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Elastic Coupling Between
RNA Degradation and Unwinding
by an Exoribonuclease
Gwangrog Lee,1,2 Matthew A. Bratkowski,3 Fang Ding,3 Ailong Ke,3 Taekjip Ha1,4*

Rrp44 (Dis3) is a key catalytic subunit of the yeast exosome complex and can processively
digest structured RNA one nucleotide at a time in the 3′ to 5′ direction. Its motor function is
powered by the energy released from the hydrolytic nuclease reaction instead of adenosine
triphosphate hydrolysis as in conventional helicases. Single-molecule fluorescence analysis
revealed that instead of unwinding RNA in single base pair steps, Rrp44 accumulates the energy
released by multiple single nucleotide step hydrolysis reactions until about four base pairs are
unwound in a burst. Kinetic analyses showed that RNA unwinding, not cleavage or strand release,
determines the overall RNA degradation rate and that the unwinding step size is determined by
the nonlinear elasticity of the Rrp44/RNA complex, but not by duplex stability.

The cellular levels of RNA species are tight-
ly regulated by balancing transcription and
degradation, controlling the temporal and

spatial distribution of RNA (1). The exosome
complex is a major player in the 3′ to 5′ RNA
degradation and processing pathways (1, 2). In
yeast, Rrp44, also named Dis3, is the only cat-
alytically active component of the 10-subunit core
exosome complex. Rrp44 is a multifunctional en-
zyme containing endo- and exoribonuclease ac-
tivities that reside in two distinct regions (3, 4).
The endonuclease activity of Rrp44 is carried
out by the N-terminal PIN domain (3, 4). The
RNA-binding CSD1, CSD2, and S1 domains, to-
gether with the RNB domain at its C-terminal re-
gion, organize into a typical RNase (ribonuclease)
II-type exoribonuclease (Fig. 1A) (5, 6). The
exoribonuclease removes nucleotides (nt) one at a
time in a processive manner from the 3′ end of
RNA (7) and can unwind structured RNA for
degradation. Structural and functional studies sug-
gest an occlusion-based mechanism where a
narrow entryway to the active site allows the pas-
sage of single-stranded RNA (ssRNA) but steri-
cally restricts double-stranded RNA (dsRNA)
(5, 6). Unwinding of the duplex is presumably
achieved by a translocation of the exonuclease
active site pulling the 3′ tail at the junction of the
RNA duplex (ds-ss junction) (6). Rrp44 can be
considered as a 3′ to 5′ RNA helicase except that
its translocation seems powered by the chemical
energy released from hydrolysis of the RNA
chain; thus, it burns its own track.

How does Rrp44 couple its processive nu-
clease activity with duplex unwinding? Does it

unwind a single base pair (bp) of RNA each time
it cleaves a single nucleotide? Similar mecha-
nistic questions have been debated for adenosine
triphosphate (ATP)–dependent helicases (8–12).
To address these questions, we developed an
RNA unwinding assay based on single-molecule
fluorescence resonance energy transfer (FRET)
(13). The RNA substrate is a duplex RNA (60%
GC content, 43 base pairs); the substrate strand
further contains a 3′-(A)15 overhang for Rrp44
loading to initiate degradation (Fig. 1B). The do-
nor fluorophore (Cy3) is placed at the 5′ end of
the complementary strand to mark the begin-
ning of the duplex, and the acceptor fluorophore
(Cy5) is placed 25 bp into the duplex on the
substrate strand. The annealed RNAwas immo-
bilized on a polymer-coated quartz surface by a
biotin-streptavidin interaction and imaged using
a two-color total internal reflection fluorescence
microscope. The RNA construct was incubated
with Rrp44 protein (~30 nM) in the absence of
Mg2+ for ~2 min at room temperature to load the
enzyme, and the reaction was initiated by flow-
ing in 100 mM of Mg2+. The flow also removed
free proteins in solution, so only the prebound
Rrp44 contributes to the reaction. Degradation of
the substrate strand triggers RNA duplex un-
winding, and the displaced donor-containing
complementary strand experiences larger confor-
mational freedom, which causes an increase in
FRET due to a decrease in the time-averaged
distance between the two fluorophores (14–16).

Indeed, upon addition of Mg2+, we observed
a FRET increase (Fig. 1C and fig. S1). Interest-
ingly, FRET increased with a discrete stepwise
pattern that most commonly exhibited four ap-
parent steps (Fig. 1C and fig. S1) (17), in contrast
to the smooth FRET changes observed during
single-stranded RNA degradation by an archaeal
exosome (18). To determine whether the endo-
or exoribonuclease activity of Rrp44 is respon-
sible for the stepwise FRET increases, we tested
four mutants: Rrp44D171N (endonuclease mutant),
Rrp44DNPIN (N-terminal PIN domain deletion

mutant), Rrp44D551N (exonuclease mutant), and
Rrp44D171N, D551N (double mutant in both ac-
tive sites). The FRET increase was not observed
from Rrp44D171N, D551N or Rrp44D551N, whereas
a similar stepwise FRET increase was observed
from Rrp44D171N and Rrp44DNPIN (fig. S2). We
therefore attribute the stepwise FRET increases
to the exoribonuclease activity of Rrp44. A gel
assay confirmed that the enzyme indeed unwinds
and degrades the 25-nt region flanked by the
fluorophores (fig. S3).

To quantify the stepwise behavior in an un-
biased way, we used an automated step-finding
algorithm (9, 19) to determine the average FRET
values and dwell times of each step (fig. S4 and
Fig. 1, D and E). The histogram of FRET states
obtained from the automated analysis (209 mole-
cules that showed four steps) revealed five peaks,
suggesting that well-defined FRET states are
visited during unwinding (Fig. 1D). A transition
density plot (TDP) (20), which pictorializes the
two-dimensional histogram for pairs of FRET
values before and after each transition (Fig. 1F),
also indicates a discrete step size.

To investigate the possibility that the stepwise
pattern may originate from secondary structure
formation within the complementary strand lib-
erated during unwinding, we designed a duplex
construct in which the complementary strand con-
tained only Gs and As, such that self-secondary
structure is unlikely to form. Single molecule traces
(fig. S5) and TDP (Fig. 1G) revealed the same
stepwise pattern, indicating that the stepwise
pattern is intrinsic to the unwinding reaction and
is not a sequence-specific feature.

To define the physical parameters of the step-
wise unwinding observed, we used RNA/DNA
chimeric substrate strand where RNA degrada-
tion cannot continue beyond the first 7 (Fig. 1H)
or 15 nt of the substrate strand in the duplex re-
gion (fig. S6). The two constructs gave two and
four steps of unwinding, respectively, suggesting an
unwinding step size of about 4 [(15 – 7)/(4 – 2)] bp.
The 7-nt chimeric construct showed the highest
FRETvalue of ~0.64. IfRrp44unwinds the dsRNA
only up to the boundary between RNA and DNA
segments, a FRET value of ~0.48 is expected
based on a calibration construct (fig. S6B), which
ismuch lower than the actual final FRET value of
~0.64. This indicated that the Rrp44 unwinds the
duplex ahead of the degradation site, consistent
with the structural data that showed that ~7 nt of
ssRNA is required to reach the active site through
a passage too narrow for the RNA duplex (5, 6).

We then analyzed the dwell time of each
step (Fig. 2A). If the unwinding itself is rapid
and cleavage reactions are rate-limiting, the dwell-
time histogram would follow a gamma distribu-
tion with a rising phase and a decaying phase
because it would be composed of about four
equivalent steps that are irreversible (Fig. 2B)
(9). In contrast, if unwinding is rate-limiting and
cleavage reactions are fast, it would follow a sin-
gle exponential decay (Fig. 2C). The dwell-time
histogram showed a single exponential decay
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with a lifetime of ~1.6 s, indicating that un-
winding of ~4 bp occurs in a burst with a single
rate-limiting step (Fig. 2, C and D, and fig. S7).

By combining our finding that Rrp44 un-
winds dsRNA in ~4-bp steps in a burst, the avail-
able biochemical data that showed that Rrp44
digests RNA into single nucleotides, and the
structural information (5, 6), we propose the fol-
lowing mechanism (Fig. 2, E and F). When Rrp44
encounters a ss/dsRNA junction, the exonuclease
activity residing in the RNB domain can con-
tinue to degrade an additional ~4 nt in single
nucleotide steps while one of the RNA binding
domains—for example, CSD1—maintains a con-
tact with the duplex ahead, possibly stabilizing
it (Fig. 2F and fig. S8). This would pull in the

3′ ssRNA tail without unwinding, resulting in an
accumulation of elastic energy in the RNA-protein
complex. Through thermal activation, Rrp44 then
unwinds several base pairs in a burst, releasing the
elastic energy with an accompanying movement
of the CSD1 domain. Rrp44 then continues this
cycle to traverse the double-stranded RNA region
(Fig. 2, E and F). This model predicts that if du-
plexmelting is prevented, the substrate strandwould
still be degraded until much less than 7 nt is left on
the 3′ overhang of the substrate strand. A gel-based
RNA degradation experiment using a substrate
with the first base pair of the duplex cross-linked
to each other confirmed this prediction (fig. S9).

Next, we examined how the dwell time in
each step or the unwinding step size is affected

by duplex stability. First, an RNA-DNA hetero-
duplex was used in which the substrate RNA
strand remains the same but the complementary
strand is DNA (fig. S10). FRET traces also showed
four distinct steps at similar FRET values, sug-
gesting that the unwinding step size remains the
same (fig. S10). However, the average dwell time
at each step was ~60% shorter than that of the
all-RNA duplex (fig. S11). The difference cannot
be attributed to a difference in degradation rate
because the substrate RNA strand is identical.
Therefore, the less stable heteroduplex (21) is
unwound faster, further showing that unwinding,
but not degradation, is rate-limiting. The elastic en-
ergy accumulated would be the same, but the total
free energy barrier is lower for the RNA-DNA

Fig. 1. Rrp44 unwinds RNA in large discrete steps.
(A) Structure of Rrp44 and its domainmap. (B) GC-rich
(60%) construct was labeled with donor (Cy3) at the
ds-ss junction and acceptor (Cy5) at 25 bp downstream
from the donor. (C) Representative fluorescence inten-
sity (top, green for donor and red for acceptor) and
FRET efficiency (middle and bottom) time trajectories
show stepwise FRET increase during dsRNA unwinding.
(D) Distribution of each FRET state visited during un-
winding determined using an automated step-finding
algorithm (209 molecules). (E) FRET values and dwell
times at each step were quantified by an automated
fitting step-finding algorithm (red) (fig. S4). (F to H)
Transition density plots pictorialize FRET changes be-
fore and after transitions for the GC-rich (60%) con-
struct (F), GA-only RNA duplex (G) (see fig. S5), and
Chimera1 (H) (see fig. S6).
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hybrid, so it takes less time for thermal fluc-
tuations to overcome the barrier (Fig. 2E).

We also tested a construct with 100% AU
base pairs in the RNA duplex. Its unwinding at
room temperature was too fast for resolving
steps clearly (fig. S12B). Lowering the temper-
ature or increasing the magnesium concentration
decreased the reaction speed sufficiently to show
hints of stepwise unwinding (fig. S12, C and D).
We therefore performed experiments in 5 mM
MgCl2 at ~9°C and found that the four-step pat-
tern is the dominant unwinding behavior for the
AU-rich (100%) construct as well. We also ob-
served an increased fraction of five-step degrada-
tion patterns (~19%) (Fig. 3, A and B), suggesting
that there may exist an occasional premature un-
winding event before a ~4-nt digestion is achieved
if the duplex is less stable.

We determined the overall unwinding time,
tunwind, defined as the time it takes for the FRET
signal to increase from minimum to maximum,
for different substrates and conditions (Fig. 3E).
tunwind was four times as long at 9°C as at 23°C
for all three constructs. tunwind increased by a
factor of 2 when the NaCl concentration was
increased from 10 mM to 150 mM (Fig. 3F),
whereas it increased by a factor of 4 when the
MgCl2 concentration was increased from 0.1 mM
to 5 mM (fig. S12A). Overall, reducing the du-

plex stability decreases the dwell time of each
step without changing the step size, indicating
that unwinding is rate-limiting and that the dis-
crete steps in FRET trajectories are due to steps
in unwinding rather than other effects, such as
release of unwound strand from the protein sur-
face (11).

How large a distortion would the RNA-protein
complex accumulate before an unwinding burst?
Because the A-form RNA double helix has a
helical pitch of 2.5 nm and 11 bp per turn (22),
the step size of ~4 bp is equivalent to ~0.9 nm in
length. Therefore, a distortion of up to ~1 nm
would need to be accommodated, either by ssRNA
stretching or through protein compression (which
may be achieved through reorganization of var-
ious domains of Rrp44), or a combination of both.

What determines the step size of RNA un-
winding? For degradation to continue without
strand separation, there must be a large kinetic
barrier against duplex melting, which may orig-
inate from interactions between the RNA and
one of the RNA binding domains (Fig. 2F and
fig. S8). Most proteins and ssRNA are nonlinear
springs (23, 24); thus, the elastic energy of the
complex would increase dramatically at a par-
ticular length, which might determine how many
nucleotides can be degraded before the elastic
energy overcomes the kinetic barrier and un-

winds the duplex (Fig. 2E). If so, unwinding
step size would be determined by the physical
properties of the Rrp44/RNA complex.

We propose that the RNB domain acts as an
engine that converts chemical energy into me-
chanical work by translocation along the RNA.
Rrp44 functions as a chemomechanical machine
that converts and combines a series of chemical
energy releases from hydrolysis of the RNA chain
into an elastic energy reserve through a spring-
loaded mechanism until several base pairs are
unwound in bursts. This mode of action may
also apply to yeast Rrp44 in complex with the
9-subunit core exosome, depending on how RNA
is delivered to Rrp44 (25, 26), and to the human
Rrp44 proteins that either interact weakly with
the 9-subunit core exosome or not at all (27).
Elastic coupling between RNA digestion and un-
winding may be common in RNase II–type exo-
nucleases, because we found similarly sized
steps in RNA unwinding by Escherichia coli
RNase R (fig. S13). Many helicases possess aux-
iliary domains, besides the core adenosine triphos-
phatase, that may display springlike behavior so
that a single nucleotide step translocation can
yield an unwinding step size of several base
pairs, as was proposed for hepatitis C virus non-
structural protein 3 (9). The concept that nucleic
acidmotors can have a hierarchy of different-sized

Fig. 2. Elastic coupling between RNA degra-
dation and unwinding. (A) Each unwinding
step consists of about four degradation steps
(black arrows) and a wait time (horizontal red
arrow). (B) If dsRNA is unwound immediately
after a series of cleavage reactions, the dwell-
time histogram follows a gamma distribution.

(C) If unwinding occurs after a long delay, the histogram follows a single exponential-like decay. (D) Histogram of the dwell times in the second, third, and
fourth steps. Exponential fit gives a 1.6-s decay time (see fig. S7 for individual histograms). (E) Elastic energy accumulated versus number of nucleotides
digested without duplex unwinding. (F) Structural model on how the RNB domain that contains the exonuclease activity and the putative dsRNA binding
domain (CSD1) might allow the build-up of elastic energy during about four cleavage reactions until abrupt unwinding of ~4 bp resets the system for the
next cycle. In (E) and (F), the states with accumulated elastic energy are italicized.
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steps or can accumulate elastic energy before tran-
sitioning to a subsequent phase (8–10, 28–30) is
further supported by our data on Rrp44.
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Fig. 3. Unwinding characteristics for different sequences and conditions. (A) Distribution of the num-
ber of steps for the standard substrate (60% GC content) (light gray, 23°C; dark gray, 9°C; both in
100 mM MgCl2). (B) Distribution of the number of steps for the AU-rich construct (light gray, 23°C; dark
gray, 9°C; both in 5 mM MgCl2). (C and D) Representative four- and five-step patterns, respectively,
obtained from AU-rich construct in 5 mM MgCl2 at 9°C. (E) Unwinding for different constructs and
temperatures. (F) Unwinding time versus NaCl concentration for the standard substrate.
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