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ABSTRACT

Members of the ribonuclease III (RNase III) family
regulate gene expression by triggering the degrada-
tion of double stranded RNA (dsRNA). Hundreds of
RNase III cleavage targets have been identified and
their impact on RNA maturation and stability is now
established. However, the mechanism defining sub-
strates’ reactivity remains unclear. In this study, we
developed a real-time FRET assay for the detection
of dsRNA degradation by yeast RNase III (Rnt1p) and
characterized the kinetic bottlenecks controlling the
reactivity of different substrates. Surprisingly, the re-
sults indicate that Rnt1p cleavage reaction is not only
limited by the rate of catalysis but can also depend on
base-pairing of product termini. Cleavage products
terminating with paired nucleotides, like the degra-
dation signals found in coding mRNA sequence,
were less reactive and more prone to inhibition than
products having unpaired nucleotides found in non-
coding RNA substrates. Mutational analysis of U5
snRNA and Mig2 mRNA confirms the pairing of the
cleavage site as a major determinant for the differ-
ence between cleavage rates of coding and non-
coding RNA. Together the data indicate that the base-
pairing of Rnt1p substrates encodes reactivity de-
terminants that permit both constitutive processing
of non-coding RNA while limiting the rate of mRNA
degradation.

INTRODUCTION

RNase III is a ubiquitous dsRNA processing enzyme found
in all kingdoms of life except archaebacteria (1,2). Members
of the RNase III family are defined by the presence of the
catalytic (RIIID) (3,4) and the dsRNA-binding (dsRBD)
(5) domains, which were first identified in bacteria (6). In
the yeast Saccharomyces cerevisiae, Rnt1p is an RNase III

ortholog involved in the degradation of unspliced mRNA
(7,8), conditional mRNA decay (9–11) and the processing
of many non-coding RNAs such as small nuclear RNAs
(snRNAs) (12–16), pre-rRNAs (17) and small nucleolar
RNAs (snoRNAs) (8). In the case of non-coding RNA like
the U5 snRNA a robust and constitutive reactivity is re-
quired to ensure the maturation of the hundreds of RNA
molecules required for the spliceosome (13). In contrast,
the degradation of mRNA produced by scarcely expressed
genes like the glucose-dependent gene MIG2 or the telom-
erase subunit gene EST1 requires moderate substrate reac-
tivity that permits controlled and often conditional RNA
cleavage (9,18). Indeed, insertion of different Rnt1p cleav-
age signals in a heterologous reporter indicated that sub-
strates originating from non-coding RNA are much more
reactive than those originating from mRNA (19). However,
the mechanism generating this differential substrate reactiv-
ity remains unclear.

Rnt1p recognizes RNA substrates with stem–loop struc-
tures containing NGNN tetraloops (G2-tetraloop) (20).
The enzyme identifies its substrate by interacting with mul-
tiple nucleotides within the loop and its neighboring stem
structure (21). In general, a G2-tetraloop with a minimum
of three base pairs (22) is required for two specific cleav-
ages to occur at 14 and 16 nucleotides from the terminal
loop (Figure 1A). The typical cleavage reaction produces
a 34-nucleotide stem–loop structure terminating with a 3′
overhang and two RNA fragments corresponding to the
sequences upstream and downstream of the cleavage site
(Figure 1A) (23,24). The tetraloop structure is essential for
the recognition and cleavage of the G2 substrates, while the
sequence of the stem controls the substrate turnover rate
(22,24) by an as yet unidentified mechanism.

Recent work has indicated that the enzyme uses a spe-
cial clamp-like structure at the end of the dsRBD domain
to specifically recognize the conserved guanine in the second
position of the loop (22). The structure of the catalytic com-
plex is assembled through interaction with the substrate via
five RNA binding motifs (RBMs). As indicated in Figure
1A, RBM0, which contains the clamp structure, interacts
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Figure 1. Continuous fluorescence assay of Rnt1p cleavage reveals rapid pre-steady state kinetics. (A) Mechanism of Rnt1p binding and cleavage. The
Rnt1p G2-substrate is shown in the form of a stem sloop structure. The nucleotides are shown as boxes and the position of the conserved guanine is indicated
by a G. The canonical structure of Rnt1p substrates is outlined and its RNA binding motifs (RBM) are indicated as gray circles. In this model, cleavage
eliminates the interaction between Rnt1p and the RNA sequence downstream of the cleavage site, which permits the enzyme to discriminate between the
substrates and its products. (B) Strategy for detecting Rnt1p-mediated cleavage in real-time. Schematic representation of the bipartite substrates used for
the fluorescence cleavage assay. The substrate is created by annealing an RNA strand (shown in grey) labeled with fluorescent dyes (6-FAM and CY3) to
the G2–stem–loop (shown in black). Rnt1p cleavage releases the 6-FAM dye from the CY3 quencher, which permits the detection of the enzyme catalytic
activity in real-time. C) Fluorescence profile of Rnt1p cleavage. The substrate shown in (B) (0.8 �M) was incubated with the enzyme under physiological
salt conditions (150 mM) and the change in fluorescence was continuously monitored for 30 min. (D) Analysis of Rnt1p early cleavage kinetics reveals two
distinct catalytic rates. The profile of the first 200 s of the cleavage reaction shown in (C) was expanded to reveal the biphasic nature of Rnt1p cleavage
kinetics. The dashed line indicates the extrapolated trajectory of catalysis in each phase. (E) Comparison between the kinetic profiles of initial and steady-
state rates of catalysis. The Michaelis-Menten graph was generated based on the initial and steady-state rates for concentrations of substrate from 50 nM
to 1600 nM. The data shown are the average of at least three independent assays and the standard deviations are shown in the form of error bars.

with the G2-loop during the initial steps of the complex for-
mation. In addition, Rnt1p employs RBM1 to interact with
the nucleotides adjacent to the tetraloop, RBM2 and RBM4
interact with the RNA of the stem and RBM3 contacts the
nucleotides surrounding the cleavage site (22). Most bind-
ing sites are maintained with the cleavage product except
RBM3, which binds less stably after catalysis (Figure 1A).

RNase III binds its substrates in the absence of divalent
metal ions (25) but requires Mg2+ for cleavage. The diva-
lent metal ions position and activate water molecules, lo-
cated near the cleavage site, to induce catalysis (2). The rate

of the hydrolytic step is dependent on the metal ion’s pKa
(26). Hydrolysis leads to the generation of products termi-
nating with 3′-hydroxyl and 5′-phosphomonoester groups
(22,27–29). Chemical substitution near Rnt1p substrate’s
scissile bonds indicated that it is the position of the phos-
phodiester backbone relative to the enzyme rather than the
2′-OH groups that is critical for cleavage by Rnt1p (29).

Biochemical and structural analysis of Rnt1p suggest
that RNA recognition is initiated by a base-specific inter-
action between the G-clamp (RBM0) and the second nu-
cleotide of the loop (22). This interaction is formed to
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strengthen the complex and to prevent catalytic domain
slippage along the RNA helix (22). If this initial recogni-
tion is successful, the substrate is loaded into the nuclease
domain through direct interactions with the Rnt1p RBM1–
4 and then cleaved at a fixed distance from the loop (22).
The process leading to product release and its impact on the
turnover rate of Rnt1p, and of RNase III enzymes in gen-
eral, is not fully understood. Comparison between different
Rnt1p cleavage signals indicates wide variation in substrate
turnover rate. In general, rRNA and snoRNA substrates
are much more efficiently cleaved, in vivo and in vitro, by
Rnt1p than mRNA substrates (e.g. Mig2 and Fit2). How-
ever, the molecular mechanisms controlling the reactivity of
different Rnt1p substrates remain unclear. Despite decades
of biochemical and genetic analyses of RNase III orthologs,
we still do not know what determines the enzyme turnover
rate.

To understand the mechanisms controlling the reactiv-
ity of Rnt1p substrates, we developed a fluorescence assay
to monitor the real time kinetics of Rnt1p cleavage activ-
ity and to identify the critical steps in the enzymatic re-
action. Our results indicate that the substrate reactivity is
defined by the rate of product release and suggest that the
base-pairing surrounding the cleavage site determines the
substrate turnover rate. Products generated from the cleav-
age of efficiently processed substrates, like U5 snRNA, have
low affinity for the enzyme and thus have high dissocia-
tion rates. In contrast, products generated from inefficiently
cleaved substrates, like Mig2 mRNA, have high affinity and
slow dissociation rates. Comparison of the products gener-
ated by substrates with different cleavage rates indicates that
base pairing upstream of the cleavage site reduces the rate
of product release and decreases turnover. Consistently, dis-
ruption of base pairing near the cleavage site increased the
turnover rate by promoting product dissociation. Together,
our data reveals that the reactivity of yeast RNase III sub-
strates depends on the base-pairing surrounding the cleav-
age. This rate limiting step has likely been exploited by evo-
lution to meet the demand of genes with different functions
and expression levels.

MATERIALS AND METHODS

Real-time analysis of Rnt1p cleavage kinetics

Recombinant enzyme was expressed and purified as previ-
ously described (30). Synthetic RNA with 6-FAM at the 5′
end and an amino linker at the 3′ end was obtained from In-
tegrated DNA Technologies (IDT – Coralville, Iowa). La-
beling of the RNA target portion (Figure 1B) was com-
pleted by incubating 150 �g of RNA with 25 �g of Cy3
dye overnight in 0.1 M sodium tetraborate at pH 8.5. The
labeled RNA was purified using 20% PAGE and extracted
via electro-elution (30). The bipartite RNA substrate was
reconstituted by annealing 50–1600 nM of a 1:8 mix of la-
beled to unlabeled target strands to an equal amount of
guide RNA as previously described (21). Cleavage reactions
were performed at 30◦C using 7.5 nM of purified Rnt1p in
a reaction buffer containing 30 mM Tris–HCl, pH 7.5, 5
mM spermidine, 0.1 mM DTT, 0.1 mM EDTA and 10 mM
MgCl2. The monovalent salt concentration was 150 mM
KCl unless noted otherwise. RNA cleavage was monitored

in real-time using a Quanta Master system (PTI, London,
Ontario, Canada) or Flex Station (Molecular Device, Sun-
nyvale, CA, USA) by exciting the fluorophores at 490 nm
and monitoring the fluorescence emission at 520 nm. The
cleavage reaction was stopped by adding a solution contain-
ing 75 mM EDTA and 85% formamide, and the cleavage
products were separated using 20% PAGE. The fluorescent
cleavage products were visualized on a Typhoon Trio (GE
Healthcare Life Sciences, Burnaby, BC, Canada) with the
fluorescein channel. The cleavage rates of cleavage reactions
were either determined by linear regression or, in case of
biphasic reaction, with non-linear fitting of an exponential
burst phase followed by a linear steady-state phase over the
first minute of reaction according to the following model:
Y = Yf ast(1 − e−kf ast∗t) + kslow ∗ t. The kinetic parameters
were calculated using a standard Michaelis–Menten model.
The product inhibition assays were conducted using 800 nM
of synthetic RNA products added to the reaction.

In vitro cleavage assay

Xrn1p protein was purified as previously reported (31).
Standard gel-based Rnt1p cleavage assays were performed
using 30 nM Rnt1p and trace amounts of internally radio-
labeled RNA already mixed with 1600 nM unlabeled RNA
in a standard reaction buffer (30 mM Tris–HCl, pH 7.5,
5 mM spermidine, 0.1 mM DTT, 0.1 mM EDTA, 10 mM
MgCl2 and 150 mM KCl). The effect of product inhibition
on Rnt1p cleavage was tested by including 74 nM of puri-
fied Xrn1p to the standard Rnt1p cleavage assay. The speci-
ficity of the Xrn1p effects was tested by incubating Xrn1p
with the RNA in the absence of Rnt1p. An equal amount
of inactive (boiled) Xrn1p was added in Rnt1p cleavage as-
says. Product titration reactions were performed using trace
amounts of 5’ radiolabeled RNA, already mixed with 1600
nM of unlabeled RNA, in the presence of 0–3.200 �M syn-
thetic Rnt1p products. All in vitro assays were carried out
for 10 min, stopped by the addition of 85% formamide
(Bioshop Canada, Burlington, Ontario, Canada) contain-
ing 75 mM EDTA, pH 8.0, and resolved by 20% PAGE. The
cleavage products were visualized using autoradiography as
previously described (30).

Surface plasmon resonance binding assay

RNA binding to purified Rnt1p was monitored using a Bi-
acore T200 system (GE Healthcare Life Sciences, Burnaby,
BC, Canada). The assays were carried out in binding buffer
containing 30 mM HEPES, pH 7.5, 150 mM KCl and 10
nM EDTA. The effect of magnesium ions was tested by
adding 10 mM MgCl2 to the reaction. His-tagged Rnt1p
was immobilized on Ni-NTA chip via the His-tag prior
to RNA injection. The surface was washed with 350 mM
EDTA and 0.1% SDS between each sample injection. Bind-
ing was calculated relative to the amount of protein bound
to the chip for each RNA concentration to generate reso-
nance unit change (RU) over the theoretical maximal RU
(Rmax) values. RNA concentrations ranging from 50 to
1600 nM were used for each binding assay. On (associa-
tion) and off (dissociation) rates were calculated with Bi-
acore T200 software using a single binding site model on all
curves.
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RESULTS

Design of a fluorescent reporter of Rnt1p cleavage activity

We have previously shown that Rnt1p can use short RNA
transcripts as guides for the cleavage of RNA targets in trans
(21,32). In this assay we annealed guide and target RNAs
to generate highly reactive bipartite substrates that undergo
RNA processing in vivo (32) and mimic the cleavage kinet-
ics of natural substrates in vitro (21). In this study, we fur-
ther developed this bipartite system by generating a fluo-
rescent reporter for real time observation of Rnt1p cleav-
age kinetics. The reporter was generated by annealing an
unlabeled guide RNA to a target strand labeled with both
fluorescent donor (6-FAM) and acceptor (Cy3) dyes (Fig-
ure 1B). Cleavage of the reporter generates 3 RNA frag-
ments (Figure 1B), a short single-stranded 5′ fragment (PI),
an intermediate single-stranded fragment (PII) and a 3′ end
stem–loop structure (PIII). PII and PIII retain significant
sequence complementarity and are expected to remain in
a complex after cleavage thus generating only one product
capable of binding to Rnt1p (32). Indeed, the PII/PIII mix-
ture and its associated bipartite substrate generate similar
circular dichroism spectra under cleavage conditions con-
firming similar overall helicity of these two structures (Sup-
plementary Figure S1F). The intact RNA target is expected
to generate low signal due to the fluorescence resonance en-
ergy transfer (FRET) occurring between the fluorophores
(33). However, once the RNA substrate is cleaved, the flu-
orescence signal is expected to increase as no more FRET
occurs between 6-FAM and the Cy3 quencher. To test this
reporter, we first monitored Rnt1p cleavage under multiple
turnover conditions with an excess of substrate. The cleav-
age reaction was performed at physiological monovalent
salt concentration (i.e. 150 mM KCl), which provides opti-
mal specificity and turnover rate (30). The cleavage reaction
was initiated by adding 10 mM MgCl2 to a reaction buffer
containing Rnt1p and the fluorescent substrate (see Mate-
rial and Methods). As indicated in Supplementary Figure
S1A, a strong increase in fluorescence was detected after ini-
tiating the reaction and the signal level was directly related
to the proportion of cleaved substrates (Supplementary Fig-
ure S1B). Incubating the reporter substrate with increasing
amounts of Rnt1p in the absence of MgCl2, which permits
binding but not cleavage of the RNA (25), did not affect the
fluorescence signal (Supplementary Figure S1C). This indi-
cates that cleavage is required for the generation of the fluo-
rescence signal. Comparison between the fluorescence and
conventional gel-based cleavage assay indicated that both
methods generate similar cleavage kinetics, both as a func-
tion of time (Supplementary Figure S1D) and of optimum
substrate concentrations (Supplementary Figure S1E). To-
gether these experiments demonstrate the utility and preci-
sion of our bipartite fluorescent substrate as a reporter of
Rnt1p catalytic activity.

Monitoring Rnt1p cleavage kinetics in real time

To determine the real time kinetics of Rnt1p-mediated
cleavage, we plotted product accumulation over time (Fig-
ure 1C). The resulting curve suggests the presence of a fast
initial phase (burst phase) followed by a slower phase con-

sistent with product inhibition. Indeed, closer inspection of
the first 200 s of the reaction confirmed the presence of this
two phases (Figure 1D). Measuring the cleavage rate over
a range of substrate concentrations yielded a catalytic rate
constant (kcat) of 64.7 ± 5.8 min−1 for the burst phase, which
exhibited a standard hyperbolic Michaelis-Menten curve,
and 10.1 ± 1.2 min−1 for the later phase of the reaction (Fig-
ure 1E), which resembles the so called steady state kinetics
of the in gel cleavage assays and there {Lamontagne, 2001
#472}. We also observed that the Km is increased from 0.11
± 0.04 �M for the burst phase to 0.51 ± 0.17 �M in the later
phase, which probably results from the accumulation of the
product and change in the substrate concentration (Supple-
mentary Figure S2B and Table S1). To evaluate the contri-
bution of binding affinity to the decreased rate of the steady-
state phase, we monitored the cleavage kinetics at increas-
ing concentrations of monovalent salts, which weakens the
interaction of Rnt1p with its substrates (25). As predicted,
increasing the salt concentration to 500 mM disrupted the
biphasic progression of the cleavage reaction (Supplemen-
tary Figure S1E). This suggests that the slower rate of the
steady-state is not due to a decrease in the complex stability
but instead points at steps after the initial recognition and
binding of the substrates.

The cleavage products determine the turnover rate of Rnt1p

To examine the contribution of cleavage-product dissocia-
tion to Rnt1p kinetics, we synthesized RNA molecules that
mimic the stem–loop structure produced by Rnt1p cleavage
(Figure 2A), and monitored their impact on turnover. As
shown in Figure 2B, the addition of products to the cleavage
reaction reduced the initial rate of catalysis and eliminated
the burst phase (Figure 2B). When analyzing the product in-
hibitory effect at various substrate concentrations, we found
that the presence of 0.8 �M products reduced the value of
the initial phase kcat by 5-fold (12 ± 5 min−1) (Figure 2C and
Supplementary Table S1). The reduction of Rnt1p activity
by the product is impaired when the reaction is carried out
with a buffer containing 500 mM KCl, which reduces the
stability of Rnt1p/RNA complex (Supplementary Figures
S2C and S2D). This indicates that the capacity of the prod-
uct to inhibit the cleavage reaction depends on its capacity
to form a stable complex with the enzyme and suggest that
the substrate binding to the enzyme is more stable than its
product.

Given that Rnt1p catalytic activity appears to be inhib-
ited by the accumulation of cleavage products, we reasoned
that the elimination of these products should increase the
cleavage rate. To test this hypothesis we monitored the cleav-
age reaction after the addition of a recombinant version of
the 5′-3′ exoribonuclease Xrn1p (34), which was previously
shown to degrade the 3′ product of Rnt1p in vivo and in
vitro without affecting the substrates (10,19). In the case of
the fluorescent reporter, Xrn1p will degrade the intermedi-
ate cleavage product of Rnt1p (PII, Figure 1A), which pos-
sesses a 5′ monophosphate, and leave behind a short stem–
loop structure and single-stranded fragments. Degradation
of the intermediate products (PII) eliminates all base pair-
ing near the cleavage site and increases the difference be-
tween the structure of the substrate and its product. As pre-
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Figure 2. The steady state kinetics of Rnt1p is defined by sustained product inhibition. (A) Comparison between the substrate and product. The predicted
structure of Rnt1p substrate (TL) and its derived product (TL-PR) are shown in the form of a stem loop. The arrow indicates the position of the cleavage site.
The cleaved strand is shown in gray. (B) Rnt1p products reduce enzymatic reactivity. The fluorescence profile of Rnt1p cleavage over time was determined as
described in Figure 1C without product (−Product) or with the addition of equimolar amounts (0.8 �M) of Rnt1p product (+Product). (C) Rnt1p products
reduce the rate of catalysis. The Michaelis–Menten kinetics of the initial rate of the reaction was determined in the absence (−Product) or the presence
of 0.8 �M of the cleavage product (+Product). The data shown are the average of at least three independent experiments and the standard deviations are
shown in the form of error bars. (D) Product removal enhances Rnt1p reactivity. The fluorescence profile of Rnt1p cleavage over time was determined as
described in Figure 1C in the presence (+Xrn1p) or the absence (−Xrn1p) of the 5′-3′ exoribonuclease Xrn1p.

dicted, the addition of Xrn1p to the cleavage reaction sig-
nificantly increased the steady state catalytic rate of Rnt1p
without affecting the initial burst phase (Figure 2D). These
data confirm the inhibitory effects of the cleavage products
and underline their role in defining the steady state cleavage
rate.

Rnt1p reactivity depends on substrate-specific cleavage prod-
uct inhibition

Rnt1p RNA substrates are expressed at different levels and
their turnover requirement varies based on the function of
the mature RNA (8,18,11). For example, while efficient pro-
duction of mature rRNA and snoRNAs may require rapid

and constitutive cleavage by Rnt1p (8), selective degrada-
tion of mRNAs needs well controlled and in many cases
conditional reactivity (9). To determine the impact of the
substrate’s natural structures on Rnt1p reactivity, we com-
pared the reactivity of substrates with different levels of ex-
pression. The stem–loop structures found within the cod-
ing sequence of the glucose induced transcription repres-
sor Mig2 (9) and the putative ATPase Yta6 (10,35) were
chosen as model mRNA substrates, while the U5 snRNA
(13) and U2 snRNA (12) processing signals were selected
as representative non-coding RNA (Figure 3A). The dif-
ferent substrates were transcribed in vitro using T7 RNA
polymerase and incubated with Rnt1p in the presence or
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Figure 3. Product inhibition dictates the reactivity of natural mRNA degradation signals. (A) Schematic representation of four natural Rnt1p cleavage
targets and their products. The substrates and products derived from two processing signals (U5 snRNA and U2 snRNA) and two degradation signals
(Mig2 and Yta6 mRNAs) are shown. The arrows indicate the position of the established cleavage sites. (B) Product removal enhances the reactivity of
mRNA-associated cleavage signals. An rnt1p cleavage assay was performed and the amount of cleaved substrate was determined in the presence (+Xrn1)
or the absence (−Xrn1) of the exoribonuclease Xrn1p. Asterisks indicates significant difference between treatments (P-value <0.01). (C) Effects of Rnt1p
cleavage products on the cleavage of Mig2 mRNA degradation signal. The cleavage of stem–loops derived from Mig2 mRNA was performed in the absence
or the presence of increasing amounts of RNA products derived from Mig2 (Mig2–PR) or U5 (U5-PR). (D) Effects of Rnt1p cleavage products on the
U5 snRNA processing. The cleavage of stem–loops derived from the U5 snRNA 3′ end was performed as described in (C) in the absence or presence of
increasing amounts of RNA products derived from Mig2 (Mig2-PR) or U5 (U5-PR). (E) Kinetics of inhibition by U5 and Mig2 products. Michaelis–
Menten curve of the TL substrate (Figure 2A) in the presence (U5PR or Mig2PR) or the absence (ND) of U5 or Mig2 products. The experiments shown
are the average of three experiments and standard deviations are illustrated in the form of error bars.

the absence of the exoribonuclease Xrn1p to monitor the
impact of product cleavage on the steady state reaction ki-
netics. Interestingly, the addition of Xrn1p did not alter the
processing of the non-coding RNA U2 and U5, but it sig-
nificantly enhanced the cleavage of the model mRNA sub-
strates Mig2 and Yta6 (Figure 3B). To directly evaluate the
effect of the cleavage products on Rnt1p reactivity, we mon-
itored the impact of adding synthetic RNAs mimicking the
products generated by the cleavage of the U5 snRNA (U5-
PR) or the Mig2 mRNA (Mig2-PR) on the cleavage of U5
and Mig2. As indicated in Figure 3C and D, the processed
Mig2 inhibited the cleavage of both Mig2 and U5, while U5
cleavage product did not. Accordingly, the addition of Mig2
products (but not U5) decreased the kcat of the heterologous
substrate TL (Figure 3E).

The turnover of Rnt1p substrates depends on the product re-
lease step

To examine the mechanism by which cleavage products in-
hibit Rnt1p reactivity, we compared the association (On)
and dissociation (Off) rates of the inhibitory (Mig2-PR)
and non-inhibitory (U5-PR) products, and their respective
substrates, using plasmon resonance. As indicated in Fig-
ure 4A, the highly reactive U5 substrate had faster asso-
ciation and dissociation rates than, the moderately reac-
tive substrate, Mig2. These results suggest that the Rnt1p–
U5 catalytic complex has faster association and dissocia-
tion rates than the Rnt1p–Mig2 complex. Comparison be-
tween the association and dissociation kinetics of Mig2 and
U5 products indicated that Mig2 products have a two-fold
higher association rate (Figure 4C) and an 8-fold lower dis-
sociation rate (Figure 4D). Comparison between the asso-
ciation and dissociation kinetics of the two substrates and
their respective products indicated that while both the un-
cleaved U5 substrate and its product have similar affinity,
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Figure 4. The product release step determines the reactivity of Rnt1p substrates. (A) Comparison between the association and dissociation kinetics of Mig2
(gray) and U5 (black) substrates. Rnt1p association and dissociation rates were determined using surface plasmon resonance in the presence of 10 mM
Mg2+ and 150 mM KCl. The association and dissociation rates are indicated above each curve, as determined with a one site binding model using curves
from concentrations of RNA from 50 to 1600 nM. (B) Comparison between the association and dissociation kinetics of Mig2 and U5 cleavage products.
The association and dissociation rates were calculated as described in A and are indicated above each curve. (C) Comparison between the association rates
of the substrate and products derived from Mig2 mRNA and U5 snRNA. (D) Comparison between the dissociation rates of the substrate and products
derived from Mig2 mRNA and U5 snRNA. In (C) and (D), the association and dissociation kinetics obtained in A and B were calculated relative to that
of Mig2 and are presented in the form of a bar graph with standard errors illustrated as error bars.

the Mig2 product associates ∼1.3-fold faster and dissoci-
ates ∼6.4-fold slower than its substrate (Figure 4C and D).
These results indicate that the difference between U5 and
Mig2 turnover is mostly the result of the low dissociation
rate of the Mig2 cleavage product.

Identification of Rnt1p substrate reactivity determinants

To identify the specific sequence or structural features con-
trolling Rnt1p substrate reactivity, we next compared the
stem–loop structure of substrates with high (e.g. U5) versus
low (e.g. Mig2) turnover rates. As indicated in Figure 5A,
the Mig2 cleavage signal contains more paired nucleotides
near the cleavage site and more asymmetrical bulges than
that of U5. To evaluate the effect of the structure surround-
ing the cleavage site on Rnt1p reactivity, we created chimeric
substrates composed of either the upper stem–loop of U5
fused to Mig2 cleavage site (U5–CMig2) or the upper stem–
loop of Mig2 fused to U5 cleavage site (Mig2–CU5) and
compared them to the original natural substrates. Interest-
ingly, we found that the inclusion of the Mig2 cleavage site
into the U5 structure (U5–CMig2) inhibited its cleavage
by Rnt1p while the inclusion of the U5 cleavage site into

the Mig2 substrate (Mig2-CU5) increased cleavage (Fig-
ure 5B). This indicates that the difference in processing be-
tween the U5 and Mig2 substrates is mainly caused by vari-
ations in the nature of the sequence surrounding the cleav-
age site. To evaluate the impact of the sequence surrounding
Mig2 cleavage site on the capacity of the products to inhibit
Rnt1p cleavage, we compared the effects of chimeric cleav-
age products that contain the Mig2 stem linked to the se-
quence upstream of the U5 cleavage site (Mig2–CU5–PR)
to the unmodified Mig2 (Mig2–PR) and U5 (U5–PR) prod-
ucts on the cleavage of the Mig2 substrate. As shown in Fig-
ure 5C, the addition of the Mig2–PR inhibited Rnt1p reac-
tivity while the addition of U5–PR or Mig2–CU5–PR had
no effect. In addition, the replacement of the Mig2 sequence
surrounding the cleavage site with that of U5 reduced the
enzyme’s affinity by drastically increasing the dissociation
rates of the Mig2 product (Figure 5D). This indicates that
the sequence surrounding Mig2 cleavage site specifically re-
duces the turnover rate by decreasing the rate of product
release. We conclude that the reactivity of Rnt1p substrate
reactivity is defined by determinants near the scissile bonds.
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Figure 5. Identification of reactivity determinants near Rnt1p cleavage site. (A) Structure of chimeric U5 and Mig2 RNAs carrying mixed features of U5
and Mig2. U5 and Mig2 indicate the structure of natural U5 and Mig2 substrates. U5–CMig2 indicates a hybrid U5 substrate that carries the sequence
of Mig2 surrounding cleavage site, while U5–CMig2–PR indicates the corresponding product after Rnt1p cleavage. Mig2–CU5 is a hybrid between Mig2
substrate and the sequence of U5 surrounding the cleavage site and Mig2–CU5–PR indicates the corresponding product after Rnt1p cleavage. (B) The
structure surrounding the Mig2 cleavage site is sufficient for the inhibition of Rnt1p reactivity. The different substrates shown in (A) were assayed for
cleavage by Rnt1p as described in Figure 3B and cleavage rates, relative to that obtained with the natural U5 substrate, are represented in the form of a bar
graph. The data shown are the average of three independent experiments and the standard deviations are shown in the form of error bars. (C) The sequence
surrounding the Mig2 cleavage site inhibits Rnt1p reactivity. The cleavage of Mig2 RNA was conducted with increasing amounts of oligonucleotides
corresponding to Mig2, U5 or hybrid Mig2-CU5 products and the impact on cleavage for each product is reported in the graph. (D) The cleavage efficiency
box determines the product binding and release rates. Comparison between the binding kinetics of the Mig2 product (Mig2–PR) and those of Mig2 product
with the cleavage efficiency box of U5 (Mig2–CU5–PR). Association and dissociation rates were determined as in Figure 4 and are indicated above each
graph.

The reactivity of Rnt1p substrates is defined by the base-
pairing of the cleavage site

An obvious structural difference between Mig2 and U5
cleavage sites, which determines the nature of product ter-
mini, is the number of upstream paired nucleotides (Figure
6A). The termini of the U5 cleavage products are unpaired
while those generated by Mig2 feature two terminal base-
pairs (Figure 5A). To evaluate the impact of product termini
base pairs on the inhibition of Rnt1p cleavage activity, we
systematically mutated unpaired nucleotides in the U5 stem
and tested the resulting substrates using Rnt1p cleavage as-
says in the presence or absence of Xrn1p. These experiments
were designed to distinguish product-specific inhibition ef-
fects from other unrelated variations in substrate reactivity.
As expected, only base pairs near the U5 cleavage site af-
fected cleavage by Rnt1p in the presence of Xrn1p (Figure
6B). The introduction of the two base pairs immediately up-
stream of the cleavage site (substrates U5-4, U5-5 and U5-
7) affected the cleavage by Rnt1p in the presence of Xrn1p
(Figure 6B) and reduced the cleavage rate under multiple-

turnover conditions without affecting cleavage activity un-
der single-turnover conditions (Figure 6C). Mutations that
created base pairs away from the cleavage site did not affect
substrate cleavage by Rnt1p in the presence of Xrn1p (Fig-
ure 6B and C). This suggests that only base pairs located
close to the cleavage site influence the steady state cleavage
rate of Rnt1p.

Next we used our fluorescent assays to examine the role
of base pairing near the Rnt1p cleavage site (Figure 1B).
Fluorescent substrates with fully or partially complemen-
tary paired strands (Figure 7A) were assayed for Rnt1p-
mediated cleavage. As shown in Figure 7B, introducing base
pair mismatches upstream of the cleavage site disrupted the
biphasic pattern observed in Rnt1p cleavage reaction and
increased the steady-state turnover rate. We thus conclude
that the reactivity of Rnt1p is depends on the number of
base pairs upstream of the cleavage site.
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Figure 6. Rnt1p reactivity depends on the number of base-pairs upstream
of the cleavage site. (A) Structures of U5 snRNA derivatives carrying mu-
tations at unpaired sequences. U5 and Mig2 indicate the structure of U5
snRNA and Mig2 mRNA. U5-1, U5-2, U5-3, U5-4, U5-5, U5-6 and U5-
7 indicate mutations in the U5 stem loops. The mutated sites are shaded
and the cleavage sites are indicated with arrows. (B) Effect of base pair-
ing on the product-dependent inhibition of RNA reactivity. The cleavage
reaction of the each substrate was carried out as described in Figure 3B
in the presence and in the absence of Xrn1p. The data are the average of
at least three independent experiments. The asterisks indicate statistically
significant differences (P-value < 0.01) in cleavage in comparison to the
reaction in absence of Xrn1p. (C) Base pairing near the cleavage efficiency
box reduces U5 turnover rate. The cleavage of the different versions of U5
substrates were carried as described in Figure 5B under both single and
multiple turnover conditions and the different rates presented relative to
that of U5.

DISCUSSION

This study describes the mechanism by which RNase III dis-
tinguishes between the substrates and the cleavage products
and provides an explanation for how the enzyme controls
expression of transcripts which the cell requires at different
levels. Comparison between the substrates and the products
of Rnt1p indicates that most of the enzyme’s RNA-binding
domains remain bound after cleavage, the exception being
the RBM3 RNA-binding motif (Figure 1A). RBM3 binds

to the substrate by interacting with 4 bp, two upstream and
two downstream of the cleavage site, and only the 2 bp up-
stream of the cleavage site remain unaffected after cleavage.
Disruption of these upstream base pairs increased the disso-
ciation rate of the RNA, suggesting that dissociation from
RBM3 triggers definitive product release (Figures 4 and 5).
Consistently, increasing the number of base pairs upstream
of the cleavage site increased the capacity of the products
to inhibit Rnt1p presumably by stabilizing the interaction
with RBM3. Together the data suggest that base-pairing of
the product termini play an important role in determining
the substrate turnover rate.

A previous study monitoring the intrinsic fluorescence
of bacterial RNase III during catalysis indicated that the
turnover rate is limited by a step subsequent to RNA hy-
drolysis, which was presumed to be either the product re-
lease step, or a change in the protein conformation after
catalysis (26). Comparison between the structures of the
catalytic and post-catalytic complexes of bacterial RNase
III revealed that the RNA is distorted during cleavage and
that its release from the catalytic site occurs in two steps
which both require minor rearrangements in protein con-
formation (27,36,37). Consistently, our real time analysis
of Rnt1p catalysis indicated a two-step process in which
the product release is the rate-limiting step in the steady-
state turnover rate (Figures 1 and 2). Indeed, comparison
between the binding kinetics of different products shows
that slow dissociation rate is an intrinsic feature of products
that inhibit Rnt1p cleavage reaction (Figure 4). Product-
dependent inhibition of RNase III enzymes likely arises
from the high similarity between the products and the sub-
strates; in most cases the cleavage products of this enzyme
family retain affinity for the enzyme (2,23). This similar-
ity is most clear in the case of Rnt1p, where most of pro-
tein interaction sites with the RNA are maintained in the
product (Figure 1A). In bacterial RNase III, the dsRBD
binds the RNA in the same region as the catalytic domain
(27,36), while the dsRBD of Rnt1p binds to the tetraloop
and its neighbouring stem structure (22). This unique mode
of binding permits stable association with cleavage products
and with short stems lacking the cleavage site (32). There-
fore, while rate-limiting product release might be a general
feature of RNase III, its impact is amplified in enzymes
with special recognition mechanisms, like Rnt1p, where the
RBM0 domain recognizes the tetraloop, and Dicer, where
the PAZ domain specifically recognizes the two nucleotide
3′ overhang at the end of a hairpin structure (38).

In eukaryotes, RNA transcription and processing or
degradation are well-integrated processes involving many
factors. In yeast, it was shown that Rnt1p processes rRNA
(39) and degrades a subset of its mRNA targets cotran-
scriptionally (40,41). After in vivo cleavage, Rnt1p prod-
ucts are exposed to downstream helicases and exoribonu-
clease that can eliminate free cleavage products (16,42).
These observations suggested that the products would not
control Rnt1p activity. Surprisingly we found in vitro that
the product release, which is not affected by external fac-
tors, plays an important role in defining substrate reactiv-
ity. Product release limits the cleavage of conditionally de-
graded mRNA substrates like Mig2, which is regulated in
a glucose-dependent manner (9), due to substrate-specific
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Figure 7. Pairing near the cleavage efficiency box modifies the initial rate of Rnt1p cleavage. (A) Structures of fluorescently labeled Rnt1p substrates
with different pairing configurations near the cleavage site. (B) Cleavage profiles of substrates with different pairings at the cleavage site. The cleavage of
fluorescent substrates was conducted as described in Figure 2D. (C) Mechanism of substrate determined enzymatic reactivity. The model illustrates how the
structure of Rnt1p substrates influences the reactivity depending on the stability of the cleavage product. In this model, substrates with strong base-pairing
near the cleavage site (e.g. mRNAs) undergo a product-dependent degradation reaction, where the reactivity is controlled by the rate of product release and
association. On the other hand, substrates with unpaired nucleotides near the cleavage sites are cleaved irrespective of product levels and quickly released.

base pairing upstream of cleavage sites (Figures 5 and 7).
Consistently, secondary structure comparison of hundreds
of newly discovered Rnt1p substrates indicated that the se-
quence near the cleavage site is preferentially unpaired in
non-coding RNAs that are cleaved efficiently by Rnt1p (10).
Therefore, it appears that non-coding RNA substrates have
evolved to avoid product inhibition.

Together the data presented in this study suggest a mech-
anism for two modes of RNA cleavage that depends on the
nature of the substrate (Figure 7C). In the case of highly
reactive RNA processing substrates, the assembly occurs
readily and produces cleavage products with unpaired ends.
This destabilizes the catalytic complex and triggers efficient
product release, allowing the enzyme to be available for an-
other round of catalysis. In this mode, the turnover rate re-
flects the catalytic rate and the efficient cleavage of an unlim-
ited number of substrates can take place without the need to
modify or degrade the products. In contrast, the degrada-

tion of less reactive regulated mRNA is product-dependent
and has slower association and dissociation rates. In this
mode of cleavage, the product release limits the turnover
rate and the accumulating product can compete with the
substrates in the absence of factors that modulate product
stability or structure.
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