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The ability of an RNA molecule to persist in the cell among a uc
; . R . (a) Uy S AU
plethora of ribonucleolytic activities is based on the tightly regulated g :G ¢ © u
relative rates of its synthesis and deéayegulation of specific A=dT=TMR c c c
MRNA turnover has long been studied, but the inability to derive Fakish=trA s o L.
rate constants with a convenient technique for directly monitoring G=C Fluorescéin U 5 g A
RNA degradation has limited the introduction of predictive ZN; A2

mathematical modek.In addition, the recent discovery of a
multitude of short noncoding RNAs involved in gene regulation
by RNA interference in eukaryotic genonieand the advent of
synthetic small interfering RNAs (siRNAs) for manipulating gene
expression and probing gene functitrave made an understanding
of the rates and pathways of the cellular degradation of small RNA
molecules indispensable.

Toward this goal, we have developed assays based on steady-
state fluorescence resonance energy transfer (FRET) between twdgure L. egradation Dy KNase, an eLa cell extract as

) : monitored by FRET. (a) RNA folding software was used to predict the
RNA-coupled fluorophores to observe nucleolytic decay of short secondary structures of RNAsand? of this study. The folding free energy

synthetic RNAs (more precisely, RNA/DNA chimera) in real time,  of RNA 1 is favorable with—6.0 kcal/mol for a stemloop structure, while
thus providing the desired kinetic rate information (Figure 1). RNA 2folding is unfavorable at-2.6 kcal/mol® (b,c) Decay rate constants

Fluorescence-based assays have previously been used to measulie: Were calculated for degradation of RNAsand 2 by RNase T and
the activity of purified RNases in vitroand fluorescent reporter 5100 HeLa cell extract. Solid lines, fits to the Hill equatién.

proteins have been used to indirectly reflect cellular RNA abun- 9reater for the unstructured RN2than for the stemloop of RNA
dance® Our FRET assays are specifically designed to continuously 1 (Flgurg 1b) Furthermorekse: for RNA 1 approaches an
monitor the partitioning between intact and degraded RNA in asymptotic limit as [RNase ] reaches 4-fold excess over the RNA

complex cellular mixtures. In addition, labeling with two fluoro- ~concentration, whilekgec for RNA 2 still increases. Fits of
phores allows Us to test the relative contributions'db53 and 3 cooperative Hill binding equations to the data (Figure 1b) suggest
to 5 exonucleolytic activities to RNA decay stoichiometric (noncooperative) interaction of the enzyme with both

RNAs, with rate constants at saturation of 3.9 mifor RNA 1
To study the effects of secondary structure on RNA decay we .
. . . . and =25 min ! for the unstructured RNAR and apparent enzyme
designed two 16-nucleotide (16 nt) oligonucleotides, RN/ssd N .
o 7 s affinities Ky of 100 and 33Q«M, respectively. Thus, the stem
2, that have similar base composition but have two very distinct

secondary structures (Figure 1A). Additional design parameters Ioop_structure of RNAL protects it from d(_agradgtlon by RNase T
; . . e L relative to the unstructured RNA (especially given that RNA
included the incorporation of modified’-Beoxy thymidines at

. ” . has more G's, potential RNaseg Targets, inserted between the
nucleotide positions 3 and 13 for attachment of fluorescein and P a farg

. . fluorophores).
tetramethylrhodamine as adomxcceptor F.RET pafrWhlle RNA To show that this kinetic FRET assay also works in complex
1, under our standard near-physiologic conditions (130 mM

) I 10 3 cellular mixtures, we studied the degradation of RNIA&nd 2 in
potagsmm g_utamate, pH 751 mM MgCLO mM DTT, at 37 S100 cytosolic extract from HeLa cells, a common human epithelial
°C)8 is predicted to reside-95% in the stemloop secondary

; ) ) X cell line derived from cervix carcinoma. Again, we incubated the
structure depicted in Figure 1ARNA 2 is expected to be

) o RNA under our standard near-physiologic conditions (130 mM
completely unstructured (Figure 1a). These predictions were potassium glutamate, pH 7.5, 1 mM MgCLO mM DTT, at 37

confirmed by UV and FRET melting experimertsn which RNA °C) 8 then added increasing volume fractions of protease inhibitor
1 was found to melt at 64 and 6C without and with fluorophores  reated cell extract (pH 7.6) and analyzed the resultant FRET
attached, respectively, while RN2showed no cooperative melting  yecrease upon RNA decay as described abbyes with RNase
transition under these conditiofsThus, the attachment of two T., the decay rate constaka.cfor RNA 1 approaches an asymptotic
fluorophores only slightly lowers the melting temperature of RNA  jimit as the content of cell extract is raised to 30% (v/v), while
1, indicating that it only insignificantly interferes with its secondary  that of RNA 2 does not (Figure 1c). Fits of the cooperative Hill
structure formation. binding equation to the data indicate noncooperative binding of
First, we determined the rate constants for in vitro degradation gne RNase enzyme in the cell extract to either RNA (Figure 1c).
of RNAs 1 and2 by RNase T (Figure 1b), which cleaves' 30 However, RNA1 is degraded faster than RNAat <10% (v/v)
G.'2 RNA decay following addition of 8250 nM RNase T (pH cell extract, yet slower at 10% (v/v). This results in rate constants
7.5) to 50 nM RNAL or 2 was monitored as a decrease in steady- at saturation of 0.90 mirt and 1.76 min! for RNAs 1 and 2,
state FRET signal (i.e., acceptor:donor fluorescence ratio) underrespectively, and apparent extract affinities of 6.4% (v/v) and 19%
standard conditions, and rate constatswere extracted by single-  (v/v), respectively. Thus, the stertbop structure of RNAL confers
exponential decay fits as described. At all [RNase T] kgec is some RNase protection, but only at conditions close to the cellular
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extract. (a) Contrad70 inhibits degradatlon by S100 Hela cell extract, as
evident from the lack of a FRET decrease after inhibitor addition, while
Superaseln has minimal effects. (b) ATA is the most potent inhibitor of
RNA 1 degradation by both RNasg @nd S100 HelLa cell extract. (c) RNA

1 degradation by S100 Hela cell extract, stopped at the indicated times

and analyzed by gelFRET. Primary nuclease activity is that dfta 3
exonuclease, as evident from the fluoreseg¢@tramethylrhodamine-labeled

and S100 cytosolic HelLa cell extract at pH 7.4 (Figure 2b). We
also found it to slightly alter the fluorescence emission profiles of
our doubly labeled RNAs, consistent with lower-energy transfer
between the donor and acceptor d¥®ghis suggests that ATA
may bind to RNA and alter its secondary structure, thus protecting
it from degradation by RNases.

Finally, we utilized inhibition by 10% Contrad70 at pH 9.3 to
stop RNase degradation. Reaction products were then analyzed at
defined times by 20% denaturing M urea, polyacrylamide gel
electrophoresis, and gelFRET analySill possible RNase T
cleavage sites were observed for RMAalthough cleavage' 30
G1 and G12 occurred preferentially over cleavageo3G6 and
G10 (data not shown). Cleavage at both potential sites was observed
for RNA 2, although cleavage after G1 occurred more rapidly than
cleavage after G6 (data not shown), demonstrating a general
preference for terminal over internal cleavage sites. Similar
experiments using S100 cytosolic HelLa cell extract showed that 5
to 3 exonuclease is the predominant RNase activity in the extract
for both RNA 1 (Figure 2c¢) and RNA2 (data not shown), as is
typical for decapped RNA Degradation was completed by 1000
s, which coincides with our FRET kinetics (Figure 2c).

Here, we have demonstrated the utility of a novel FRET assay

(yellow) 15 nt and 14 nt cleavage bands, followed by a size gap and releaseto monitor in real-time the degradation kinetics of short RNAs by

of a short fluorescein-only labeled (green) band, as indicated.

environment (highest % (v/v) cell extract). Competition experiments
with unlabeled RNA show that the addition of RNAinterferes
with the degradation of RNA only when added to at least 100-
fold excess (fuM), indicating that the degradative pathways of

structured and unstructured short RNAs are at least partially distinct.

Similarly, poor competition is observed when adding excess RNA
1to RNA 2, suggesting that the observed saturation is due to an
intrinsic limit of the decay rate constant, rather than titration of an
essential degradative pathway component (data not shown).

To further characterize the utility of our FRET-based RNA decay
assays, we tested their ability to report on known and potential
RNase inhibitors. Divalent cations, such as#¥ginhibit RNase
T1.13 As expected, addition of increasing [®fd to 50 nM RNA 1

under otherwise standard conditions gradually decreases the rat«?lu

constant of degradation by 75 nM RNasgffom 1.54 mint at 1

mM Mg?* to 0.73 mirr® (that is, by 53%) at 500 mM M{, an
effect that is prevented when Nigis chelated by EDTAL We
also tested other potential inhibitors and found that addition of 10%
Contrad70 (Decon Labs, Inc.), a strong, alkaline laboratory
detergent, to a final pH of 9.3 inhibits RNase Mediated RNA
decay by 97%. Contrad70 at pH 7.5 inhibits by only 30%, consistent
with the observation that a pH of 9.3 alone inhibits RNase T
already by 74%. Addition of 120 units of Superaseln (Ambion), a
commercially available RNase;Tinhibitor, was able to inhibit
RNase T by a mere 41%?

To characterize the differences in nucleolytic activity of RNase
T1 and S100 cytosolic HeLa cell extract, the same inhibitors tested
on RNase Twere added to RNA decay assays of 50 nM RNA
by 5% (v/v) cell extract (Figure 2a). Addition of 5% (v/v) Contrad70
inhibits degradation at a final pH of 7.5 and 8.9 by 75 and 97%,
respectively (Figure 2a). Superaseln (120 units) inhibits cell extract-
mediated RNA decay by only 17% (Figure 2a), a substantially
smaller extent of inhibition than that observed for RNase T
Likewise, up to 500 mM Mg" does not appreciably inhibit
degradation of RNAL by cell extract (data not shown), indicating
that the major nuclease activity found in S100 cytosolic HeLa cell
extract is distinct from RNase jTactivity. However, in aurin
tricarboxylic acid (ATA), a neuroprotective compound and known
RNase inhibito* we found a strong inhibitor of both RNase T

a purified RNase and in S100 cytosolic HeLa cell extract. We find
that single-stranded RN2Ais degraded more rapidly than the stem
loop RNA 1 under all conditions tested except for low concentra-
tions of cell extract. Furthermore, our assay allows for the
observation of in-assay inhibition of the RNase activity using
inhibitors such as Contrad70 and ATA. Observation of the exact
sites of cleavage using gelFRET confirmed that the change in FRET
was a result of nucleolytic activity. Extension of these methods to
living cells to probe cellular processes involving short RNAs, such
as siRNAs, is under active investigation.
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