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The RIG-I-like receptors (RLRs), RIG-I and MDAS5, recognize
single-stranded RNA with 5’ triphosphates and double-
stranded RNA (dsRNA) to initiate innate antiviral immune
responses. LGP2, a homolog of RIG-I and MDAS5 that lacks sig-
naling capability, regulates the signaling of the RLRs. To estab-
lish the structural basis of dsRNA recognition by the RLRs, we
have determined the 2.0-A resolution crystal structure of
human LGP2 C-terminal domain bound to an 8-bp dsRNA. Two
LGP2 C-terminal domain molecules bind to the termini of
dsRNA with minimal contacts between the protein mole-
cules. Gel filtration chromatography and analytical ultracen-
trifugation demonstrated that LGP2 binds blunt-ended
dsRNA of different lengths, forming complexes with 2:1 stoi-
chiometry. dsRNA with protruding termini bind LGP2 and
RIG-I weakly and do not stimulate the activation of RIG-I
efficiently in cells. Surprisingly, full-length LGP2 containing
mutations that abolish dsRNA binding retained the ability to
inhibit RIG-I signaling.

The innate immune response is the first line of defense
against invading pathogens; it is the ubiquitous system of
defense against microbial infections (1). Toll-like receptors
(TLRs)? and RIG-I (retinoic acid-inducible gene 1)-like recep-
tors (RLRs) play key roles in innate immune response toward
viral infection (2-5). Toll-like receptors TLR3, TLR7, and TLR8
sense viral RNA released in the endosome following phagocy-
tosis of the pathogens (6). RIG-I-like receptors RIG-I and
MDAS5 detect viral RNA from replicating viruses in infected
cells (3, 7, 8). Stimulation of these receptors leads to the induc-
tion of type I interferons (IFNs) and other proinflammatory
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cytokines, conferring antiviral activity to the host cells and acti-
vating the acquired immune responses (4, 9).

RIG-I discriminates between viral and host RNA through
specific recognition of the uncapped 5’-triphosphate of single-
stranded RNA (5’ ppp ssRNA) generated by viral RNA poly-
merases (10, 11). In addition, RIG-I also recognizes double-
stranded RNA generated during RNA virus replication (7, 12).
Transfection of cells with synthetic double-stranded RNA
stimulates the activation of RIG-I (13, 14). Synthetic dsSRNA
mimics, such as polyinosinic-polycytidylic acid (poly(I:C)), can
activate MDA5 when introduced into the cytoplasm of cells.
Digestion of poly(I*C) with RNase III transforms poly(I:C) from
a ligand for MDAS into a ligand for RIG-I, suggesting that
MDAS5 recognizes long dsSRNA, whereas RIG-I recognizes short
dsRNA (15). Studies of RIG-I and MDAS5 knock-out mice con-
firmed the essential roles of these receptors in antiviral immune
responses and demonstrated that they sense different sets of
RNA viruses (12, 16).

RIG-I and MDA5 contain two caspase recruiting domains
(CARDs) at their N termini, a DEX(D/H) box RNA helicase
domain, and a C-terminal regulatory or repressor domain
(CTD). The helicase domain and the CTD are responsible for
viral RNA binding, whereas the CARDs are required for signal-
ing (3, 8). The current model of RIG-I activation suggests that
under resting conditions RIG-I is in a suppressed conforma-
tion, and viral RNA binding triggers a conformation change
that leads to the exposure of the CARDs for the recruitment of
the downstream protein IPS-1 (also known as MAVS, Cardif, or
VISA) (14, 17). Limited proteolysis of the RIG-I:dsRNA com-
plex showed that RIG-I residues 792-925 of the CTD are
involved in dsRNA and 5’ ppp ssRNA binding (14). The CTD of
RIG-I overlaps with the C terminus of the previously identified
repressor domain (18). The structures of RIG-I and LGP2 (lab-
oratory of genetics and physiology 2) CTD in isolation have
been determined by x-ray crystallography and NMR spectros-
copy (14, 19, 20). A large, positively charged surface on RIG-I
recognizes the 5’ triphosphate group of viral ssRNA (14, 19).
RNA binding studies by titrating RIG-I CTD with dsRNA and
5" ppp ssRNA suggested that overlapping sets of residues on
this charged surface are involved in RNA binding (14).
Mutagenesis of several positively charged residues on this sur-
face either reduces or disrupts RNA binding by RIG-I, and these
mutations also affect the induction of IFN-8 in vivo (14, 19).
However, the exact nature of how the RLRs recognize viral
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RNA and how RNA binding activates these receptors remains
to be established.

LGP2 is ahomolog of RIG-I and MDAS5 that lacks the CARDs
and thus has no signaling capability (21, 22). The expression of
LGP2 is inducible by dsRNA or IFN treatment as well as virus
infection (21). Overexpression of LGP2 inhibits Sendai virus
and Newcastle disease virus signaling (21). When coexpressed
with RIG-I, LGP2 can inhibit RIG-I signaling through the inter-
action of its CTD with the CARD and the helicase domain of
RIG-I (18). LGP2 could suppress RIG-I signaling by three pos-
sible ways (23): 1) binding RNA with high affinity, thereby
sequestering RNA ligands from RIG-I; 2) interacting directly
with RIG-I to block the assembly of the signaling complex; and
3) competing with IKKi (IkB kinase €) in the NF-«B signaling
pathway for a common binding site on IPS-1. To elucidate the
structural basis of dsRNA recognition by the RLRs, we have
crystallized human LGP2 CTD (residues 541—-678) bound to an
8-bp double-stranded RNA and determined the structure of the
complex at 2.0 A resolution. The structure revealed that LGP2
CTD binds to the termini of dsSRNA. Mutagenesis and func-
tional studies showed that dsRNA binding is likely not required
for the inhibition of RIG-I signaling by LGP2.

EXPERIMENTAL PROCEDURES

Protein Expression and Purification—DNAs encoding the
C-terminal domains of human LGP2 (residues 541—-678), RIG-I
(residues 802-925), and MDAS5 (residues 892-1017) were
cloned into expression vector pET22b(+) (Novagen). All of the
cloned DNA sequences were confirmed by plasmid DNA
sequencing. The proteins were expressed in Escherichia coli
strain BL21(DE3) by induction at Ay, = 0.6—0.8 with 0.5 mm
isopropyl-B-p-thiogalactoside overnight at 15°C. The cells
were lysed by sonication, and the proteins were purified by
batch method using His-Select nickel affinity resin (Sigma-Al-
drich) in a buffer containing 20 mm Tris, 150 mm NaCl, at pH
7.5 (buffer A). After incubation for 2 h, the nickel beads were
collected and washed three times with 10 volumes of buffer A
containing 10 mm imidazole, and the proteins were eluted with
buffer A containing 250 mMm imidazole. The proteins were fur-
ther purified by gel filtration chromatography on a Superdex75
(1.6 X 60) column (GE Healthcare) eluted with buffer A. To
form the complex with dsRNA, LGP2 CTD were mixed with an
8-bp dsRNA at a molar ratio of 1:1, and the 2:1 LGP2-dsRNA
complex was purified by gel filtration chromatography on a
Superdex75 (1.6 X 60) column. Mutants of full-length LGP2
and LGP2 CTD were generated using a QuikChange mutagen-
esis kit (Stratagene). The sequences of the mutants were con-
firmed by plasmid DNA sequencing. The mutant proteins were
expressed and purified the same way as the native protein.

Crystallization, Data Collection, and Structure Deter-
mination—Purified LGP2-dsRNA complex was concentrated
to ~30 mg ml ™! in a buffer containing 20 mm Tris, 150 mMm
NaCl, and 4 mm dithiothreitol at pH 7.5. The complex was
crystallized with 16 —18% (w/v) PEG3350 in a buffer containing
0.2 M (NH,),SO,, 0.1 m Tris-HCl at pH 8.5. The crystals were
transferred stepwise from the mother liquor to a cryopro-
tectant containing 25% (v/v) glycerol and flash frozen in liquid
nitrogen. The LGP2:dsRNA complex crystallized in space
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TABLE 1
Data collection and refinement statistics
LGP2/dsRNA
Data collection
Space group C2
Cell dimensions
a,b,c(h) 116.46, 54.19, 67.20
B y() 90.00, 97.26, 90.00
Resolution (A) 50-2.00 (2.07-2.00)*
Rierge 4.6 (33.6)
I/ol 46.2 (5.1)
Completeness (%) 99.6 (98.6)
Redundancy 3.6 (3.5)
Refinement
Resolution (A) 50-2.00
No. reflections 27234
R Rpvee 21.3/25.4
No. atoms
Protein 2167
RNA 340
Zinc ion 2
Water 215
B factors
Protein 46.6
RNA 43.5
Zinc ion 51.5
Water 52.2
Root mean square deviations
Bond lengths A) 0.008
Bond angles (°) 1.43

“ The values in parentheses are for highest resolution shell.

group C2, with cell dimensions: @ = 116.46 A, b = 54.19 A, c =
67.20 A, and B = 97.26°. The crystallographic asymmetric unit
contains one 2:1 LGP2:dsRNA complex. Diffraction data were
collected using a Rigaku RAXIS IV>* image plate detector
mounted on a Rigaku Micromax-007HF generator and pro-
cessed with the HKL package (24). Statistics of data collection
and refinement are shown in Table 1.

The crystal structure of the LGP2:dsRNA complex was
determined by molecular replacement with MOLREP in the
CCP4 suite (25) using the crystal structure of RIG-I CTD as
search model (Protein Data Bank code 2QFB, chain A). The
model was rebuilt using O (26). After several rounds of rebuild-
ing and refinement with CNS (27), the electron density for
the dsRNA became apparent. An 8-bp dsRNA from the
TLR3-dsRNA complex structure (Protein Data Bank code
3CIY) was docked into the electron density map and rebuilt
with O. The complex structure was refined by several rounds of
positional, simulated annealing, and individual B-factor refine-
ment using CNS followed by manual remodeling after each
round of refinement.

RNA Binding Studies by Gel Filtration Chromatography—
RNAs used in the binding studies were chemically synthesized
by IDT (Coralville, IA) or by in vitro transcription using T7
RNA polymerase. The sequences of the RNAs are shown in
supplemental Table S2. Double-stranded RN As were generated
by heating the ssSRNA at 95 °C for 5 min and annealing at room
temperature for 30 min. Each dsRNA was mixed with excess
protein (RNA to protein molar ratio of 1:3), and 100 ul of sam-
ples were injected over a Superdex200 (10/300 GL) column (GE
Healthcare) eluted with buffer A. The column was calibrated
with a set of protein standards for gel filtration chromatography
(Bio-Rad) to ensure accurate estimation of the molecular
weight of the LGP2-:dsRNA complexes.
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RNA Binding Studies by Fluorescence Anisotropy—Cy3-la-
beled RNA probes were heated to anneal with their comple-
mentary RNA to form dsRNA. Fluorescence measurements
were performed at room temperature using a PerkinElmer Life
Sciences luminescence spectrometer LS55. The excitation and
emission wavelengths are 540 and 565 nm, respectively, with an
integration time of 2 s and slit width of 5 nm. Purified LGP2,
RIG-I, and MDA5 CTD were titrated into the dsRNA in buffer
A and mixed by magnetic stirring. Total volume of protein
added was less than 3% of the final sample volume. The repre-
sented anisotropy values used to calculate the affinity are the
average of 10 measurements. The binding data were analyzed
by nonlinear least square fitting using KaleidaGraph software
(Synergy Software, Reading, PA). The Hill equation, AA = B,
X"/(X" + K,;”) was used to determine the dissociation constant
(K,). In this equation, AA is the anisotropy change caused by
the ligand binding, B, is the maximum anisotropy change, X
is the total concentration of the input protein, and the exponen-
tial term #n is the Hill coefficient. Binding studies for the
mutants of LGP2 CTD were carried out under similar
conditions.

Analytical Ultracentrifugation—To verify the stoichiometry
of LGP2 binding to dsRNA, LGP2 CTD complexes with the
8-bp dsRNA, the 24-bp dsRNA, and the hairpin RNA were ana-
lyzed by sedimentation velocity. 400-ul samples in 20 mm Tris-
HCl buffer at pH 7.5, 150 mm NaCl, 10 mm B-mercaptoethanol
were spun overnight at 48,000 rpm at 20 °C in a Beckman XL-I
using absorbance optics at 302 nm. The data were analyzed by
the program Sedfit using the c(s) and ¢(M) models to determine
differential sedimentation coefficient and apparent mass distri-
butions, respectively. The 8-bp dsRNA-LGP2 complex gave an
estimated molecular mass value similar to that of a 2:1 complex,
whereas the hairpin RNA-LGP2 complex had an estimated
molecular mass consistent with a 1:1 complex. The 24-bp
dsRNA-LGP2 complex sedimented as a single peak, but the esti-
mated mass could indicate either a 2:1 or a 2:2 complex. To
resolve the stoichiometry, a sedimentation equilibrium experi-
ment was performed on the 24-bp dsRNA-LGP2 complex.
100-ul samples of purified 24-bp dsSRNA-LGP2 complex at con-
centrations of 10, 33.3, and 100 um were spun at 17,000, 21,000,
and 30,000 rpm at 20 °C until equilibrium was reached, and
scanned at 297 and 305 nm. The data were trimmed using Win-
Reedit and globally analyzed using WinNonlin. The global anal-
ysis of nine data sets revealed that the data could be described
by a single species with a reduced buoyant molecular weight of
1.836 (at a speed of 17,000 rpm). To convert to experimental
molecular weight, the partial specific volume must be known;
for a protein'RNA complex this value corresponds to the weight
average of each component in the sedimenting species. The
partial specific volume for LGP2 CTD alone was calculated to
be 0.7328 based on sequence using Sednterp, and that for the
24-bp dsRNA was calculated to be 0.5688 using the NucProt
server. Both 2:1 and 2:2 complexes were considered, with
weight average partial specific volumes of 0.6813 or 0.6566,
respectively. The data were consistent with a 2:1 complex but
were not consistent with either a 1:1 or a 2:2 complex.

Reporter Gene Assays—Actively growing HEK 293T cells
were plated in CoStar White 96-well plates at 4.4 X 10* cells
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ml ™" for transfection. When the cells were ~60—80% conflu-
ent, they were transfected with a mixture of Lipofectamine
2000 reagent (Invitrogen) and constant amounts of the reporter
plasmids IFN-B Luc (30 ng) or pNiFty Luc (15 ng; Invivogen),
which contain the firefly luciferase gene, phRL-TK (5 ng, Pro-
mega), and phRIG-I (0.5 ng; Invivogen). In the functional assays
of LGP2, phLGP2 (1.0 ng; Invivogen) were cotransfected with
the same amount of phRIG-I and the reporter plasmids as
described above. The cells were incubated for 24 h to allow
expression from the plasmids. The dsRNA ligands were then
transfected into the cells at a final concentration of 0.5 or 0.2 um
as indicated in the figure legend. After 12 h of incubation, the
cells were analyzed using the Dual Glo luciferase assay system
reagents (Promega), quantifying luminescence with the FLU-
Ostar OPTIMA Plate Reader (BMG Labtech.). The ratios of
firefly luciferase over Renilla luciferase were plotted. The RNA
ligands used were purified by preparative denaturing polyacryl-
amide gel electrophoresis or gel filtration chromatography.

Western Blot—293T cells transfected with wild type LGP2 or
its mutants were lysed with the passive lysis buffer (Promega)
and sonicated to degrade chromosomal DNA. Equal amounts
of proteins from each sample, as determined by staining with
Coomassie Blue, were separated on NuPAGE 4 —12% (w/v) bis-
tris gels (Invitrogen) and blotted onto polyvinylidene difluoride
membrane. Affinity-purified rabbit antibody against human
LGP2 (Proteintec) was used as primary antibody. The blots
were developed with peroxidase-conjugated secondary anti-
bodies and an ECL Plus Western blotting detection system (GE
Healthcare).

RESULTS

Overall Structure of the LGP2:dsRNA Complex—The struc-
ture of LGP2 CTD in complex with dsRNA was determined by
molecular replacement using the crystal structure of RIG-I
CTD (19) as a search model. The crystallographic asymmetric
unit contains a 2:1 complex between LGP2 CTD and the 8-bp
dsRNA (Fig. 1A). The refined model includes residues 546 — 672
of LGP2 in molecule A, residues 544 — 678 of LGP2 plus a five-
residue His tag in molecule B, and the 8-bp dsRNA. The com-
plex exhibits pseudo 2-fold symmetry. The root mean square
deviation between the two LGP2 CTD molecules is 0.45 A. The
following discussion is based on the structure of the complex
between LGP2 (A) and the dsRNA caused by better defined
electron density of the molecule. The structure of LGP2 CTD in
the complex is shown in Fig. 1B.

The 8-bp dsRNA binds to a deep groove between two LGP2
CTD molecules, making primary contacts with LGP2 through
the two blunt ends (Fig. 14). Apart from two hydrogen bonds
that involve residue Lys®®°, the two protein molecules do not
interact with each other, suggesting that formation of the pro-
tein dimer is not required for RNA binding. The dsRNA adopts
a typical A-form structure with slight distortions at the two
ends. The binding surfaces between LGP2 and dsRNA show a
high degree of shape and charge complementarity (Fig. 1, C and
D). LGP2 interacts with the phosphate backbone of the RNA
through extensive electrostatic interactions and hydrogen
bonding. The exposed terminal GC base pair interacts with
LGP2 through extensive hydrophobic interactions. The total
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buried surface area at the LGP2 dsRNA interface is ~1540 A2,
with major contributions from the first six nucleotides at the 5’
end of one RNA strand (buried surface area, ~1020 A?) and
minor contributions from the two nucleotides from the 3’ end
of the complementary strand (buried surface area, ~520 A?).
The calculated shape correlation statistics (Sc, a measure of the
degree that two contacting surfaces are geometrically matched)
is 0.70, where an Sc value of 1.0 indicates a perfect fit (28). The
buried surface area and shape complementarity between LGP2
and dsRNA are comparable with typical antibody-peptide anti-
gen complexes, which have an average buried surface area of
1430 A2 and an Sc of 0.75 (29).

Structure of LGP2 C-terminal Domain—Although the amino
acid sequences of LGP2 and RIG-I1 CTD are only 25% identical
(supplemental Fig. S1), the structures of LGP2 and RIG-I CTD
are highly conserved (Fig. 1E). The root mean square deviation
between the 102 conserved Ca atoms in the two proteins is only
0.90 A. LGP2 CTD contains a three-stranded (81, 82, and 89)
antiparallel B-sheet near its N terminus and a four-stranded
(B5, B6, B7, and B8) antiparallel B-sheet in the middle (Fig. 1B).
The two B-sheets are connected by a B-hairpin formed by
strands B3 and (4 and two short a-helices. Four conserved
cysteine residues (Cys°®®, Cys®*?, Cys®'?, and Cys®'®) in the two
loops connecting strands 31-82 and (6-837 make additional
connections between the two 3-sheets by coordinating a zinc
ion (Fig. 1B). The eight residues near the C terminus of LGP2
form a well defined a-helix, whereas the corresponding helix in
RIG-1is only four residues long. The RNA-binding site of LGP2
is located at the large concave surface defined by the B-sheet
containing strands B5 to 38, the B-hairpin, and the three loops
connecting 35 to 36, B8 to 9, and B9 to the C-terminal helix
(Fig. 1, Band C).

The major difference between the crystal structure of LGP2
and RIG-I CTD occurs in the long loop (loop5-6) connecting
strands 5 and B6 (Fig. 1E). NMR structure of RIG-I CTD
showed that this loop is flexible (14). The structure of LGP2
CTD in isolation showed that this loop is not ordered (20). The
ordered structure of this loop observed in the LGP2:dsRNA
complex structure (Fig. 1E) is most likely due to the binding of
dsRNA, especially the hydrophobic interactions with the two
bases at the blunt end of the dsRNA.

Structural Basis of dsRNA Recognition by LGP2—Unlike
TLR3 that binds primarily to the phosphate backbone of long
dsRNA (30), LGP2 binds specifically to the ends of dsRNA (Fig.
2A and Table 2). The exposed terminal GC base pairs are rec-
ognized through hydrophobic interactions that involve resi-
dues Val®*?, Leu®*, Val®®°, 1le*?, Phe®°?, and Trp®°* (Fig. 2, B
and C, and Table 2). However, there are significant differences
in the interactions between LGP2 CTD and the two RNA
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strands at each of the dsRNA terminus. The two hydroxyl
groups of the ribose at the 3’ end of the two RNA strands inter-
act with LGP2 through a network of five direct hydrogen bonds
with the side chains of Glu®”?, His®’%, and Trp®** (Fig. 2B), as
well as a solvent-mediated hydrogen bond with the backbone
amine group of Lys®’?. The next nucleotide near the 3’ end (G7)
interacts with LGP2 through electrostatic interactions between
its phosphate group and the side chain of Lys**® (Fig. 2B and
Table 2).

In contrast, the 5’ ends of the two RNA strands have more
extensive interactions with LGP2. Six nucleotides at the 5" end
of the dsRNA interact with LGP2 CTD (Fig. 2C and Table 2).
The 2’ hydroxyl group of C2 interacts with LGP2 through a
direct hydrogen bond with the side chain of His*”® and two
solvent-mediated hydrogen bonds with the backbone amine
group of His>”” and the carbonyl group of Leu®®®. The side
chain of Lys®>* bridges the two phosphate groups of C2 and G3
through electrostatic interactions. The phosphate group of G3
also forms a direct hydrogen bond with the amine group of
Val®®*® and a solvent-mediated hydrogen bond with the back-
bone amine group of Trp®®% The nucleotide C4 binds LGP2
through a hydrogen bond with the side chain of Ser®®® and a
solvent-mediated hydrogen bond with the backbone amine
group of Trp®®2. The phosphate group of G5 makes strong elec-
trostatic interactions with the side chains of Lys®®! and Arg®®.
Seven residues, Glu®’3, His*”®, Lys®®°, Gly®®°, Lys®3%, Lys®*,
and Trp®®?, involved in dsRNA binding by LGP2 are conserved
in the sequences of human RIG-I and MDAS5 (supplemental Fig.
S1), suggesting that these residues should play similar roles in
dsRNA recognition by RIG-I and MDAS5.

The interaction between LGP2 CTD and dsRNA was further
examined by molecular modeling based on the complex struc-
ture to elucidate how LGP2 CTD might interact with longer
dsRNA. Superposition of 12- and 26-bp dsRNAs onto the com-
plex structure (supplemental Fig. S2) showed that four posi-
tively charged residues, Arg®®®, Lys®®°, Lys®*!, and Arg®* of
LGP2, could reach into the major grove of longer dsRNA and
make electrostatic interactions with the phosphate backbone of
dsRNA (supplemental Fig. S2). Consistent with this result,
mutation of Lys®®" in this cluster of positively charged residues
to glutamic acid abolishes dsRNA binding by LGP2. The struc-
ture of B-form double-stranded DNA is unlikely to make simi-
lar electrostatic interactions because the overall shape of DNA
does not match the shape of LGP2 dsRNA-binding surface,
explaining why LGP2 does not bind DNA. The 2" OH groups of
dsRNA also make significant contributions to RNA binding by
LGP2 CTD (Table 2). It is unlikely that LGP2 would bind to the
middle of longer dsRNA because the loop between strands 85
and 6 would clash with the dsRNA (supplemental Fig. S2). The

FIGURE 1. Structure of human LGP2 C-terminal domain in complex with an 8-bp dsRNA. A, two LGP2 CTD bound to the termini of an 8-bp blunt-ended
dsRNA in the crystallographic asymmetric unit. The two protein molecules are shown as cyan (LGP2, A) and green (LGP2, B) ribbons. The dsRNA is shown as a
stick model. The zinc ions in LGP2 CTD are shown as gray spheres. B, ribbon representation of the structure of LGP2 CTD. The dsRNA-binding surface of LGP2 is
defined by the 3-sheet containing 35 to 38, the loop connecting 85 to 86 (loop5-6), the hairpin containing 83 and 34, and the two loops connecting 85 to 36,
and (39 to the C-terminal helix. The side chains of the four conserved cysteine residues coordinating with the zinc ion are shown as stick models. C, structure of
LGP2 CTD bound to the 8-bp dsRNA. LGP2 CTD is colored as a rainbow from blue at the N terminus to red at the C terminus. The orientation of LGP2 is related
to that of LGP2 in B by a rotation of ~90° counter-clockwise along the z axis. D, electrostatic surface potential (ranging from blue = 10 kT/e to red = —10 kT/e)
of LGP2 CTD showing the high degree of shape and charge complementarity between LGP2 CTD and the first turn of blunt-ended dsRNA. LGP2 CTD is in the
same orientation as shown in C. E, stereo view of the superposition of the LGP2 CTD structure (blue) over the RIG-1 CTD structure (green).
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8 bp dsRNA

FIGURE 2. Interactions between the LGP2 C-terminal domain and dsRNA. A, two views of the
LGP2-dsRNA complex showing how LGP2 CTD interacts with the 3’ end (pink stick models, left panel) and 5’
end (yellow stick models, right panel) of the dsRNA. The protein is shown as a cyan ribbon, and the dsRNA is
shown as a stick model. The zinc ion is shown as a gray sphere. Close-ups of regions in the gray boxes are
shown in B and C. B, stereo close-up of the interactions between LGP2 CTD and the 3’ end of the 8-bp
dsRNA. The complementary strand is shown in gray. Solvent molecules mediating hydrogen bonding
between the protein and the RNA are shown as red spheres. C, stereo close-up of the interactions between
the LGP2 CTD and the 5’ end of the 8-bp dsRNA.
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complex structure also suggests that
dsRNA with 3’ overhangs may not
bind LGP?2 effectively because it will
disrupt the hydrophobic interac-
tions between the exposed base pair
and the protein. However, dsRNA
with 5" overhangs would still bind
LGP2 without clashing with the
protein.

LGP2 Binds to the Blunt End of
dsRNA—First, we examined the
binding of blunt-ended dsRNA to
LGP2, RIG-I, and MDA5 CTD by
fluorescence anisotropy. The affin-
ity of LGP2 CTD for a 10-bp and a
27-bp dsRNA are 105 nm and 1 um,
respectively (Fig. 3A). This result is
comparable with the previously
reported affinities of full-length
LGP2 to these dsRNA (31). The dif-
ference in the affinities of the 10-
and 27-bp dsRNA for LGP2 CTD is
most likely due to the different
kinetic properties of the association
reaction. Short dsRNA has a better
chance to be oriented properly for
the binding reaction to occur. The
affinities of RIG-I and MDA5 CTD
for these two dsRNA are consider-
ably lower than LGP2 CTD (Fig.
3A). To confirm that LGP2 binds to
the ends of the dsRNA, we synthe-
sized an 8-bp dsRNA, a short hair-
pin RNA, a 24-bp dsRNA, an
siRNA-like dsRNA, and a dsRNA
with 5" overhangs of two adenylates
(supplemental Table S1) and stud-
ied their binding properties with
LGP2 CTD by gel filtration chroma-
tography and analytical ultracen-
trifugation (Fig. 3 and Tables 3 and
4). We found that LGP2 CTD binds
tightly to the 8- and 24-bp blunt-
ended dsRNA and forms complexes
of 2:1 stoichiometry (Fig. 3, Band D,
and Table 3) with expected appar-
ent molecular masses of 45.9 and
63.8 kDa, respectively. The small
hairpin RNA, which has only one
blunt end, binds to LGP2 at a stoi-
chiometry of nearly 1:1 (Fig. 3C and
Table 3). The expected apparent
molecular mass of a 1:1 complex
between the small hairpin RNA and
LGP2 CTD is 35.4 kDa, very close to
the observed molecular mass (32.0
kDa) of the complex (Table 3). Sed-
imentation velocity analysis con-
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TABLE 2
Interactions between LGP2 CTD and the 8-bp dsRNA

HB, hydrogen bonds; VDW, van der Waals’ contacts; HP, hydrophobic interactions;
sHB, solvent mediated hydrogen bonds. The solvent distances to dsSRNA atoms and
protein atoms are shown. ES, electrostatic interactions.

Nucleotide LGP2 CTD Di Type of
istances . .
(ends) atoms atoms interactions
A
G1(5')
C-1' Val**® CG1 3.62 HP
0-6 le*”” CG2 3.64 HP
N-2 Trp®** CH2 3.69 VDW
0O-2' Leu®*' CB 3.18 VDW
N-7 Val®*® O 2.99/3.30 sHB
C2(5)
0O-2' His®’¢ ND1 2.83 HB
O-2P Gly**° CA 3.40 VDW
O-4' Leu®*! CD2 3.51 VDW
Cc-4' Val®®? CG1 3.72 VDW
O-1P Lys®** NZ 3.98 ES
0O-2' His®”” N 2.92/2.78 sHB
O-3' Leu®** O 3.25/2.73 sHB
G3 (5')
0O-2' Thr*”® CB 3.35 VDW
O-2P Lys634 NZ 3.53 ES
O-1P Val®®*®* N 3.05 HB
O-1P Trp®2 N 2.79/2.96 sHB
0O-3' Thr*”> O 2.96/2.89 sHB
C4 (5)
0-2P Lys®*! CB 3.64 VDW
O-2P Trp®2 N 3.58 HB
O-2P Ser®®® OG 2.54 HB
0-2P Ser®* N 2.95 HB
O-1P Trp®2 N 2.74/2.96 sHB
G5 (5')
O-2P Lys651 NZ 2.96 ES
O-1P Arg®* NH, 3.24 ES
C6 (5)
0-1P Arg®>* NH, 2.64/3.15 sHB
G1 (3')
C-8 Arg®® NH1 3.39 VDW
O-5' Arg636 NH1 3.51/2.94 sHB
G7(3")
N-2 His®*’¢ CE1 391 VDW
0O-2P Lys®*’ NZ 3.88 ES
C8 (3)
0-2’' Glu®”® OE2 2.50 HB
O-3' Glu®”® OE1 2.73 HB
0O-2' His®’® NE2 2.87 HB
N-4 Ly5599 CD 3.73 VDW
N-3 Phe®* CZ 3.46 HP
0O-2' Trp®®* NE1 3.03 HB
0-3’ Lys*> N 2.81/2.82 sHB

firmed that the 8-bp dsRNA forms a 2:1 complex and the hair-
pin RNA forms a 1:1 complex with LGP2 CTD (Fig. 3E and
Table 4). Sedimentation equilibrium analysis of purified 24-bp
dsRNA-LGP2 CTD complex demonstrated unambiguously
that the stoichiometry between LGP2 and 24-bp dsRNA is 2:1
rather than 1:1 or 2:2 (Fig. 3F and Table 4).

A prediction of the structure and the asymmetric recognition
of the two strands of the dsRNA is that dSRNA with 3" over-
hangs will be more affected for LGP2 binding because hydro-
phobic interactions between the exposed base pair and the pro-
tein will be disrupted (Fig. 24). However, dsRNA with 5’
overhangs would still bind LGP2 without clashing with the pro-
tein. To test this idea directly, we generated a siRNA-like
dsRNA that contained two 3’ overhang nucleotides and a 22-bp
dsRNA with 5" overhangs and studied their binding with LGP2
CTD by gel filtration chromatography. We found that these
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siRNA-like dsRNAs did not bind the CTD of LGP2, whereas a
22-bp dsRNA with 5’ overhangs retained binding to LGP2
(Table 3). However, the stoichiometry between LGP2 and the
22-bp dsRNA with 5’ overhang is close to 1:1 (expected appar-
ent molecular mass, 45.8 kDa) instead of 2:1 (expected apparent
molecular mass, 62.5). This is most likely because of the lower
affinity of dsRNA with 5’ overhangs for LGP2 compared with
blunt-ended dsRNA. To confirm that LGP2 also binds naturally
synthesized RNA, we generated a 24-bp dsRNA with 5’ triphos-
phates using ssSRNA synthesized by in vitro transcription. Gel
filtration chromatography showed LGP2 CTD binds this 24-bp
dsRNA at a stoichiometry of 1:1 instead of 2:1 (Table 3). The
observed molecular mass of the complex is 55.9 kDa, very close
to the expected apparent molecular mass for a 1:1 complex
(53.0 kDa). The only structural difference between the chemi-
cally synthesized RNA and the in vitro transcribed RNA is that
the latter contains a 5" triphosphate group, which reduced its
affinity for LGP2 CTD in a similar way as dsRNA with 5’
overhangs.

Double-stranded RNA with Blunt Termini Binds and Acti-
vates RIG-I—Our structural and binding studies showed that
LGP2 binds dsRNA with blunt ends or 5’ overhangs but does
not bind dsRNA with 3’ overhangs. To test whether the blunt
ends of dsRNA are required for RNA recognition by RIG-1, we
expressed and purified the RIG-I CTD and conducted binding
studies with different forms of dsRNA. In these studies, RIG-I
CTD preferentially binds dsRNA with blunt ends but not
dsRNA with 3’ or 5’ overhangs (supplemental Fig. S3). Simi-
larly, the CTD of MDAS5 only binds dsRNA with blunt ends
(data not shown). To test whether the blunt ends of dsRNA are
required for the activation of RIG-I in vivo, we conducted
NE-kB and IFN-B reporter assays using different forms of
dsRNA (supplemental Fig. S4). Consistent with results from the
in vitro binding studies, these assays showed that RIG-I was
activated by short 24- and 27-bp dsRNA containing blunt ends
but was not activated by dsRNA of similar length with 5" or 3’
overhangs (dsR22 5’ over, dsR22 3’ over, and 27UU2 in supple-
mental Fig. S4). Interestingly, dsSRNA with only one blunt end
(27UU) could induce RIG-I signaling similar to RNA with two
blunt ends (supplemental Fig. S4). These results indicate that
the blunt terminus of dsRNA is most likely a common struc-
tural feature recognized by the RLRs.

Effects of Mutations in LGP2 CTD on dsRNA Binding—The
contributions of key residues in LGP2 CTD to dsRNA binding
were examined by mutagenesis and binding studies using gel
filtration chromatography and fluorescence anisotropy assays.
Mutation of Glu®”® to alanine reduced the affinity of LGP2 for a
10-bp dsRNA from 105 nwm to 2.13 um (Fig. 4, A and B, and
supplemental Fig. S5), demonstrating that the hydrogen bond-
ing network between Glu®’® and the 3’ end of the dsRNA plays
a key role in dsRNA binding. Mutation of Ile**” to serine
reduced the affinity of LGP2 for the 10-bp dsRNA by almost
6-fold (Fig. 4, A and B, and supplemental Fig. S5), suggesting
that hydrophobic interactions between the exposed bases and
LGP2 CTD are important for dsRNA binding. The E573A and
1597S mutants of LGP2 CTD bind the 8-bp dsRNA at a stoichi-
ometry of 1:1 instead of 2:1 (Fig. 4B and supplemental Fig. S5),
most likely because of their lower affinities to the dsSRNA com-
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TABLE 3
Apparent molecular masses of LGP2 CTD complexes with different forms of dsRNA determined by gel filtration chromatography
Proteins, RNA, and Eluti Apparent Calculated
. ution volume
protein/RNA complexes molecular mass molecular mass
ml kDa kDa
LGP2 CTD 17.36 16.73 16.830
8-bp dsRNA 17.98 12.52 5.078
Small hairpin RNA 17.13 18.63 7.716
24-bp dsRNA 16.08 30.43 15.426
24-bp 5’ ppp dsRNA 15.70 36.31 15.666
5’ overhang 22-bp dsRNA 16.18 29.04 14.171
3’ overhang 22-bp dsRNA 15.86 33.73 14.171
LGP2 CTD and 8-bp dsRNA 15.74 35.67 21.908 (1:1), 38.738 (2:1)*
LGP2 CTD and small hairpin dsRNA 15.97 32.03 24.546 (1:1), 41.376 (2:1)
LGP2 CTD and 24-bp dsRNA 14.40 66.72 32.256 (1:1), 49.086 (2:1)
LGP2 CTD and 24-bp 5’ ppp dsRNA 14.78 55.85 32.496 (1:1), 49.326 (2:1)
LGP2 CTD and 5’ overhang 22-bp dsRNA 15.04 49.48 31.001 (1:1), 47.831 (2:1)
LGP2 CTD and 3’ overhang 22-bp dsRNA 15.70 36.34 31.001 (1:1), 47.831 (2:1)

“ Calculated molecular masses of the complexes with 1:1 and 2:1 stoichiometry.

TABLE 4

Molecular masses of purified LGP2/dsRNA complexes determined by sedimentation velocity and sedimentation equilibrium

S* is the apparent sedimentation coefficient calculated from the c(s) analysis by Sedfit = standard deviation. f/f; is the frictional ratio, and M,
the c(M) analysis in Sedfit. s is the reduced buoyant molecular mass at the reference speed of 17,000 rpm. M,

a weight average v of 0.6813.

st Is the estimated mass from
is the experimental molecular mass calculated from s using

calc

Sedimentation velocity

Sedimentation equilibrium

Sample
§* Sfo Mese s M. ac
g/mol cm™? g/mol
2:1 LGP2:dsRNA (8 bp) 2.98 = 0.29 1.35 38,100
2:1 LGP2:dsRNA (24 bp) 3.98 + 0.56 1.39 58,300 1.8355 (1.7098-1.9612) 44,850 (41,780-47,920)
1:1 LGP2:RNA (hairpin) 2.75*+ 043 1.18 27,800

pared with the wild type protein. Mutation of Lys®**, Lys®®!, or
both Lys®** and Arg®® to negatively charged glutamate resi-
dues abolished dsRNA binding by LGP2 (Fig. 44 and supple-
mental Fig. S5), indicating that electrostatic interactions play
primary roles in dsRNA recognition by LGP2.

The dsRNA- and ssSRNA-binding surface of RIG-1 CTD over-
laps with the dsRNA-binding surface of LGP2 CTD (Fig. 1E).
Mutations K858A/K861A and K888A/K907A in full-length
RIG-I caused impaired dsRNA and ssRNA binding and abol-
ished RIG-I signaling in response to dsRNA and 5’ ppp ssRNA
(14). Lys®®® and Lys”®” are conserved in the RLRs and corre-
spond to Lys®** and Lys®*" in human LGP2 (supplemental Fig.
S1), indicating that these residues play crucial roles in dsSRNA
binding by the RLRs. Residues Lys®**® and Lys®*** of RIG-I are
not conserved in LGP2 and may play a role in recognizing the 5’
triphosphates of dsSRNA or ssRNA.

RNA Binding Is Not Required for the Suppression of RIG-I
Signaling by LGP2—Mutations K634E and K651E that dis-
rupted LGP2 CTD binding to dsRNA offer the possibility to test
whether dsRNA binding by LGP2 is required to regulate RIG-I
signaling. These mutations were constructed in full-length
LGP2. Another mutant with substitutions of two of the cysteine
residues (Cys*>® and Cys®*’) that coordinate the zinc ion in the
LGP2 CTD was also tested. All of these mutant proteins were

expressed at levels comparable with WT LGP2 in transiently
transfected 293T cells (Fig. 4C). The cells were transfected to
express RIG-I together with LGP2 or its mutants and induced
with a 27-bp dsRNA. An 8.7-fold induction of RIG-I signaling
above the background was observed with luciferase reporter
driven from the NF-«B promoter element (Fig. 4D). In the pres-
ence of WT LGP2, RIG-I signaling was reduced to 3.3-fold,
whereas the C556A/C559A mutant lost the ability to suppress
RIG-I signaling (Fig. 4D). Surprisingly, LGP2 mutants K634E
and K651E coexpressed with RIG-I inhibited RIG-I signaling at
a level comparable with that of WT LGP2 (Fig. 4D). Similar
results were obtained with the luciferase reporter driven from
the IFN-B promoter (data now shown). These results demon-
strated that dsRNA binding is most likely not required for the
suppression of RIG-I signaling by LGP2.

DISCUSSION

The structure of LGP2 CTD in complex with the 8-bp
dsRNA showed that LGP2 binds to the blunt ends of dsRNA.
Binding studies showed that LGP2 CTD also binds dsRNA with
5' overhangs, but not dsRNA with 3’ overhangs. It has been
demonstrated that RIG-I recognizes both 5’ ppp ssRNA and
dsRNA (10, 11, 15), signatures of viral RNA. We speculate that
RIG-Ibinds to the end of 5’ ppp ssRNA and dsRNA in a manner

FIGURE 3.LGP2 C-terminal domain binds to the blunt ends of dsRNA. A, fluorescence anisotropy changes measured by titrating the CTD of LGP2, RIG-I, and
MDAG5 into Cy3-labeled 10- and 27-bp dsRNA. LGP2 CTD binding with the 10- and 27-bp dsRNA are represented by the black and red curves, respectively. RIG-I
CTD binding to the 10- and 27-bp dsRNA is represented by the green and cyan curves, and MDA5 CTD by the blue and magenta curves, respectively. B, binding
study of LGP2 CTD with the 8-bp dsRNA by gel filtration chromatography. Elution volumes of three protein standards of molecular masses 158, 44, and 17 kDa
were shown above the chromatogram. The elution volume of a 670-kDa protein standard is 9.45 ml. C, binding study of LGP2 CTD with a 24-nucleotide
hairpin RNA (shRNA) containing one blunt end. D, binding study of LGP2 CTD with a 24-bp dsRNA containing two blunt ends. E, sedimentation velocity
of purified LGP2 CTD in complex with the 8-bp dsRNA, the small hairpin RNA, and the 24-bp dsRNA. F, sedimentation equilibrium of purified LGP2 CTD-24
bp dsRNA complex. The estimated molecular mass of a 2:1 complex between LGP2 CTD and the 24-bp dsRNA complex is ~45 kDa, and the calculated
molecular mass of the complex is 49.1 kDa. The upper panel shows the residuals of the fit of the sedimentation equilibrium data.
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FIGURE 4. Double-stranded RNA binding is not required for the regulation of RIG-I signaling by LGP2.
A, binding studies of LGP2 CTD mutants with a 10-bp dsRNA. Fluorescence anisotropy changes measured by
titrating wild type and mutants of LGP2 CTD into Cy3-labeled 10-bp dsRNA. B, summary of dsRNA binding
studies of LGP2 CTD mutants by fluorescence anisotropy and gel filtration chromatography. Stoichiometries of
the complexes formed between LGP2 CTD and the 8-bp dsRNA are shown in parentheses. C, Western blot
analysis of LGP2 and its mutants expressed in the 293T cells. Wt corresponds to wild type LGP2; L-Zn is the
double mutant C556A/C559A. D, RNA binding is not required for the inhibition of RIG-I signaling by LGP2.
Luciferase assay was performed using HEK 293T cells expressing RIG-l and LGP2 or its mutants at a ratio of 1:2.
The data shown are the ratios of the firefly luciferase under the NF-«B promoter versus Renilla luciferase driven
from a constitutive herpesvirus thymidine kinase promoter. The white bars correspond to uninduced cells, and
the gray bars correspond to cells induced with dsR27 (0.2 um). LGP2 containing mutations K634E or K65 1E that
abolish dsRNA binding still suppressed RIG-I signaling at levels comparable with that of the wild type protein.

similar to how LGP2 associates with dsRNA. Consistent with
this speculation, two overlapping sets of residues involved in
RNA binding by RIG-I CTD are mapped onto the RNA-binding
surface of LGP2 when the two structures are superimposed. If
RIG-I also binds to the blunt ends of dsRNA, a long dsRNA
would be less efficient in stimulating RIG-I activation, unless it
is cleaved to generate a larger number of termini. Consistent
with this hypothesis, it has been shown that RIG-I senses short
dsRNA, and RNase III digestion can transform poly(I‘C) from a
MDAS5 ligand into a RIG-I ligand (15, 32).

The cellular ligands for RIG-I might include products of ribo-
nucleases specific for dsRNA in addition to 5’ ppp ssRNA. It has
been shown that the activation of antiviral ribonuclease, RNase
L, by 2',5'-linked oligoadenylate produces small RNA cleavage
products that initiate [FN production (32). Our binding studies
showed that siRNA-like dsRNA with 3" overhangs did not bind
the CTD of LGP2 or RIG-I and are poor ligands for the induc-
tion of RIG-I signaling (Table 3 and supplemental Figs. S3 and
S4). Our results are consistent with a report showing that syn-
thetic dsRNA of 21-27 nucleotides in length activates inter-
feron secretion when they did not contain the two 3’ overhang-
ing nucleotides (13). In addition, dsRNA with 3" overhangs, but
not dsRNA with blunt ends, were unwound by RIG-I and did
not stimulate the induction of IFNs (14).

Although our binding studies demonstrated that MDAS5
CTD exhibits lower affinities for a 24-bp dsRNA than an 10-bp
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vated by long dsRNA of several kilo-
bases in length. Although MDA5
shares higher sequence identity
with LGP2 than RIG-I, MDAS5 acti-
vation was not suppressed by its
CTD or LGP2, suggesting a differ-
ent mechanism of activation com-
pared with RIG-I (18).

The structure of LGP2 CTD-
dsRNA complex and binding stud-
ies with dsRNA of different lengths
showed that LGP2 CTD binds to the
two termini of dsRNA, forming complexes of 2:1 stoichiometry.
Purified full-length LGP2 only forms dimers with dsRNA lon-
ger than 21 bp, and no higher order complex has been observed
(31). Binding studies of RIG-I and MDA5 CTD with different
forms of dsRNA also showed that only dsRNA with blunt ends
bind to these two proteins efficiently (supplemental Fig. S3).
However, RIG-Iand MDA5 CTD only form 1:1 complexes with
the 8-bp dsRNA at low concentrations, and a mixture of 1:1 and
2:1 complexes at higher concentrations (data not shown). The
different stoichiometry of the RIG-I and MDA5 complexes is
most likely due to the lower affinity of these two proteins to the
dsRNA compared with LGP2. Consistent with this, mutants of
LGP2 CTD with reduced affinities to the 8-bp dsRNA also
forms 1:1 rather than 2:1 complexes at low concentrations (sup-
plemental Fig. S5). It has been suggested that ligand induced
dimerization and conformation change induces RIG-I activa-
tion (19). However, we did not observe extensive interactions
between the two protein molecules in the LGP2 CTD-dsRNA
complex, and when LGP2 CTD binds longer dsRNA, such as
the 24-bp dsRNA, the two protein molecules are unlikely to
interact with each other. Molecular modeling of the
LGP2-dsRNA complex according to the structure of the com-
plex derived by electron microscopy also shows the CTD likely

+ RIG-I

4P. Li, unpublished results.
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binds to the termini of the dsRNA with the helicase domain
makes additional contributions to binding (31). Although sim-
ilar blunt end binding is likely involved in dsRNA recognition
by RIG-I, we speculate that ligand-induced dimerization is not
absolutely needed for the activation of RIG-I. The conforma-
tion of the dimers that would form between RIG-I and dsRNA
could also be affected by the properties of the ligands (33).

An intriguing possibility presented by the recognition of
LGP2 to the two ends of blunt-ended dsRNA is that this recog-
nition could allow for a response to the concentration of viral
dsRNAs independent of the lengths of the RNAs. Viral
genomes and replication intermediates can range in length
from less than 1 kb to up to ~30 kb. LGP2, and likely RIG-I, may
thus respond in the same way to these ligands until they are
processed by cellular ribonucleases. Because LGP2 exhibits
higher affinity for dSRNA than RIG-L, it has been suggested that
LGP2 might compete with RIG-I for ligand binding and thus
suppress the activation of RIG-I (22, 31). However, substitu-
tions in the LGP2 CTD that abolished dsRNA binding in vitro
did not affect the ability of full-length LGP2 to suppress RIG-I
activation by dsRNA (Fig. 4D). These results suggest that direct
interaction between LGP2 and RIG-I might play a dominant
role for the suppression of RIG-I activation by LGP2. It is also
possible that LGP2 regulates the activation of RIG-I through
direct interaction with IPS-1 to block the assembly of the sig-
naling complex (23, 34). Future structural studies of full-length
RIG-I or LGP2 in isolation and in complex with longer RNA
molecules should reveal additional mechanisms of RLR activa-
tion and regulation.
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