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Efficient turnover of unnecessary andmisfolded RNAs is crit-
ical for maintaining the integrity and function of the mitochon-
dria. The mitochondrial RNA degradosome of budding yeast
(mtEXO) has been recently studied and characterized; yet no
RNAdegradationmachinery has been identified in themamma-
lian mitochondria. In this communication, we demonstrated
that purified human SUV3 (suppressor of Var1 3) dimer and
polynucleotide phosphorylase (PNPase) trimer form a 330-kDa
heteropentamer that is capable of efficiently degrading double-
strandedRNA (dsRNA) substrates in the presence ofATP, a task
the individual components cannot perform separately. The con-
figuration of this complex is similar to that of the core complex
of the E. coliRNAdegradosome lacking RNase E but very differ-
ent from that of the yeast mtEXO. The hSUV3-hPNPase com-
plex prefers substrates containing a 3� overhang and degrades
the RNA in a 3�-to-5� directionality. Deleting a short stretch of
amino acids (positions 510–514) compromises the ability of
hSUV3 to form a stable complex with hPNPase to degrade
dsRNA substrates but does not affect its helicase activity. Fur-
thermore, two additional hSUV3 mutants with abolished heli-
case activity because of disruptedATPase orRNAbinding activ-
ities were able to bind hPNPase. However, the resulting
complexes failed to degrade dsRNA, suggesting that an intact
helicase activity is essential for the complex to serve as an effec-
tive RNA degradosome. Taken together, these results strongly
suggest that the complex of hSUV3-hPNPase is an integral
entity for efficient degradation of structured RNA and may be
the long sought RNA-degrading complex in the mammalian
mitochondria.

The current opinion on mitochondrial RNA degradation is
largely based on our understanding of the Escherichia coli RNA
degradosome and the yeast mitochondrial degradosome
(mtEXO). The E. coli RNA degradosome consists of four com-
ponents: RNase E, an endoribonuclease in which the C termi-

nus serves as the scaffold of the multiprotein complex;
PNPase,4 an ambivalent enzyme that catalyzes 3�-to-5� phos-
phorolysis as well as 5�-to-3� polymerization of RNA; RhlB, a
DEAD-box helicase; and enolase, a glycolytic enzyme (1–7).
The 4-MDamulti-enzyme complex has been postulated to have
a molar ratio of 4 RNase E:12 PNPase:4 RhlB:8 enolase (2, 4, 5,
8–10). More recently, it has been reported that in the absence
of RNase E, RhlB and PNPase can form a 380-kDa complex (2
RhlB:3 PNPase) to degrade dsRNA substrates (11–13). In bud-
ding yeast, an ATP-dependent DExH/D-box RNA helicase,
Suv3p, and a 3�-to-5�directed exoribonuclease,Dss1, have been
demonstrated to be the essential components of the mtEXO
(14). In vitro, the two proteins have been shown to form a het-
erodimer that is capable of degrading dsRNA substrates con-
taining a 3� overhang (15). Unlike its counterpart in the E. coli
RNA degradosome, Dss1 does not form a trimeric ring struc-
ture but belongs to the RNR family of exoribonucleases that are
mainly involved in rRNA maturation in the chloroplast of
higher plants (16).
In thesewell studied systems, the RNA-degrading complexes

always contain an ATP-dependent RNA helicase to unwind the
secondary structures of the RNA, followed by 3�-5� degradation
by an exoribonuclease. This provides a fundamental concept in
RNA degradation; once a RNA molecule has been identified
and marked for elimination, possibly mediated by 3� polyad-
enylation (17, 18), a coordinated process involving secondary
structure removal and exoribonucleolytic trimming must take
place simultaneously for efficient RNA removal.
Currently, noRNA-degrading complex has been identified in

the mammalian mitochondria, mainly because the key compo-
nents of the E. coli RNA degradosome and the yeast mtEXO do
not appear to be evolutionarily conserved. Nevertheless, to
maintain its proper function and integrity, the mammalian
mitochondria need a mechanism to efficiently remove unnec-
essary and/or misfolded RNA transcripts. In the search for the
RNA-degrading complex in the human mitochondria, the
human homologues of the key components of the E. coli RNA
degradosome and the yeast mtEXO were examined. It was
found that both SUV3 and PNPase not only have human homo-
logues but also contain an N-terminal mitochondrial targeting
sequence and localize primarily in the mitochondria (19, 20).
We previously reported that purified human SUV3 harbors an
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ATP-dependent helicase activity for dsRNA, dsDNA, and
RNA-DNA hybrids (21). Human PNPase was shown to form a
ring trimer structure similar to its counterparts in E. coli and
spinach chloroplast and the eukaryotic exosome (18, 22–26)
and harbors RNA poly(N)polymerization and phosphorolytic
exoribonuclease activities in vitro (18, 22). However, whether
these two enzymeswork cooperatively in themammalianmito-
chondria remains to be elucidated.
In this study, we demonstrated that the purified hSUV3

forms a complex with hPNPase at a 2:3 molar ratio. The result-
ing 330-kDa heteropentameric complex efficiently degrades
dsRNAs containing 3� overhang in anATP-dependentmanner,
a task the individual components cannot perform separately. By
detailed binding and mapping assays, a short stretch (amino
acids 510–514) of hSUV3 was determined to be critical for
hPNPase binding. Deleting these 5 amino acids compromises
the ability of hSUV3 to interact with hPNPase to degrade
dsRNA. Furthermore, two hSUV3 mutants, K213A and R2
(�576–581), that lack ATPase and RNA-binding activities,
respectively, were able to form stable complexes with hPNPase.
However, the resulting complexes were unable to degrade
dsRNA. Together, these results suggest that the complex
formed by hSUV3 and hPNPase is an integral entity for efficient
degradation of structured RNA.

EXPERIMENTAL PROCEDURES

Molecular Cloning—Human SUV3 cDNA encoding �N46-
SUV3 was constructed by deleting the first 46 amino acids and
replacing threonine 47 with methionine by site-directed
mutagenesis (QuikChange site-directedmutagenesis kit; Strat-
agene, La Jolla, CA) using the full-length cDNA as a template.
The �N46-SUV3 was subsequently subcloned into expression
vector pET-19b (Novagen). The expressed protein contains a
N-terminal His10 tag and a linker of sequence SSGHIDDDD-
KHRYPRGGR. The hSUV3 point and deletion mutants men-
tioned in this paper (K213A, R2, �SP2, and �SP3) were all
constructed by site-directed mutagenesis using pET19b-
SUV3�N46 as a template. Human PNPase cDNA encoding
�N46-PNPase was constructed the sameway as SUV3 and sub-
cloned into expression vector pET-28b. The expressed protein
contains a C-terminal His6 tag and a linker of sequence LQ.
Native Gel Mobility Assay—Purified proteins were run in a

6% glycine-based native gel (pH 10.0) at 200 V for 4 h in Section
10 of Current Protocols in Protein Science (vol. 1) (27).
Expression and Purification of Recombinant hSUV3 and

hPNPase—The respective expression vectors were transformed
into protein expressing host stain Rosetta. A single colony was
grown in suspension at 37 °C overnight with proper antibiotics
before inoculating intoa1-liter culture.Atanopticaldensityof1.0,
the culturewas inducedwith 0.1mM isopropyl�-D-thiogalactopy-
ranoside at 18 °C for 10 h. All the following steps were performed
at 4 °C. The bacterial pellet was resuspended in 5� volume of lysis
buffer containing 300 mM KCl, 25 mM potassium phosphate (pH
8.0), and 5 mM imidazole supplemented by protease inhibitors:
aprotinin, antipain, leupeptin, andpepstain.The cellswerebroken
by sonicating twice for 1 min with a 30-s interval. The cell lysate
was cleared by centrifugation at 14,000 rpm for 30 min. Subse-
quently, 1.5ml of immobilizedmetal ion affinity chromatography

resin (Bio-Rad) was added to the supernatant and incubated on a
rotor for 40min. The protein-bound immobilizedmetal ion affin-
ity chromatography was washed extensively by wash buffers con-
taining 25 mM potassium phosphate (pH 8.0), 10 mM imidazole,
and increasing concentrations ofKCl: 5, 250, and 500mM. Follow-
ing elution by elution buffer (25mMpotassiumphosphate, pH8.0,
150 mM imidazole, 250 mMKCl), the protein was further purified
by fast protein liquid chromatography (GE Healthcare) with ion
exchange chromatography (MonoQ) followed by size exclusion
chromatography (Superdex 200). Fractions containing purified
proteins were collected, frozen in liquid nitrogen, and stored in
�80 °C.
hSUV3 hPNPase Complex Purification (Complex Formation

Assay)—Purified hSUV3 and hPNPase proteins were mixed at
various molar ratios and precipitated by ammonium sulfate
(0.39 g/ml) to reduce the volume. The protein pellet was resus-
pended in 0.4 ml of size exclusion chromatography running
buffer (25 mM potassium phosphate, pH 8.0, 150 mM KCl, 5%
glycerol, 0.5 mM EDTA, 2 mMMgCl2) and incubated on a rota-
tor overnight at 4 °C. The mixture was spun down to remove
any precipitation and separated by size exclusion chromatogra-
phy (Superdex 200). Fractions of the left-shifted peak were col-
lected, frozen in liquid nitrogen, and stored in �80 °C.
Helicase Substrates—The DNA-RNA hybrid substrates were

adopted from Malecki et al. (15). The T20DNA was 5�-radiola-
beled with [�-32P]ATP by T7 polynucleotide kinase (Ambion),
subsequently purifiedbyG-25microspin column (GEHealthcare)
before annealing with the 3WRNA, 5WRNA, or AntiT-RNA to
produce the 3�-OH, 5�-OH, and blunt end helicase substrates,
respectively. Their sequences are as follows: T20DNA, 5�-CAA-
ACTCTCTCTCTCTCAAC-3�; 3WRNA, 5�-GUUGAGAGA-
GAGAGAGUUUGAGAGAGAGAG-3�; 5WRNA, 5�-AGAG-
AGAGAGGUUGAGAGAGAGAGAGUUUG-3�; and AntiT-
RNA, 5�-GUUGAGAGAGAGAGAGUUUG-3�. All of the
oligoribonucleotides and oligonucleotides used in this study
were purchased from Integrated DNA Technologies (San
Diego, CA).
Helicase Assay—Experimental procedure was adopted from

previous publication by Shu et al. (21). With increasing
amounts of purified proteins, unwinding reactionswere carried
out in helicase buffer (50 mM Tris-HCl, 80 mM KCl, pH 7.5, 5
mM dithiothreitol, 50 ng/�l bovine serum albumin, and 5 mM

ATP) containing 40 nM of helicase substrate and 400 nM of
unlabeled competing T20DNA strand. The reaction volume
and time were 20 �l and 30 min, respectively. The reaction was
terminated by adding an equal volume of nondenaturing load-
ing buffer (25 mM Tris-HCl, pH 7.5, 20 mM EDTA, 0.5% SDS,
0.1% Nonidet P-40, 0.1% bromphenol blue, 0.1% xylene cyanol,
and 25% glycerol). The reaction mixtures were separated by
native PAGE (15% polyacrylamide, 1� TBE). The reaction
products were electrophoresed through 15% polyacrylamide
1�TBE gels, which was dried and quantified using a Storm 320
Phosphor Imager (Molecular Dynamics).
ATPase and Nucleic Acid Binding Assays—Experimental

procedures were based on previous publication by Shu et al. (21).
Short ssRNA Substrate—RNA oligonucleotide of sequence 5�-

AAACUAAAAAAAAA was 5�-radiolabeled with [�-32P]ATP
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by T7 polynucleotide kinase (Ambion) and subsequently puri-
fied by G-25 microspin column (GE Healthcare).
Short ssRNA Degradation Assay—Similar to the helicase

assay, with increasing amounts of purified proteins, RNA deg-
radation reaction was carried out in reaction buffer (50 mM

Tris-HCl, pH 7.5, 5 mM potassium phosphate, pH 7.5, 80 mM

KCl, 1 mM ATP, 5 mM dithiothreitol, 5 mM MnCl2, 100 ng/�l
bovine serum albumin) containing 100 nM of radiolabeled short
ssRNA substrate. The reaction was terminated by adding equal
volume of denaturing loading buffer (1�TBE, 82% formamide,
0.1% bromphenol blue, 0.1% xylene cyanol). the reaction prod-
ucts were electrophoresed through a 20% polyacrylamide gel
containing 1� TBE, 10% formamide, and 7 M urea, which was
dried and quantified the same way as in the helicase assay.
dsRNA Substrates—The 3WRNA and the 5WRNA were

5�-radiolabeled with [�-32P]ATP by T7 polynucleotide kinase
(Ambion), subsequently purified by G-25 Microspin column
(GE Healthcare) before annealing with the T22RNA of
sequence: 5�-CUCAAACUCUCUCUCUCUCAAC-3� to pro-
duce the 3�- and 5�-OH dsRNA substrates, respectively.
dsRNA Degradation Assay—RNA degradation reaction was

carried out in reaction buffer (50 mM Tris-HCl, pH 7.5, 5 mM

potassium phosphate, pH 7.5, 80 mM KCl, 3 mM ATP, 5 mM

dithiothreitol, 2.5 mM MnCl2) containing 120 nM of radiola-
beled dsRNA substrate. The reaction was terminated by adding
an equal volume of denaturing loading buffer (1� TBE, 82%
formamide, 0.1% bromphenol blue, 0.1% xylene cyanol). The
reaction products were electrophoresed, dried, and quantified
the same way as in the helicase assay.
Analytical Ultracentrifuge Sedimentation Equilibrium Assay—

The analytical ultracentrifugation experiments were per-
formed with a Beckman Optima XL-I instrument with an
An60Ti rotor. hSUV3 alone, hPNPase alone, and a complex
obtained from procedures above were run in the gel filtration
running buffer at room temperature. Sedimentation equilib-
riumwas reached after 24 h, and absorbance changes as a func-
tion of radial position were determined at 12,000 rpm for the
single proteins and 6000 rpm for the complex. The data were
analyzed using theOrigin software package (Beckman), and the
program Sednterp was used to calculate the partial specific vol-
umes and solvent densities of both proteins based on their
amino acid sequences.
GSTBinding Assay—Experimental procedures were adopted

from Zhong et al. (28).
BIAcore Surface PlasmonResonanceAnalysis—Experimental

methods were adopted fromLiou et al.(11). Briefly, the hSUV3-
hPNPase interactions were examined in real time by a BIAcore
instrument (GE Healthcare). Purified recombinant hPNPase
protein was immobilized via amine coupling on a CM5 sensor
chip. The interaction assays were performed at room tempera-
ture with a constant flow rate of 5 �l/min. 5 �l of purified
recombinant hSUV3 WT, �SP2, and K213A were injected at
concentrations indicated in supplemental Fig. S5. The chemical
binding groups were regenerated by sequentially washing the
analytes with three pulses of 30 �l of 0.1 M glycine buffer (pH
10.5) at a constant flow rate of 10 �l/min until the background
level was attained.

RESULTS

hSUV3 and hPNPase Form a 330-kDa Heteropentameric
Complex at a 2:3 Molar Ratio—In the E. coli RNA degrado-
some, RhlB and PNPase form a stable complex at a 2:3 molar
ratio (11–13), whereas in budding yeast, the mitochondrial
RNA degradosome is a heterodimer consisted of one molecule
each of Suv3 andDss1 (15).Whether human SUV3 and PNPase
form a complex like E. coli or yeast warrants investigation. To
approach this, the two proteins were first separately purified to
homogeneity. As shown in Fig. 1B, based on the empirical
molecular masses determined by size exclusion chromatogra-
phy, hSUV3 and hPNPase exist as a dimer and a trimer, respec-
tively. Whenmixing hSUV3 and hPNPase at 2:3 ratio (Fig. 1A),
the elution profile came out to be a sharp peak with amolecular
mass of�340 kDa (Fig. 1B). Along with the individual proteins,
the potential complex was then subjected to native gel electro-
phoresis analysis and was found to migrate significantly faster
than hSUV3 but slightly slower than hPNPase (Fig. 1C). SDS-
PAGE followed by Western blot analysis with anti-hSUV3 and
anti-hPNPase antibodies confirmed that the complex fraction
contains both hSUV3 and hPNPase (Fig. 1, E and F). To pre-
cisely determine the subunit stoichiometry of the complex, the
purified proteins were subject to sedimentation equilibrium
experiments by analytical ultracentrifugation (Fig. 1G). The
molecular masses of hSUV3 and hPNPase were determined to
be 125.6 and 207.6 kDa, respectively, consistent with the size
exclusion chromatography profiles of the respective proteins.
Themolecularmass of the complex was determined to be 330.0
kDa, which is remarkably close to that of hSUV3 and hPNPase
added together. Collectively, these results suggest that hSUV3
and hPNPase form a 330-kDa heteropentamer at a 2:3 molar
ratio.
hSUV3-hPNPase Complex Efficiently Degrades dsRNA Sub-

strates Containing a 3� Overhang in the Presence of ATP—To
address the potential cooperativity of this enzyme complex, the
enzymatic activities of the hSUV3-hPNPase complex were
compared with the individual components using the substrates
shown in Fig. 2A. By adding equal molar amounts of the pro-
teins, in the presence of phosphate, hPNPase and the complex
appeared to degrade short unstructured ssRNA substrates at a
similar rate (Fig. 2B). Consistent with previous reports, the deg-
radation pattern of the reaction products suggests that hPNP-
ase is a 3�-5� processive exoribonuclease and stops degrada-
tion when the RNA substrate is �6 nucleotides long (3, 5, 29).
Relative to hSUV3, in the absence of phosphate and in the pres-
ence of ATP, the complex appeared to have slightly enhanced
helicase activity (Fig. 2C). Detailed analysis of the helicase activ-
ity of hSUV3 revealed that it has a 3�-to-5� directionality and
prefers substrateswith a 3� overhang over substrates containing
a 5� overhang or a blunt end, which is consistent with the obser-
vation made with purified yeast Suv3 (15) (Fig. 2, C and D).
When a dsRNA substrate containing an 8-nucleotide 3� over-
hang was used to mimic RNAs containing a stable hairpin
structure, the complex degraded the longer strand much more
efficiently than hPNPase alone in an ATP-dependent manner
(Fig. 2, E and F). Lastly, because both hSUV3 and hPNPase have
a 3�-to-5� directionality, it is no surprise that the complex pre-
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fers to degrade dsRNA substrates containing a 3� overhang to
those with a 5� overhang (Fig. 2G). These results strongly sug-
gest that the hSUV3-hPNPase complex formation is critical for
degrading the structured RNA, a task the individual compo-
nents separately cannot perform.
Stable Complex Formation Is Critical for hSUV3 to Inter-

act with PNPase to Degrade Structured RNA—To further
substantiate that the complex formation between these two
enzymes is critical for its cooperative activity, we generated a
series of hSUV3 genetic mutants with the intention to isolate
a region that is important for hPNPase interaction but not
for the helicase activity. To approach this, we first generated
four GST fusion proteins containing different fragments
downstream of the hSUV3 helicase domain (Fig. 3A). By
incubating purified hPNPase with the GST fusion proteins in
the binding assay, we determined that both Y2 (residues 460–

786) and BG (residues 503–657)
fragments bind to hPNPase, whereas
theBgX fragment (residues 658–786)
does not (Fig. 3B), suggesting that
the hPNPase-interacting region of
hSUV3 is likely to be within the BG
fragment. To confirm and further
narrow down the region of hSUV3
that is important for interaction with
hPNPase, three additional con-
structs with different segments of
BG deleted from full-length hSUV3
weremade (Fig. 3A). Thesemutants
were designated as �BG (residues
503–657), �BG1 (residues 503–
569), and �BG2 (residues 570–
657). As shown in Fig. 3C, the BG
region is indeed critical for hPNPase
binding, because deletion of the
entire BG region abolishes hPNPase
binding. Deletion of the BG1 region
also eliminates hPNPase binding,
whereas residual hPNPase was
pulled down by �BG2, suggesting
that a critical binding region is
within BG1. However, the BG1 seg-
ment is still considerably large (67
amino acids), indicating the need to
further narrow down the region
essential for hPNPase binding.
Based on the presumption that

the hSUV3-hPNPase complex for-
mation is critical for the biological
function of hSUV3, the binding
region for hPNPase must be evolu-
tionally conserved. Therefore, we
compared the amino acid sequences
of SUV3 across different species to
search for the most conserved seg-
ments within BG1 (data not shown).
We found three short stretches of
5–10 amino acids that are highly

conserved and constructed three mutants with deletions in
these regions (designated as �SP2, �SP3, and �SP4) (Fig. 3A).
Of the three, the �SP2 and �SP3 mutants showed reduced
binding affinity for hPNPase (Fig. 3D). To test whether the
mutations in �SP2 and �SP3 affect the helicase activity of
hSUV3, the mutants were subjected to the helicase assay. �SP2
mutant exhibited unaffected helicase activity relative to the
wild type hSUV3 (Fig. 3E), whereas the �SP3 mutant showed
significantly reduced helicase activity (supplemental Fig. S1). To
test whether �SP2 can still form a stable complex with hPNPase,
the protein was subject to the complex formation assay (Fig.
1A). When �SP2 and hPNPase are mixed at a 2:3 ratio, a
higher molecular mass peak does form; however, a much
higher proportion of the protein exists in the free form, suggest-
ing that the mutation hinders the complex formation (supple-
mental Fig. S2). To reaffirm this point, the interactions between

FIGURE 1. hSUV3 and hPNPase form a 330kDa heteropentameric complex at a 2:3 molar ratio. A, purifi-
cation scheme of the hSUV3-hPNPase complex. B, size exclusion chromatography (Superdex 200) elution
profiles for hSUV3, hPNPase, and the hSUV3-hPNPase complex. The numbers to the right are the approximate
molecular masses of the purified proteins based on their peak elution volumes. C, native PAGE (6%, pH 10.0)
migration pattern of the purified proteins. D, Coomassie Blue staining of the purified proteins in 8% SDS-PAGE.
E and F, Western blotting of the purified proteins in 8% SDS-PAGE. G, UV absorbance curves and the calcu-
lated molecular masses of the purified proteins determined by equilibrium sedimentation analytical
ultracentrifugation.
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hPNPase and hSUV3 WT and �SP2 were quantified in real
time by surface plasmon resonance analysis using a BIAcore
system. With hPNPase immobilized on the CM5 sensing chip
and injecting the hSUV3 samples at various concentrations as
analytes, the Kd values of hSUV3 WT and �SP2 were deter-
mined to be 1.38 and 1.64 �M, respectively (supplemental Fig.

S5). Consistently, at low concentrations (100 and 180 nM), the
amount of residual binding for �SP2 was only �50% of hSUV3
WT (supplemental Fig. S5), suggesting that the �SP2 mutation
compromises the binding affinity of hSUV3 for hPNPase.
Together, these results indicate that we have indeed identi-
fied a region (SP2) in hSUV3 that is critical for hPNPase

FIGURE 2. hSUV3-hPNPase complex efficiently degrades dsRNA substrates containing a 3� overhang in the presence of ATP. A, nucleic acid substrates
used in the in vitro assays. B, increasing amounts of hSUV3, hPNPase, or the hSUV3-hPNPase complex (30, 60, and 120 nM) were incubated with the short ssRNA
substrate for 60 min at 37 °C in the presence of 5 mM phosphate. C, increasing amounts of hSUV3, hPNPase, or the hSUV3-hPNPase complex (30, 60, and 120 nM)
were incubated with the 3�-OH helicase substrate for 30 min at 37 °C in the presence of 5 mM ATP. Lane HD, heat denatured, in which the reaction mix
containing the substrate was heated up to 80 °C for 10 min to denature the duplex immediately before loading onto 15% native PAGE. Lane C, control. The size
exclusion chromatography buffer containing no protein was added. D, same as C, except the substrates used here are the 5�-OH and the blunt end helicase
substrates. E, time course 3�-OH dsRNA substrate degradation activities of the hSUV3-hPNPase complex (120 nM) in the presence of 5 mM phosphate with or
without 3 mM ATP. F, time course 3�-OH dsRNA substrate degradation activities of the purified proteins (120 nM) in the presence of 3 mM ATP and 5 mM

phosphate. G, time course dsRNA degradation activities of the hSUV3-hPNPase complex using the 3�-OH dsRNA substrate and 5�-OH dsRNA substrate in the
presence of 3 mM ATP and 5 mM phosphate.
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binding but not the helicase activity. We then mixed the
�SP2 mutant protein and hPNPase to test dsRNA degrada-
tion activity in comparison with the wild type complex. As
shown in Fig. 3F, the �SP2/hPNPase mixture was signifi-
cantly less effective in degrading the 3�-OH dsRNA substrate
relative to the wild type complex, suggesting that a stable
complex formation between hSUV3 and hPNPase is critical
for efficient dsRNA degradation.
hSUV3 K213A Mutant Forms a Stable Complex with

PNPasea but Fails to Degrade dsRNA—Although we have
determined that hSUV3 and hPNPase form a complex that
degrades dsRNA substrates, the precise contribution of
hSUV3 to this process remains unclear. To address this, we
first examined whether the helicase activity of hSUV3 serves
as an integral component of this process. Previously, it was
demonstrated that a lysine to alanine point mutation in the
Walker A motif (Motif I) eliminates the ATPase and helicase
activity of hSUV3 (Fig. 4A) (30). As determined by the sur-
face plasmon resonance analysis, this mutant has a Kd com-

parable with that of WT hSUV3 (supplemental Fig. S5), sug-
gesting that the point mutation does not alter the binding
affinity of hSUV3 to hPNPase. Subsequently, the K213A-
hPNPase complex was obtained the same way as described in
the complex formation assay (Fig. 1A), in which a sharp peak
with a molecular mass of �300 kDa was observed when mix-
ing K213A and hPNPase at a 2:3 ratio (supplemental Fig. S3).
However, using this complex for the helicase assay revealed
that the K213A-hPNPase complex has greatly reduced heli-
case activity relative to the wild type hSUV3-hPNPase com-
plex (Fig. 4B). Furthermore, the K213A-hPNPase complex
degraded the dsRNA substrate much less efficiently relative
to the wild type complex (Fig. 4C). These results recapitulate
the importance of the helicase activity as an integral compo-
nent of the hSUV3-hPNPase complex to efficiently degrade
dsRNA.
hSUV3 Mutant Depleted of RNA Binding Activity Forms a

Complex with hPNPase but Fails to Degrade dsRNA—It
appears reasonable that an intact helicase domain (208–

FIGURE 3. Complex formation is critical for hSUV3 to interact with PNPase to degrade structured RNA. A, list of GST-hSUV3 constructs used in the in vitro
binding experiments. B–D, the top panels show the Coomassie Blue staining of the input hSUV3 recombinant proteins. The bottom panels show the amount of
hPNPase pulled down by the hSUV3 proteins and detected by Western blotting using monoclonal anti-hSUV3 antibody. E, increasing amounts of wild type
hSUV3 and �SP2 (30, 60, and 120 nM) were incubated with the 3�-OH helicase substrate for 30 min at 37 °C in the presence of 5 mM ATP. Lane HD, heat
denatured. Lane C, control. F, time course 3�-OH dsRNA substrate degradation activities of the hSUV3-hPNPase complex (120 nM) and a mixture containing
hSUV3 �SP2 and hPNPase of equivalent molar amounts in the presence 3 mM ATP and 5 mM phosphate.
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480) of hSUV3 is required to facilitate dsRNA degradation by
the heteropentameric complex. However, whether the
C-terminal half of hSUV3 also plays a role in this coordi-
nated activity is not clear. As previously observed, the �SP3
(569–571) mutant, which failed to bind hPNPase, had signifi-
cantly reduced helicase activity. Thus, it was conjectured that

SP3 may be situated in between
the hPNPase-binding domain (SP2:
510–514) and a region essential for
the helicase activity. Because SP3 is
downstream of the hPNPase-bind-
ing domain, we looked for a con-
servedmotif downstream of SP3. At
positions 576–581, we found a
highly conserved sequence, TAPINK
(Fig. 5A). Interestingly, the mutant
protein with these 6 amino acids
deleted, R2, showed a loss of heli-
case activity (Fig. 5B). To address
the possibility that this region may
be involved in RNA substrate inter-
action, we performed an RNA bind-
ing assay and found that R2 has a
significantly lower RNA affinity
than the wild type hSUV3 (Fig. 5C).
In addition, although the base-line
ATPase activity of the R2 deletion
mutant was unaffected, adding
ssRNA failed to stimulate its
ATPase activity (Fig. 5D). This
piece of information serves as sup-
porting evidence to suggest that the
R2 region is important for RNA
binding. Subsequently, the R2 com-
plex was obtained the same way as
described in Fig. 1A, in which a
sharp peak with amolecular mass of
�300 kDa was observed when mix-
ing R2 and hPNPase at a 2:3 ratio
(supplemental Fig. S4). Consistent
with the failure to bind RNA, the R2
complex has a significantly reduced
dsRNAdegrading activity relative to
the wild type hSUV3-hPNPase
complex (Fig. 5E). Together, these
results indicate that there is a region
toward the C terminus of the helicase
domain that is important for RNA
binding and hence the helicase activ-
ity of hSUV3. Furthermore, the RNA
binding activity of hSUV3 is critical
for the dsRNAdegradation activity of
the complex, suggesting that in addi-
tion to duplex unwinding, hSUV3 is
also in charge of RNA substrate rec-
ognition in the complex.

DISCUSSION

In this study, we demonstrated
that hSUV3 and hPNPase form a 330-kDa heteropentameric
complex at a 2:3 molar ratio, such that the helicase and exori-
bonuclease activities of the individual components work in a
coordinated manner to degrade dsRNA substrates in the pres-
ence of ATP. Structurally, the complex closely resembles an

FIGURE 4. hSUV3 K213A mutant forms a stable complex with PNPase but fails to degrade dsRNA. A, schematic
representation of the DExH/D helicase motifs in human SUV3. Walker A domain, or Motif I, has a conserved lysine
(Lys213) residue that is critical for ATP binding. B, increasing amounts of wild type hSUV3-hPNPase and K213A-
hPNPase complexes (30, 60, and 120 nM) were incubated with the 3�-OH helicase substrate for 30 min at 37 °C in the
presence of 5 mM ATP. Lane HD, heat denatured. Lane C, control. C, time course 3�-OH dsRNA substrate degradation
activities of the purified complexes (120 nM) in the presence of 3 mM ATP and 5 mM phosphate.

FIGURE 5. hSUV3 mutant depleted of RNA binding activity forms complex with hPNPase but fails to
degrade dsRNA. A, schematic representation of the hPNPase-binding domain and the RNA-binding motif (R2)
downstream of the helicase domain. B, increasing amounts of wild type and R2 hSUV3 (30, 60, and 120 nM) were
incubated with the 3�-OH helicase substrate for 30 min at 37 °C in the presence of 5 mM of ATP. Lane HD, heat
denatured. Lane C, control. C, nucleic acid binding assay. Increasing amounts (50, 100, or 200 nM) of wild type
hSUV3 or R2 were incubated with 2.0 nM of the partial DNA-RNA duplex. The reaction mixtures were analyzed
by 12% native PAGE. A significantly decreased nucleic acid binding was observed for R2 when compared with
wild type hSUV3. D, ATPase assay. The R2 retains base-line ATPase activity but fails to respond to RNA stimu-
lation. E, time course 3�-OH dsRNA substrate degradation activities of the purified complexes (120 nM) in the
presence of 3 mM ATP and 5 mM phosphate.
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alternative form of the RNA-degrading complex observed in
the E. coli system, which the RhlB and PNPase form a 380-kDa
complex at a 2:3 ratio (12). In a related study, the region imme-
diately toward the C-terminal of the helicase domain of RhlB
was shown to be critical for PNPase binding (11), which is con-
sistent with the �SP2 and �SP3mutant studies, supporting the
concept that the gross configuration of the RNA degradation
machinery is conserved from bacteria to eukaryotic organelles.
Judging by the stoichiometry of the respective subunits alone,
the mammalian mitochondrial RNA degradosome appears to
share a close lineage with the E. coli RNA degradosome. On the
other hand, the core complex of the mitochondria degrado-
some of budding yeast consists of Suv3 and Dss1 at a 1:1 molar
ratio. This complex configuration is quite different from that of
both E. coli and mammalian mitochondrial degradosome
described here. These results suggest that yeast and mamma-
lian cells evolved independently by symbiosis with different
bacteria at the fork of the lineage. Interestingly, the predomi-
nant form of the E. coli RNA degradosome was shown to con-
tain an endoribonuclease, RNase E, and a glycolytic enzyme,
enolase. So far, the counterparts of these two components have
not been observed in either yeast or mammalianmitochondrial
RNA degradingmachineries.Whether RNA degradation in the
mammalian mitochondria requires such components remains
to be explored.
It has been demonstrated in the E. coli RNA degradosome,

the RhlB-PNPase complex, and the budding yeast mtEXO that
the cooperative action between a helicase and an exoribonucle-
ase is required to degrade structured RNAs (5, 11, 15). Under
physiological conditions, the exoribonuclease alone usually
cannot get past stable duplex structures of an RNA substrate
and often stalls at the base of the hairpin loop. On the other
hand, the helicase alone can unwind the duplex portion of the
RNA substrate in the presence of ATP, but the RNA would
immediately snap back to the native conformation before a
nearbyRNasewould have the chance to initiate a cleavage.Only
when the helicase and exoribonuclease are both present in the
same entity can structured RNAs be efficiently degraded. The fact
that these enzymatic activities are always harbored in different
proteins implies that the individual components may have sepa-
rate functions by themselves or with other binding partners.
The comprehensive and detailed mechanism of structured

RNA degradation by the hSUV3-hPNPase complex cannot be
addressed until the structure of the substrate-bound complex is
known. However, comparing the contrasting the structural
information derived from the RhlB-PNPase and hSUV3-hPNP-
ase complexes provided informative insights on the key steps
of the cooperative action. Despite the similarity in subunit stoi-
chiometry, the hSUV3-hPNPase complex employs a highly
conserved motif toward the C-terminal of the helicase domain
of hSUV3 for RNA substrate binding, which is critical for the
ability of the complex to degrade dsRNAs as demonstrated by
the R2 mutant. However, this conserved motif is not present in
RhlB, indicating different strategies in RNA substrate recogni-
tion between the two complexes. Previous studies have impli-
cated that the highly conserved helicase motifs Ia, Ib, V, and VI
of DExH/D-box helicases are involved in nucleic acid binding
(30) (Figs. 4A and 5A). Hence, it is possible that deleting the R2

region distorted the overall structure of hSUV3, such that these
motifs were no longer at their optimal orientation to interact
with the RNA substrate. Alternatively, the R2 region could be
directly involved in RNA binding. These conjectures can only
be resolved when the co-crystal structure of RNA-bound
hSUV3-hPNPase complex is available.
It is intriguing that the R2 motif plays such a critical role in

the action of the complex to degrade structured RNA, a process
that is likely to begin by the heteropentameric complex binding
to the 3� end of the single-stranded portion of the RNA to be
degraded. Although hPNPase also has intrinsic RNA binding
affinity (13), because the R2/hPNPase complex cannot degrade
dsRNA substrates, hSUV3 appears to be in charge of substrate
recognition for the complex. Subsequently, the complex slides
along the single-stranded track toward the 5� end of the RNA
with hSUV3 leading hPNPase. When a duplex region is
reached, hSUV3 unwinds the double strand in the presence of
ATP to allow the hPNPase to degrade the exposed single strand
exoribonucleolytically until the RNA is roughly 6 nucleotides
long, as proposed in Fig. 6. It is possible that these short ssRNA
strands are removed by another RNase; yet so far such a species
has not been identified in the mammalian mitochondrion. The
RNA substrate shown in the diagram is similar to the one used

FIGURE 6. Model for dsRNA degradation by the hSUV3 hPNPase complex.
The assembly of the heteropentameric complex takes place first (Step 1), fol-
lowed by loading of the complex onto the single-stranded portion of the
dsRNA substrate (Step 2). The complex then moves along the ssRNA track
toward the 5� with hSUV3 leading hPNPase. When a duplex region is reached,
hSUV3 unwinds the double strand in the presence of ATP to allow the com-
plex to degrade the exposed single strand exoribonucleolytically (Steps 3 and
4) until the RNA is degraded to roughly 6 nucleotides long (Step 5).
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in the dsRNA degradation assay. By the same mechanism,
hSUV3-hPNPase complex can also degrade long RNAs con-
taining hairpin structures, which may more closely reflect the
endogenous substrates of the hSUV3-hPNPase complex inside
the mitochondria. In addition, as observed in the E. coli RNA
degradosome, for efficient degradation, the long structured
RNA may need to be first cleaved into smaller segments by an
endoribonuclease to expose the 3� ends for further degradation
by the exoribonuclease and helicase. Whether RNA degrada-
tion in the mammalian mitochondria requires such an endori-
bonuclease remains to be elucidated.
The presence of truncated and polyadenylated mtRNA tran-

scripts inside the human mitochondria has been recently dem-
onstrated (18). Although low in abundance, these internally
polyadenylatedRNA transcripts exist for everymitochondrially
encoded gene. It has been hypothesized that accumulations of
these aberrant RNAsmay lead to impairedmitochondrial func-
tion such as protein synthesis. Recent RNAi knockdown studies
suggest that the hSUV3-hPNPase complex may be involved in
removing these aberrant truncated RNA species in the mam-
malian mitochondria in that truncated polyadenylated mtRNA
species accumulated in mammalian cells lacking hSUV3 (31).
Consequently, the expression levels of Complexes I, III, and IV
plunged, leading to impaired OXPHOS and ATP production,
increased superoxide production, and cellular senescence and
death. Consistently, yeast strains lacking Suv3p exhibit an accu-
mulation of the excised form of the group I intron � of the
mitochondrial 21 S rRNA exons and precursors of 21 S rRNA
and VAR1 (14, 32).
On the other hand, it was reported that hPNPase depletion

by RNAi silencing did not affect the steady state level of
mtRNAs (33, 34). However, in these studies, only the levels of
full-length mtRNAs were quantified, and it is possible that
knocking down hPNPase caused an accumulation of truncated
RNA transcripts. Incidentally, the cellular phenotypes of
knocking down hPNPase were strikingly similar to what was
observed in hSUV3 RNAi silenced cells. hPNPase knockdown
cell lines exhibit impaired OXPHOS and ATP production and
slowed cellular growth, which can be explained by increased
cellular senescence anddeath. The observation that steady state
levels of the full-length mtRNA transcripts did not change in
hPNPase knockdown cells suggests full-length mtRNA degra-
dation may be mediated by a different mechanism.
It is noted that the short aberrant mitochondrial RNA tran-

scripts observed in the hSUV3 knockdown experiments are
structurally analogous to the nonstop mRNAs transcripts seen
in bacteria and the eukaryotic nucleus and cytoplasm, where
RNA surveillance is more thoroughly studied (35–37). In
eubacteria, the recognition, disassembly, and decay of the non-
stop RNA transcript and the stalled peptide requires the inter-
play of alanyl-tRNA synthetase, small protein B, elongation fac-
tor Tu, and SsrA RNA, a unique species having properties of
both tRNA and mRNA (38–41). The tRNA-like portion of the
SsrA RNA first empties the A site of the ribosome, and the
mRNA-like portion displaces the nonstop mRNA. The precise
mechanism that leads to the degradation of the nonstop RNA
transcript is not clear, but a recent study showed that it is medi-
ated by the SsrA RNA (42). Evidence suggests that eukaryotes

utilize a different strategy to remove nonstop RNA transcripts.
As shown in budding yeast, themRNA surveillancemechanism
to remove nonstop transcripts involves the ribosome stalling at
the poly(A) tail and being recognized by a cytoplasmic GTPase,
Ski7p, which in turn recruits the exosome and the Ski complex
to degrade the transcript in a 3�-to-5� direction (43–45). If the
mammalian mitochondria were to use a similar mechanism in
removing the aberrant RNA species, it is likely that the hSUV3-
hPNPase complex would be recruited to the 3� end of the RNA
transcript as a result of the ribosome stalling at the poly(A) tail
before a valid stop codon was reached.
Recently, protease-protection studies suggested that the

majority of mammalian PNPase is localized in the mitochon-
drial intermembrane space, where no RNA has been reported
to be present (33, 46). Based on the observation, it was proposed
that human PNPase is not directly involved in RNA degrada-
tion inside the mitochondrial matrix. However, due to the lim-
itations of the protease protection assays in detecting protein
submitochondrial localizations, one cannot exclude the possi-
bility that trace amounts of hPNPase reside in the mitochon-
drial matrix to participate directly in the surveillance and proc-
essing of mtRNA transcripts. In fact, matrix localization of
human PNPase has been implicated in two recent studies,
where hPNPase is found to associate with themtDNAnucleoid
located at the inner membrane in the matrix (47, 48). Inciden-
tally, in the same studies, hSUV3was also identified to be one of
the mtDNA nucleoid-associating proteins. Since transcription
and translation are tightly coupled inside the mitochondria
(49–52), it is no surprise that hPNPase and hSUV3, which are
shown in this study to be integral components of themitochon-
drial RNA-degrading complex, would be found in close prox-
imity to themitochondrial genome. Furthermore, by reciprocal
co-immunoprecipitation experiments, our preliminary data
suggest that a small portion of SUV3 and PNPase interact with
each other in vivo (data not shown). It is conceivable that a
RNA-degrading complex would be tightly regulated and is only
active when needed to prevent a futile cycle. One way to do this
is to keep hSUV3 and hPNPase separately localized in the
matrix and intermembrane space, respectively. When mis-
folded or truncated RNAs are present, hPNPase would translo-
cate into thematrix to form a complexwith hSUV3 to remove the
unwanted RNAs. Elucidating the regulation and control of the
hSUV3-hPNPase complex formation in vivo will allow us to
understandhowtheRNAdegradingmachinery serves tomaintain
the integrity and physiological functions of themammalianmito-
chondrion, a topic that is currently being actively investigated.
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