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ABSTRACT: The recognition of small interfering RNAs (siRNAs) by the RNA-induced silencing complex
(RISC) and its precursor, the RISC loading complex (RLC), is a key step in the RNA interference pathway
that controls the subsequent sequence-specific mRNA degradation. In Drosophila, selection of the guide
strand has been shown to be mediated by RLC protein R2D2, which senses the relative hybridization stability
between the two ends of the siRNA. A protein with similar function has yet to be conclusively identified in
humans. We show here that human TAR RNA binding protein (TRBP) alone can bind siRNAs in vitro and
sense their asymmetry. We also show that TRBP can bind 21-nucleotide single-stranded RNAs, though with
far lower affinity than for double-stranded siRNA, and that TRBP cross-links preferentially to the 30-ends of
the guide strands of siRNAs. This suggests that TRBP binding depends both on the sequences of the siRNA
strands and on the relative hybridization stability of the ends of the duplex. Together, these results
demonstrate the importance of the siRNA-TRBP interaction in the selection of the siRNA guide strand
in RNAi.

RNA interference (RNAi) is a means of specifically silencing
the expression of a target gene (1, 2). The pathway can be initiated
by long double-stranded RNAs (dsRNAs)1 or pre-microRNAs
(pre-miRNAs) processed by the ribonuclease III family enzyme
Dicer into 21-27 nucleotide (nt), double-stranded small inter-
fering RNAs (siRNAs) or miRNAs with 50-phosphates and 30-
dinucleotide overhangs (3). Alternatively, siRNAs with the
proper structure can be added directly to cells for initiation of
the pathway (4, 5). In both cases, silencing is initiated through the
RNA-induced silencing complex (RISC) and its predecessor, the
RISC loading complex (RLC) (6, 7). The RLC is minimally
comprised ofDicer, the TARRNAbinding protein (TRBP), and
Argonaute 2 (Ago2), although several other proteins have been
shown to associate with the RLC andRISC in vivo (8-14). Ago2
is the catalytic component of RISC responsible for degradation
of the complementary passenger siRNA strand for generation of
active RISC and cleavage of the target mRNA for silenc-
ing (15-20). Though it makes no enzymatic contribution to
siRNA-initiated RNAi, Dicer has been shown to contribute to
siRNA processing by coupling dsRNA processing to guide
strand loading onto Ago2 (21-23), a role supported by the
structure of the RLC in vitro (24). While the same structural
studies suggested that TRBP can stabilize the RLC (24), a precise

functional contribution of TRBP to siRNA processing has yet to
be confirmed.

TRBP was first identified by its ability to bind the TAR RNA
structure present in human immunodeficiency virus (HIV-1)
transcripts (25). Later, it was shown that TRBP can inhibit
protein kinase R (PKR), an important contributor to the innate
response to viral infection (26). Most recently, it was found that
TRBP interacts directly with Dicer, as well as the activator of
PKR (PACT), through the Medipal domain present at the
C-terminus of TRBP (27), and that the interaction is not
mediated solely by dsRNA (9, 28). A similar interaction is
detected in Drosophila, where Dicer-2 associates with dsRNA
binding protein (dsRBP) R2D2 (29). Together, the Dicer-2-
R2D2 complex senses the relative thermodynamic asymmetry
within an siRNA (7). R2D2 binds to the more stable (dsRNA-
like) end, leaving Dicer-2 to bind the opposite end. Furthermore,
binding is enhanced by the presence of a 50-phosphate on the
passenger strand; hydroxyl groups, such as those present during
chemical siRNA synthesis, inhibit binding (7). As a result of the
asymmetric binding, the guide strand is preferentially loaded into
active RISC, and the passenger strand is degraded (17, 20).

Extensive data have shown that human RISC senses asym-
metry between the ends of the siRNA or miRNA-miRNA*
duplexes, leading to the preferential incorporation of one strand
as the guide strand of the active RISC (6, 13, 30, 31). This has
been accomplished with crude cell extracts and immunopurified
proteins (6, 13), andmore recently using only recombinant Dicer,
TRBP, and Ago2 in a 1:1:1 stoichiometry (10). Asymmetric
strand loading by human RISC is also demonstrated in analyses
of large siRNA or miRNA data sets (30, 31) and is currently the
cornerstone for predicting siRNA efficacy (32, 33). However,
unlike in Drosophila, no studies using human cells or proteins
have conclusively shown how siRNA asymmetry is detected.
Since Ago2 alone cannot bind and select the siRNA guide
strand (19), it suggests that its partners in the RLC, Dicer and/
or TRBP, contribute to initial siRNA loading, even though other
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factors such as RNA helicase A (RHA) or PACT may also have
an effect in vivo (11, 12, 14).

We were interested in characterizing the binding of siRNAs by
recombinant TRBP in vitro to determine whether TRBP could
sense asymmetry in siRNAs. Our results show that TRBP binds
siRNAs and not the analogous siDNAs or siDNA-RNA
hybrids. Furthermore, we demonstrate that TRBP alone can
sense the asymmetry of an siRNA duplex, thus establishing a key
functional role for TRBP in the human RNAi pathway. Addi-
tionally, TRBP bound 21 nt ssRNAs in a manner that reflected
the asymmetry detected in their corresponding siRNA duplex,
providing an indication that TRBP-RNA binding may also be
sequence-dependent.

MATERIALS AND METHODS

Protein Expression and Purification. Plasmids encoding
TRBP as a fusion product with maltose binding protein (MBP-
TRBP) andMBP alone were kindly provided byA.Gatignol and
expressed essentially as described previously (27). Briefly, plas-
mids were transformed into Rosetta2(DE3) competent cells
(Novagen). Anovernight culture froma single colonywas diluted
1:50 (v/v) and grown for 3-4 h at 37 �C, or until theA600 reached
0.6-1.0, and then induced with 0.3 mM IPTG. After being ex-
pressed for 2 h at 37 �C, cells were pelleted (4000 rpm for 10min),
resuspended in column buffer (20 mM Tris-HCl, 200 mMNaCl,
and 1 mM EDTA), lysed via sonication, and then clarified by
high-speed centrifugation (15000 rpm for 25 min). The super-
natant was purified with an AKTA FPLC system (GE Health-
care). MBP-TRBP and MBP were eluted from a MBPTrap
column (GEHealthcare) with 5 column volumes of elution buffer
(20 mM Tris-HCl, 200 mM NaCl, 1 mM EDTA, and 10 mM
maltose) and stored in elution buffer at -80 �C until they were
used.

Protein concentrations were measured with a Bradford assay
(Bio-Rad) or bicinchoninic acid (BCA) assay (Pierce, Thermo
Scientific). Products were assessed by separating approximately
equal amounts of protein per lane on denaturing linear 4 to 20%
Tris-HCl gels. Total protein was visualized by staining with Gel
Code Blue (Pierce, Thermo Scientific), with a final estimated
purity of >90% determined by band quantification, and specific
proteins were detected via Western blotting. For the Western
blot, the separated proteins were transferred to nitrocellulose
membranes and then incubated overnight at 4 �C with the
appropriate antibodies [MBP (New England Biolabs) and TRBP
(Abnova)]. Blots were washedwith TBS-Tween, incubated for an
additional 1 h with HRP-linked secondary antibody (Pierce,
Thermo Scientific), and developed using the SuperSignal West
Femto Maximum Sensitivity Substrate kit (Pierce, Thermo
Scientific). Images were obtained on a Bio-Rad ChemiDoc
XRS imager using Quantity One.
Nucleic Acids. The nucleic acid sequences are listed in Tables

1-5 of the Supporting Information. The pp-luc and sod1
sequences are identical to siRNA ’1’ and siRNA ’a’ from ref 7
and had also been used previously by the Zamore group (34).
DNA oligonucleotides were purchased from Integrated DNA
Technologies. Chemically synthesized RNAs were purchased
from Dharmacon as either ready-to-use siRNAs or ssRNAs.
HIV-1 TAR RNA was prepared by in vitro transcription from a
plasmid kindly provided by K.-T. Jeang. Briefly, 1 μg of
linearized plasmid DNA was transcribed with the Megashort-
script Kit (Ambion) following the manufacturer’s instructions.

Transcripts were resolved in 8 M urea/10% polyacrylamide gels,
visualized by UV shadowing, and eluted from gel slices by being
crushed and soaked in TE buffer (10mMTris and 1mMEDTA)
for 10 min at 75 �C. RNA was then concentrated by ethanol
precipitation, washed with 70% ethanol, and quantitated spec-
trophotometrically (NanoDrop). To remove the 50-triphosphate,
RNAs were treated with calf intestinal phosphatase (New
England Biolabs). Treated RNAs were purified first by phenol/
chloroform extraction, then precipitated with ethanol, gel pur-
ified (as above), and concentrated. The concentration of the
product containing the 50-OH groupwas againmeasured prior to
end labeling with [γ-32P]ATP (see below).
Duplex Preparation and End Labeling. For Figure 2,

oligonucleotides were hybridized by mixing equal amounts
of both top and bottom strands in 1� STE buffer (10 mM Tris,
100 mM NaCl, and 1 mM EDTA) and then heated to 90 �C for
3 min, followed by incubation at 37 �C for 60min. Products were
verified on native TBEgels stainedwith SYBRGold (Invitrogen).
Duplexes for Figure 2 and ssRNAs (Figure 6) (3 pmol) were
directly 50-radiolabeled with 10 pmol of [γ-32P]ATP using T4
polynucleotide kinase (New England Biolabs); unincorporated
label was removed usingG-25 Sephadex columns (RocheApplied
Science). TAR RNA (3 pmol) was similarly labeled following
CIP treatment.

For the remaining figures inwhich strandswere alternately hot
and cold labeled, individual single strands (3 pmol) were labeled
as described above (10 pmol of ATP) in 25 μL reaction mixtures,
where nonisotopic ATP was used for cold labeling. The 50-O-
methyl-modified strands were not end labeled. The two strands
comprising the siRNA duplex were then mixed (50 μL); 5.56 μL
of 10� STEwas added for a final concentration of 1.0� STE, and
samples were heated to 90 �C for 3 min and then cooled to 37 �C
for 60 min. Unincorporated label was then removed from the
annealed siRNA using the Sephadex columns. Final products
were verified on native TBE gels.
Native Gel Shift Assay. TRBP binding was assessed by gel

shift assays using radiolabeled oligonucleotides present at limit-
ing concentrations relative to protein concentrations. Binding
reactionmixtures (10μL) were preparedwith∼1-3� 104 cpm of
nucleic acid and 350 nM MBP-TRBP (unless noted otherwise)
in elution buffer supplemented with 20 mM HEPES, 40 mM
KCl, 1.5 mM MgCl2, 0.1% Nonidet P40, and 10 units of
SUPERase-In (Ambion). Samples were incubated at room
temperature for 30 min and mixed with 2 μL of 5� nucleic acid
sample loading buffer (Bio-Rad), and 10 μL was loaded onto a
prerun native TBE gel. Minigels in which the top half of the gel
was 4% (37:1 acrylamide:bisacrylamide) and the bottomhalf was
a gradient between 4 and 20% were prepared. Gels were run at
150 V for ∼40 min, dried on filter paper under vacuum at 80 �C
for 50 min, exposed to a storage phosphor screen overnight
(∼12-16 h), and then imaged on a Storm 860 imager (GE
Healthcare). Relative signal intensities were quantified using
Quantity One and normalized within a single lane. Native
gels for loading control were similarly prepared but with the
volume ofMBP-TRBP replacedwith an equal volumeof elution
buffer.
UV Cross-Linking, Denaturing Gel Shift Assay. Cross-

linking of MBP-TRBP to nucleic acids was assessed as in the
native gel shift assay except that after the initial 30 min binding,
the samples were subsequently exposed to 312 nm UV light
(Fisher Scientific Electrophoresis Systems Transilluminator) for
10 min while on an ice-cold aluminum block (4 �C). To minimize
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nonspecific cross-linking, we covered the samples with a Petri
dish to block shorter wavelengths. Samples were then mixed with
5 μL of 3� SDS sample buffer (New England Biolabs), boiled at
95 �C for 3 min, and collected by brief centrifugation, and 12 μL
of the sample was loaded onto a prerun nonlinear denaturing 4 to
20%Tris-HCl gel. Gels were run, dried, imaged, and analyzed as
described above. On the basis of a comparison of native binding
on native gels and cross-linked sequences run on denaturing gels,
we estimate roughly 5-10% cross-linking efficiency (in Figure 4,
compare panels A and B). Statistical analyses are reported as
p values from an unpaired, two-tailed Student’s t test assuming
unequal variance performed using Microsoft Excel.

RESULTS

Production and Characterization of Recombinant
MBP-TRBP. To study the contribution of TRBP to siRNA
asymmetry sensing in humans, we expressed and purified re-
combinant human TRBP as a fusion product with maltose
binding protein (MBP), as well as MBP alone as a control
(Figure 1). Both plasmids were generously provided by A.
Gatignol (27, 35). Purified MBP and MBP-TRBP products
were resolved by denaturing gel electrophoresis and visualized by
protein staining or Western blotting (Figure 1A-C). Proper
function of the MBP-TRBP protein was then characterized by
its ability to bind TAR RNA using a native gel shift assay
(Figure 1D). Multiple shifted complexes were visible, consistent
with the previously observed multimerization of TRBP (35, 36).

TRBP Binds dsRNA with the Greatest Affinity. TRBP
has previously been shown to bind siRNAs (37-39). We also
found that to be the case in a native gel shift assay (Figure 2, lanes
1 and 2) withMBP-TRBP and an siRNA targeting EGFP used
previously (40). Nucleic acid sequence information is provided in
Tables 1-5 of the Supporting Information.MBP-TRBP formed
at least four distinct shifted complexes with the siRNA, corre-
sponding approximately to complexes containing at least one
siRNA molecule in a complex with one, two, four, or approxi-
mately six MBP-TRBP molecules (Figure S1 of the Supporting
Information). As expected, larger complexes became more
prominent at higherMBP-TRBP concentrations. Furthermore,
although TRBP can bind long ssRNAs (41), no binding was
observed for the ssRNA corresponding to the antisense (AS)
(Figure 2, lanes 3 and 4) or sense (SS) (Figure 6B,EGFPS strand)
strands of the duplex siRNA at thisMBP-TRBP concentration.
In addition, no binding was found for an siDNA or the cor-
responding single-stranded AS siDNA counterpart (Figure 2,
lanes 5-8). We next tested DNA-RNA hybrids as these have
been shown to be RNAi-competent (37, 42, 43). Somewhat
surprisingly, no binding was detected with the heteroduplexes,
either. Repeating the experiment withMBP alone confirmed that
any observed binding was due to TRBP and not nonspecific
binding by the MBP portion of the fusion product (Figure S2 of
the Supporting Information). These results are consistent with
TRBP requiringA-form, double-strandedRNA regions for high-
affinity binding, typical of dsRBPs containing dsRBDs (44).
TRBP Binds Preferentially to One Strand of an Asym-

metric siRNA. It has been hypothesized that TRBP senses
siRNA asymmetry and therefore contributes to guide strand
selection inRISC. To investigate this putative function of TRBP,
we prepared three siRNAs, two of which are known to load into
Drosophila RISC on the basis of their strand thermody-
namics (34) and are consistent with ΔΔG energetics calculated
with existing methods (45) using current nearest-neighbor para-
meters and a terminal A 3U penalty of 0.5 kcal/mol (46). These

FIGURE 1: Characterization of recombinant TAR RNA binding
protein (TRBP). Recombinant TRBP was prepared as a fusion
product with maltose binding protein (MBP) as described inMateri-
als and Methods. (A) Purified MBP or MBP-TRBP proteins were
resolved via SDS-PAGE and visualized by being stained with Gel
Code Blue. (B and C) Western blots of gels shown in panel A were
performed with antibodies specific for (B) MBP or (C) TRBP.
(D) Gel mobility shift analysis of MBP-TRBP with 32P-labeled
TAR RNA achieved via incubation of 1000 nM protein with a
limiting amount of TAR RNA (104 cpm, <1.0 nM) and resolution
of protein-RNA complexes by native PAGE. Four distinct com-
plexes were visible (bands A-D). Lane M contained protein size
markers (kilodaltons).

FIGURE 2: TRBP binding preferences for nucleic acids. Native gel
shift assay of 32P-labeled EGFP-targeting siRNA (lanes 1 and 2),
ssRNA(lanes 3 and4), siDNA(lanes 5 and6), ssDNA(lanes 7 and8),
and DNA-RNA (lanes 9 and 10) or RNA/DNA (lanes 11 and 12)
hybrids with (þ) or without (-) 2000 nM MBP-TRBP. Shifted
MBP-TRBP-siRNA complexes are indicated byA (approximately
monomer ofMBP-TRBPwith siRNA), B (dimer ofMBP-TRBP),
C (tetramer of MBP-TRBP), and D (higher-order structure of
MBP-TRBP). Note that the gel shift of the second ssRNA, RNAss,
is shown in Figure 6B.
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sequences correspond to pp-luciferase (asymmetric, A; ΔΔG =
ΔG for theAS 50-end-ΔG for the SS 50-end=0.5 kcal/mol) and
human Cu,Zn-superoxide dismutase (sod1) (symmetric, S;ΔΔG=
0.0 kcal/mol). The third sequence targets EGFPandwas found to
be moderately active (∼60% knockdown at a concentration of
33 nM) fromour previouswork in humanHeLa andHepG2 cells
but is predicted to be essentially symmetric (EGFP, G; ΔΔG =
-0.1 kcal/mol) (Figure 3A) (40). Position 20 of each strand was
chemically modified with a 4-thiouracil to allow for position-
specific photo-cross-linking (47), similar to the methods used for
characterizing theDrosophila proteins using 5-iodoracil-modified
siRNAs (7). For each of these sequences, a total of six different
siRNAs were created by alternately hot ([γ-32P]ATP) or cold
(ATP) end labeling the chemicallymodified or unmodified single-
stranded RNAs, followed by annealing with the corresponding
complementary strand (Figure 3B, a-f).

The relative cross-linking efficiency of each siRNA was then
determined using recombinant MBP-TRBP in a denaturing gel
shift assay (Figure 4A,D).MBP-TRBP exhibited stronger cross-
linking to the asymmetric b siRNA (Ab) relative to the d (Ad)
structure (Figure 4A,D; compare Ab to Ad) and similarly for the
EGFP siRNA (Figure 4A,D; compare Gb to Gd). However,
almost equal cross-linking was detected for the symmetric siRNA
Sb and Sd forms (Figure 4A,D; compare Sb to Sd). As expected,
little signal was returned when the radiolabel and cross-linker
were not present on the same strand, showing that cross-linking is
specific for the 4-thiouracil positions (Figure 4A,D; compare b, d,
and f to a, c, and e). As further confirmation, for all three
siRNAs, the cross-linking of f was approximately the sum of b

and d. Since all siRNAs were bound equally in a native gel shift
assay (Figure 4B) and were comparably loaded (Figure 4C), we
conclude that recombinant MBP-TRBP preferentially cross-
links to the more stably hybridized end of the siRNA duplex.
Similar trends were observed using HepG2 cytoplasmic extracts
(Figure S3 of the Supporting Information), confirming that this
behavior is not purely an in vitro artifact and that TRBP can
detect siRNA asymmetry in the presence of other proteins, both
competing and not.

It should be noted that the absolute level of cross-linking varies
among the three sequences (compare the f signals for each
sequence).We were unable to identify one factor that determined
the overall cross-linking efficiency for a particular sequence.
However, because the f signals for each sequence equal the sumof
the b andd signals, comparisonswithin a particular duplex can be
reliably made. It is tempting to attribute the differences in cross-
linking to the differences in overhang sequence among the three
siRNAs. However, the symmetric and EGFP sequences both
have 30-UU overhangs on each strand, with the cross-linking still
asymmetric for the EGFP sequence. Thus, while other sequence
or structural factors may alter the cross-linking efficiency of each
siRNA relative to another siRNA, comparisons of b versus d for
any single sequence reveal the presence or absence of asymmetry
within a sequence and the ability of TRBP to detect the
asymmetry.
Terminal Mismatches Can Weaken Binding and Cross-

Linking by TRBP. Since the terminal base pairs in the siRNA
have been shown to be critical for establishing siRNA asymme-
try, we next considered what effect the introduction of sequence
mismatches would have on TRBP asymmetry sensing (analog-
ous to ref 7 for R2D2). Single-nucleotide mismatches were

FIGURE 3: Nucleic acids used. (A) Three siRNA sequences were used
in this study. Two have been documented previously for their
asymmetric (pp-luc; in the text termed sequence A) or symmetric
(sod1, sequence S) silencing activities and recognition by the Dicer-
2-R2D2 complex in Drosophila (7, 34). The third was previously
used for EGFP silencing (EGFP, sequenceG) andwas expected to be
slightly asymmetric on the basis of silencing activity (40) and ΔΔG
calculation with mfold (57). AS denotes the antisense strand and SS
the sense strand. Boxed numbers indicate ΔG values (in kilocalories
per mole) calculated from the four terminal nearest-neighbor base
pairs, including the A 3U penalty and 30-overhang contribution
(single base stacking energy). (B) A series of eight different siRNAs
were created for each sequence as described in the text. The strand
location in panel A matches the strand location in panel B. An
asterisk denotes strands 50-labeled with [32P]ATP; black circles
denote 4-thiouracil modifications at position 20. siRNAs g and h
contain a single 50-terminal mismatch as indicated by the protruding
base.

FIGURE 4: TRBP asymmetry sensing. The siRNAs in Figure 3 were
testedbyagel shift assaywith recombinantMBP-TRBPfor (A) cross-
linking, (B) native binding, or (C) native loading control, as described
in the text and Materials and Methods. (D) The fraction of siRNA
cross-linked by MBP-TRBP was quantified within each lane
[fraction cross-linked = cross-linked signal/(cross-linked signal þ
un-cross-linked signal)]. Values are averages ( the standard devia-
tion; in terms of the number ofmeasurements (n), therewereg5 forA
and G andg3 for S.M denotes 21 nt single-stranded RNA used as a
denaturing size marker. Note that EGFP b and d siRNAs were
interchangedon the gels as compared to the asymmetric or symmetric
gel loading. Symbols indicate statistically significant differences: (*)
p<1� 10-4, ($) p<1� 10-3, and (#) p<1� 10-2. For complete
statistical comparisons, see Table 6 of the Supporting Information.
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introduced at position 1 or 19 of the bottom strand of each
siRNA (Figure 3; compare g and h to b). The bottom strands
were cold labeled and then annealed to the hot labeled, chemi-
cally modified top strand. The mismatched ends should be
destabilized, weakening TRBP binding and either reducing (g)
or increasing (h) the level of cross-linking. Each siRNA was
tested with recombinant MBP-TRBP in the gel shift assays
(Figure 5; compare g and h to b for each siRNA). For the
asymmetric sequence, a mismatch at the 50-end of the SS did
result in a reduced level of cross-linking (Figure 5A,D; compare
Ag to Ab). However, we only detected a modest increase in the
level of cross-linking as a result of the mismatch at the AS 50-end
(Figure 5D; compareAh toAb). Thismay reflect the fact that this
asymmetric sequence already has strongly biased TRBP cross-
linking, so increasing the level of asymmetry cannot further
enhance binding to the more stable end. However, for the
symmetric and EGFP sequences, neither mismatch resulted in
any statistically significant change in cross-linking (Figure 5D;
compare Sg and Sh to Sb and Gg and Gh to Gb), which may be
due to the ∼2-fold lower level of cross-linking compared to the
asymmetric sequence despite the fact that all native binding
experiments indicated nearly complete binding. Taken together,
our results show that mismatches can weaken TRBP binding in
the expected fashion, but additional characterization will be
required to determine why this effect is not consistent for all
siRNAs in our system.
TRBP Does Not Bind DNA-RNA Heteroduplexes. As

we saw similar binding but different cross-linking among the
three siRNAs, we wanted to revisit MBP-TRBP binding and
cross-linking of DNA-RNA hybrids (Figure 5). For all three of
the sequences tested, none were appreciably bound (Figure 2,
lanes 9-12, where the sequences of the heteroduplexes tested, for
binding only, correspond to the EGFP sequence; alsoFigure 5B, i
and j, where i and j correspond to b and d, respectively, in

Figure 3, with the bottom or top strand of the siRNAs replaced
with DNA) or cross-linked byMBP-TRBP (Figure 5A,D, i and
j). It has been shown recently that 50-O-methyl modifications can
alter guide strand selection and the propensity for off-target
silencing (48), presumably by preventing 50-phosphorylation by
hClp (49). To examine the effect of this modification on TRBP
binding and asymmetry sensing, we created EGFP siRNAs with
the 50-O-methyl modification on either end and the 4-thiouracil-
modified complementary strand being radiolabeled (Gk with the
bottom strand containing the 50-O-methyl corresponds to Gg
because the 50-O-methyl groups are available only on T nucleo-
tides and consequently introduced a C 3T mismatch at that end;
Gl corresponds toGdwith the top strandmodified).We expected
the level of binding and therefore cross-linking in both cases to
decrease due to the proximity of the 50-O-methyl group and the
4-thiouracil modification. However, the methylation had no
apparent effect on MBP-TRBP binding and instead increased
the overall amount of cross-linking (Figure 5A,D; compareGk to
Gg andGl toGd). Thus, precluding the interactionwith TRBP is
likely not the means by which these modifications prevent
incorporation of these strands into RISC, and the cellular effects
on activity or off-target silencing are a result of additional factors
associated with the RLC or RISC, such as Dicer which has a
lower affinity for 50-O-methyl-modified siRNAs (50).
TRBP Differentially Binds Small Single-Stranded

RNAs. Given that TRBP can sense siRNA asymmetry, and
despite its apparent inability to effectively bind short ssRNA
(Figure 2), we also wanted to consider whether any other
short ssRNA sequences could be bound or cross-linked by

FIGURE 5: Mismatched siRNAs alter TRBP asymmetry. The siR-
NAs were tested via a gel shift assay for (A) cross-linking, (B) native
binding, or (C) native loading control, and (D) the fraction of siRNA
cross-linked by MBP-TRBP was quantified within each lane, as
described in the legend of Figure 4. Values are averages ( the
standard deviation; n g 3. M denotes single-stranded siRNA used
as denaturing size marker. Symbols indicate statistically significant
differences: (*) p < 1 � 10-2, and (#) p < 3 � 10-2. For complete
statistical comparisons, see Table 6 of the Supporting Information.

FIGURE 6: TRBP recognition of 21 nt single-stranded RNAs. The
ssRNAs from each siRNA duplex were tested by a gel shift assay for
(A) cross-linking, (B) native binding, or (C) native loading control,
and (D) the fraction of siRNA cross-linked by MBP-TRBP was
quantified within each lane, as described in the legend of Figure 4.
Values are averages( the standarddeviation; ng 4.Note thebreak in
the ordinate indicated by the cross-hatch. The FoldDiff. values listed
below the graph are the ratios between the AS fraction cross-linked
and the SS fraction cross-linked. Symbols indicate statistically sig-
nificant differences: (*) p< 1 � 10-3, and (#) p< 2 � 10-2.
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MBP-TRBP. We repeated the gel shift assay with the individu-
ally hot labeled, 4-thiouracil-modified ssRNAs from each of the
three siRNA sequences, at an increasedMBP-TRBP concentra-
tion (∼3-fold higher, 1200 nM) (Figure 6). Intriguingly, the
strand favorably cross-linked when part of the asymmetric
siRNAs (Figure 4A,D, b for A and G) was also preferentially
cross-linked here as a single strand (Figure 6A,D; compare AS to
SS for A and G), whereas the single strands corresponding to the
symmetric siRNA were cross-linked more evenly (Figure 6A,D;
compare AS to SS for S). Curiously, the native binding pattern
did not appear to reflect that of the cross-linking gel (Figure 6B),
which might be expected for a relatively low-affinity interaction
that could be altered by the conditions for electrophoresis, nor
are the patterns a direct result of ssRNA self-dimers being
recognized by TRBP (Figure 6; compare A and B to C).

As with siRNA cross-linking, the overall cross-linking effi-
ciency among the single-stranded sequences varies (Figure 6).
This further suggests that cross-linking efficiencymay be affected
by the sequence of the ssRNA or siRNA. Still, if each antisense
strand is compared to its complementary sense strand, there is a
preference toward cross-linking the antisense strand in each case,
with a more pronounced preference for the ssRNAs from the
siRNAs that cross-linked asymmetrically. While this supports
our contention that sequence matters in TRBP-RNA interac-
tions, further studywill certainly be required to explain this result
completely and to ascertain the influence of factors such as base
position and 50-end versus 30-end effects.

DISCUSSION

Of the roles of the three proteins known to constitute the
minimal human RLC, Dicer, Ago2, and TRBP, only the func-
tional role of TRBP in the complex had not been concretely
established. Here, we show for the first time that TRBP alone
binds preferentially to one end of asymmetric siRNAs in vitro,
presumably leading to asymmetry in the eventual guide strand
loading onto Ago2. The capacity to bind both siRNAs and 21 nt
ssRNAs suggests a potential role for TRBP prior to, during, and
possibly after passenger strand cleavage by Ago2.

An important step in RLC formation is the initial binding of
the double-stranded siRNAduplex.Dicer andAgo2 appear to be
less capable of binding siRNA alone (19, 51), while TRBP shows
a relatively higher affinity [KD∼ 1-100 nM (data not shown and
ref 38)]. When in solution, TRBP homodimerizes (10, 14), which
may contribute to TRBP forming multimeric complexes on
dsRNA as short as 21 bp [e.g., siRNA (Figure 2 and Figure S1
of the Supporting Information)] inanuncooperativemanner (38).
This suggests that TRBP is functionally distinct from dsRBPs
that show improved binding with dsRNA length, such as
Caenorhabditis elegans RDE-4 (38). Consistent with what has
been observed for other dsRBPs and with dsRBD function in
general (44, 52), TRBP was unable to bind double-stranded
siDNA or RNA-DNA hybrids (Figures 2 and 5). Though some
DNA substitutions are tolerated in siRNAs for gene silen-
cing (37), substitutions at the 30-end disrupted silencing, pre-
sumably by impairing TRBP binding. These results are in
agreement with our observations (Figures 2 and 5), and it would
be interesting to see how shorter DNA segments spread through-
out the siRNA would impact binding and cross-linking by
TRBP.

Though all siRNAs appear to be bound by TRBP with a
similar high affinity, and apparently in a manner independent of

sequence (Figures 4B and 5B and data not shown), in our hands,
TRBP showed a clear asymmetry in cross-linking, seemingly
driven by both sequence and strand thermodynamics (Figures 4
and 6). TRBP recognized two siRNAs asymmetrically (A andG)
and one symmetrically (S) in our cross-linking gel shift assay
(Figure 4A,D). For two of the siRNAs tested, our results are
consistent with those previously shown in Drosophila RISC
loading (34) and in cross-linking by the Dicer-2-R2D2 com-
plex (7) and agree with relative thermodynamic asymmetries
calculated by established techniques (45) (Figure 3A). Interest-
ingly, the third sequence (G) is predicted to be only minimally
asymmetric (ΔΔG = -0.1 kcal/mol), but favoring the opposite
end from what was experimentally determined (Figures 3 and 4,
Gb vs Gd). Thus, published methods for calculating asymmetry
do not satisfactorily predict all of our observations with recom-
binant MBP-TRBP.

We attempted to define other parameters that predicted all of
our experimental results. We noticed that both the A and G
siRNAs contained an A 3U base pair at the AS 50-end and a G 3C
base pair at the SS 50-end, whereas the S siRNA contained aG 3C
base pair at both ends. Thus, asymmetry based solely on the first
base or base pair on each end of the siRNAs would be sufficient
to explain the TRBP cross-linking. A similar conclusion was
reached from a computational analysis, finding that one nearest-
neighbor parameter at each end of the siRNA gave the best
predictive value for silencing activity (32). In addition, recent
work shows, both in vivo and using an in vitro cross-linking
assay, that the terminal sequence of miRNA and miRNA*
strands results in their being preferentially loaded onto either
Ago1 or Ago2 inDrosophila (53). Thus, the influence of terminal
sequence appears to be a general phenomenon of the RNAi
pathway.

We pursued this further through analysis of a literature data
set (54), as we had in previous work investigating mRNA target
structure effects (40). We sorted the tabulated siRNA activities
according to the nucleotide at the 50-end of the AS relative to the
nucleotide at the 50-end of the SS. The most active siRNAs tend

FIGURE 7: Computational analysis of first nucleotide influence on
siRNA activity. siRNAs from the literature (54) were sorted accord-
ing to the nucleotides at both the AS 50-end and the SS 50-end (50-
AS:50-SS) and plotted in order of decreasing mean silencing activity.
The small box indicates the mean, and the center line indicates the
median. The lower and upper box lines indicate the 25th and 75th
percentiles. The the outer bars indicate the 95th percentile and the
points outliers.



3154 Biochemistry, Vol. 49, No. 14, 2010 Gredell et al.

to have aU at the 50-end of the AS and aG at the 50-end of the SS
(Figure 7 and Figure S4 of the Supporting Information). Gen-
erally, the order of nucleotide preference was U > A > G > C
for the 50-nucleotide on the AS and G>C>A>U for the 50-
nucleotide on the SS. These observations agree completely with
those made earlier by Reynolds et al. (30). This is consistent with
what would be required for thermodynamic asymmetry but also
implies a role for sequence, independent of stability. For instance,
aU:A combination (not base pair) is statisticallymore likely to be
a good silencer than anA:U combination (Figure 7 andFigure S4
of the Supporting Information).While these data are for silencing
efficiency, they agree with our hypothesis that asymmetrymay be
better predicted from only the 50-terminal nucleotides on each
siRNA strand. Further, the agreement of our analysis of this data
set with our experimental findings gives us confidence that our
cross-linking results are not an artifact of the three sequences
chosen but a real and natural behavior of TRBP in identifying the
eventual guide strand of the siRNA.

Current siRNA selection algorithms weigh duplex asymmetry
heavily in choosing siRNAs likely to be highly active (32, 33).
While mismatches can dramatically alter relative asymmetry, our
cross-linking studies did not show a consistent effect (Figure 5).
In particular, for the S and G siRNAs, mismatches had no
apparent effect on MBP-TRBP cross-linking, which was un-
expected given that themismatches in Swere previously shown to
alter its loading in Drosophila RISC (7, 34). This may reflect a
difference in the functions of the human andDrosophila proteins.
TRBP alone may not entirely recapitulate the function of the
Dicer-2-R2D2 heterodimer in Drosophila. Our group has re-
cently shown that in human cytoplasmic extracts a single terminal
mismatch can reduce the level of TRBP binding while enhancing
Dicer binding (55). This suggests that, while TRBP alone can
sense asymmetry in siRNAs in vitro, its sensing function in vivo
may result from TRBP working in conjunction with other
components of the RNAi pathway. Recent evidence further
supports this coordinated function, as the termini of siRNA
are predicted to be primarily occupied by Dicer and Ago2 on the
basis of the structure of the human RLC (24).

In Drosophila, it was shown that the RLC (Dicer-
2-R2D2-Ago2) initiates unwinding of the siRNA, with some
RLCs containing ssRNAs (7). Our results showing TRBP cross-
linking to ssRNAs (Figure 6) suggest that in humans TRBPmay
provide some stabilization of ssRNA-containing RLCs prior to
being loaded onto Ago2. In addition, our TRBP binding results
are similar to what we and others have previously found for
human Dicer (51, 56). Surprisingly, and potentially more im-
portantly, TRBPpreferentially cross-linked to the ssRNAknown
to be the guide strand in each pair (Figure 6B; compare the AS to
the corresponding SS for each sequence).We examined if ssRNA
secondary structure was responsible for differences in binding
and cross-linking, but no patterns were discernible for structures
predicted by mfold (57) (data not shown). We expect further
investigation will reveal specific sequence or positional effects
that impact TRBP-ssRNA binding and cross-linking.

While we have shown that TRBP can sense duplex asymme-
try, other questions remain unanswered. Do other proteins
enhance the sensing capacity of TRBP as Dicer-2 appears to in
Drosophila (7)? This may be particularly important for better
sensing of terminally mismatched siRNAs. Quite possibly,
Dicer also assists in siRNA unwinding, perhaps through its
helicase domain which has been shown to be important for
processing thermodynamically unstable shRNAs (58). Can

other proteins sense asymmetry alone? The most likely candi-
date is PACT, because of its known homology to TRBP and
associations with Dicer, TRBP, and Ago2 (12, 14, 27). How is
asymmetry best predicted? Current methods for prediction
should be coupled to in vitro cross-linking and silencing read-
outs to assess whether factors that are important for TRBP
binding in vitro are important for guide strand selection and
silencing activity. Further study on this point will provide both
improved siRNA activity predictions and an improved under-
standing of the RNAi mechanism.
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