mate molecular masses of gel filtration fractions were determined by
calibrating the column with known size markers. SUV3, mtPAP, and PNPase
were resolved by SDS-PAGE and visualized by immunoblotting. D, co-immu-
noprecipitation of mtPAP and PNPase by immunoprecipitating SUV3 with
large molecular mass fractions (*). E and F, reciprocal co-immunoprecipitation
(IP) of mtPAP and PNPase with large (*) and small (**) gel filtration fractions,
respectively.
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SUV3 and PNPase form a stable complex, and only interact
with mtPAP under the low matrix Pi level.

SUV3 Serves as a Bridge for PNPase and mtPAP Binding—
Next, we explored how mtPAP interacts with SUV3 and/or
PNPase by in vitro binding experiments using purified recom-
binant mtPAP, SUV3, and PNPase. As shown in Fig. 2A, when
immobilized on resin, mtPAP alone failed to pull down PNPase
(Group B). However, mtPAP can pull down PNPase by supple-
menting SUV3 (Group C). Even more PNPase could be brought
down when the pre-formed SUV3�PNPase complex was uti-
lized in lieu of the separated individual proteins (Group D). The
same result was obtained in the reverse direction with PNPase
immobilized on the resin. Adding SUV3 enhanced the ability of
PNPase to bring down mtPAP in a dosage dependent manner
(Fig. 2B). To ascertain whether SUV3�PNPase�mtPAP can
interact simultaneously using SUV3 as a bridge, we mixed the
three purified proteins in vitro. As shown in Fig. 2C, mixing
SUV3, mtPAP, and PNPase resulted in the formation of a com-
plex with a molecular mass �500 kDa, determined by the gel
filtration peak elution volume. The peak elution volume for the
SUV3�PNPase�mtPAP complex is 10.5 ml, whereas each indi-
vidual protein had peak elution volumes around 12.0 ml. Previ-
ously, the respective molecular masses of purified SUV3 and
PNPase were determined to be 125.6 and 207.6 kDa by an ana-
lytical ultracentrifuge (29). The molecular mass of mtPAP was
determined by analytical ultracentrifugation to be 129 kDa.
Simple stoichiometry suggests the complex is composed of a

1/1/1 ratio of SUV3 dimer, PNPase trimer, and mtPAP dimer,
which is confirmed by the silver staining result on the
SUV3�PNPase�mtPAP complex peak fraction (Fig. 2D). Col-
lectively, these results demonstrate that mtPAP interacts
with the SUV3�PNPase complex through direct binding to
SUV3 (Fig. 2E).

N-terminal Region of SUV3 Binds to C-terminal Region of
mtPAP—In determining the critical binding regions of the
complex, because mtPAP has low binding affinity to PNPase,
we focused on interaction between SUV3 and mtPAP. As
shown in Fig. 3, A and B, mtPAP was selectively bound to the
N-terminal region of SUV3. On the other hand, SUV3 selec-
tively bound to the C-terminal region of mtPAP (Fig. 3, E and
F). By systematic deletion analysis within the critical binding
regions, we found that a 5-amino acid deletion in either SUV3
or mtPAP can disrupt this interaction. For SUV3, the deletion is
at amino acid positions 100 –104, designated as �NSD3,
located upstream of the helicase domain (Fig. 3, C and D). The
deletion for mtPAP is at amino acid positions 468 – 472, desig-
nated as �CSD3, located in the finger region of mtPAP (Fig. 3, H
and G). Interestingly, we have previously shown that PNPase
interacts with SUV3 at the region downstream of the helicase
domain, as deletion of amino acids 510 –514 (designated as
�SP2) obliterates the PNPase/SUV3 interaction (29). Based on
the x-ray crystal structure of SUV3, �NSD3 is located in the
N-terminal domain A, whereas �SP2 is situated at the linker
region between domains C and D (39).
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FIGURE 2. SUV3 serves as a bridge for PNPase and mtPAP binding. A, in vitro binding assay. GST-mtPAP full-length (FL) or GST proteins were bound to
glutathione-Sepharose 4B beads. Group C was preincubated with increasing amounts of His-SUV3 for 1 h. Subsequently, Groups A, B, and C were incubated
with increasing amounts of His-PNPase, whereas Group D was incubated with increasing amounts of preformed SUV3�PNPase complex for 1 h. Post washing,
the bound proteins were resolved by SDS-PAGE and visualized by immunoblotting. B, in vitro binding assay. Increasing amounts of un-tagged SUV3 was
preincubated with His-PNPase on Ni� resin for 1 h. Subsequently, equal amounts of GST-mtPAP were added to the mixture and further incubated for 1 h. Post
washing, the bound proteins were resolved by SDS-PAGE and visualized by immunoblotting. C, size exclusion chromatography (Superdex 200) elution profiles
of the purified recombinant SUV3�PNPase�mtPAP complex and the individual proteins. The molecular masses (M.M.) of the individual proteins were deter-
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followed by silver staining of the complex. E, schematic representation of the SUV3�PNPase�mtPAP complex.
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SUV3 Enhances mtPAP Polyadenylation by Providing a
Robust ssRNA Binding Domain—To assess if the interaction
with SUV3 has an impact on the polyadenylation activity of
mtPAP, we used purified mtPAP and various SUV3 mutants to
perform polyadenylation on ssRNA in vitro (Fig. 4A). Consis-
tent with previous studies, mtPAP can carry out 3� polymeriza-
tion on ssRNA in the presence of all four nucleotide triphos-
phates (14, 16), yet the activity is the highest for ATP (Fig. 4B).
Interestingly, we observed that SUV3 can enhance the poly-
adenylation activity of mtPAP (Fig. 4E, left and middle panels).
To substantiate the importance of the SUV3/mtPAP protein-
protein interaction in the observed cooperative activity, we
attempted to employ the mtPAP binding-deficient mutant,
SUV3 �NSD3, which had the 100FYKRK104 sequence deleted.
However, low solubility of the recombinant protein rendered
the purification process difficult. Instead, we generated two ser-
ine substitution mutants: FYK and KRK to SSS, both of which
possessed reduced mtPAP binding activities (Fig. 4, B and C)
but intact helicase activities (Fig. 4D). KRK was subsequently
chosen for the polyadenylation assay because it had a signifi-
cantly superior expression and solubility. As shown in Fig. 4, E
and F, when compared with SUV3 wild-type (WT), adding
SUV3 KRK, even at 2-fold concentrations, did not enhance the
activity of mtPAP to the same extent, suggesting a direct inter-
action between the two proteins is essential for the observed
enhanced polyadenylation activity on ssRNA.

To further delineate how SUV3 enhances the activity of
mtPAP, we employed two additional SUV3 mutants, K213A
and RII, which were previously shown to have disrupted
ATPase and RNA binding activity, respectively (28, 29). As

shown in Fig. 4, G–J, K213A, but not RII, had comparable
enhancing activity for the polyadenylation activity of mtPAP
compared with SUV3 WT. Collectively, these results indicated
that SUV3 enhances the polyadenylation activity of mtPAP by
providing a robust RNA binding domain and this cooperative
mechanism does not require helicase activity of SUV3.

SUV3�PNPase�mtPAP Complex Modulates Poly(A) Tail
Lengths in Response to Changes in Pi/ATP Ratios—As SUV3�
PNPase cooperatively degrade ssRNA (29) and SUV3�
mtPAP cooperatively add poly(A) tails to mRNA (Fig. 4), we
then examined how the SUV3�PNPase�mtPAP complex modu-
lates RNA poly(A) tail lengths in vitro. As shown in Fig. 5A, the
complex polyadenylated the ssRNA substrate in the presence of
ATP, and efficiently degraded poly(A) tails upon the addition of
Pi. On the other hand, by keeping the ATP concentration con-
stant, the complex preferred to polyadenylate the ssRNA sub-
strate at low Pi levels. As the Pi level rose, the complex degraded
the polyadenylated ssRNA instead (Fig. 5B). These results sug-
gested that the complex is capable of lengthening or shortening
the lengths of ssRNA poly(A) tails in response to low or high
Pi/ATP ratios, respectively. Next, to test whether a change in
the mitochondrial matrix Pi level has an effect on altering the
mt-mRNA poly(A) tail lengths in cultured cells, we used circu-
lar RT-PCR to measure the poly(A) tail lengths of mt-mRNA
transcripts, ND3 and ND5, upon manipulating the matrix inor-
ganic phosphate levels as previously described. The entire
experiment was done in the presence of actinomycin D, a mito-
chondrial transcription inhibitor, to avoid the complications of
newly synthesized mt-mRNAs. As shown, respectively, in Fig.
5, C and D, ND3 transcripts were primarily oligoadenylated
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(�8 nt), whereas ND5 transcripts were polyadenylated (�50
nt), consistent with a previous report (40). Treatment of Az
resulted in 3� extensions of ND3 transcripts within 1 h (Fig. 5C,
lanes 5–7). Conversely, when oligomycin A was administrated
to block ATP synthase, most poly(A) tails were shortened to
oligo(A) tails over the same time frame (Fig. 5C, lanes 2–4).

Similarly, the ratio of poly(A) tails to oligo(A) tails of ND5 was
drastically decreased upon oligomycin A treatment (Fig. 5C,
compare lane 1 to 3), although increased concentrations of oli-
gomycin A treatments had little effect on oligoadenylation. On
the other side, treatment of Az slightly increased ND3 poly(A)
tail lengths (Fig. 5D, compare lane 1 to 2). These results sug-
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gested that the change of poly(A) tail lengths of both ND3 and
ND5 is responding to changes in energetic states of
mitochondria.

To further substantiate this observation, we isolated meta-
bolically active mitochondria from cultured cells and then
treated with the same drugs in the presence of reduced NADH,
the electron donor of the ETC, and room air. The majority of
mt-mRNA transcripts from the control isolated mitochondria
were in the poly(A) states (Fig. 5E, lanes 1, 4, 7, and 10), different
from what is observed in the whole cell extract. We attribute
that to the fact that we oversaturated the mitochondria with
NADH, promoting polyadenylation of mRNA transcripts.
However, more than half of the ND5 transcripts were still oli-
goadenylated compared with other transcripts, consistent with
the rare polyadenylation of ND5 in the whole cells extract (Fig.
5E, lane 4). Upon treating the mitochondria with oligomycin A,
we observed a shortening of poly(A) tails among the 4
mt-mRNA transcripts tested. On the other hand, azide treat-
ment resulted in no apparent extensions of poly(A) tail lengths,
as most transcripts were already in the poly(A) state. These
results indicated that altering the energy states via manipulat-
ing the Pi levels in mitochondria has an impact on the lengths of
mt-mRNA poly(A) tails.

DISCUSSION

In this communication, we demonstrated the existence of a
small fraction of SUV3 bridging PNPase and mtPAP to form a
complex under low mitochondrial matrix Pi conditions. SUV3
provides a robust ssRNA binding ability to enhance the poly-
adenylation activity of mtPAP. Furthermore, the purified
SUV3�PNPase�mtPAP complex is capable of lengthening or
shortening the RNA poly(A) tail lengths in low or high Pi/ATP
ratios, respectively. Consistently, the poly(A) tail lengths of
mt-mRNA transcripts can be lengthened or shortened by
altering the inorganic phosphate (Pi) levels inside the mito-
chondrial matrix. These results suggested that the transient
SUV3�PNPase�mtPAP complex may have a role in modulat-
ing mt-mRNA poly(A) tail lengths in response to energetic
changes.

PNPase has diverse roles in the mt-mRNA metabolism
depending on its localizations. It was demonstrated that the
majority of PNPase is localized in the intermembrane space to
regulate RNA import, raising doubts on the accessibility of
PNPase to other mitochondrial matrix proteins like SUV3 (24,
25). However, using fluorescence microscopy, it was reported
that both SUV3 and PNPase co-localized in distinct foci inside
the mitochondrial matrix (41), consistent with a previous bio-
chemical study demonstrating that both proteins were associ-
ated with or in close vicinity to the mitochondrial DNA nucle-
oids (42). In addition, a recent study utilizing a genetically
targetable peroxidase enzyme that can biotinylate nearby pro-
teins directly confirmed the presence of PNPase in the mito-
chondrial matrix (43). These observations indicate that a frac-
tion of PNPase, localized in the mitochondrial matrix, may be
capable to interact with other mitochondrial matrix proteins,
such as SUV3 and mtPAP.

Interestingly, another recent study suggested that the
LRPPRC�SLIRP complex suppresses PNPase-mediated mRNA
degradation while promoting mtPAP-mediated polyadenyl-
ation in vitro, implying multiple layers of control in the regula-
tion of mt-mRNA poly(A) tail lengths by mtPAP and
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SUV3�PNPase. In the same study, depletion of PNPase, but not
PDE12, a 2�-phosphodiesterase identified in human mitochon-
drial (44, 45), has been shown to significantly extend poly(A)
tails and abolish mRNA decay, confirming the role of PNPase as
the critical exoribonuclease in mt-mRNA processing (13).
Importantly, our data suggested that the majority of mtPAP is
associated with a large molecular weight complex besides
SUV3�PNPase (Fig. 1). It would be interesting to test if the
LRPPRC�SLIRP complex and other mt-mRNA processing
complexes co-fractionate with mtPAP. Formation of the
SUV3�PNPase�mtPAP complex may require additional signals,
such as phosphorylation, acetylation, and other secondary
modifications, which demands further investigation.

As aforementioned, both mtPAP and PNPase possess poly-
adenylation activities, raising the question of which enzyme
mediates polyadenylation in human mitochondria. One signif-
icant difference between the two enzymes is their substrate
specificities: mtPAP has been shown to synthesize homopoly-
meric poly(A) tails; whereas PNPase is less specific in choosing
nucleotides and usually utilizes NDP to generate heteropoly-
meric tails (7, 23, 46, 47). It has been reported that the chloro-
plast PNPase is the sole enzyme with polyadenylation activity,
and the 3� RNA extensions were found to contain up to 30%
non-adenosine nucleotides (48). On the other hand, sequence
analysis of the 3� ends of human mt-mRNAs showed mainly
homopolymeric tails with less than 1% of residues other than
adenosine (15), suggesting that the polyadenylation of
mt-mRNA is more likely to be performed by mtPAP rather than
PNPase. In addition, the requirement of ADP for PNPase to
carry out polyadenylation makes it unlikely to be the enzyme in
action as the ADP concentration inside the matrix is in a much
lower ATP concentration. Last, the discrepancy on the effect of
poly(A) tail lengths upon PNPase depletion in prior studies can
largely be explained by transient versus stable silencing
approaches used in different studies (13, 49).

The observation that the three enzymes, SUV3, PNPase, and
mtPAP, form a transient complex to coordinately modulate the
poly(A) tail lengths of mt-mRNA is very interesting, as it is
known that RNA degradation is coordinated with 3� poly-
adenylation in E. coli (19). Mechanistically, it is intriguing that
SUV3 provides a robust ssRNA binding domain for both
mtPAP and PNPase. In vitro enzymatic assays suggested that
the interactions between mtPAP/SUV3 and PNPase/SUV3 are
vital for their respective polyadenylase and exoribonuclease
activities. Clinically, a A to G missense mutation in exon 9
(N478D) of mtPAP results in shortened mt-mRNA poly(A) tails
and mitochondrial dysfunction in an Ohio Amish family (50).
Structurally, Asn-478 is located outside of the enzymatic
domain, but close to the critical region for SUV3 binding
(amino acids 468 – 472) demonstrated in this study (Fig. 3) (16).
It is possible that the clinical manifestation is a direct result of
the disruption of the interaction between mtPAP to SUV3 and
compromised the complex activity. Further investigation to
confirm this conjecture is warranted.

On the other hand, the biological functions of mt-mRNA
poly(A) tails and whether the length of poly(A) tails confers
mtmRNA stability remain an enigma. Temperley et al. (51)
reported that a pathogenic microdeletion (��9205) of human

mt-ATP6 mRNA at its 3� end is associated with the shortened
poly(A) tail and decreased stability, favoring the notion that
poly(A) conveys stability. However, artificial targeting of cyto-
solic deadenylase (PARN) to mitochondria or overexpressing
PDE12 (45) to force deadenylation of mt-mRNAs (52) showed
differential effects on the steady-state levels of mt-mRNAs.
Such transcript-specific stabilization or destabilization is also
observed in cells depleted with either mtPAP or PNPase (13–
15, 49). All in all, the length of the poly(A) does not appear to
fully correlate with the stability of mt-mRNA.

Based on the data presented in this endeavor, poly(A) tails of
mt-mRNA appear to lengthen and shorten via modulations of
the SUV3�PNPase�mtPAP complex in response to changes in
cellular energy state. When the mitochondrial matrix Pi level
increases, the SUV3�PNPase complex degrades the poly(A) tails
of mt-mRNA transcripts. Conversely, as the ATP level rises and
matrix Pi level wanes, the SUV3�PNPase complex interacts with
mtPAP to incorporate excess ATP in the poly(A) tails of
mt-mRNA. This observation may provide an alternative func-
tion of mt-mRNA poly(A) tails. Further genetic and biochemi-
cal investigations in this regard will be necessary to affirm this
postulation.
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