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FLORE SINTUREL," OLIVIER PELLEGRINI,' SONG XIANG,? LIANG TONG,? CIARAN CONDON,'

and LIONEL BENARD'

"Institut de Biologie Physico-Chimique, CNRS UPR 9073, Université de Paris 7-Denis Diderot, 75005 Paris, France
?Department of Biological Sciences, Columbia University, New York, New York 10027, USA

ABSTRACT

The identification of RNases or RNase effectors is a continuous challenge, particularly given the current importance of RNAs in
the control of genome expression. Here, we show that a fluorogenic RNA-DNA hybrid is a powerful tool for a real-time
fluorescence detection and assay of exoribonucleases (RT-FeDEx). This RT-FeDEx assay provides a new strategy for the isolation,
purification, and assay of known and unknown exoribonucleases.
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INTRODUCTION

RNA plays a key role in the majority of cellular functions.
Determining which processes involve ribonuclease activities
and influence RNA stability is therefore essential. A number
of different approaches can be used to study exoribonu-
clease activities in vitro. Assays that measure the release of
TCA-soluble radioactive nucleotides or polyacrylamide gel-
based assays are commonly used to quantify exoribonu-
clease activity (Pellegrini et al. 2008). These assays are time
consuming, require handling of radioactivity, polyacryl-
amide, centrifugation, or scintillation counting. We there-
fore tested the feasibility of a real-time (RT) exoribonu-
clease assay based on fluorescence resonance energy transfer
(FRET).

RESULTS AND DISCUSSION

This approach uses the release of fluorescence from a
fluorescent RNA substrate hybridized to a quencher DNA
to quantify enzymatic activity and facilitate the detection of
exoribonuclease activity with purified proteins or in cellular
extracts (Fig. 1A). The assays can be monitored with a
fluorimeter or real-time polymerase chain reaction (RT-
PCR) instrument. In the assay we developed here, the
fluorophore carboxyfluorescein (FAM) linked to RNA was
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hybridized to a DNA oligonucleotide containing a quencher
carboxytetramethylrhodamine (TAMRA) (Fig. 1A). At 30°C,
the duplex forms instantly and a stoichiometry of two
molecules of TAMRA-DNA for one molecule of FAM-
RNA was shown to cause a 30-fold reduction in the
fluorescence emitted by the FAM-linked RNA (Fig. 2). We
have primarily tested the 5'-3" exoribonuclease Xrnl from
Saccharomyces cerevisiae to validate this new approach
(Pellegrini et al. 2008), and have observed that incubation
of the FAM-RNA/TAMRA-DNA hybrid with the exoribo-
nuclease leads to a rapid release of fluorescence (Fig. 1B).
The products of the reaction were also verified directly by
separating the digestion products of the DNA-RNA duplex
on a polyacrylamide gel (Fig. 3). The gel was scanned on
a Typhoon (GE Healthcare) to detect FAM- or TAMRA-
associated fluorescence, and bands were quantified. The
quantification of the FAM-associated bands confirmed that
the RNA is digested to release products migrating in the size
range of very short oligonucleotides (Fig. 3A). Quantifica-
tion of these FAM-associated species revealed that the vast
majority of the emitted fluorescence signal is therefore due
to these two short FAM-linked species. The TAMRA-linked
DNA remains intact during this assay, as DNA is not
a substrate for Xrnl. Two pieces of evidence suggest that
the DNA oligonucleotide does not impede the progression
of Xrnl: (1) we do not see an accumulation of a species
corresponding to the position of hybridization of the DNA
oligonucleotide (Fig. 3), and (2) the kinetics of release of
mononucleotide is identical in reactions with or without the
DNA oligonucleotide (data not shown). Other 5'-3" exori-
bonucleases, namely, Ratl from S. cerevisiae, Ratl from
S. pombe (Xiang et al. 2009), and the 5'-3" exoribonuclease
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FIGURE 1. Real-time fluorescence-based analysis of RNA hydrolysis
by Xrnl exoribonuclease. (A) The formation of the RNA-DNA
duplex brings the TAMRA into the vicinity of FAM to quench FAM
fluorescence emission (see Fig. 2). Digestion of RNAI1 releases the
FAM from the oligonucleotide and permits FAM fluorescence to be
detected at 520 nm. (B) In the presence of 50 nM Xrnl exoribonu-
clease and 500 nM of RNAI, an immediate generation of FAM
fluorescence signal can be monitored in real time.
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FIGURE 2. Fluorescence quenching of FAM by TAMRA. The
following assays were monitored on a Rotor Gene apparatus at
30°C, set up to detect FAM fluorescence. A concentration of 0.5 pM
of RNA1 (FAM-linked) was incubated with various concentrations of
DNA1 (TAMRA-linked). At 30°C, quenching of FAM fluorescence
confirms that the duplex forms instantly (the duplex was designed with
a Tm of 34°C). A stoichiometry of two molecules of TAMRA for one
molecule of FAM leads to a 30-fold reduction in the fluorescence
emitted by the FAM-linked RNA. Reproducible results were obtained
with various RNAI concentrations (ratio 1/2 for FAM/TAMRA).

also show that the digestion of 0.5 uM of RNA by Xrnl,
whether in the presence or absence of a quenching DNA
oligonucleotide, gives an identical value of about 10 units
of relative fluorescence. This shows that the presence of

RNase J1 from B. subtilis (Mathy et al.
2007), were also assayed successfully
using this technique (Fig. 4). To dem-
onstrate that the real-time fluorescence
detection and assay of exoribonucleases
(RT-FeDEx) assay is not limited to 5'-3’
exoribonucleases, another RNA-DNA
duplex, RNA2/DNA2, was designed to
be sensitive toward 3'-5" exoribonu-
cleases (Fig. 5). This duplex was used
to detect the 3’5" exoribonuclease ac-
tivity of RNase PH (Condon et al. 2008)
from B. subtilis through an increase in
the fluorescence signal (Fig. 5). We also
analyzed the decay products on poly-
acrylamide gels after digestion by RNase
J1 or RNase PH. These enzymes release
longer FAM-linked oligoribonucleotides
(Fig. 6) that are shown to be associated
with increased fluorescence (Figs. 4, 5).
We, therefore, propose that once the
RNA is short enough, it is released from
the quenching DNA oligonucleotide.
From these experiments, it is clear that
even enzymes exhibiting low processivity
can be detected using this approach.
The fluorimeter can easily be cali-
brated to identify the linear range of
correlation between the relative fluores-
cence units and the concentration of
digested RNA (Fig. 7). Figures 2 and 7
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FIGURE 3. Typhoon analysis of the products of the RT-FeDEx reaction. Separation on 20%
polyacrylamide gel (5 M urea). (A) The gel was scanned on a Typhoon to detect the
fluorescence associated with FAM. RNAI is principally digested to the size of short
oligonucleotides linked to FAM; Bands 1 and 2 are likely to correspond to very short
oligoribonucleotides linked to FAM, one or two cytosines linked to FAM if we consider that
FAM molecules are expected to not strongly alter the migration of linked nucleotides. The
position of the migration of radiolabeled UMP or GMP is indicated by a double arrowhead
and NMP. Results of a quantification of FAM-associated bands 1 and 2 and full-length RNA1
are shown at the bottom in A in percentage of the full-length RNA1 input. Quantification was
performed with an Image Quant software; (B) The same gel was scanned to detect the
fluorescence associated with TAMRA. The TAMRA-linked DNA remains intact during the
assay. Xylene cyanol and bromophenol blue are not present in the loading buffer in order to
prevent a parasitic fluorescence signal. Faint bands are also due to some emission of
fluorescence of FAM at 580 nm.
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FIGURE 4. Real-time fluorescence-based analysis of RNA hydrolysis
by a catalytic mutant of an exoribonuclease. FAM-linked RNA1
hydrolysis by RNase J1 or by a catalytic mutant of RNase J1 (Mathy
et al. 2007) is analyzed by the release of a fluorescence signal. The
experiment was performed in similar conditions to those in Figure 1.
RT-FeDEx analysis demonstrates that a catalytic mutant of RNase J1 is
unable to produce an increase in a fluorescence signal.

the quenching DNA has no impact on the emission of
fluorescence and that the reaction essentially goes to
completion; a value above 8 (see Fig. 1) means that Xrnl
degrades more than 80% of RNA molecules within 10 min.
Analysis of the products on gels by Typhoon confirms that
about 75% of the full-length RNA is degraded after 10 min
(81% after 20 min) (see the quantifications shown in Fig.
3A). We have observed highly reproducible kinetics when
initial RNA concentrations are above 0.1 M. These
constraints, which depend on fluorimeter sensitivity and
on the affinity of the exoribonuclease for the substrate,
were easily circumvented for all of the tested ribonucleases.
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FIGURE 5. Real-time fluorescence-based analysis of RNA digestion
by the 3'-5" exoribonuclease activity of RNase PH. (A) RNA2 was
designed to be sensitive to potential 3'-5" exoribonucleases. Based on
the same procedure mentioned in Figure 1, RNA2-DNA2 duplex
formation brings the TAMRA into the vicinity of FAM and to quench
FAM fluorescence emission. (B) In the presence of RNase PH
exoribonuclease, the increase in FAM fluorescence signal can be
analyzed in real time. RNA2 and DNA2 concentrations are, re-
spectively, 0.5 uM and 1 pM.
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FIGURE 6. Typhoon analysis of the products of the RT-FeDEx
reaction released by the 5'-3' exoribonuclease J1 or the 3'-5’
exoribonuclease RNase PH. Separation on 20% polyacrylamide gel
(5 M urea). The gel was scanned on a Typhoon to detect the
fluorescence associated with FAM. RNA1/DNA1 duplexes are in-
cubated in the presence of Xrnl or RNase J1, RNA2/DNA2 duplexes
in the presence of RNase PH. RNA1 and RNA2 are principally
digested to the size of short oligonucleotides linked to FAM. Analysis
of an overexposed gel (only lane in the presence of Xrnl [20 min] is
shown on the right) suggest that RNase J1 (J1) and RNase PH (PH)
produce short oligonucleotides of 2-3 nucleotides (nt) and 4 or 5 nt,
respectively, if one considers that the fast migrating band produced by
Xrnl is a single nucleotide linked to FAM. In the particular case of the
RNase PH digestion, a slow migrating band, about 17 nucleotides in
length, is likely to correspond to the 5 proximal sequence of RNA2,
protected by base pairings with DNA2 during RNase PH digestion.
RNA and DNA concentrations are 0.5 uM and 1 pM, respectively;
enzyme concentrations are 50 nM.

To demonstrate that the binding of the nuclease is not
sufficient to cause strand separation without degradation,
we addressed this question by first testing a catalytic
mutant of the 5'-3’ exoribonuclease J1 (Fig. 4; Mathy
et al. 2007). Unlike the wild-type protein, this mutant is
incapable of releasing fluorescence. Since it could be argued
that this catalytic mutant might also have a lower affinity
for RNA, we also tested the impact of a protein having
a well-known affinity for RNA but no nuclease activity (Fig.
8). The ribosomal protein L3 was assayed to investigate the
impact of a nonspecific RNA binding protein on the
separation of the RNA:DNA hybrid (Redko and Condon
2009). We observed that the increase of a fluorescence
signal cannot be detected unless competitor DNA is added
to the reaction mix. This competitor is a complementary
oligonucleotide, designed to trap the quenching DNA
strand when released from the duplex (Fig. 8B). The
requirement of a trap for the separation of two RNA
strands has already been employed to assay RNA helicase
activities (Bizebard et al. 2004). These results taken together
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FIGURE 7. Correlation between relative fluorescence units and
concentrations of released FAM-labeled nucleotides. A linear correla-
tion between fluorescence units and digested RNA concentrations was
determined. The increase of fluorescence signal (in relative units)
reflect, therefore, directly and linearily the increase in total RNA
digestion in molarity (see Materials and Methods).

suggest that the mere binding of the exonuclease is not
sufficient to stably displace the equilibrium of the reaction
toward the separation of the two strands. In the absence of
a competitor, RNA digestion is therefore necessary for the
increase of a fluorescence signal.

We propose that the purification of known or unknown
exoribonucleases can also be easily performed using RT-
FedEx. We purified Xrnl protein from yeast extracts by
following a classic three-step protocol employed in our
laboratory (Fig. 9; Pellegrini et al. 2008). Because of the
presence of background activities, it is indeed difficult to
detect a difference in fluorescence release in wild-type
versus Axrnl cell extracts. Although it is not possible to
distinguish between RNase, DNase, helicase, or RNA
chaperon activities in a crude extract, a single-column
chromatography step (DE52) (see Materials and Methods;
data not shown) was sufficient to separate Xrnl from
parasitic nuclease activities, however. Furthermore, the
assay can be modified to determine the exact nature of
the active fraction. A modified DNA oligonucleotide as
a 2’-O'-modified DNA or locked nucleic acids (LNA)
could also be used to increase the resistance to nucleases.
Using this procedure, we easily followed the 5'-3" exori-
bonuclease activity of Xrnl present in the samples. Assays
for the presence or absence of Xrn1 activity were performed
in real time during the different elution and column wash
steps. The classic protocol typically takes about 10 d to
perform. Using this protocol, we shortened the Xrnl
purification period to less than 3 d, with a guarantee of
following an active enzyme (rather than a band on a protein
gel) for the whole procedure (Fig. 9; see Materials and
Methods).

Testing potential regulators of exoribonuclease activity
can also be considered. For example, Xrnl is known to be
inhibited by 3'-phopho-Adenosine-5'-phosphate (pAp) in
vitro (Dichtl et al. 1997). The accumulation of pAp was also
shown to be down-regulated during salt stress in vivo
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(Todeschini et al. 2006). Using this assay, we were able to
follow the inhibitory action of pAp on Xrnl activity
immediately and in real time (Fig. 10A). High-throughput
screening facilities are nowadays equipped with fluorescence
detectors to screen libraries of active compounds. RT-FeDEx
thus is readily adaptable to large-scale screenings of RNase
effectors.

Exoribonucleases belonging to complexes can harbor
differential levels of exonucleolytic activity compared with
the exoribonuclease itself. The RT-FeDEx assay may help
screen for new interacting partners. The Ratl-Rail com-
plex was shown to have an increased exonucleolytic activity
in vitro compared with the 5'-3" exoribonuclease Ratl
itself (Xue et al. 2000; Xiang et al. 2009). This activation
was easily confirmed by this fluorescence-based assay (Fig.
10B).

Here, we have developed a simple in vitro real-time
exoribonuclease assay that can be performed with either
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FIGURE 8. Impact of an RNA binding protein with no nuclease
activity. (A) The following assays were monitored on a Rotor Gene
apparatus at 30°C, in the conditions described in Figure 1 (identical
assay buffer and concentration of 0.5 uM of RNA1 [FAM-linked],
1 pM of DNA1 [TAMRA-linked]). In the presence of the ribo-
somal protein L3, 100 nM (Redko and Condon 2009), the lack of
an increase in FAM fluorescence confirms that the duplex continues
to form sufficiently. Thus, the RNA binding of a protein, per se,
does not produce a fluorescence signal. However, the addition of
2 uM of a complementary DNA of DNAI, ¢cDNA, used as a trap,
leads to an increase in the fluorescence signal, more rapid if L3
is present. Sequence of cDNA is 5'-CCAAAAAAAAAAAAACC-3'.
This observation is similar to what is known from the experi-
ments on RNA helicase activity measurements (Bizebard et al.
2004). (B) Schematic representation of how the presence of cDNA
and/or L3 can separate the two strands of the RNA1/DNA1 duplex.
This approach is potentially adaptable to RNA helicase activity
measurements.
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FIGURE 9. Purification of a 5'=3" exoribonuclease, Xrnl from S. cerevisiae. The protocol used for this purification is identical to a previously
published protocol (Pellegrini et al. 2008) using radiolabeled RNA to test for the Xrnl activity. Samples from successive elutions (see Materials
and Methods), Heparin (A), Mono Q (C), and Superdex 200 (E), were diluted 100-fold and assayed in the presence of the fluorogenic RNA1/
DNAL1 duplex. Only samples of interest are shown. After the purification, samples were analyzed by Coomassie blue-stained SDS-PAGE (heparin
[B]), Mono Q [D], and Superdex 200 [F] showing the successive steps of Xrnl purification (band at 175 kDa). Equal volumes of dilutions of the
different fractions were assayed independently of total protein concentrations. For example, the fraction 19 (C) has an apparently lower activity
than fractions 17 and 18, but this fraction is less concentrated in Xrnl protein (B). (MW) Protein size standard in kilodaltons. Lanes noted with

an asterisk (*) correspond to fractions with peaks of Xrnl activity.

5'-3" or 3'-5' exoribonucleases. Similar approaches had
been developed to detect endoribonuclease activity by using
a target RNA that harbors an internal cleavage site framed
by a fluorophore and a quencher (Jiang and Belasco 2004).
We observed that this kind of construction does not allow
the detection of exoribonuclease activity (data not shown),
presumably because fluorophore-labeled nucleotides block
the progression of exoribonucleases. With RT-FedEx,
known and unknown exoribonucleases, active protein
complexes can be detected and purified, and effectors of
their activity can be screened. This approach greatly
simplifies classic exoribonuclease purification protocols.
The development of fluorogenic nucleic acid technology
makes this approach more and more affordable. Moreover,
these fluorogenic oligonucleotides have remained stable at
—20°C for more than 2 yr. Numerous assays have been
performed and were ultimately less costly than classic
assays requiring radiolabeled RNAs. Modified oligonucle-
otides can also be designed in accordance with the
enzymatic constraints of the protein of interest. Finally,

RT-FeDEx will enrich our understanding of ribonuclease
functions.

MATERIALS AND METHODS

Fluorescence analysis

FAM-modified RNA, RNA1, and RNA2, and TAMRA-modified
DNA, DNAI, and DNA2, were produced by Eurogentec. FAM
peaks of absorbance and emission are determined at 494 nm and
520 nm, respectively. TAMRA peaks of absorbance and emission
are determined at 565 nm and 580 nm, respectively. The
fluorescence assay was performed at 30°C on a real-time rotor
gene PCR instrument (Corbett Research) (source, 470 nmy;
detector, 510 nm [to detect FAM-associated fluorescence]). For
FAM analysis with a Typhoon, the emission filter was set up at 520
nm and detector at 532 nm. For TAMRA analysis with a typhoon,
emission filter was set up at 580 nm and detector at 488 nm. Assay
reaction buffer of Xrnl, RNase J1, Ratl, or Ratl-Rail contains 30
mM Tris-Hcl (pH 8.0), 2 mM MgCl,, 50 mM NH,CI, 0.5 mM
DTT, 20 pg/mL Acetylated Bovine Serum. Assay reaction buffer of

www.rnajournal.org 2061
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FIGURE 10. Real-time fluorescence-based analysis of RNA hydroly-
sis by an exoribonuclease under various conditions. The experiment
was performed in similar conditions to those in Figure 1. (A)
Detection of an inhibitor of Xrn1 activity. Kinetics of RNA hydrolysis
by Xrnl alone or in the presence of ATP, ADP, AMP, or pAp. A
specific inhibition of Xrnl by pAp can be detected, as has been
previously published (Dichtl et al. 1997). (B) Detection of protein
complex activity. Hydrolysis of 500 nM of RNAI by Ratl of S. pombe
alone (150 nM) or in the presence of Rail (150 nM) (Xiang et al.
2009). RT-FeDEx analysis shows the increased activity of Ratl in the
Ratl-Rail complex, as has been reported (Xue et al. 2000, 2009).

RNase PH contains 50 mM Tris-HCI (pH 8.0), 2.5 mM MgCl,,
30 mM NacCl, 10 mM K,HPO,, 0.1 mM DTT.

Correlation between relative fluorescence units and
concentrations of released FAM-labeled nucleotides

A total digestion of RNA1 was performed in the presence of Xrnl,
4 h at 30°C in the Xrnl reaction buffer. Xrnl was heat inactivated
(3 min at 80°C). At a final concentration of 1 uM, TAMRA-linked
DNA, a range of different concentrations of the digested RNA1
was mixed to the full-length RNAI to make a final concentration
of 0.5 wM of all relative FAM-containing molecules. This
preparation mimics the RNAI digestion by Xrnl, with the
advantage of knowing the concentration of digested RNAI1 in
the mix. All samples were prepared in 20 pL Xrnl reaction buffer
and were analyzed at 30°c with a Rotor Gene apparatus (source at
470 nm, detector at 510 nm).

Xrn1 purification

Protocol for Xrnl purification was adapted from different pro-
tocols (Pellegrini et al. 2008). S. cerevisiae Xrnl was purified from
the strain C131BYS86/pRDK249 grown in HC-Ura medium
containing the nonfermentable carbon sources lactic acid (2%)
and glycerol (3%). The cells are harvested 16 h after the addition
of 2% galactose, pelleted, and frozen at —80°C until further use.
All procedures are performed at 4°C. In a typical preparation, 6.5 g
of cells are resuspended in 20 mL Buffer B (20 mM Tris-HCI at
pH 7.5, 10% glycerol, 0.5 mM DTT, 1 mM EDTA, 0.1 mM PMSF)
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containing 150 mM NaCl and 5 pg/mL DNase I. The cells are
disrupted by French press and then centrifuged at 10,000 rpm.
The resulting supernatant is applied to a DE52 (Whatman)
column equilibrated in buffer B containing 150 mM NaCl and
washed with the same buffer. The flowthrough fraction is loaded
on a 5 mL HiTrap heparin (GE healthcare) column also equil-
ibrated in buffer B. Then the column is washed extensively in
buffer B containing 300 mM NaCl and eluted with a linear gra-
dient (40 mL) from 300 mM to 1 M NaCl in buffer B. The frac-
tions containing Xrnl activity are applied to Mono Q HR 5/5
column (GE Healthcare) equilibrated in the same buffer. The peak
fractions of Xrnl activity are pooled and loaded on a Superdex
200 HR 26/60 column (GE Healthcare) equilibrated in buffer B
containing 250 mM NaCl. Peak fractions containing Xrnl are
pooled.
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