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Abstract

Human Suv3 is a unique homodimeric helicase that constitutes the major compo-

nent of the mitochondrial degradosome to work cooperatively with

exoribonuclease PNPase for efficient RNA decay. However, the molecular mecha-

nism of how Suv3 is assembled into a homodimer to unwind RNA remains elu-

sive. Here, we show that dimeric Suv3 preferentially binds to and unwinds DNA–
DNA, DNA–RNA, and RNA–RNA duplexes with a long 30 overhang (≥10 nucleo-

tides). The C-terminal tail (CTT)-truncated Suv3 (Suv3ΔC) becomes a monomeric

protein that binds to and unwinds duplex substrates with �six to sevenfold lower

activities relative to dimeric Suv3. Only dimeric Suv3, but not monomeric Suv3ΔC,
binds RNA independently of ATP or ADP, and is capable of interacting with

PNPase, indicating that dimeric Suv3 assembly ensures its continuous association

with RNA and PNPase during ATP hydrolysis cycles for efficient RNA degradation.

We further determined the crystal structure of the apo-form of Suv3ΔC, and SAXS

structures of dimeric Suv3 and PNPase–Suv3 complex, showing that dimeric Suv3

caps on the top of PNPase via interactions with S1 domains, and forms a

dumbbell-shaped degradosome complex with PNPase. Overall, this study reveals

that Suv3 is assembled into a dimeric helicase by its CTT for efficient and persis-

tent RNA binding and unwinding to facilitate interactions with PNPase, promote

RNA degradation, and maintain mitochondrial genome integrity and homeostasis.
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1 | INTRODUCTION

Suv3 is an ATP-dependent RNA–DNA helicase first dis-
covered in yeast as a suppressor of val1 deletion

phenotype.1 Subsequently, the human homolog was iden-
tified, showing that Suv3 is a highly conserved protein
expressed in all eukaryotic species.2 Sequence analysis fur-
ther revealed that Suv3 is a superfamily 2 (SF2) helicase
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containing two typical RecA-like domains (RecA1 and
RecA2) that constitute its helicase core.3,4 Suv3 was previ-
ously classified in the sub-group of Ski2-like DExH RNA
helicases in SF2, however, due to the structure dissimilar-
ity and significant differences in the key residues of DEIQ,
but not DExH, in the motif II, Suv3 is suggested to be sep-
arately grouped.5,6 Besides the two RecA-like domains,
Suv3 also contains three auxiliary domains, that is, an N-
terminal domain (NTD), a C-terminal domain (CTD) and
a C-terminal tail (CTT), as well as a mitochondrial locali-
zation signal in its N-terminal end (Figure 1A).7 Human
Suv3 is thus a unique SF2 helicase predominantly local-
ized in the mitochondrial matrix where it plays important
roles in maintaining mitochondrial homeostasis.8

Suv3 is a multi-substrate helicase and unwinds
double-stranded RNA, DNA, and DNA–RNA heterodu-
plex.9 The most extensively characterized biological func-
tion of Suv3 in mitochondria is unwinding of RNA
duplex as part of RNA surveillance and degradation path-
ways.10 Suv3 interacts with a 30-50 exoribonuclease to
form the RNA-degrading machinery, termed the mito-
chondrial degradosome, in mitochondrial granules (foci)
that can degrade structured RNA with a 30 overhang from
the 30 to 50 end in an ATP-dependent manner.11,12 Yeast
Suv3 interacts with the exoribonuclease Dss1 to form a
1-to-1 complex,13,14 whereas human Suv3 interacts with
the exoribonuclease PNPase to form the 2-to-3 complex

of the mitochondrial degradosome.11,12,15 Loss of Suv3 in
yeast,16 Drosophila, 17 or mice18 results in an accumula-
tion of mitochondrial mRNAs, mitochondrial dysfunc-
tion, and lethal phenotypes. Reduced Suv3 expression in
human cell lines and heterozygous knockout of Suv3 in
mice both caused genome instability, manifesting as an
increased population of mutations in mitochondrial DNA
(mtDNA) and decreased mtDNA copy number, leading
to tumor development and shortened lifespan.19 The
accumulated double-stranded RNA (dsRNA) resulting
from loss of PNPase or Suv3 can escape into the cyto-
plasm, where it engages antiviral signaling pathways to
trigger a type I interferon response.20,21 Therefore, Suv3
prevents activation of potent innate immune defense
mechanisms stimulated by mitochondrial dsRNA.

Apart from RNA degradation, Suv3 is also involved in
unwinding RNA–DNA hybrid duplexes to prevent harm-
ful formation of R-loops during transcription in mito-
chondria.22 These stable R-loops can block the
replication and transcription machineries, leading to
mitochondrial genome instability and disease. Moreover,
a small proportion of Suv3 is located in the nucleus, con-
sistent with the observation that the protein harbors a
nuclear localization sequence (NLS) at its C-terminal
end.23 In the nucleus, Suv3 interacts with WRN and BLM
helicases, FEN1 flap endonuclease, as well as replication
protein A, which are involved in DNA recombination,

FIGURE 1 Human Suv3 is a dimeric protein and CTT-truncated Suv3 (Suv3ΔC) is monomeric. (a) Domain organization of full-length

Suv3 (48–786 residues) and C-terminal tail (CTT)-truncated Suv3ΔC (48–722 residues). (b) Elution profiles of Suv3 (blue) and Suv3ΔC (red) in

the gel filtration chromatographic column (Superdex 200 10/300 GL), revealing that Suv3 eluted as a homodimer whereas Suv3ΔC eluted as a

monomer. Protein markers: Ferritin (440 kDa), aldolase (158 kDa), conalbumin (75 kDa), and ovalbumin (43 kDa). (C-D) The molecular

weights of Suv3 of 148.6 kDa (calculated MW of Suv3 dimer with a His-tag: 170 kDa), and Suv3ΔC of 78.6 kDa (calculated MW of Suv3ΔC
monomer with a His-tag: 85.3 kDa) were determined by size exclusion chromatography-coupled multi-angle light scattering (SEC-MALS)
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repair and/or replication.18,24 Therefore, not only is Suv3
a key player in regulating mitochondrial genome stability
and mitochondrial homeostasis, but it may also have
multiple roles in nuclear DNA metabolism.

The crystal structure of a truncated form of human Suv3
(residues 47–722) in complex with a five-nucleotide RNA
(PDB entry: 3RC8) has been reported previously, revealing
that it is a monomer and its RecA1 and RecA2 domains
together with CTD make a ring-like structure to bind RNA.6

However, a dimeric Suv3, but not a monomeric one, inter-
acts with trimeric PNPase to form a 2-to-3 assembly of mito-
chondrial degradosome. A similar 2-to-3 assembly of a
dimeric DEAD-box helicase in complex with a trimeric
PNPase has also been documented in bacterial RNA
degradosome, with Gram-negative Escherichia coli RhlB
helicase forming a complex with PNPase, and Gram-positive
Bacillus subtilis CshA helicase forming a complex with
PNPase.25–28 The crystal structure of CshA from Geobacillus
stearothermophilus reveals a V-shaped dimeric structure,
with the two helicase core domains located in two arms that
are linked by C-terminal dimerization domains.29 Apart
from the homologous RecA-like domains in the helicase
core, Suv3 does not share any similar auxiliary domains with
CshA, nor does it contain a dimerization domain similar to
those found in certain dimeric DEAD-box helicases, includ-
ing Hera, CsdA, DDX50, and DDX21.30 Accordingly, we
were intrigued as to how human Suv3 is assembled into a
homodimer and why it functions as a dimeric helicase for
RNA unwinding in the mitochondrial degradosome.

Here, we have investigated the biochemical and enzy-
matic properties of Suv3 in terms of its RNA binding and
unwinding abilities. We show that the C-terminal tail
(CTT) of Suv3 (amino acids 723–786) is required for dimer-
ization and efficient RNA unwinding activity and, more-
over, that dimeric assembly of Suv3 ensures continuous
RNA substrate association and interactions with PNPase
during ATP hydrolysis cycles. We further determined the
crystal structure of the apo-form of a monomeric Suv3 and
revealed the molecular models of Suv3 helicase and Suv3–
PNPase complex via small-angle X-ray scattering (SAXS)
analyses. Our study illustrates that Suv3 has to assemble
into a homodimer for efficient and persistent RNA binding
and unwinding, as well as interactions with PNPase,
enabling it to exert its roles in RNA decay.

2 | RESULTS

2.1 | Suv3 forms a homodimer via its C-
terminal tail

To examine the molecular assembly of Suv3, we gener-
ated two constructs to express N-terminal His-tagged

Suv3 (residues 48–786) and CTT-truncated Suv3
(Suv3ΔC, residues 48–722), both of which lacked the
mitochondrial targeting sequence (residues 1–47)
(Figure 1A). The recombinant proteins were expressed in
E. coli and purified by chromatographic methods to a
high homogeneity. Suv3 eluted as a dimeric protein in
the final size-exclusion chromatographic column
(Superdex 200 10/300 column), whereas Suv3ΔC eluted
as a monomer when compared against the elution vol-
ume of standard proteins (Figure 1B). This result is con-
sistent with a previous report showing that the crystal
structure of a truncated form of Suv3 (residues 47–722)
without the CTT folded as a monomer.6 The molecular
weights (MW) of Suv3 and Suv3ΔC were determined by
size exclusion chromatography-coupled multi-angle light
scattering (SEC-MALS), which revealed a Suv3 MW of
148.6 kDa (calculated MW of dimeric Suv3 with a His-
tag: 170 kDa), whereas Suv3ΔC had a MW of 78.6 kDa
(calculated MW of monomeric Suv3 with a His-tag:
85.3 kDa), confirming that Suv3 is a homodimer and
Suv3ΔC is a monomer (Figure 1C and D). These results
verify that human Suv3 folds as a homodimer and that its
CTT is required for dimerization.

2.2 | Suv3 preferentially binds to and
unwinds duplex nucleic acids with a 30
overhang

Previous studies have revealed that human Suv3 displays
helicase activity on multiple substrates, including RNA–
RNA, RNA–DNA, and DNA–DNA duplexes,9 and that it
preferentially unwinds RNA–RNA duplexes with a 30

overhang.11 To identify the optimal nucleic acid sub-
strates for interactions with Suv3, we prepared various
fluorophore-labeled single-stranded and double-stranded
nucleic acid substrates to measure the dissociation con-
stant between Suv3 and those substrates. We synthesized
single-stranded DNA (ssDNA) and RNA (ssRNA) of
25 nucleotides (nt) in length with a 6-carboxyfluorescein
(FAM) label at the 30 ends. These FAM-labeled nucleic
acid substrates were incubated with various concentra-
tions of Suv3 in the presence of the ATP analog AMPPNP
and Mg2+ ions, and then we measured the increasing
fluorescence polarization (FP) signals to monitor
protein–nucleic acid interactions (Figure 2A). Dissocia-
tion constants (Kd) were then calculated based on the
assumption that one substrate is bound to one Suv3
protomer in a simple bimolecular binding reaction. Based
on these FP assays, we found that Suv3 binds both
ssDNA and ssRNA with high affinity, displaying a Kd of
44.0 ± 1.7 nM for ssDNA and a Kd of 53.1 ± 0.7 nM for
ssRNA.
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Next, we explored interactions between Suv3 and
duplex nucleic acid substrates. We annealed FAM-
labeled ssRNA with various complementary RNAs to
generate dsRNAs bearing a 30 overhang of varying
length (5, 10, 15, and 20 nt) (Figure 2B). We observed
that Suv3 bound dsRNAs with long 30 overhangs of 10–
20 nt with similarly low Kd values of �18 nM, whereas
Suv3 bound less tightly to dsRNA with the short 5 nt 30

overhang (Kd of �65 nM) (Figure 2B). This result dem-
onstrates that Suv3 binds approximately two- to three-
fold better to duplex nucleic acid substrates with a long
30 overhang (≥10 nt) than to either single-stranded
nucleic acids or duplex RNAs with a short 30 overhang,
evidencing that both the long 30 overhang and the
duplex region of the RNA substrates are involved in
interactions with Suv3.

FIGURE 2 Suv3 binds double-stranded RNA with a long 30 overhang (≥ 10 nucleotides) with high affinity. (A) Binding affinities of

Suv3 to single-stranded DNA (ssDNA) and RNA (ssRNA) were measured by fluorescence polarization (in mFP units) using 30-end FAM-

labeled 25-nt ssDNA and ssRNA as substrates. (B) Binding affinities of Suv3 to 30-end FAM-labeled double-stranded RNA (dsRNA) with a 30-
overhang of 5, 10, 15, or 20 nucleotides. The fluorescence polarization signals were the average of three separate replicates, and error bars

are shown in the figures representing one standard deviation. The dissociation constant (Kd) values were obtained by fitting the equations as

shown in Materials and Methods
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Next, we measured the binding affinity between Suv3
and dsDNAs, DNA–RNA hybrid duplexes, and dsRNAs
with or without a 10-nt 30 overhang or 50 overhang
(Figure 3). Suv3 bound with highest affinity to the sub-
strates with 30 overhangs, that is, dsDNA (Kd = 11.5
± 0.2 nM), DNA–RNA hybrid (Kd = 13.1 ± 0.4 nM), and
dsRNA (Kd = 18.7 ± 0.7 nM). In contrast, Suv3 bound
blunt-end dsDNA (Kd = 63.9 ± 1.5 nM) and blunt-end
DNA–RNA hybrid (Kd = 103.3 ± 5.9 nM) with a four to
fivefold lower affinity relative to the duplex substrates
hosting a 30 overhang, while Suv3 bound most weakly to
the blunt-end and 50-overhang dsRNA substrates, with
Kd values being below detection thresholds even when
Suv3 concentration was increased to the micromolar
range. Suv3 bound to DNA–DNA and DNA–RNA
duplexes hosting a 10-nt 50 overhang with respectively
8-fold and 23-fold lower affinities as compared with the
ones with a 30 overhang. The low Kd values in the
nanomolar range between Suv3 and all three substrates
with a 30 overhang support that Suv3 binds to and
unwinds such nucleic acid substrates in cellular environ-
ments. Notably, Suv3 does not bind blunt-end and 50-
overhang dsRNA, implying that Suv3 preferentially binds
and unwinds duplex RNA with a 30 overhang during
mitochondrial RNA degradation.

We also performed helicase assays to explore if Suv3
unwinds 30-FAM-labeled dsDNA, DNA–RNA hybrid, and
dsRNA substrates with or without a 10-nt 30 overhang.
Suv3 was incubated with these different substrates in the
presence of ATP and Mg2+ at 37�C for 1 hour before gel
electrophoresis. Consistent with our binding assay
results, we observed that duplex nucleic acid substrates
hosting a 30 overhang were unwound more efficiently in
an ATP-dependent manner relative to the blunt-end sub-
strates (Figure 4). Blunt-end dsDNA and DNA–RNA
duplex could be unwound only at high Suv3 concentra-
tions, whereas blunt-end dsRNA was not unwound by
Suv3 even up to a concentration of 2 μM (Figure 4).
Taken together, these duplex binding and unwinding
assays show that a 30 overhang is crucial for Suv3 to
tightly bind and efficiently unwind duplex substrates,
including dsDNA, DNA–RNA hybrid, and dsRNA.

2.3 | Dimeric Suv3 assembly is crucial
for strong RNA binding and efficient RNA
unwinding activity

To further identify the functional importance of the Suv3
CTT in nucleic acid binding and unwinding activities, we
tested interactions between Suv3ΔC and dsDNA, DNA–
RNA hybrid duplex, and dsRNA substrates with a 10-nt
30 overhang. Fluorescence polarization assays revealed

that Suv3ΔC bound these duplex 30-overhang substrates
with six to sevenfold lower binding affinities relative to
those of Suv3 (dsDNA, Kd = 99.0 ± 8.6 nM; DNA–RNA
hybrid, Kd = 110.2 ± 9.5 nM; dsRNA, Kd = 118.8
± 11.2 nM) (Figure 5A). This result reveals that not only
is the CTT of Suv3 required for dimerization, it is also
necessary for the protein to strongly bind to its substrates.
We further investigated the helicase activities of Suv3ΔC
and Suv3 against dsRNA substrate with a 10-nt 30 over-
hang (Figure 5B). At the same concentrations of ATP
(5 mM), Mg2+ (2 mM) and dsRNA (10 nM), Suv3
unwound the 30 overhang dsRNA substrate more effi-
ciently at lower concentrations (≥ �30 nM) than Suv3ΔC
(≥ �120 nM). Comparing the percentage of unwound
RNA in that assay clearly demonstrated the significantly
superior helicase activity of Suv3 over Suv3ΔC (right
panel in Figure 5B). The CTT (residues 723–786) of Suv3
does not share any sequence homology with other pro-
teins and it contains a few basic amino acids. Secondary
structure prediction by the GOR method31 revealed that
more than half of the regions in the CTT are disordered,
with only two predicted α-helices (Figure S1). Therefore,
the CTT is likely involved in mediating interactions
between Suv3 monomers to form dimeric protein. Com-
bining the results of our nucleic acid binding and heli-
case assays, we conclude that the CTT is critical for Suv3
dimer formation and that dimeric assembly is required
for Suv3 to exhibit strong binding to its substrates and to
facilitate efficient RNA unwinding activity.

2.4 | Dimeric Suv3 binds RNA in an
ATP- and ADP-independent manner

RNA helicases of SF2, such as DEAD-box helicases, typi-
cally remodel RNA by exhibiting different RNA-binding
affinities during ATP hydrolysis cycles.3,32 However, it
was unclear how the RNA-binding activity of Suv3 is
affected by ATP binding and hydrolysis. To answer this
question, we performed fluorescence polarization assays
on Suv3 and Suv3ΔC in the presence or absence of the
ATP analog AMPPNP (1 mM) or ADP (1 mM). We incu-
bated dsRNA bearing a 10-nt 30 overhang with Suv3, and
observed similar Kd values for Suv3-bound dsRNA in the
presence (Kd = 19.3 ± 0.5 nM) or absence (Kd = 32.6
± 0.6 nM) of AMPPNP, as well as in the presence of ADP
(Kd = 62.2 ± 2.2 nM) (Figure 6). In contrast, although
Suv3ΔC bound the dsRNA substrate with only a slightly
lower affinity in the absence of AMPPNP (Kd = 224.2
± 9.2 nM) than in its presence (Kd = 118.8 ± 11.2 nM),
interactions between Suv3ΔC and the dsRNA substrate
were abrogated in the presence of ADP (Figure 6). These
results indicate that only dimeric Suv3 allows RNA to
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FIGURE 3 Suv3 preferentially binds duplex nucleic-acid substrates with a 30 overhang. Binding affinities of Suv3 to different duplex

substrates, including DNA–DNA, DNA–RNA, and RNA–RNA, with a 10-nt 30 overhang (upper panel), no overhang (middle panel) or a

10-nt 50 overhang (lower panel). The fluorescence polarization signals were the average of three independent experiments, and error bars are

shown in the figures representing one standard deviation. Kd values with standard deviation were obtained by fitting the binding curve to a

one-site binding Hill-slope using Graph-pad Prism
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remain tightly bound upon ATP hydrolysis, since RNA
appears to dissociate from monomeric Suv3ΔC after ATP
hydrolysis. Together, these findings show that Suv3
exhibits stronger RNA-binding activity than Suv3ΔC and
that RNA is continuously bound to dimeric Suv3 during
ATP hydrolysis cycles.

2.5 | Crystal and SAXS structures of Suv3

To reveal the dimeric assembly of Suv3, we screened the
crystallization conditions for the mature form of Suv3 in
the absence or presence of ATP analog and ssDNA. After
years of screening experiments, we did not obtain any

diffractable crystals of Suv3 dimer; however, we did crys-
tallize the apo-form of Suv3ΔC which diffracted X-ray to
a resolution of 3.2 Å. The unit cell dimensions and space
group of the apo-Suv3ΔC was isomorphous to the mono-
meric Suv3-AMPPMP (residues 47–722, PDB ID: 3RC3)
and Suv3–RNA complex (PDB ID: 3RC8). The structure
of apo-Suv3ΔC was refined using the template structure
of Suv3-AMPPMP (PDB entry: 3RC3) as a starting model.
The final structure of apo-Suv3ΔC (PDB ID: 3RC3) rev-
ealed an empty ATP-binding site (Figure 7A and
Table S1). The structure of apo-Suv3 fitted well with the
structures of Suv3-AMPPMP and Suv3–RNA complex,
giving an RMSD of 0.55 Å and 0.46 Å for 431 and 444 Cα
atoms, respectively (Figure 7C). Different from most of

FIGURE 4 Suv3 preferentially unwinds duplex substrates with a 30 overhang in an ATP-dependent manner. Increasing amounts of

Suv3 were incubated with dsDNA, DNA–RNA hybrid, or dsRNA substrates, with or without a 10-nt 30 overhang, for 60 min at 37�C in the

presence of ATP (5 mM). Duplex unwinding was resolved by 15% native PAGE with a starting Suv3 concentration of 2 μM and subsequent

serial two-fold dilution. Lane 1, black triangle denotes boiled substrates in which all double-stranded substrates were unwound after heating

to 95�C for 5 min. Lane 2, C denotes control reaction in which no Suv3 was added and all substrates were annealed as duplexes. Suv3

displayed no unwinding activity in the absence of ATP and presented higher unwinding activity for duplex substrates with a 30 overhang
(three left panels) compared with blunt-end duplexes (three right panels)
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the monomeric SF2-family RNA helicases, ssRNA and
ATP binding to Suv3 does not induce an open to close
conformational change between RecA1 and RecA2
domains, likely because the relative orientation of the
two RecA domains is fixed by the CTD domain which
bridges between the two RecA domains. We thus were
able to construct a structural model revealing the
AMPPNP- and RNA-binding sites between the two RecA
domains in Suv3ΔC (Figure 7B). On the other hand,
comparing to the structure of yeast Suv3 in the Suv3–
Dss1 complex (PDB entry: 6F4A), NTD domain of yeast
Suv3 shifts tremendously, suggesting that NTD domain
of Suv3 might be flexible, and it may change its

conformation upon binding with exoribonuclease or
RNA (Figure 7C).

To illustrate the dimeric assembly of Suv3, we further
conducted small-angle X-ray scattering (SAXS) analysis
on Suv3 and Suv3ΔC (Figure 7D). Analysis of the Guinier
plots and pair-distribution functions revealed a gyration
radius (Rg) of 35.4 Å and a maximum diameter (Dmax)
of 120 Å for Suv3ΔC, and an Rg of 46.8 Å and a Dmax of
185 Å for Suv3 (Figure 7D and E). The molecular weights
estimated by SAXS were 78.2 kDa for Suv3ΔC and
148.6 kDa for Suv3, that were in close agreement with
the molecular weights estimated from SEC-MALS
(shown in Figure 1). We also performed SAXS on Suv3 in

FIGURE 5 CTT-truncated monomeric Suv3 (Suv3ΔC) displays lower RNA-binding and unwinding activities relative to dimeric Suv3.

(A) Binding affinities of Suv3ΔC for 30-end FAM-labeled dsDNA, DNA–RNA hybrid, and dsRNA substrates with a 10-nt 30 overhang were
measured by fluorescence polarization. The Kd values with standard deviation were obtained from three independent experiments. (B) RNA

unwinding activities of Suv3 and Suv3ΔC with a starting concentration of 1 μM and a subsequent two-fold serial dilution in the presence of

ATP are shown on 15% native PAGE. A comparison of the percentage unwound dsRNA by Suv3 and Suv3ΔC is shown in the right panel.

Data represent mean of three independent experiments
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the presence of AMPPNP and ssDNA, which resulted in
a slightly reduced Rg of 44.8 Å and a Dmax of 160 Å com-
pared with those calculated for Suv3 alone. The dimen-
sionless Kratky plot of Suv3-AMPPNP-ssDNA also
suggests a less flexible globular assembly as compared
with the one of Suv3 alone (Figure 7E) Together, these
results imply a more compact conformational change for
Suv3 dimer upon binding of AMPPNP and ssDNA
(Figure 7E).

We further calculated the ab initio electron density
maps of Suv3ΔC (p1 symmetry) and Suv3 (p2 symmetry)
by DENSS33 (Figure 7F). Fourier shell correlation (FSC)
curve from DENSS reconstruction estimated a resolution
of 29.0 Å for Suv3ΔC, 33.5 Å for apo-form of Suv3, and
48.4 Å for Suv3–AMPPNP–ssDNA complex (Figure S2A).
Plots of experimental intensity fitted reasonably well with
the calculated intensities from DENSS map of Suv3ΔC,
Suv3, and Suv3-AMPPNP-ssDNA (Figure S2B). The

crystal structure of the apo-form of monomeric Suv3ΔC
determined in this study fitted comparably in size and
shape into the envelope of Suv3ΔC (Figure 7F). For the
structural envelop of Suv3 dimer, we manually fitted two
Suv3 monomers into the envelope so that their NTDs ori-
ented outwards, whereas their CTDs and CTTs faced
inward to form the dimerization interface. This model of
the Suv3 dimer thus agrees with our biochemical ana-
lyses showing that CTT located in the C-terminal end of
Suv3 is required for Suv3 dimerization. We also deployed
the ab initio modeling methods of GASBOR34 and
DAMMIN35 for shape determination of Suv3ΔC, Suv3,
and Suv3–AMPPNP–ssDNA. Envelope structures of
Suv3ΔC, Suv3, and Suv3–AMPPMP–ssDNA complex
generated by GASBOR and DAMMIN revealed similar
sizes and shapes to the ones generated by DENSS
(Figures S3 and S4). These consistent results support that
apo-form of Suv3 dimer is assembled into a football-
shaped structure with a dimension of 185 � 95 � 83 Å3.

2.6 | Monomeric Suv3ΔC cannot interact
with PNPase to form mitochondrial
degradosome

To determine how human Suv3 forms a complex with
PNPase, we expressed and purified the mature form of
PNPase (residue 46–783) without the N-terminal mito-
chondrial localization sequence by chromatographic
methods. The C-terminal His-tagged PNPase formed a
stable trimeric protein as reported previously.36 To recon-
stitute the Suv3-PNPase complex, Suv3 and PNPase were
mixed in the complex assembly buffer containing 25 mM
potassium phosphate pH 8.0, 300 mM KCl, 1 mM MgCl2,
2 mM DTT, and 10% glycerol in the 2:3 M ratio at 4�C
overnight. The size of the Suv3–PNPase complex was
analyzed by gel filtration chromatography (Superose
6 10/300 GL column) revealing a monodispersed peak
containing the two proteins as shown in the SDS–PAGE
(Figure 8A). In contrast to the dimeric Suv3, monomeric
Suv3ΔC (residues 48–722) and PNPase after incubation
in the complex assembly buffer at 4� C overnight were
eluted as two separated peaks in the gel filtration chro-
matography, indicating no complex was formed. Suv3ΔC
and PNPase were eluted at different fractions as shown
in SDS–PAGE, confirming that Suv3ΔC could not form a
complex with PNPase (Figure 8B).

We next tested the exoribonuclease activities of
PNPase in degrading duplex RNA in the presence of Suv3
or Suv3ΔC. We incubated the 50-end FAM-labeled 20-nt
dsRNA with a 20-nt 30 overhang with PNPase and Suv3
in the degradation buffer. PNPase barely degraded

FIGURE 6 Dimeric Suv3 binds RNA substrates in an ATP-

and ADP-independent manner. RNA-binding affinities of Suv3 and

Suv3ΔC for double-stranded RNA with a 10-nt 30 overhang were
measured by fluorescence polarization assays in the presence or

absence of 1 mM AMPPNP or ADP. Data represent Suv3 and

Suv3ΔC activity in the presence of AMPPNP (blue circles), the

presence of ADP (red triangles), and the absence of nucleoside

(black squares). Respective Kd values with standard deviation for

plot fitting are shown at right
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FIGURE 7 Crystal and SAXS structures of Suv3. (A) The crystal structure of apo-form of Suv3ΔC (PDB ID: 7W1R). (B) Structural model

of Suv3ΔC bound with AMPPNP (in blue) and ssRNA (in magenta). (C) Superimposition of the crystal structures of apo-form Suv3ΔC
(in red), Suv3–RNA complex (in light blue, PDB ID: 3RC8), and yeast Suv3 (in orange, PDB ID: 6F4A) reveals that NTD of Suv3 is flexible.

(D) SAXS scattering curves and Guinier plots of Suv3ΔC (in red), Suv3 (in blue) and Suv3-AMPPNP-ssDNA (in green). Theoretical scattering

intensities generated for envelopes shown in (F) are displayed in black lines which are fitted well to the experimental curves. (E) Distance

distribution functions and Kratky plots of Suv3ΔC (in red), Suv3 (in blue) and Suv3-AMPPNP-ssDNA (in green) reveal the maximum

diameters of the protein molecules (generated from GNOM of the ATSAS package). (F) Ab initio maps from SAXS data of Suv3ΔC, Suv3
dimer and Suv3-AMPPNP-ssDNA were generated with DENSS. The crystal structure of Suv3ΔC (apo form) determined in this study was

fitted into the SAXS envelope. The location of CTT is marked as a dashed circle in the structure of Suv3 dimer
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dsRNA substrates in the time-course experiment, but
with the addition of Suv3, dsRNA was degraded effi-
ciently by the mixture of PNPase and Suv3 (Figure 8C).
On the other hand, dsRNA was degraded slightly better
by the mixture of PNPase and monomeric Suv3ΔC as
compared with PNPase alone (Figure 8C). Combining all
these results suggests that only Suv3 dimer is capable of
interacting with PNPase and effectively promoting the
exoribonuclease activity of PNPase in RNA degradation.

2.7 | Dimeric Suv3 forms a dumbbell-like
complex structure with PNPase

To elucidate the overall assembly structure of Suv3–
PNPase complex, the solution structure of Suv3–PNPase
complex in the presence of AMPPNP was determined by
SAXS. The SAXS profiles were recorded for full-length
PNPase and Suv3–PNPase complex (Figure 9A). Analysis

of Guinier plots and pair distance distribution functions
of PNPase revealed a gyration radius (Rg) of 45.7 Å and a
maximum diameter (Dmax) of 177 Å, whereas Suv3–
PNPase complex had an Rg of 77.9 Å and Dmax of 320 Å.
The Kratky plot of Suv3–PNPase complex suggested a
well folded multidomain assembly with partially flexible
regions (Figure 9B). Fourier shell correlation (FSC) curve
from DENSS reconstruction estimated a resolution of
32.4 Å for PNPase, and 51.9 Å for Suv3–PNPase complex
(Figure S5).

The ab initio electron density maps of PNPase gener-
ated by DENSS (p3 symmetry) revealed a funnel-like
structure with the three S1 domains associated on the top
of the PNPase degradation chamber, in agreement with
the crystal structure of the full-length Caulobacter
crescentus PNPase.37 The ab initio electron density map
for Suv3–PNPase complex (p1 symmetry) revealed a
dumbbell-shaped structure (Figure 9C). Similar shaped
models of PNPase and Suv3–PNPase complex were

FIGURE 8 Dimeric Suv3 but not monomeric Suv3ΔC can interact with PNPase to form mitochondrial degradosome. (A) Gel filtration

(Superose 6 10/300 GL) elution profiles of Suv3 (blue), PNPase (green), and Suv3–PNPase complex (red) reveal that Suv3-PNPase forms a

monodispersed complex in 2:3 M ratio. SDS–PAGE analysis of elution fractions is shown in the lower panel. (B) Gel filtration (Superose

6 10/300 GL) elution profile of Suv3ΔC (blue), PNPase (green), and Suv3ΔC + PNPase (red) reveal that monomeric Suv3ΔC cannot form a

complex with PNPase. (C) Time course of RNA degradation assays of PNPase alone, Suv3 + PNPase and Suv3ΔC + PNPase reveal that

Suv3–PNPase complex (10 nM) degraded 50-FAM-labeled dsRNA with a 20-nt 30 overhang more efficiently than Suv3ΔC + PNPase and

PNPase alone. A comparison of the percentage of dsRNA substrate that were degraded by PNPase alone, Suv3-PNPase, and

Suv3ΔC + PNPase in the time-course experiments is shown in right panel. Data represent mean of three independent experiments
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generated by GASBOR and DAMMIN with low χ2 values
(Figures S6 and S7). We thus conclude that dimeric Suv3
caps on the top of PNPase via interactions with S1
domains, and forms a dumbbell-shaped degradosome
complex with PNPase for efficient RNA unwinding and
degradation.

3 | DISCUSSION

We have shown herein that human Suv3 is a homo-
dimer, whereas CTT-truncated Suv3ΔC is monomeric.
Suv3 must dimerize to exhibit strong substrate binding
and to conduct efficient unwinding of duplex substrate
hosting a 30 overhang. That Suv3 dimer preferentially
unwinds duplex RNA with a 30 overhang is in agree-
ment with a previous study showing that human Suv3–
PNPase complex more efficiently degrades dsRNA with
a 30 overhang than the same substrate with a 50 over-
hang.11 The crystal structure of Suv3ΔC shows that its
NTD and CTD fold similarly to the 1B and 2B domains

of UvrD or PcrA, which likely participate in RNA bind-
ing.38 However, how the CTT of Suv3 folds and its func-
tion had remained ambiguous. Based on our
biochemical data, we suggest that the CTT of Suv3 is a
dimerization motif that plays a key role in maintaining
the dimeric assembly of Suv3.

Apart from its activity on dsRNA, we have also shown
that Suv3 dimer can efficiently unwind RNA–DNA and
DNA–DNA duplexes with a 30 overhang. This result is
consistent with the previous finding that Suv3 is involved
in resolving RNA–DNA duplex to prevent R-loop forma-
tion during transcription.22 Suv3 may also play a key role
in resolving dsDNA in DNA repair and/or replication
pathways in mitochondria, as low-level Suv3 expression
results in increased numbers of mtDNA mutations and
decreased mtDNA copy numbers, reflecting genome insta-
bility.19 Consequently, our results support that Suv3 may
display multiple functions, not only acting to unwind
RNA–RNA duplex in RNA decay pathways, but also
relaxing RNA–DNA and DNA–DNA duplexes in other
metabolic processes of RNA and DNA in mitochondria.

FIGURE 9 Dimeric Suv3 forms a

dumbbell-like complex structure with

PNPase. (A) SAXS scattering curves of

PNPase (in green) and Suv3–PNPase
complex (in red) are represented as

logarithmic scattering intensities.

Theoretical scattering intensities

(in black) generated for envelopes

shown in (C) are fitted to the

experimental curves. (B) Distance

distribution functions reveal the

maximum diameters of the protein

molecules (generated from GNOM of

the ATSAS package), whereas Kratky

plots of PNPase and Suv3–PNPase
complex suggest these proteins are well

folded in solution with partial flexible

regions. (C) Ab initio maps from SAXS

data of PNPase and Suv3-PNPase were

generated with DENSS. The SAXS

envelop of Suv3 dimer (in light blue)

and the crystal structure of human

PNPase trimer (displayed in green

ribbon model, PDB ID: 3U1K) are well

fitted into the SAXS map of Suv3–
PNPase complex, revealing a dumbbell-

shaped structure. The S1 domain of

PNPase is highly flexible, so its location

in this figure is slightly different from

the ones shown in the Figures S6 and S7
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Together, human dimeric Suv3 and trimeric PNPase
constitute the mitochondrial degradosome for efficient
RNA turnover in mitochondria.11 This 2-to-3 assembly of
helicase and PNPase has also been observed in bacterial
minimal RNA degradosomes, including E. coli PNPase–
RhlB complex and B. substilis PNPase–CshA
complex.25–27 The RNA-degrading machinery comprising
trimeric PNPase and a dimeric helicase is thus conserved
from bacteria to human. Since monomeric Suv3ΔC is still
an active helicase, it is intriguing why Suv3, and all of
the helicases associated with PNPase, have to be
homodimers. Our biochemical assays reveal that only
dimeric Suv3 can bind RNA substrates independently of
ATP and ADP, suggesting that RNA remains continu-
ously associated with Suv3 during ATP hydrolysis, that
is, RNA-bound Suv3 can enter another ATPase cycle
upon ADP release. These results are similar to those
reported for the dimeric DEAD-box helicase CshA, which
also binds RNA in an ATP-and ADP-independent man-
ner.29 Since PNPase is a processive exoribonuclease, RNA
is continuously associated with it during the process of
removing one nucleotide at a time from the 30 to 50

ends.39 Dimeric Suv3 may ensure continuous RNA bind-
ing and unwinding during the RNA degradation process
of PNPase–Suv3 complex. Thus, our results explain why
Suv3 has to dimerize so it can interact and work coopera-
tively with a processive PNPase. Accordingly, the mito-
chondrial degradosome represents a highly efficient
compact machinery for cooperative and processive RNA
binding, unwinding, and degradation. Our SAXS analysis
reveals the dimeric assembly of Suv3, showing how this
helicase may form a dimer via its CTT, and how it forms
a dumbbell-shaped complex with PNPase. However, the
detailed mechanisms of RNA binding and unwinding by
Suv3 remain elusive and await high-resolution structural
investigation.

4 | MATERIALS AND METHODS

4.1 | Protein expression and purification

The cDNAs of full-length human Suv3 (residues 48–786)
and Suv3ΔC (residues 48–722) without the MLS were
PCR-amplified and sub-cloned into pET15b vector to
express the respective recombinant proteins with an N-
terminal His-tag. The N-terminal His-tag Suv3 and
Suv3ΔC constructs were transformed into the Escherichia
coli strain Rosetta (DE3) (Novagen). The transformed
cells were grown in LB medium at 37�C, and protein
expression was induced for 18 h at 18�C with 0.8 mM
IPTG when OD600 reached 0.5–0.8. Cells were then
harvested by centrifugation and all subsequent

experiments were performed at 4�C. The harvested cells
were lysed by microfluidizer (Microfluidics M-110) in
lysis buffer containing 50 mM Tris–HCl pH 8.0, 1 M
NaCl, and 10 mM imidazole. The lysate was clarified by
centrifugation for 30 min at 17,000 rpm. Recombinant
His-tagged Suv3 and Suv3ΔC were purified by chromato-
graphic methods, using HisTrap FF (5 mL, GE
HealthCare), Heparin HP (5 mL, GE HealthCare), and
Superdex 200 16/600 (GE HealthCare) columns. Purified
His-tagged proteins were concentrated to 5 mg/mL and
stored at �80�C in the storage buffer of 20 mM HEPES
pH 7.8, 300 mM NaCl and 2 mM DTT.

The cDNA of the full-length human PNPase without
its MLS (residues 46–783) was cloned into the expression
vector pET28b (Novagen) to express recombinant pro-
teins with a C-terminal His-tag. The C-terminal His-tag
PNPase construct was transformed into the Escherichia
coli strain B834 (Stratagene). After transformation, induc-
tion, cell harvesting, and cell lysis, recombinant His-
tagged PNPase was purified by chromatographic
methods, using HisTrap FF (5 mL, GE HealthCare),
HiTrap Heparin HP (5 mL, GE HealthCare), Phenyl HP
(5 mL, GE Healthcare), and Superdex 200 10/300
(GE HealthCare) columns. Purified His-tagged proteins
were concentrated to 8–10 mg/mL and stored at �80�C
in the storage buffer of 20 mM HEPES pH 7.8, 300 mM
NaCl, and 2 mM DTT.

4.2 | Size exclusion chromatography
coupled with multi-angle light scattering
(SEC-MALS)

Molecular weights of Suv3 and Suv3ΔC were measured
by SEC-MALS. S200 10/300 columns connected to a
DAWN HELIOS II-18 angle MALS (Wyatt Technology)
detector with wavelength set at 658 nm were equilibrated
in 25 mM HEPES pH 8.0, 300 mM KCl, and 2 mM DTT
and with a flow rate of 0.2 mL/min using the ÄKTA-UPC
900 FPLC system (GE Healthcare). Purified protein sam-
ples were centrifuged at high speed for 15 min at 4�C and
filtered through a 0.22-μM filter (Millipore). Protein sam-
ples (100 μL injection volumes) were injected into the
Superdex S200 10/300 columns. UV fluorescence, MALS,
and Refractive Index data were recorded and analyzed
using ASTRA software (Wyatt Technology).

4.3 | Nucleic acid substrate binding
assays

All RNA oligomers and DNA oligomers were synthesized
and purified by MdBio Inc. and Mission Biotech,
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respectively. The 30-end FAM-labeled 25-nt RNA was
mixed with an equimolar amount of different lengths of
RNA in annealing buffer containing 20 mM Tris–HCl
pH 7.0, 100 mM NaCl, and 1 mM EDTA, and then heated
to 95�C for 5 min followed by slow cooling at room tem-
perature to generate duplex RNA substrates hosting dif-
ferent 30-end overhangs of 20, 15, 10, or 5 nucleotides.
Similarly, 30-end FAM-labeled 25-nt DNA was annealed
with an equimolar mixture of DNA or RNA to generate
the DNA–DNA and DNA–RNA hybrid duplexes with a
10 nt 30-end overhang. Also, the 10-nt 50-overhang duplex
substrates and blunt-end DNA–DNA, RNA–RNA or
DNA–RNA hybrid substrates were prepared using the
same procedure. The DNA–DNA and DNA–RNA
duplexes used in fluorescence polarization assays and
helicase assays were prepared by annealing:

50-GGTGTGGTGGCATACGTGCAGACGC-FAM with.
50-GCGTCTGCACGTATGCCACCACACC-30 or.
50-GCGTCTGCACGTATGCCACCACACCAGGAGAG

GAG-30 and.
50-GAGGAGAGGAGCGTCTGCACGTATGCCACCA

CACC-30.
to generate DNA–DNA duplex with blunt-end or a

10-nt 30 and 10-nt 50 overhang, respectively. The DNA–
RNA hybrid duplexes were prepared by annealing 50-
GGTGTGGTGGCATACGTGCAGACGC-FAM with.

50-GCGUCUGCACGUAUGCCACCACACC-30, or.
50-GCGUCUGCACGUAUGCCACCACACCAGGAGA

GGAG-30, and.
50-GAGGAGAGGAGCGUCUGCACGUAUGCCACC

ACACC-30 to generate the DNA–RNA hybrid duplex
with blunt-end or with a 10-nt 30 and 10-nt 50 overhang,
respectively. The RNA–RNA duplexes were prepared by
annealing.

50-GGUGUGGUGGCAUACGUGCAGACGC-FAM with.
50-GCGUCUGCACGUAUGCCACCACACC-30,
50-GCGUCUGCACGUAUGCCACCACACCAGGAG-30,
50-GCGUCUGCACGUAUGCCACCACACCAGGAG

AGGAG-30,
50-GCGUCUGCACGUAUGCCACCACACCAGGAG

AGGAGAGGAG-30, or.
50-GCGUCUGCACGUAUGCCACCACACCAGGAG

AGGAGAGGAGAGGAG-30 and.
50-GAGGAGAGGAGCGUCUGCACGUAUGCCACC

ACACC-30 to generate RNA–RNA duplexes with 30-end
overhangs of 0, 5, 10, 15, or 20 nucleotides, and 10-nt 50

overhang respectively.

Binding affinities of recombinant Suv3 and Suv3ΔC
proteins with multiple single-stranded and double-
stranded substrates were estimated based on increasing
fluorescence polarization (FP) signals, as monitored by a
paradigm plate reader (Molecular Devices). The 30-

overhang duplex substrates (1 nM) and the blunt-end
and 50-overhang duplex substrates (10 nM) were respec-
tively mixed with the indicated concentration of proteins
in binding buffer containing 20 mM Tris–HCl pH 7.5,
50 mM KCl, 0.1 mM EDTA, 2 mM MgCl2, 1 mM DTT,
100 μg/mL BSA, 10% glycerol, and 1 mM AMPPNP. Pro-
tein and substrates were incubated for 20 min at room
temperature and FP signals were excited at 485 nM and
read at 538 nM. Dissociation constant (Kd) values were
calculated by plotting FP values against protein concen-
tration and fitting the binding curve to a one-site binding
Hill slope using GraphPad Prism 9 software.

Fluorescence polarization (FP) values were calculated
using Equation (1), where Ipara and Iperp represent the
fluorescent intensities of signals in the parallel and per-
pendicular planes, respectively. The calculated FP values
were plotted against Suv3 concentrations and the binding
curves were fitted to obtain Kd values using Equation (2).

mFP¼ 1000� Ipara� Iperp
Iparaþ Iperp

� �
ð1Þ

y¼FPminþ FPMax�FPMin

1þ x
Kd

� �n
" #

ð2Þ

4.4 | Measuring the helicase activity
of Suv3

Duplex unwinding assays were performed at 37�C in
10 μL reaction buffer containing 20 mM HEPES pH 7.0,
50 mM KCl, 2 mM MgCl2, 1 mM DTT, 5% glycerol, 0.1%
Triton X-100, and 50 nM cold RNA or DNA oligomer.
Annealed substrates (10 nM) were incubated with increas-
ing concentrations of recombinant Suv3 or Suv3ΔC pro-
tein for 10 min at 4�C, and the unwinding reactions were
initiated by adding 5 mM ATP at 37�C. Reactions were
quenched after 1 h by adding 5 μL of stop buffer con-
taining 20 mM HEPES pH 7.4, 300 mM KCl, 10 mM
EDTA, and 200 ng/μl proteinase K for 1 h at 37�C. All
samples were resolved in 15% native TBE gel, imaged
using a Typhoon FLA 9000 scanner (GE Healthcare), and
quantified in Image J software.

4.5 | Crystal structure determination
and refinement of Suv3ΔC

Suv3ΔC (apo-form) was crystallized by the hanging drop
vapor diffusion method at 20�C by mixing 1 μL of protein
sample (5 mg/mL in 20 mM HEPES pH 7.4, 300 mM
KCl, and 2 mM DTT), and 1 μL of reservoir solution
(0.005 M magnesium sulfate heptahydrate, 0.05 M MES
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monohydrate pH 6.0 and 5% w/v polyethylene glycol
4,000). X-ray diffraction data were collected at BL44XU
beamline at SPring-8, Harima, Japan. The collected data
were processed and scaled by HKL2000. The crystal
structure of Suv3ΔC was refined by Phaser in PHENIX
program employing Suv3–AMPPNP complex crystal
structure (PDB ID: 3RC3) as the search model. Structural
model was built using Coot program and refined in PHE-
NIX. All the data collection and structural refinement
statistics are listed in Table S1.

4.6 | Small angle X-ray scattering (SAXS)
data collection and analysis

For SAXS experiments, Suv3ΔC, Suv3, PNPase, and
Suv3–PNPase complex were purified to high homogene-
ity and then concentrated to 4–5 mg/mL in 20 mM
HEPES buffer, 300 mM KCl, 2 mM MgCl2, 2 mM DTT,
and 5% glycerol. For Suv3–AMPPNP–ssDNA complex,
purified Suv3 was incubated with 1 mM AMPPNP and a
1:2 M ratio of Suv3 and DNA. All protein samples and
protein complexes were freshly purified prior to SAXS
measurements so as to avoid freeze–thaw cycle. SAXS
data were recorded at SAXS beamline TPS-13A coupled
to an Agilent-Bio SEC-3300 Å column in the National
Synchrotron Radiation Research Center, Hsin-Chu,
Taiwan. SAXS data were collected at an X-ray wave-
length of about 1 Å and an energy of 15Kev for all sam-
ples. The sample-to-detector distance for Suv3ΔC and
Suv3 was 2.5 m while for PNPase and Suv3–PNPase com-
plex was 3.6 m. Frames collected for Suv3ΔC and Suv3
was 136, for PNPase was 120 frames, and for Suv3–
PNPase complex was 200 frames of 2 s exposure. Selected
frames after merging were used to estimate intial Rg in
the Primus program.

The BioXTAS RAW40 and ATSAS software41 package
were used for SAXS data processing and analysis. The Pr
distance distribution and Dmax was analyzed using
GNOM.42 Molecular weight of all protein samples from
SAXS data was determined by porod volume and volume
of correlation (Vc). Low-resolution ab initio envelope of
protein and protein-complex was generated by
DAMMIN35 and GASBOR34 using the ATSAS web inter-
face by applying a P2 symmetry for Suv3, P3 symmetry
for PNPase, and P1 symmetry for Suv3ΔC and
Suv3-PNPase complex. Additionally, electron density
maps from SAXS data was generated with DENSS,33 with
a total of 20 multiple reconstructions that were averaged
and aligned with a two-fold symmetry for Suv3, three-
fold symmetry for PNPase, and no symmetry for PNPase–
Suv3 complex to produce the final electron density map.

Structural analysis, visualization and figure preparation
of all SAXS models were performed using UCSF chi-
mera.43 The crystal structure of the apo-form of Suv3
monomer (PDB entry: 7W1R) was fitted into the Suv3ΔC
envelope while two monomeric units of apo-form Suv3
was fitted into Suv3 dimer envelope using UCSF
Chimera.

4.7 | Exoribonuclease activity of PNPase

For RNA degradation assays, 10 nM of Suv3–PNPase pro-
tein complex was incubated with 100 nM of 50-end FAM-
labeled dsRNA and 5 μM of competitive unlabeled RNA
oligonucleotide at 37�C in the reaction buffer containing
20 mM Tris–HCl (pH 7.5), 50 mM NaCl, 5 mM NaH2PO4,
1 mM DTT, 1 mM MgCl2, and 5 mM ATP. Reactions
were terminated by adding equal amount of 2X Urea
loading dye (BIO-RAD) at indicated time points (0–
60 min) and heating at 95�C for 3 min. Samples were
loaded and separated by 20% polyacrylamide gel con-
taining 7 M urea, visualized using a Typhoon FLA 9000
scanner (GE Healthcare), and quantified in Image J soft-
ware. The RNA substrate used in the degradation assays
were purchased from MdBio Inc. with a sequence of:

50-FAM-GCGUCUGCACGUAUGCCACCACACCAGGA
GAGGAGAGGAG-30 and 50-GGUGUGGUGGCAUACGUG
CAGACGC-30. These two RNA strands were annealed to
generate a 20-basepair RNA duplex with a 20-nt 30 overhang.
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