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Volker Lohmann‡, Alexander Dalpke§, and Ralf Bartenschlager‡

From the ‡Department of Infectious Diseases, Molecular Virology, and the §Department of Infectious Diseases, Medical
Microbiology and Hygiene, Heidelberg University, Im Neuenheimer Feld 345, 69120 Heidelberg, Germany, the ¶Division Biophysics
of Macromolecules, German Cancer Research Center, Im Neuenheimer Feld 580, 69120 Heidelberg, Germany, the �Viroquant
Research Group Modeling, Bioquant, Heidelberg University, Im Neuenheimer Feld 267, 69120 Heidelberg, Germany

RIG-I is a major innate immune sensor for viral infection,
triggering an interferon (IFN)-mediated antiviral responseupon
cytosolic detection of viral RNA. Double-strandedness and
5�-terminal triphosphates were identified as motifs required to
elicit optimal immunological signaling. However, very little is
known about the response dynamics of the RIG-I pathway,
which is crucial for the ability of the cell to react to diverse
classes of viral RNA while maintaining self-tolerance. In the
present study, we addressed the molecular mechanism of RIG-I
signal detection and its translation into pathway activation. By
employing highly quantitative methods, we could establish the
length of the double-strandedRNA (dsRNA) to be themost crit-
ical determinant of response strength. Size exclusion chroma-
tography and direct visualization in scanning force microscopy
suggested that this was due to cooperative oligomerization of
RIG-I along dsRNA. The initiation efficiency of this oligomeri-
zation process critically depended on the presence of high affin-
ity motifs, like a 5�-triphosphate. It is noteworthy that for
dsRNA longer than 200 bp, internal initiation could effectively
compensate for a lack of terminal triphosphates. In summary,
our data demonstrate a very flexible response behavior of the
RIG-I pathway, in which sensing and integration of at least two
distinct signals, initiation efficiency and double strand length,
allow the host cell to mount an antiviral response that is tightly
adjusted to the type of thedetected signal, such as viral genomes,
replication intermediates, or small by-products.

Crucial events upon viral infection of a host organism are the
efficient recognition of the pathogen and the mounting of a set
of antiviral defense mechanisms, most importantly the activa-
tion of the type I IFN system. The promptness as well as the

strength of this initial innate immune response is key in setting
the overall course of the disease and, in many instances, deter-
mines whether the virus will eventually be cleared. RIG-I,3 a
member of the cytosolic RIG-I like receptor family, has received
increasing attention over the past years (1, 2). It detects viral
RNA products and upon recognition associates with the
adaptermoleculeMAVS (formerly also known as Cardif, IPS-1,
or VISA) (3–6) via its two N-terminal caspase activation and
recruitment domains.MAVS then relays the danger signal, ulti-
mately leading to phosphorylation and activation of the latent
transcription factor IFN regulatory factor 3 (IRF-3), which pro-
motes transcription of the IFN-� gene as well as a panel of
IFN-stimulated genes (ISGs), most prominently ISG56 (gene
symbol IFIT1) (7).
RIG-I has been investigated intensively, and its vital role in

the host defense against a variety of viruses has been established
(8–11). Although the molecular identity of the respective RNA
ligands during viral infectionhas not beendeterminedunequiv-
ocally, the triphosphorylated 5�-terminus (5�-ppp) of viral or in
vitro transcribed RNA has been recognized as a primary motif
for recognition by RIG-I (12–14), particularly when present in
the context of a double-stranded blunt end (15, 16). In fact,
negative strand RNA viruses detected by RIG-I either possess
complementary sequences at the termini of their genomes,
leading to the formation of blunt end panhandle structures, or
they are prone to produce large amounts of defective interfer-
ing particles containing panhandle forming subgenomes. It has
recently been demonstrated that RIG-I associates almost exclu-
sively with such 5�-ppp, blunt end RNAs in influenza- or Sendai
virus-infected cells (17, 18). However, there have also been
reports on RIG-I signaling in response to dsRNA lacking a
5�-ppp, like RNaseL cleavage products (19) or poly(I�C) (10,
20–22).
Although many studies have addressed ligand specificity,

also because of increasing interest in defining optimal stimula-
tory molecules for immunotherapy (23), comparatively little is

* This work was supported by Deutsche Forschungsgemeinschaft Grant
FOR1202 “Mechanisms of Persistence of Hepatotropic Viruses” (to R. B. and
V. L.) and Bundesministerium für Bildung und Forschung Grant 01KI0786
(to R. B.).

□S The on-line version of this article (available at http://www.jbc.org) contains
supplemental Figs. S1–S6.

1 Both authors contributed equally to this work.
2 Supported by the Postdoc Fellowship of the Medical Faculty of Heidelberg.

To whom correspondence should be addressed: Dept. of Infectious Dis-
eases, Molecular Virology, University of Heidelberg, Im Neuenheimer Feld
345, 69120 Heidelberg, Germany. Tel.: 49-6221-56-7761; Fax: 49-6221-56-
4570; E-mail: marco_binder@med.uni-heidelberg.de.

3 The abbreviations used are: RIG-I, retinoic acid-inducible gene-I; 5�-ppp,
5�-terminal triphosphate; dsRNA, double-stranded RNA; IFN, interferon;
IRF-3, interferon regulatory factor 3; ISG56, interferon stimulated gene of
56 kDa; Mda5, melanoma differentiation associated gene 5; SEC, size
exclusion chromatography; SFM, scanning force microscopy; MEF,
murine embryonic fibroblast.

THE JOURNAL OF BIOLOGICAL CHEMISTRY VOL. 286, NO. 31, pp. 27278 –27287, August 5, 2011
© 2011 by The American Society for Biochemistry and Molecular Biology, Inc. Printed in the U.S.A.

27278 JOURNAL OF BIOLOGICAL CHEMISTRY VOLUME 286 • NUMBER 31 • AUGUST 5, 2011

http://www.jbc.org/cgi/content/full/M111.256974/DC1


known about the molecular mechanisms of RNA detection by
RIG-I and its translation into an antiviral signal. Individual
mechanistic aspects, however, have been studied recently.
Importantly, crystallographic analyses have shown that the
C-terminal domain of RIG-I can bind the terminus of dsRNA,
both triphosphorylated and nonphosphorylated (24–27),
which is in line with reported ligand specificities. Major short-
comings of all structural studies so far are, that it has not been
possible to crystallize the full RIG-I protein, or at least a frag-
ment including the helicase domain, and that the dsRNA used
for co-crystallization has been extremely short (8–14 bp). Lon-
ger substrates, like poly(I�C), were shown to also induce RIG-I
activation but putatively involving the helicase domain rather
then the RIG-I C-terminal domain (20, 25). Nevertheless, it was
reported that the stimulatory potential is higher for short
dsRNA (21), although the underlyingmechanism remains enig-
matic, and helicase/translocase activity has been shown to
increase on longer substrates (28).
In our present study, we have now combined quantitative

signaling assays, cell-free biochemical analyses, and single mol-
ecule microscopy. Our findings will help to understand how
RIG-I simultaneously senses the various described signals and
how it integrates these signals into a tightly adjusted response.
The presented model provides an example of a complex adapt-
ive achievement of the immune system to detect viral invaders
with maximum sensitivity while maintaining self-tolerance.

EXPERIMENTAL PROCEDURES

Cells and Cell Culture—Huh7.5/RIG-I cells were described
previously (22). Mouse embryonic fibroblasts were kindly pro-
vided by Osamu Takeuchi (Osaka, Japan) and Gunther Hart-
mann (Bonn, Germany). All murine and human cells were
maintained in Dulbecco modified Eagle’s medium supple-
mented with 2 mM L-glutamine, nonessential amino acids, 100
units/ml penicillin, 100 �g/ml streptomycin, and 10% fetal calf
serum. Medium for Huh7.5/RIG-I cells was additionally sup-
plemented with 1 mg/ml G418 (Invitrogen).
RNA Methods—For generation of differently long dsRNA,

PCR products were amplified from a pCDNA3.1-based plasmid
containing the human Toll-like receptor 3 coding sequence
(cDNA sequence accession NM_003265.2). PCR primers con-
tained the T7 promoter sequence allowing for transcription of
either the forward (F) or reverse (R) strand as shown in supple-
mental Fig. S1. Sequences of the PCR primers are given below
(underlined, T7 promoter; italic, six nucleotide extension to ensure
blunt ends; normal type, sequence complementary to template
DNA): common-F fwd, TAATACGACTCACTATAGGGAG-
ATGATGCTTTCTCTTGGTTGGGC; common-R fwd,GGG-
AGATGATGCTTTCTCTTGGTTGGGC; ds100-F rev, GGG-
AGATCTCCATTCCTGGCCTGTGA; ds100-R rev, TAATA-
CGACTCACTATAGGGAGATCTCCATTCCTGGCCTG-
TGA; ds200-F rev, GGGAGAGCATCAGTCGTTGAAGGC-
TTG; ds200-R rev, TAATACGACTCACTATAGGGAGAGC-
ATCAGTCGTTGAAGGCTTG; ds400-F rev, GGGAGAACC-
ACCAGGGTTTGCGTGTTT; 400-R rev, TAATACGA-
CTCACTATAGGGAGAACCACCAGGGTTTGCGTGTTT;
ds1600-F rev, GGGAGAGAACTTCAGGGTCAGCTTGC;
and 1600-R rev, TAATACGACTCACTATAGGGAGAGAAC-

TTCAGGGTCAGCTTGC. For in vitro transcription of the
40-bp dsRNA (ds40), two dsDNA oligonucleotides (40-F and
40-R), analogous to PCR products, were purchased
(MWGOperon) and used as a template: 40-F, TAATACGAC-
TCACTATAGGGAGATGATGCTTTCTCTTGGTTGGGC-
CACCTATCTCCC; and 40-R, TAATACGACTCACTATAG-
GGAGATAGGTGGCCCAACCAAGAGAAAGCATCATCT-
CCC. As a nonphosphorylated control (5�-OH), the two strands
of ds40 were commercially synthesized chemically and HPLC-
purified by MWGOperon.
In vitro transcription was performed according to common

procedures using T7 polymerase (Promega). Standard reaction
time was 4 h, which was extended by 2 h for transcripts shorter
than 200 nucleotides. After in vitro transcription, template
DNA was DNase I-digested (Promega). Two methods were
applied to clear annealed in vitro transcripts from side products
and unincorporated nucleotides: 1) single-stranded or an-
nealed transcripts were subjected to standard gel electrophore-
sis using low melting agarose; RNA molecules of the expected
size were excised, extracted from the gel by agarase treatment
and repeated organic extraction, and subsequently precipitated
with 2.5 M (NH)4-acetate and 2 volumes ethanol; and 2) 500 �l
of annealed transcripts were applied to an ÄKTA chromatog-
raphy system (GE Life Sciences) equipped with a Superose 6
10/300 GL column and 400-�l fractions containing only
dsRNA of the expected size were collected and concentrated by
standard sodium acetate/ethanol precipitation. In either case,
dsRNA was solved in water and quality-validated by capillary
gel electrophoresis (Qiaxcel; Qiagen) or analytical size exclu-
sion chromatography on a Superose 6 PC 3.2/30 column (GE
Life Sciences). RNAwas quantified using photospectrometry or
the QuantIt RNA kit and Qubit fluorometer (Invitrogen).
Shrimp alkaline phosphatase (Fermentas) was used to

remove the terminal phosphates of in vitro transcribed RNA.
RNA was incubated 30 min at 37 °C with 0.5 units of enzyme/
pmol RNA. The reaction was stopped by heating to 65 °C for 10
min.
Hepatitis C virus RNAwas generated byT7 (positive strands)

or T3 (negative strands) polymerase (Promega) mediated in
vitro transcription of a genotype 2a (JFH-1) subgenomic repli-
con using the construct pFKi389neoNS3–3�_∂g_JFH-1 wild
type or with the �GDD deletion in NS5B (nonreplicating).
Vesicular stomatitis virus and encaphalomyocarditis virus viral
RNAwas prepared by pelleting virus from cell-free infected cell
culture supernatants by ultracentrifugation and subsequent
RNA extraction using the NucleoSpin RNA II kit (Macherey-
Nagel). Rabies virus leader RNA (in vitro transcribed and chem-
ically synthesized) was a gift from Karl-Klaus Conzelmann
(Munich, Germany).
ISG56 Promoter Reporter Assay—RIG-I signaling in Huh7.5/

RIG-I and murine embryonic fibroblast (MEF) cells was
assessed as described previously (22). Briefly, the cells were co-
transfectedwith the ISG56promoter firefly luciferase construct
pGL3B/561 (gift from Ganes Sen) and Renilla luciferase pRL-
SV40 (Promega) in a ratio of 3:1 using Effectene transfection
reagent (Qiagen) for Huh7.5/RIG-I or Lipofectamine 2000 rea-
gent (Invitrogen) for MEFs. Six hours after reporter transfec-
tion, the cells were stimulated by transfection of defined RNA
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using Lipofectamine 2000 (Invitrogen). Particular care was
taken to always use an identical ratio of nucleic acid: Lipo-
fectamine 2000 reagent to keep liposome-RNA complex com-
position (charge per lipoplex) constant. Therefore, when trans-
fecting less than 1 �g of RNA/well (24-well format), the
transfection mix was supplemented with poly(C) as a carrier to
a final concentration of 1 �g/well. Transfection with 1 �g of
poly(C) only was therefore used as a negative control (see Fig.
1). Firefly and Renilla luciferase weremeasured 16 h post-stim-
ulation. Firefly luciferase was normalized to Renilla luciferase
activity. dsRNA concentrations are given as pmol/well; conser-
vatively assuming 2� 105 cells/well and 100% transfection effi-
ciency, 1 pmol/well would translate into 3 � 106 dsRNAmole-
cules/cell. All of the experiments were performed using
duplicate measurements in duplicate wells, and the data are
given as averages � S.D. One representative experiment of at
least two independent repetitions is shown if not stated
otherwise.
Protein Purification—The GST gene was cloned in front of

human RIG-I, separated by the consensus cleavage site for the
PreScission protease (GE Life Sciences). Recombinant GST-
RIG-I expressing baculovirus was generated using the Bac-to-
Bac expression system (Invitrogen). For virus production as
well as protein expression, Sf9 cells were used. For protein puri-
fication, cell pellets were resuspended in binding buffer 150mM

NaCl, 30 mM Tris (pH 7.4), 10 �M ZnCl2, 10 mM DTT, 1 mM

EDTA, supplemented with complete protease inhibitor cock-
tail (Roche) and lysed by three or four cycles of freeze/thawing
(liquid nitrogen). RIG-I was affinity-purified using glutathione-
Sepharose 4B (GE Life Sciences) according to the manufactur-
er’s recommendations. Beads were washed thoroughly in bind-
ing buffer, andRIG-Iwas cleaved off theGST tag by PreScission
protease at 4 °C. Puritywas checked in SDS-PAGE (supplemen-
tal Fig. S3), and monomeric RIG-I was further purified by pre-
parative size exclusion chromatography on an ÄKTA chroma-
tography system, equipped with a Superose 6 10/300 GL
column (GE Life Sciences). Protein was quantified using the
QuantIt protein kit and Qubit fluorometer (Invitrogen).
ATPase Activity Assay—RIG-I protein concentration was 1.5

pmol/well, and dsRNA concentrations are indicated for the
respective experiments. The reactions were performed in 20
mM Tris (pH 7.5), 40 mM NaCl, 4 mM MgAc2, 0.5 mM EDTA in
the presence of 1 mM ATP and incubated for 30 min at 37 °C.
Generated free phosphate was quantified using the Quan-
tiChromATPase/GTPase assay kit (BioAssay Systems) accord-
ing to the manufacturer’s protocol. All of the samples were
measured in duplicate or triplicate wells, and data are given as
averages � S.D.; one representative experiment of at least two
independent repetitions is shown.
Analytical Size Exclusion Chromatography (SEC)—Analyti-

cal SEC was performed on a Superose 6 PC 3.2/30 column, and
absorbance was monitored at 215 nm (protein) and 254 nm
(RNA). Baseline calculations and peak quantifications were
done with Unicorn 5.11 software (GE Life Sciences). For bind-
ing experiments, 0.1–1 �g of dsRNA were incubated with 3 �g
of RIG-I in 50 �l of binding buffer (see above) for 30 min at
room temperature before applying to SEC. 100-�l fractions
were collected for further quantitative analysis.

Quantification of collected SEC fractions was performed by
vacuum blotting 30 �l of each fraction to nitrocellulose or
Hybond-N� membrane (GE Life Sciences) for immunolabel-
ing and Northern hybridization, respectively. RIG-I was
detected by monoclonal RIG-I antibody (Alme-1; Alexis), fol-
lowed by quantification on theODYSSEY infrared imaging sys-
tem (Licor). Northern hybridization was performed using a
radioactively labeled probe corresponding to the first 40 bp of
the dsRNA (oligonucleotide 40-F, see above) following a stan-
dard protocol. Quantification was done by phosphorimaging
and QuantityOne software (Bio-Rad).
Scanning ForceMicroscopy (SFM)—10–40 nMdsRNA, 10 nM

RIG-I, or a mixture of both were briefly incubated in 20 �l of
buffer (10 mM HEPES, pH 8.0, 10 mM NaCl, 2 mM MgCl2) and
adsorbed to a freshly cleaved mica surface for 5 min. 20 �l of
buffer supplemented with 4 mM NiSO4 was added to fix the
samples on the surface. The surface was washed with water and
then dried. SFM images were obtained with a Nanoscope III
(Digital Instruments) operating in tapping mode. Images of a
2 � 2-�m area were acquired using etched silicon tips (type
NHC; Nanosensors) at a scan rate of 2–3Hz and a resolution of
256 pixels/�m. The images were flattened with the Nanoscope
IIIa software, and three-dimensional surface plots were gener-
ated using ImageJ software (National Institutes of Health).
Statistical Analyses and Nonlinear Regression—Significance

was tested by one-way analysis of variance (see Fig. 7) or the
extra sum-of-squares F-test using the Prism 5 software
(GraphPad) for statistical comparison of dose-response or
length-response regressions. A difference stated to be “highly
significant” in the main text generally corresponds to a p value
�0.01. Hill regression of dose-response data, including calcu-
lation of parameters and their confidence intervals, was done in
Prism 5 or Matlab (The Mathworks), using the optimization
toolbox.

RESULTS

Viral 5�-Triphosphorylated RNAs Are Differentially Recog-
nized by RIG-I—The human hepatoma cell line Huh7.5 is defi-
cient for RIG-I signaling because of a dominant negative muta-
tion (29). Moreover, because of a lack of Mda54 and Toll-like
receptor 3 (30) expression, the cells exhibit no IRF-3 activation
upon transfection of immunostimulatory RNAs like poly(I�C)
or vesicular stomatitis virus viral RNA (Fig. 1A, left panel). We
have previously shown that Huh7.5 stably transduced with
wild-type RIG-I (Huh7.5/RIG-I) exhibit a strong, RIG-I-depen-
dent IRF-3 activation upon stimulation (22), which was not due
to up-regulation of any other factors (like Mda5 or Toll-like
receptor 3) as evidenced by genome-wide transcriptional pro-
filing.4 The validity of this cell line as a highly sensitive and
specific RIG-I indicator system was further established by its
efficient and dose-dependent IRF-3 activation upon transfec-
tion of poly(I�C) and vesicular stomatitis virus viral RNA, while
still being unresponsive against single-stranded poly(C) and
encaphalomyocarditis virus viral RNA (Fig. 1A, right panel).
Further, we tested this system for its 5�-ppp dependence by
transfecting 58-nucleotide-long in vitro transcripts of rabies

4 M. Binder, unpublished observations.
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virus leader RNAor synthetic, 5�-hydroxylated (5�-OH)RNAof
the same sequence (12, 24) (kind gifts from Karl-Klaus Conzel-
mann,Munich, Germany). As expected, only the 5�-ppp variant
stimulated the RIG-I pathway (Fig. 1B). We then wanted to
compare RIG-I stimulation by RNAs of different viral origins.
To this end, we used in vitro transcribed rabies virus leader
RNA and full genomic (but replication-incompetent) hepatitis
C virus RNA. In both cases, we annealed positive and negative
strand transcripts to warrant a fully double-stranded confor-
mation, which has been shown to be required for 5�-ppp recog-
nition. Strikingly, we observed significantly stronger pathway
activation upon transfection of hepatitis C virus as compared
with rabies virus leader dsRNA (Fig. 1C), even though we
employed equal amounts of 5�-ppp termini (20 fmol of dsRNA
in both cases). We therefore hypothesized that the main dis-
tinction between rabies virus leader (58 nucleotides) and hepa-
titis C virus (�9600 nucleotides) RNA is their length, and thus,
RIG-I is able to sense the length of the double-stranded region
of an RNA, as has been suggested before (21, 28).
RIG-I Pathway Activation Systematically Increases with

dsRNA Length—The majority of RIG-I ligand studies (14)
employed very short dsRNAs (typically 10–40 nucleotides) at
very high concentrations. Consequently, the influence of the
terminal structure likely has been overrepresented relative to
the impact of other parameters like ligand concentration or
dsRNA length. We therefore characterized the dependence of
RIG-I signaling on dsRNA length in the context of fixed mole-
cule (i.e. 5�-ppp) numbers, effectively blinding out any effect
mediated by the termini. We generated in vitro transcribed
RNA from PCR products of an arbitrary human cDNA
sequence. PCR primers were designed such that there was one
common forward primer, resulting in homologous products of
increasing length depending on the position of the reverse
primer (40, 100, 200, 400, and 1600 bp). Single-stranded RNA
products were annealed to form blunt-ended dsRNA (supple-
mental Fig. S1 for details). Because ubiquitous side products of
shorter and longer size generated during in vitro transcription
can lead to false conclusions about the nature of the real stim-
ulatory RNA species (15, 16), we purified the desired products
by preparative gel electrophoresis and/or SEC and employed

stringent quality control of the final RNAs using capillary elec-
trophoresis (Fig. 2A and supplemental Fig. S1) or analytical SEC
(see below).
These highly purified dsRNAs allowed us to directly examine

the effect of dsRNA length on recognition by RIG-I. We trans-
fected Huh7.5/RIG-I cells with dsRNA of 100 and of 400 bp in
length, respectively, and measured IRF-3 activation by ISG56
promoter reporter assays. As we titrated molar concentrations
of the RNAs over a range of several orders of magnitude, we
paid particular attention to keeping RNA-liposome complex
formation and transfection conditions constant by using non-
stimulatory poly(C) as a carrier. Transfection of the dsRNAs
resulted in dose-dependent IRF-3 activation, which could be
well described by nonlinear regression using a standard Hill
model (Fig. 2B). Remarkably, we observed up to 5-fold higher
activity for the 400-bp dsRNA as compared with the 100-bp
dsRNA at identical numbers of molecules, i.e. 5�-ppp moieties
(Fig. 2B, gray arrow). To exclude a cell type- or species-specific
phenomenon, we validated this length dependence of RIG-I
RNA recognition also in MEF (Fig. 2C). Experiments in MEFs
derived from mice with a homozygous deletion of the rig-I or
mda5 gene, respectively, demonstrated that the presence of
RIG-I was necessary and sufficient to elicit this signaling, ruling
out any dependence of the effect on Mda5 (Fig. 2D).
To further characterize this RNA length sensing by RIG-I, we

performed systematic stimulation assays in Huh7.5/RIG-I cells
using fixed numbers of increasingly long dsRNA molecules.
Already for extremely low concentrations of 0.1 fmol/well, cor-
responding to less than 300 molecules of dsRNA/cell by con-
servative calculation, RIG-I pathway activation increased
steadily with increasing length of the transfected dsRNA (Fig.
2E and logarithmic plot in supplemental Fig. S2B). The same
length dependence was also observed for 10- and 100-fold
higher molecule numbers (Fig. 2E). Only at unphysiologically
high concentrations, we observed a paradoxical effect with a
tendency to inverse this relation, likely because of the con-
sumption and sequestration of the whole cellular RIG-I pool on
long dsRNA (Fig. 2E, dashed line). This behavior has been
described before upon stimulation with high amounts of enzy-
matically shortened poly(I�C) (21). However, within the

FIGURE 1. Huh7.5/RIG-I cells are a sensitive RIG-I indicator system. A–C, Huh7.5/- - (vector control) or Huh7.5/RIG-I cells were stimulated by transfection with
different viral RNAs, and RIG-I pathway activation was assessed using ISG56 promoter reporter activity. A, cells were transfected with no RNA (mock), 1 �g/well
homopolymeric ssRNA poly(C), the dsRNA analog poly(I�C), or RNA prepared from particles of vesicular stomatitis virus (VSV) or encephalomyocarditis virus
(EMCV). The triangles indicate titrations from 1 to 10�5 �g/well. B, cells were stimulated with 0.1 �g/well 58 nucleotides rabies virus (RV) leader RNA generated
by in vitro transcription (5�-ppp) or chemically (5�-OH). C, cells were stimulated with 0.1 �g/well (20 fmol) of double-stranded in vitro transcripts of replication
incompetent hepatitis C virus (HCV) RNA or with an equal number (20 fmol) of rabies virus leader in vitro transcribed dsRNA molecules.
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FIGURE 2. RIG-I signaling systematically increases with dsRNA length. A, RNA used for transfection was extensively purified and quality controlled. A
graphical representation of capillary electrophoresis of purified positive (�) and negative (�) strand in vitro transcripts is shown. The band marked with the
black arrowhead corresponds to the internal calibrator of the system. B, Huh7.5/RIG-I cells were stimulated with dsRNA of 100 bp (ds100, squares) or 400 bp
(ds400, circles) length, and ISG56 promoter reporter activity was determined. Dose-response was standardized and fitted using Hill regression. Data points
were combined from two independent repetitions of the experiment. C and D, MEFs were transfected with ds100 or ds400 and ISG56 promoter reporter activity
was assessed. MEFs were derived from mice without (C) or with (D) a homozygous deletion of the rig-I or mda5 gene, respectively (as indicated). E, ISG56
promoter-reporter activity was assessed in Huh7.5/RIG-I cells upon stimulation with equal numbers of dsRNA molecules of increasing length. Independent
response curves for three different concentrations are given (as indicated). Paradoxical behavior for unphysiological molecule numbers is shown as a dashed
line. F, the three absolute response curves from E were standardized to the respective maximum signal (100%), and data points were averaged (�S.D.). A Hill
model was fitted to the data, which was significantly more accurate than standard mass action kinetics (p � 0.0001 in extra sum-of-square F-test). dsRNA
lengths required to elicit 10%, 50%, and 90% of the maximum signal were calculated from the regression and are given with the respective 95% confidence
intervals in the inset.
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dynamic range of the system of at least 3 orders ofmagnitude of
ligand concentrations, the normalized response behavior was
virtually identical, highlighting the robustness of this signal-to-
length relation even against substantial differences in the
amount of stimulatorymolecules (Fig. 2F). Half-maximal RIG-I
stimulation required dsRNA of �198 bp in length and 90% of
the maximal stimulation was reached with dsRNA of �411 bp.
Signaling was less than 10% for dsRNA below �95 bp (Fig. 2F),
suggesting that the RIG-I sensor system is optimized for recog-
nition of dsRNA of several hundreds of base pairs in length,
rather than short RNA oligonucleotides such as the ones were
widely used for previous RIG-I/ligand interaction studies. Of
note, length dependence of RIG-I signaling exhibited sigmoidal
characteristics (p � 0.0001 when tested against standard mass
action kinetics using the extra sum-of-square F-test), indicating
the involvement of cooperative effects.
In Vitro Enzymatic Activity Correlates with Signaling—To

rule out an epiphenomenon caused by unrelated cellular pro-
cesses or by technical issues like varying transfection efficien-
cies, we next performed cell-free biochemical experiments.
Therefore, we expressed human RIG-I fused to GST in Sf9
insect cells via a baculovirus-based system. Following glutathi-
one affinity chromatography, the GST tag was cleaved off from
the protein, and native, monomeric RIG-I was isolated by pre-
parative SEC. The purity of the protein preparation and its
monomeric state were validated in SDS-PAGE and analytical
SEC (supplemental Fig. S3). We then assessed its functionality
in enzymatic assays exploiting the described ATPase activity
residing in the DExD/H-box helicase like domain. As described
previously, ATPase activity was virtually undetectable in the
absence of RNA and increased with classical dose-response
behavior in titrations of dsRNA ligand (Fig. 3A). Remarkably, in
ATPase assays with equimolar concentrations of increasingly
long dsRNA, RIG-I activity again strictly correlated with the
length of the ligand (Fig. 3B). From a standard mass action
regression, we calculated half-maximal activity to be reached
for dsRNA of 253 bp (S.E.� 60 bp). Fitting aHill-model yielded
a similar result (221 bp) with a slightly better goodness of fit;
however, the difference was statistically not significant.
Accordingly, the dose-response relation for longer dsRNA
shifted significantly left toward lower molar concentrations as
compared with short (40 bp) dsRNA (Fig. 3A). These observa-
tions further substantiate the notion of RIG-I being most sen-
sitive for dsRNAs of several hundred base pairs in length.More-

over, they demonstrated that length sensing occurs at the stage
of RIG-I binding or its catalytic activity and is independent of
additional cellular processes.
RIG-I Cooperatively Multimerizes on dsRNA—The observed

increase in RIG-I signaling and ATPase activity with increasing
length of the dsRNA ligand could in principle be due to either 1)
higher or more sustained activity of individual RIG-I molecules
when bound to longer dsRNA or 2) the accumulation of higher
numbers of RIG-I molecules binding to one molecule of
dsRNA. To differentiate between these two possibilities, we
performed binding experiments and analyzed complex forma-
tion in SEC. Recombinant, monomeric RIG-I and purified
dsRNAs were individually subjected to analytical SEC to deter-
mine their chromatographic behavior (supplemental Fig. S4A).
We then preincubated RIG-I together with dsRNA of a given
length to allow for complex formation before analyzing the
mixture in SEC. For all cases tested (40-, 100-, and 200-bp
dsRNA could be resolved on the employed SEC matrix), we
observed a significant reduction of free monomeric RIG-I and
dsRNA, accompanied by the appearance of a new peak with a
lower retention volume, i.e. a larger size (hydrodynamic radius),
representing RIG-I-dsRNA complexes (Fig. 4A and supple-
mental Fig. S4, B–D). We determined the shifting distance
between plain dsRNAand the respective complex (�V; Fig. 4A),
which corresponds to the contribution of RIG-I to the total size
of the complex. Although �V does not directly allow the deter-
mination of the number of bound RIG-I molecules, we found it
to be very small for complexes of 40- and 100-bp dsRNA but
substantial in the case of 200-bp complexes (supplemental Fig.
S4E). This indicates that 200-bp dsRNA is bound by signifi-
cantly more RIG-I molecules than short dsRNA. To quantita-
tively assess the stoichiometry of such a complex, we isolated
the SEC fractions containing the 200-bp dsRNA-RIG-I com-
plex and performed dot-blot analyses. We quantified the RNA
and protein content by Northern hybridization or immunode-
tection, respectively, and found 10–15RIG-Imolecules/200-bp
dsRNA (Fig. 4B). This was also backed by approximate calcula-
tions based on the absorbance (215 and 254 nm) of the respec-
tive peaks, leading to an estimate of �20 molecules/200-bp
dsRNA (not shown). Taking into account the relative molecule
sizes, this stoichiometry arguably corresponds to dsRNA that is
fully covered with RIG-I. However, considering the observed
complete consumption of monomeric RIG-I but only partial
depletion of free dsRNA (Fig. 4A), this cannot be explained by

FIGURE 3. RIG-I enzymatic activity increases for longer dsRNA. A, purified recombinant RIG-I was incubated with increasing amounts of purified, differently
long dsRNA (400 bp, diamonds; 200 bp, inverted triangles; 100 bp, triangles; 40 bp, circles), and generation of inorganic phosphate by ATP hydrolysis was
assessed. Dose-response was standardized and fitted using Hill regression. B, RIG-I was incubated with 0.01 pmol of dsRNA of increasing length, and ATPase
activity was measured as in A. The values were regressed using standard mass action kinetics, because a Hill model was not significantly more accurate.
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simple stochastic binding. Stochastic binding would rather yield a
gaussian distribution of complexes, ranging from “naked” to fully
occupied dsRNA. Our experiments, on the contrary, revealed the
formation of a clearly defined complex that was well separable
from residual free dsRNAby SEC (Fig. 4A). This argues for strong
cooperative effects, facilitating multimerization of RIG-I along
dsRNA once initial binding has occurred.
RIG-I Covers the Entire dsRNA Molecule as a Linear

Multimer—To confirm the above findings from SEC by a com-
plementary method, we directly visualized RIG-I-dsRNA com-

plexes by SFM. Samples were incubated in identical buffer con-
ditions as in the SEC experiments and scanned at high
resolution. As expected for a monomeric preparation, RIG-I
alone was a homogeneous solution of single globular particles
with similar sizes (Fig. 5A). Similar to DNA (31), dsRNA
appeared as “threads” with an average length of 0.29 (�0.02)
nm/base pair and an apparent structure height of 1.5–1.7 nm
(Fig. 5B and supplemental Fig. S5). In contrast, RIG-I-dsRNA
complexes were still of linear, “thread”-like shape, but appeared
slightly shorter and thicker than unbound dsRNA and had a

FIGURE 4. Oligomeric binding of RIG-I to long dsRNA. A, purified recombinant RIG-I was preincubated with 200-bp dsRNA and subsequently analyzed
in SEC. Absorption was assessed at 215 nm (protein, dashed line) and 254 nm (RNA, solid line). Elution profiles of the individual components are shown
for reference (light color). Shifting distance between plain dsRNA and RIG-I-dsRNA complexes is indicated (�V). B, contiguous fractions of the eluate were
dot-blotted onto membranes and subjected to immunodetection of RIG-I (black) or Northern hybridization of the RNA (gray), respectively. Signals were
quantified using a serially diluted standard. Calculated molar ratios are given in the inset. Note that fractionation was technically limited, with each dot
representing the average RNA or protein content of one 100-�l fraction. This leads to a markedly reduced resolution as compared with the absorption
profile in A.

FIGURE 5. RIG-I covers dsRNA as linear multimers. RIG-I (A) or 400-bp dsRNA (B) alone or RIG-I-dsRNA complexes (C) were applied to a mica surface and
subjected to SFM. Images were transformed into three-dimensional surface plots, and height information was mapped to false-color shading. x/y and z
dimensions are not to scale (x/y, scale bar is 100 nm; z, see color scheme). The arrow in C indicates a contiguous stretch of bound RIG-I on partially uncovered
dsRNA, suggesting incomplete cooperative multimerization.
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significantly higher profile (�2.0 nm; Fig. 5C and supplemental
Fig. S5). Most frequently, the dsRNAwas decorated with RIG-I
along its entire length. In 	90% of those instances, in which
part of the dsRNA remained uncovered, we observed exactly
one continuous stretch of RIG-I (Fig. 5C, arrow). This further
substantiated the notion of RIG-I binding occurring as a coop-
erative, linear multimerization along its dsRNA ligand.
Affinity of the Primary Binding Event Modulates RIG-I

Activation—In such a scenario, a combination of the initial
binding affinity on one hand, and the degree ofmultimerization
on the other hand, would determine the eventual strength of
pathway activation. While on one hand the above results pro-
vided evidence for a direct relation between length of the
dsRNA and the final amount of multimerized RIG-I molecules,
binding initiation on the other hand, is likely to depend on the
presence of characteristic structural motifs. Based on literature
reports (12, 13, 26–28), we speculated that RIG-I would have a
significantly higher affinity to 5�-ppp than to nonphosphory-
lated termini or internal portions of the dsRNA. To test our
hypothesis, we enzymatically dephosphorylated the dsRNA by
alkaline phosphatase treatment. Dephosphorylation efficiency
was very high, as shown by a 	95% reduction of radioactive
�-phosphate in a test sample without affecting RNA integrity
(supplemental Fig. S6). As a control, we used chemically syn-
thesized 40-bpRNA (ds40syn), which is fully devoid of terminal
phosphates. We then transfected Huh7.5/RIG-I cells with
mock-treated or dephosphorylated dsRNA of different length,
using the respective concentrations for half-maximal signaling
to exploit the full dynamic range of the system (compare sup-
plemental Fig. S2A). For short dsRNA (40 bp), offering very
limited space for internal binding, enzymatic removal of the
5�-ppp virtually abrogated RIG-I-mediated signaling (Fig. 6A).
In contrast, dephosphorylated 100-bp dsRNA was impaired to
only�50%, whereas dsRNA �200 bp provided sufficient inter-
nal binding sites to effectively compensate for the removal of
the phosphates (Fig. 6A). Similar results were obtained in cell-
free ATPase activity assays with recombinant RIG-I. Also in
this setting, we observed a significant (p � 0.001) decrease in
RIG-I activity for nonphosphorylated as compared with 5�-ppp
containing 40-bp dsRNA, whereas no difference was detectable

for dsRNA of 400 bp (Fig. 6B). These findings confirm our
hypothesis that the level of RIG-I activation is determined by
both the length of the dsRNA as well as the presence of certain,
stimulatory motifs, like 5�-terminal triphosphosphates. It is
noteworthy that the absence of such highly efficient motifs can
be compensated by low efficiency binding initiation on suffi-
ciently long double-stranded regions.

DISCUSSION

RIG-I was demonstrated to recognize the triphosphorylated
5�-terminus of RNA in the context of a short double-stranded
blunt end, like the panhandles found in full-length or defective
interfering genomes of many negative strand RNA viruses (12,
13, 15–18). The structural basis of the recognition of such short,
5�-ppp dsRNAs by the C-terminal domain of RIG-I has been
studied extensively (24, 25, 27, 32). However, it has been shown
that RIG-I also mediates signaling in response to nontriphos-
phorylated dsRNA (10, 19–22). Mechanistically, little has been
known on how RIG-I detects properties such as double-strand-
edness or triphosphorylation and how it integrates these dis-
tinct cues into downstream signaling strength. In the present
study, we now explicitly investigated RIG-I-mediated res-
ponses to defined RNAs and linked them to the underlying
biochemical and structural events.
Although it is unambiguous that the 5�-ppp is a potent rec-

ognition motif, the structural characteristic common to all
stimulatory RIG-I ligand RNAs tested so far has been double-
strandedness; even in cases where single-stranded RNA had
been described as having a stimulatory potential, recent studies
strongly suggest this to be caused by inadvertently generated
dsRNA in the course of in vitro transcription (14–16). We
therefore devised an experimental strategy that allowed us to
isolate the effect of the double strand from that of the 5�-ppp. By
using fixed molecule numbers (fixed numbers of 5�-termini),
the impact of the 5�-ppp was effectively canceled out, and thus,
the observed differences in signaling or biochemical activity
could be solely ascribed to the varying length of the double-
strand. In these experiments, we found a very strong positive
correlation between ligand length and RIG-I activation, both in
promoter-reporter based signaling assays and in enzymatic

FIGURE 6. Long dsRNA can compensate for the lack of a high affinity motif in RIG-I activation. A and B, purified in vitro transcribed dsRNA of different length
was dephosphorylated enzymatically with shrimp alkaline phosphatase. A, Huh7.5/RIG-I cells were transfected with mock (open bars) and phosphatase-treated
(solid bars) dsRNA using the respective concentrations for half-maximal signaling (previously determined, see supplemental Fig. S2A). ISG56 promoter-reporter
activity was determined and normalized to the respective mock-treated sample. B, triphosphorylated (5�-ppp, solid lines) and unphosphorylated (5�-OH,
dashed lines) 400-bp (black) and 40-bp (gray) dsRNA was analyzed in RIG-I ATPase assays. The values were standardized and fitted using Hill regression.
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activity assessments (Figs. 2 and 3). In fact, dsRNAs of several
hundred bp in length were more efficient by orders of magni-
tudes at triggering IRF-3 activation than 40-bp dsRNA (supple-
mental Fig. S2). Experiments in MEF cells showed that this
effect was not specific for one cell line and, importantly, that it
was independent of Mda5, a sister molecule of RIG-I that has
been described to recognize higher order networks of very long
RNA (33). Concordant with this notion, only poly(I�C) or
dsRNA several thousand bp in length elicitedmeasurableMda5
signaling in our hands.5 Previous studies on RIG-I, on the other
hand, mostly employed high concentrations of extremely short
dsRNA (�50 bp), thereby overriding direct recognition of the
double strand by terminus-mediated effects. Strikingly, the sole
previous study explicitly dealingwith RNA length (21) reported
an inverse correlation to what we describe here. Kato et al. (21)
could show higher RIG-I activity in response to enzymatically
shortened poly(I�C). However, throughout their experiments,
Kato et al. used a high (1 �g/ml) and fixed amount (by weight)
of RNA for stimulation, irrespective of its length, whereas we
used titrations with controlled molarities. In fact, whereas the
phenotype that we describe was very robust across orders of
magnitude of dsRNA concentrations (Fig. 2, E and F), we too
observed a paradoxical effect when applying saturating
amounts of RNA for stimulation (Fig. 2E, dashed line). This
effect could actually be even more pronounced if we had used
constant amounts of RNA by weight instead of molecule
numbers.
To explain the observed stronger activation of RIG-I with

long dsRNA, in principle, two hypotheses were conceivable:
one dsRNA is always bound by the same number of RIG-I mol-
ecules (e.g. by a dimer (24)), but thesemolecules exhibit a higher
activity on longer dsRNA, or longer dsRNA is bound by a higher
number of RIG-I molecules. In support of the first hypothesis,
an elegant study in fact demonstrated periodic translocation of
RIG-I along its dsRNA ligand, with the average duration of
translocation increasing with the length of the double strand
(28). However, also in that study, dsRNA never exceeded 50 bp
in length, and additionally, multiple RIG-I binding was not
explicitly addressed. We therefore directly investigated the
stoichiometry and structural constitution of RIG-I-dsRNA
complexes in gel filtration (SEC) and by SFM. In SEC, we found
higher numbers of RIG-I molecules binding to longer dsRNA.
For 200-bp dsRNA, we determined 10–15 bound RIG-I mole-
cules, which corresponds to a binding footprint of one to two
helical turns (�11 bp), arguing for complete coverage of the
RNA by RIG-I (Fig. 4). This was also confirmed by SFM analy-
sis, where we primarily found fully decorated RNA double-
strands (Fig. 5 and supplemental Fig. S5). These findings clearly
demonstrate that RIG-I multimerizes along dsRNA. They do
not rule out, however, that there still might be a certain degree
of translocation along the dsRNA (28), possibly as a concerted
periodic movement of the whole RIG-I assembly. In fact, bind-
ing assays (SEC and SFM) were conducted in the absence of
ATP, arguing for a separate, ATP-dependent activity of RIG-I
distinct from plain binding. Translocation on or unwinding of

dsRNA are two such energy-dependent functions, both of
which have been described for RIG-I (25, 28). However, how
they may be linked to signaling has not yet been fully under-
stood (25, 28, 34).
Another striking aspect was the predominance of fully

assembled complexes in SEC, consuming virtually the whole
pool of RIG-I but leaving a considerable amount of dsRNA
entirely uncovered (Fig. 4A). This cannot be easily explained by
an independent association of each individual RIG-I molecule
with dsRNA. In such a case, one would expect a broad gaussian
distribution of complex stoichiometries with a range from
completely uncovered to fully covered dsRNA. Rather, our
observation hinted toward a cooperative mode of RIG-I multi-
merization, in which the initial binding event is of low affinity
and, therefore, rate-limiting, whereas subsequent condensation
of further RIG-Imolecules is strongly facilitated. Consequently,
completion of multimerization on a partly covered dsRNA
would be strictly favored over binding to a new, uncovered
dsRNA region. Such a model is also in full agreement with our
SFM studies, where we predominantly observed fully assem-
bled RIG-I-dsRNA complexes or dsRNA, of which exactly one
part was decorated with a stretch of RIG-I, leaving the remain-
der uncovered (Fig. 5, arrow, and supplemental Fig. S5). Com-
plexes with only one or a few interspersed RIG-I molecules
occurred very rarely. Although all of our experiments support
the notion of cooperative multimerization of RIG-I, further
studies will be required to unambiguously address and charac-
terize this cooperativity, e.g. by surface plasmon resonance
using terminally immobilized dsRNA molecules.
Because multimerization is not rate-limiting, the affinity of

the primary binding event is crucial in determining RIG-I sub-
strate selectivity. Numerous studies have previously suggested
that RIG-I would have a significantly higher affinity for
5�-triphosphorylated termini than for nonphosphorylated
RNA or internal double-stranded regions (14, 24, 28, 32). This
was confirmed by our experiments, which showed a detrimen-
tal effect of dephosphorylation for short (40 bp) dsRNA (Fig. 6).
Interestingly, the impact of the 5�-ppp vanished as dsRNA
length increased, indicating that availability of a huge amount
of less efficient and nonspecific internal initiation sites can in
effect compensate for the lack of a highly efficient initiation
motif like the 5�-ppp (Fig. 6). Although beyond the scope of this
study, it is conceivable that many more factors can modulate
the efficiency of RIG-I binding initiation. For example, two
studies have reported sequence specificity of RIG-I binding and
activation in the context of hepatitis C virus recognition (35,
36). Moreover, RNA modifications, like pseudo-uridylation or
2�-O-methylation, were shown to affect recognition of dsRNA
by RIG-I (12, 27, 35). In effect, the presence (e.g. 5�-ppp or
sequence) or absence (e.g. RNA modifications) of such motifs
would consequently determine the affinity of the primary RIG-I
binding. As a second cue, RIG-I then reads out the double-
strandedness of the RNA by cooperative multimerization,
amplifying the signal overproportionally with increasing length
of the dsRNA (Fig. 2F). By this integration of (at least) two
distinct signals, the RIG-I system ensures highest possible sen-
sitivity while avoiding detection of host RNA, which in general5 M. Binder and F. Eberle, unpublished data.
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does not carry 5�-ppp, is heavily modified, and never exhibits
consecutive duplex regions of several hundred base pairs.
Taken together, our results suggest a differential response

behavior of the RIG-I system. Short 5�-ppp dsRNA structures,
like the panhandle in the genomes of many viruses and partic-
ularly their defective interfering particles, elicit only a weak
response when present at low concentrations. This would be
the case right after particle entry into the host cell and might
suffice to put the cell in an alert, hypersensitive state. In con-
trast, detection of direct markers of intracellular virus replica-
tion, like a few inadvertently liberated long, double-stranded
replicative intermediates or high concentrations of 5�-ppp pan-
handle-containing subgenomic byproducts, triggers mounting
of the full-blown antiviral defense program.Our study provides
a first insight into the molecular mechanisms, which allow
RIG-I to detect different features of nonself RNA and to inte-
grate these cues into a flexible antiviral response that is tightly
adjusted to the specific danger situation.
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mermann, P., Wagner, V., Pichlmair, A., Schneider, U., Mühlberger, E.,
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