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Double-stranded RNA (dsRNA) directs gene-specific, post-transcriptional silencing in many organisms,
including vertebrates, and has provided a new tool for studying gene function. The biochemical mechanisms
underlying this dsRNA interference (RNAi) are unknown. Here we report the development of a cell-free
system from syncytial blastoderm Drosophila embryos that recapitulates many of the features of RNAi. The
interference observed in this reaction is sequence specific, is promoted by dsRNA but not single-stranded
RNA, functions by specific mRNA degradation, and requires a minimum length of dsRNA. Furthermore,
preincubation of dsRNA potentiates its activity. These results demonstrate that RNAi can be mediated by
sequence-specific processes in soluble reactions.
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Post-transcriptional gene silencing by double-stranded
RNA (dsRNA), or RNA interference (RNAi), is a new
tool for studying gene function in an increasing number
of organisms (for reviews, see Montgomery and Fire et al.
1998; Fire 1999; Hunter 1999; Sharp 1999) including
nematodes (Fire et al. 1998; Montgomery et al. 1998),
fruit flies (Kennerdell and Carthew 1998; Misquitta and
Paterson 1999), trypanosomes (Ngo et al. 1998), plants
(Waterhouse et al. 1998), planaria (Sánchez-Alvarado and
Newmark 1999), hydra (Lohmann et al. 1999), and ze-
brafish (Wargelius et al. 1999). The post-transcriptional
silencing of endogenous genes following introduction of
transgenes into plants (cosuppression; Vaucheret et al.
1998; Waterhouse et al. 1998; Baulcombe 1999), the fun-
gus Neurospora (quelling; Cogoni et al. 1996; Cogoni and
Macino 1999), flies (Pal-Bhadra et al. 1997, 1999), and
mice (Bahramian and Zarbl 1999) may also be related to
RNAi because antisense transcripts may be produced
from transgenes, resulting in dsRNA formation.

The hallmark of RNAi is its specificity. dsRNA re-
duces expression of the gene from which the dsRNA se-
quence is derived, without detectable effect on the ex-
pression of genes unrelated in sequence (Fire et al. 1998;

Montgomery et al. 1998). The function of RNAi is not
known, but it may represent a cellular defense against
viral infection, or perhaps a post-transcriptional mecha-
nism for regulating gene expression in response to
dsRNA formed from nuclear transcripts.

The gene silencing induced by RNAi is reversible and
thus does not appear to reflect a genetic change (Fire et
al. 1998). Evidence that RNAi functions post-transcrip-
tionally is as follows: dsRNA corresponding to intron
sequences does not produce RNAi (Montgomery et al.
1998), and dsRNA corresponding to exon sequences does
not affect pre-mRNA levels (Ngo et al. 1998). In Cae-
norhabditis elegans, dsRNA targeting one gene within
an operon does not effect the expression of a second gene
within that operon, indicating that RNAi occurs after
transcription of the nuclear polycistronic RNA (Mont-
gomery et al. 1998). In situ hybridization experiments
show that dsRNA causes a specific reduction in target
mRNA levels (Fire et al. 1998; Kennerdell and Carthew
1998; Misquitta and Paterson 1999; Sánchez-Alvarado
and Newmark 1999). The reduced level of the mRNA
targeted by dsRNA is presumed to underlie the reduction
of specific gene function produced by RNAi. However, it
is possible that dsRNA exerts distinct effects on mRNA
translation and stability in vivo. Quantitative analyses
suggest that dsRNA can specifically decrease the con-
centration of an mRNA by as much as 90% (Ngo et al.
1998; Lohmann et al. 1999), although smaller effects are
observed in some organisms or for particular genes
(Wargelius et al. 1999). In C. elegans, RNAi has been
shown to function independently of the SMG system,
which was initially identified by its role in degrading
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translationally aberrant mRNAs (Montgomery et al.
1998).

Only a few molecules of dsRNA per cell are required to
produce RNAi (Fire et al. 1998; Kennerdell and Carthew
1998). The small amount of dsRNA required for silenc-
ing and the spreading of the silencing through a broad
region of the organism suggests that the dsRNA either
acts catalytically or is amplified (Fire 1999). Amplifica-
tion of dsRNA may occur in Neurospora, in which a gene
that is similar to an RNA-dependent RNA polymerase
has been shown to be required for quelling (Cogoni and
Macino 1999). However, in C. elegans, replication of the
dsRNA has not been detected, leading to the suggestion
that the dsRNA functions catalytically (Montgomery et
al. 1998). At least in C. elegans, dsRNA is efficiently
transported throughout the entire organism. Remark-
ably, dsRNA that is fed to worms produces specific in-
terference (Timmons and Fire 1998).

The molecular mechanisms by which dsRNA gener-
ates the RNAi effect are unknown. The recapitulation of
the essential features of RNAi in vitro is a prerequisite
for a biochemical analysis of the phenomenon. Here we
describe gene-specific, dsRNA-mediated interference in
a cell-free system derived from syncytial blastoderm
Drosophila embryos. The in vitro system should
complement genetic approaches to dissecting the mo-
lecular basis of RNAi.

Results and Discussion

To evaluate whether dsRNA could specifically block
gene expression in vitro, we used reporter mRNAs de-
rived from two different luciferase genes, Renilla reni-
formis (sea pansy) luciferase (Rr-Luc) and Photinus pyra-
lis (firefly) luciferase (Pp-Luc), that are unrelated both in
sequence and in luciferin substrate specificity. dsRNA
generated from one gene was used to target that lucifer-
ase mRNA, whereas the other luciferase mRNA was
an internal control cotranslated in the same reaction.
dsRNAs of ∼500 bp were prepared by transcription of
PCR products from the Rr-Luc and Pp-Luc genes. Each
dsRNA began ∼100 bp downstream of the start of trans-
lation (Fig. 1A). Sense (ss) and anti-sense (as) RNA were
transcribed in vitro and annealed to each other to pro-
duce the dsRNA (Fig. 1B). The ssRNA, asRNA, and
dsRNAs were each tested for their ability to block spe-
cifically expression of their cognate mRNA but not the
expression of the unrelated internal control mRNA.

The ssRNA, asRNA, or dsRNA was incubated for 10
min in a reaction containing Drosophila embryo lysate,
then both Pp-Luc and Rr-Luc mRNAs were added and
the incubation continued for an additional 60 min. The
Drosophila embryo lysate efficiently translates exog-
enously transcribed mRNA under the conditions used.
The amounts of Pp-Luc and Rr-Luc enzyme activities
were measured and were used to calculate ratios of either
Pp-Luc/Rr-Luc (Fig. 2A) or Rr-Luc/Pp-Luc (Fig. 2B). To
facilitate comparison of different experiments, the ratios
from each experiment were normalized to the ratio ob-

served for a control in which buffer was added to the
reaction in place of ssRNA, asRNA, or dsRNA.

Figure 2A shows that a 10-nM concentration of the
505-bp dsRNA identical to a portion of the sequence of
the Pp-Luc gene specifically inhibited expression of the
Pp-Luc mRNA but did not affect expression of the Rr-
Luc internal control. Neither ssRNA nor asRNA affected
expression of Pp-Luc or the Rr-Luc internal control.
Thus, Pp-Luc expression was specifically inhibited by its
cognate dsRNA. Conversely, a 10 nM concentration of
the 501-bp dsRNA directed against the Rr-Luc mRNA
specifically inhibited Rr-Luc expression but not that of
the Pp-Luc internal control (Fig. 2B). Again, comparable
levels of ssRNA or asRNA had little or no effect on ex-
pression of either reporter mRNA. On average, dsRNA
reduced specific luciferase expression by 70% in these
experiments, in which luciferase activity was measured
after a 1 hr incubation. In other experiments in which
the translational capacity of the reaction was replen-
ished by the addition of fresh lysate and reaction com-
ponents, we observed a further reduction in targeted lu-
ciferase activity relative to the internal control (data not
shown).

The ability of dsRNA but not asRNA to inhibit gene
expression in these lysates is not merely a consequence
of the greater stability of the dsRNA (half-life $2 hr)

Figure 1. Reporter mRNAs and dsRNAs. (A) RNAs used in this
study. Lengths and positions of the ssRNA, asRNA, and dsRNAs
are shown as black bars relative to the Rr-Luc and Pp-Luc re-
porter mRNA sequences. Black rectangles indicate the two un-
related luciferase coding sequences, lines correspond to the 58

and 38 UTRs of the mRNAs. (B) Native gel electrophoresis of the
individual Rr 501 nt and Pp 505 nt asRNAs and ssRNAs used to
form the Rr and Pp dsRNAs.
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relative to the single-stranded RNAs (half-life ∼10 min).
ssRNA and asRNA transcribed with a 7-methyl guano-
sine cap were as stable in the lysate as uncapped dsRNA,
but do not inhibit gene expression (data not shown). In
contrast, dsRNA formed from the capped ssRNA and
asRNA specifically blocks expression of the targeted
mRNA (data not shown).

Effective RNAi in Drosophila requires the injection of
∼0.2 fmole of dsRNA into a syncytial blastoderm embryo
(Kennerdell and Carthew 1998; Carthew 1999). Because
the average volume of a Drosophila embryo is ∼7.3 nl,
this corresponds to an intracellular concentration of ∼25
nM (Mazur et al. 1988). Gene expression in the Drosoph-
ila lysate was inhibited by a comparable concentration
of dsRNA (10 nM), but lowering the dsRNA concen-
tration 10-fold decreased the amount of specific inter-
ference (data not shown). Ten nanomolar dsRNA cor-
responds to a 200-fold excess of dsRNA over target
mRNA added to the lysate. To test whether this excess
of dsRNA might reflect a time- and/or concentration-
dependent step in which the input dsRNA was converted
to a form active for gene-specific interference, the effect
of preincubation of the dsRNA on its ability to inhibit
expression of its cognate mRNA was examined. Because
the translational capacity of the lysates is significantly
reduced after 30 min of incubation at 25°C (our unpub-

lished observations), we wished to ensure that all factors
necessary for RNAi remained active throughout the pre-
incubation period. Therefore, every 30 min, a reaction
containing dsRNA and lysate was mixed with a fresh
reaction containing unincubated lysate (Fig. 3A). After
six successive serial transfers spanning 3 hr of preincu-
bation, the dsRNA, now diluted 64-fold relative to its
original concentration, was incubated with lysate and 50
pM of target mRNA for 60 min. Finally, the Pp-Luc and
Rr-Luc enzyme levels were measured. For comparison,
the input amount of dsRNA (10 nM) was diluted 32-fold
in buffer, and its capacity to generate gene-specific
dsRNA interference in the absence of any preincubation
step was assessed.

The preincubation of the dsRNA in lysate signifi-
cantly potentiated its capacity to inhibit specific gene
expression. Whereas the dsRNA diluted 32-fold showed

Figure 2. Gene-specific interference by dsRNA in vitro. (A)
Ratio of luciferase activities after targeting 50 pM Pp-Luc
mRNA with 10 nM ssRNA, asRNA, or dsRNA from the 505-bp
segment of the Pp-Luc gene. The data are the average values of
seven trials ± standard deviation. Four independently prepared
lysates were used. Luciferase activity was normalized to the
buffer control and so a ratio equal to one indicates no gene-
specific interference. (B) Ratio of luciferase activities after tar-
geting 50 pM Rr-Luc mRNA with 10 nM ssRNA, asRNA, or
dsRNA from the 501-bp segment of the Rr-Luc gene. The data
are the average values of six trials ± standard deviation. A Rr-
Luc/Pp-Luc ratio equal to one indicates no gene-specific inter-
ference.

Figure 3. Incubation in the Drosophila embryo lysate potenti-
ates dsRNA for gene-specific interference. (A) Experimental
strategy. The same dsRNAs used in Fig. 2 (or buffer) was serially
preincubated with twofold dilutions in six successive reactions
with Drosophila embryo lysate, then tested for its capacity to
block mRNA expression. As a control, the same amount of
dsRNA (10 nM) or buffer was diluted directly in buffer and in-
cubated with Pp-Luc and Rr-Luc mRNAs and lysate. (B) Poten-
tiation when targeting Pp-Luc mRNA. Black columns indicate
the dsRNA or the buffer was serially preincubated; white col-
umns correspond to a direct 32-fold dilution of the dsRNA.
Values were normalized to those of the buffer controls. (C) Po-
tentiation when targeting Rr-Luc mRNA. The corresponding
buffer control is shown in B.
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no effect, the preincubated dsRNA was, within experi-
mental error, as potent as undiluted dsRNA, despite hav-
ing undergone a 64-fold dilution. Potentiation of the
dsRNA by preincubation was observed for dsRNAs tar-
geting both the Pp-Luc mRNA (Fig. 3B) and the Rr-Luc
mRNA (Fig. 3C). Taking into account the 64-fold dilu-
tion, the activation conferred by preincubation allowed a
156-pM concentration of dsRNA to inhibit 50 pM target
mRNA. Higher dilutions of the activated dsRNA may
be effective, but have not been tested. Although both
dsRNAs tested were activated by the preincubation pro-
cedure, each fully retained its specificity to interfere
with expression only of the mRNA to which it is ho-
mologous. Further study of the reactions may provide a
route to identifying the mechanism of dsRNA potentia-
tion.

One possible explanation for the observation that pre-
incubation of the dsRNA enhances its capacity to inhibit
gene expression in these lysates is that specific factors
either modify and/or associate with the dsRNA. Accord-
ingly, the addition of increasing amounts of dsRNA to
the reaction might titrate such factors and decrease the
amount of gene-specific interference caused by a second
dsRNA of unrelated sequence. For both Pp-Luc mRNA
and Rr-Luc mRNA, addition of increasing concentra-
tions of the unrelated Drosophila nanos dsRNA to the
reaction decreased the amount of gene-specific interfer-
ence caused by dsRNA targeting the reporter mRNA
(Fig. 4). None of the tested concentrations of nanos
dsRNA affected the levels of translation of the untar-
geted mRNA, demonstrating that the nanos dsRNA spe-
cifically titrated factors involved in gene-specific inter-
ference and not components of the translational machin-
ery. The limiting factor(s) was titrated by addition of
∼1000 nM dsRNA, a 200-fold excess over the 5 nM of
dsRNA used to produce specific interference.

Interference in vitro might reflect either a specific in-
hibition of mRNA translation or the targeted destruction
of the specific mRNA. To distinguish these two possi-
bilities, the fates of the Pp-Luc and Rr-Luc mRNAs were
examined directly with 32P-radiolabeled substrates. In the
absence of dsRNA, both the Pp-Luc and Rr-Luc mRNAs
were stable in the lysates, with ∼75% of the input
mRNA remaining after 3 hr of incubation. (About 25%
of the input mRNA is rapidly degraded in the reaction
and likely represents uncapped mRNA generated by the
in vitro transcription process.) In the presence of dsRNA
(10 nM, 505 bp) targeting the Pp-Luc mRNA, <15% of the
Pp-Luc mRNA remained after 3 hr (Fig. 5A,B). As ex-
pected, the Rr-Luc mRNA remained stable in the pres-
ence of the dsRNA targeting Pp-Luc mRNA. Conversely,
dsRNA (10 nM, 501 bp) targeting the Rr-Luc mRNA
caused the destruction of the Rr-Luc mRNA but had no
effect on the stability of Pp-Luc mRNA (Fig. 5C). For
both mRNAs, capped asRNA has a very small effect on
the stability of the target (data not shown). This effect
may be caused by a small amount of dsRNA contami-
nating the asRNA. Low levels of dsRNA that form dur-
ing in vitro transcription of asRNA cause RNAi in vivo
(Fire et al. 1998). Alternatively, a small fraction of the
capped asRNA could have annealed to mRNA in the
reaction, creating dsRNA.

In the in vitro reaction, dsRNA specifically caused ac-
celerated decay of the mRNA to which it is homologous,
with no effect on the stability of the unrelated control
mRNA. The in vitro results suggest that in vivo, at least
in Drosophila, the effect of dsRNA is to destabilize the
target mRNA directly, not to change the subcellular lo-
calization of the mRNA, for example, by causing it to be
specifically retained in the nucleus, resulting in subse-
quent, nonspecific degradation.

These results are consistent with the observation that
RNAi leads to reduced cytoplasmic mRNA levels in
vivo, as measured by in situ hybridization (Montgomery
et al. 1998) and Northern blotting (Ngo et al. 1998).
Northern blot analyses in trypanosomes and hydra sug-
gest that dsRNA typically decreases mRNA levels by
<90% (Ngo et al. 1998; Lohmann et al. 1999). The data
presented here show that in vitro mRNA levels are re-
duced 65%–85% after 3 hr incubation, an effect compa-
rable with observations in vivo. They also agree with the
finding that RNAi in C. elegans is post-transcriptional
(Montgomery et al. 1998). The simplest explanation for
the specific effects on protein synthesis is that it reflects
the accelerated rate of RNA decay. However, the results
do not exclude independent but specific effects on trans-
lation as well as stability.

In vivo, RNAi requires a minimum length of dsRNA
(Ngo et al. 1998). The ability of RNA duplexes of lengths
49, 149, 505, and 997 bp (diagrammed in Fig. 1A) to target
the degradation of the Pp-Luc mRNA in vitro was as-
sessed. In good agreement with in vivo observations, the
49-bp dsRNA was ineffective in vitro, whereas the 149-
bp dsRNA enhanced mRNA decay only slightly, and
both the 505- and 997-bp dsRNAs caused robust mRNA
degradation (Fig. 5D).

Figure 4. Effect of competitor dsRNA on gene-specific inter-
ference. Increasing concentrations of nanos dsRNA (508 bp)
were added to reactions containing 5 nM dsRNA (the same
dsRNAs used in Fig. 2) targeting Pp-Luc mRNA (black columns,
left axis) or Rr-Luc mRNA (white columns, right axis). Each
reaction contained both a target mRNA (Pp-Luc for the black
columns, Rr-Luc for the white) and an unrelated control mRNA
(Rr-Luc for the black columns, Pp-Luc for the white). Values
were normalized to the buffer control (not shown). The reac-
tions were incubated under standard conditions (see Materials
and Methods).
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We asked whether the gene-specific interference ob-
served in Drosophila lysates was a general property of
cell-free translation systems. The effects of dsRNAs on
expression of Pp-Luc and Rr-Luc mRNA were examined
in commercially available wheat germ extracts and rab-
bit reticulocyte lysates. There was no effect of addition
of 10 nM of either ssRNA, asRNA, or dsRNA on the
expression of either mRNA reporter in wheat germ ex-
tracts (data not shown). In contrast, the addition of 10 nM

of dsRNA to the rabbit reticulocyte lysate caused a pro-
found and rapid, nonspecific decrease in mRNA stability
(data not shown). For example, addition of Rr-Luc
dsRNA caused degradation of both Rr-Luc and Pp-Luc
mRNAs within 15 min. The same nonspecific effect was
observed on addition of Pp-Luc dsRNA. The nonspecific
destruction of mRNA induced by the addition of dsRNA
to the rabbit reticulocyte lysate presumably reflects the
previously observed activation of RNase L by dsRNA
(Clemens and Williams 1978; Williams et al. 1979; Zhou
et al. 1993; Matthews 1996). Mouse cell lines lacking
dsRNA-induced anti-viral pathways have been described
recently (Zhou et al. 1999) and may be useful in the
search for mammalian RNAi. If RNAi exists in mam-
mals, as might be predicted from the presence of RNAi-
like phenomena in invertebrates, plants, and fungi, as
well as the recent report of RNAi in the vertebrate Danio
rerio (zebrafish; Wargelius et al. 1999), it is likely ob-

scured by the rapid induction by dsRNA of nonspecific
antiviral responses.

dsRNA-targeted destruction of specific mRNA is char-
acteristic of RNAi, which has been observed in vivo in
many organisms, including Drosophila. The system de-
scribed above recapitulates in a reaction in vitro many
aspects of RNAi. The targeted mRNA is specifically de-
graded, whereas unrelated control mRNAs present in the
same solution are not affected. The process is most effi-
cient with dsRNAs >150 bp in length. The dsRNA-spe-
cific degradation reaction in vitro is probably general to
many, if not all, mRNAs, as it was observed by use of
two unrelated genes.

The magnitude of the effects we observe on mRNA
stability in vitro are comparable with those reported in
vivo (Ngo et al. 1998; Lohmann et al. 1999). However,
the reaction in vitro requires an excess of dsRNA relative
to mRNA. In contrast, a few molecules of dsRNA per
cell can inhibit gene expression in vivo (Fire et al. 1998;
Kennerdell and Carthew 1998). The difference between
the stoichiometry of dsRNA to target mRNA in vivo and
in vitro should not be surprising in that most in vitro
reactions are less efficient than their corresponding in
vivo processes. Interestingly, incubation of the dsRNA
in the lysate greatly potentiated its activity for RNAi,
indicating that it is either modified or becomes associ-
ated with other factors or both. Perhaps a small number

Figure 5. Effect of dsRNA on mRNA stability. (A)
Stability of 10 nM Pp-Luc mRNA or Rr-Luc mRNA
incubated in lysate with either buffer or 505-bp Pp-
dsRNA (10 nM). Samples were deproteinized after the
indicated times and the 32P-radiolabeled mRNAs
were then resolved by denaturing gel electrophoresis.
The band marked with an asterisk likely results from
radioactivity being swept ahead of the abundant ribo-
somal RNA in the lysate. (B) Quantitation of the data
in A. (Circles) Pp-Luc mRNA; (boxes) Rr-Luc mRNA;
(filled symbols) buffer incubation; (open symbols) in-
cubation with Pp-dsRNA. (C) Stability of Rr-Luc
mRNA incubated with Rr-dsRNA or Pp-dsRNA. (j)
buffer; (h) Pp-dsRNA (10 nM); (s) Rr-dsRNA (10 nM).
(D) Dependence on dsRNA length. The stability of the
Pp-Luc mRNA was assessed after incubation in lysate
in the presence of buffer or dsRNAs of different
lengths. (j) Buffer; (s) 49-bp dsRNA (10 nM); (,) 149-
bp dsRNA (10 nM); (n) 505-bp dsRNA (10 nM); (L)
997-bp dsRNA (10 nM). Reactions were incubated un-
der standard conditions (see Materials and Methods).
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GENES & DEVELOPMENT 3195



of molecules is effective in inhibiting the targeted
mRNA in vivo because the injected dsRNA has been
activated by a process similar to that reported here for
RNAi in Drosophila lysates. The nature of this activa-
tion process, the mechanism of destruction of the tar-
geted mRNAs, and the identification of cellular factors
essential for RNAi await further experiments.

Materials and methods

RNAs

Rr-Luc mRNA consisted of the 926-nucleotide Rr luciferase
coding sequence flanked by 25 nucleotides of 58 untranslated
sequence from the pSP64 plasmid polylinker and 25 nucleotides
of 38 untranslated sequence consisting of 19 nucleotides of
pSP64 plasmid polylinker sequence followed by a 6-nt SacI site.
PP-Luc mRNA contained the 1653-nt Pp luciferase coding se-
quence with a KpnI site introduced immediately before the Pp
luciferase stop codon. The Pp coding sequence was flanked by 58

untranslated sequences consisting of 21 nt of pSP64 plasmid
polylinker followed by 512 nt of the 58 untranslated region
(UTR) from the Drosophila hunchback mRNA and 38 untrans-
lated sequences consisting of the 562-nt hunchback 38 UTR
followed by a 6-nt SacI site. The hunchback 38 UTR sequences
used contained six G-to-U mutations that disrupt function of
the Nanos Response Elements in vivo and in vitro (D. Chagno-
vich, P.D. Zamore, R. Lehman, and D.P. Bartel, unpubl.). Both
reporter mRNAs terminated in a 25-nt poly(A) tail encoded in
the transcribed plasmid. For both Rr-Luc and Pp-Luc mRNAs,
the transcripts were generated by run-off transcription from
plasmid templates cleaved at an NsiI site that immediately fol-
lowed the 25-nt-encoded poly(A) tail. To ensure that the tran-
scripts ended with a poly(A) tail, the NsiI-cleaved transcription
templates were resected with T4 DNA Polymerase in the pres-
ence of dNTPs. The SP6 mMessage mMachine kit (Ambion)
was used for in vitro transcription. With this kit, ∼80% of the
resulting transcripts are 7-methyl guanosine capped. 32P-radio-
labeling was accomplished by including [a-32P]UTP in the tran-
scription reaction.

For Pp-Luc, ssRNA, asRNA, and dsRNA corresponded to po-
sitions 93–597 relative to the start of translation, yielding a
505-bp dsRNA. For Rr-Luc, asRNA, ssRNA, and dsRNA corre-
sponded to positions 118–618 relative to the start of translation,
yielding a 501-bp dsRNA. The Drosophila nanos competitor
dsRNA corresponded to positions 122–629 relative to the start
of translation, yielding a 508-bp dsRNA. ssRNA, asRNA, and
dsRNA (diagrammed in Fig. 1A) were transcribed in vitro with
T7 RNA polymerase from templates generated by the PCR. Af-
ter gel purification of the T7 RNA transcripts, residual DNA
template was removed by treatment with RQ1 DNase (Pro-
mega). The RNA was extracted with phenol and chloroform,
and then precipitated and dissolved in water.

RNA annealing and native gel electrophoresis

ssRNA and asRNA (0.5 µM) in 10 mM Tris-HCl (pH 7.5) with 20
mM NaCl were heated to 95°C for 1 min, then cooled and an-
nealed at room temperature for 12–16 hr. The RNAs were pre-
cipitated and resuspended in lysis buffer (below). To monitor
annealing, RNAs were electrophoresed in a 2% agarose gel in
TBE buffer and stained with ethidium bromide (Sambrook et al.
1989).

Lysate preparation

Zero- to 2-hr-old embryos from Oregon R flies were collected on

yeasted molasses agar at 25°C. Embryos were dechorionated for
4–5 min in 50% (vol/vol) bleach, washed with water, blotted
dry, and transferred to a chilled Potter-Elvehjem tissue grinder
(Kontes). Embryos were lysed at 4°C in 1 ml of lysis buffer (100
mM potassium acetate, 30 mM HEPES-KOH at pH 7.4, 2 mM

magnesium acetate) containing 5 mM dithiothreitol (DTT) and 1
mg/ml Pefabloc SC (Boehringer Mannheim) per gram of damp
embryos. The lysate was centrifuged for 25 min at 14,500g at
4°C, and the supernatant flash frozen in aliquots in liquid ni-
trogen and stored at −80°C.

Reaction conditions

Lysate preparation and reaction conditions were derived from
those described by Hussain and Leibowitz (1986). Reactions
contained 50% (vol/vol) lysate, mRNAs (10–50 pM final con-
centration), and 10% (vol/vol) lysis buffer containing the
ssRNA, asRNA, or dsRNA (10 nM final concentration). Each
reaction also contained 10 mM creatine phosphate, 10 µg/ml
creatine phosphokinase, 100 µM GTP, 100 µM UTP, 100 µM

CTP, 500 µM ATP, 5 mM DTT, 0.1 U/µL RNasin (Promega), and
100 µM of each amino acid. The final concentration of potas-
sium acetate was adjusted to 100 mM. For standard conditions,
the reactions were assembled on ice and then preincubated at
25°C for 10 min before adding mRNA. After adding mRNAs,
the incubation was continued for an additional 60 min. The
10-min preincubation step was omitted for the experiments in
Figures 3 and 5. Reactions were quenched with 4 volumes of
1.25× Passive Lysis Buffer (Promega). Pp and Rr luciferase activ-
ity was detected in a Monolight 2010 Luminometer (Analytical
Luminescence Laboratory) with the Dual-Luciferase Reporter
Assay System (Promega).

RNA stability

Reactions with 32P-radiolabeled mRNA were quenched by the
addition of 40 volumes of 2× PK buffer (200 mM Tris-HCl at pH
7.5, 25 mM EDTA, 300 mM NaCl, 2% wt/vol sodium dodecyl
sulfate). Proteinase K (E.M. Merck; dissolved in water) was
added to a final concentration of 465 µg/ml. The reactions were
then incubated for 15 min at 65°C, extracted with phenol/chlo-
roform/isoamyl alcohol (25:24:1), and precipitated with an
equal volume of isopropanol. Reactions were analyzed by elec-
trophoresis in a formaldehyde/agarose (0.8% wt/vol) gel (Sam-
brook et al. 1989). Radioactivity was detected by exposing the
agarose gel [dried under vacuum onto Nytran Plus membrane
(Amersham)] to an image plate (Fujix) and quantified with a
Fujix Bas 2000 and Image Gauge 3.0 (Fujix) software.

Commercial lysates

Untreated rabbit reticulocyte lysate (Ambion) and wheat germ
extract (Ambion) reactions were assembled according to the
manufacturer’s directions. dsRNA was incubated in the lysate
at 27°C (wheat germ) or 30°C (reticulocyte lysate) for 10 min
prior to the addition of mRNAs.
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