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Innate immunity provides the first line of host defense against pathogenic 

microbial and viral invasion. Activation of innate immune responses relies on the 

specific recognition of pathogen-associated molecular patterns (PAMPs) by 

pattern-recognition receptors (PRRs). Retinoic acid Inducible Gene- I (RIG-I) is a 

crucial PPR in the cytoplasm that induces antiviral and inflammatory immune 

responses against RNA viruses by selectively detecting PAMP RNAs. The RIG-I 

signaling pathway is highly regulated. Aberrant signaling can lead to apoptosis 

and altered cell differentiation, which have been implicated in the development of 

inflammation, autoimmune diseases including type 1 diabetes, and cancer. 

 

We have collaborated with Dr. Michael Gale at University of Washington School 

of Medicine to identify the poly-uridine motif of the Hepatitis C virus (HCV) 

genome 3′ non-translated region and its replication intermediate as a PAMP 

substrate of RIG-I (Saito et al., 2008). To this end, I have developed efficient 
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expression and purification methods for human RIG-I, and characterized the 

protein using biochemical and biophysical methods.  Highly purified RIG-I protein 

was then used to verify HCV PAMP RNA in vitro by gel shift assay and limited 

proteolysis. 

 

RIG-I consists of two N-terminal caspase recruitment domains (CARDs), a 

central DExD/H box RNA helicase/ATPase domain, and a C- terminal repressor 

domain (RD). To understand how the RIG-I helicase binds RNA and leads to 

activation, I have determined the crystal structure of the human RIG-I helicase-

RD domain bound to dsRNA and ADP•BeF3 in collaboration with Dr. Smita 

Patel’s group at UMDNJ. The structure of ternary complex reveals a major 

contribution from the helicase domain to RNA binding and a synergy between the 

helicase and RD in recognition of blunt-ended dsRNA (Jiang et al., 2011).  

 

Furthermore, I have determined the crystal structures of RIG-I bound to 

panhandle-like short hairpin RNAs in the presence or absence of 5’-

triphosphorylated modification, and chimeric RNA-DNA duplex at high resolution. 

These recent structures provide further insights into the molecular mechanics of 

RNA recognition and RIG-I activation upon viral infection. 
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1. Introduction 

1.1 Antiviral innate immune response 

The innate immune system functions as the first line of host defense against 

pathogen invasion by responding rapidly to infection, preventing the spread of 

infection, and relaying signals to the adaptive immune system (Janeway and 

Medzhitov, 2002). It provides an early and important response to microbial 

attack.  Innate immunity depends on germline-encoded host receptors to 

recognize the distinct structural components that are common to many 

pathogens, including viruses (Kumar et al., 2009; Meylan et al., 2006; Vance et 

al., 2009). Often, viral infections of mammalian cells trigger strong innate immune 

defenses against the invading viruses through host pathogen-recognition 

receptors (PRRs). These receptors specifically detect pathogen-associated 

molecular patterns (PAMPs) present in virus-associated molecules, such as 

genomic DNA and RNA or dsRNA (Akira et al., 2006; Kawai and Akira, 2006; 

Saito and Gale, 2007). Following recognition of viral PAMPs, PPRs activate 

intracellular signaling cascades and eventually trigger antiviral responses, 

entailing production of type I interferon (IFN-α/IFN-β), induction of 

proinflammatory cytokines and adaptive immunity (Katze et al., 2008; Stetson 

and Medzhitov, 2006). Therefore, the effective sensing of viral PAMPs by the 

PRRs expressed on or in the host cells plays a crucial role in activating an 

appropriate immune response upon viral infection. 
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1.2 RIG-I and MDA-5:  the key cytoplasmic virus sensors for antiviral innate 

immunity 

To date, two major classes of PRRs, the Toll-like receptors (TLRs) and the RIG-I-

like receptors (RLRs), are known to detect RNA viruses (Seth et al., 2006). The 

TLRs are expressed on the cell surface membrane or endosomes (Kawai and 

Akira, 2008). In contrast, the RLRs is a newly discovered family of long-sought 

intracellular viral RNA sensors for viral infection that includes RIG-I (retinoic aid 

inducible gene I, also known as DDX58) and MDA-5 (melanoma differentiation-

associated antigen 5, also known as IFIH1 or Helicard) (Andrejeva et al., 2004; 

Imaizumi et al., 2002; Kang et al., 2002; Yoneyama et al., 2004). Amino acid 

sequence alignment indicates that RIG-I and MDA-5 are homologous cytosolic 

proteins belonging to superfamily 2 (SF2) helicases. Further functional studies 

revealed that full-length RIG-I and MDA-5 consist of three individual domains: (i) 

two repeats of the caspase recruitment domain (CARDs) at the N-terminus, (ii) 

the DExD/H RNA helicase domain in the middle, and (iii) a comparatively short 

but important repression domain (RD) at the C-terminus (Kovacsovics et al., 

2002; Yoneyama et al., 2004) (Figure 1). The CARD domain acts as signaling 

domain that interacts with downstream molecule and thus relays the signal to 

induce IFN-α/β production, whereas RNA helicase domain is likely responsible 

for dsRNA recognition and ATPase activity (Yoneyama et al., 2004). It has been 

demonstrated that RD domain acts as internal repressor of RIG-I signaling 

activation; however, this kind of regulatory function has not been observed in 

MDA-5 (Saito et al., 2007). 
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Figure 1.  Domain architecture of RLRs based on sequence alignment 

and   functional studies. 
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Despite the overall structural similarity between those two cytoplasmic viral RNA 

receptors, RIG-I and MDA-5 recognize different types of RNA viruses (Kato et al., 

2006). RIG-I is essential for the recognition of Paramyxoviruses, Sendai virus, 

Influenza virus and Japanese encephalitis virus, whereas MDA-5 is critical for the 

recognition of Picornaviruses. Kato et al. (2006) showed that RIG-I and MDA-5 

detect in vitro transcribed short dsRNA, the sythetic long dsRNA analog 

polyinosine-polycytidylic acid (poly (I:C)), respectively. RIG-I specifically senses 

the nascent 5′ triphosphate moiety, a modification that widely exists in many viral 

RNAs and in vitro transcribed long dsRNAs (Hornung et al., 2006; Pichlmair et 

al., 2006; Plumet et al., 2007). In addition, RIG-I also recognizes poly-U/UC rich 

region within the HCV genome, in which 5’triphosphate is necessary, but not 

sufficient, for RIG-I binding (Saito et al., 2008). Notably, RIG-I most efficiently 

recognizes RNA substrates marked with 5’ppp and containing a short partial 

double-stranded structure (Schlee et al., 2009b; Schmidt et al., 2009). Recently it 

has been found that RIG-I can recognize 5’-triphosphorylated dsRNA transcribed 

from AT-rich exogenous dsDNA by host DNA-dependent RNA polymerase III, 

resulting in the activation of RIG-I signaling pathway, thereby linking RIG-I 

signaling with DNA virus infection (Ablasser et al., 2009; Chiu et al., 2009). 

 

Taken together, these results indicate that RIG-I is able to discriminate non-self 

RNA in the cytoplasm by a clever mechanism, since self RNA species do not 

possess free 5’-ppp due to its removal or masking by acquisition of a cap 

structure (Hornung et al., 2006; Pichlmair et al., 2006). However, the precise 
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mechanism underlying the sensing of a distinct spectrum of RNAs is still unclear. 

The previously solved crystal and NMR solution structures of RD domain of RIG-I 

reveal that RD is the specific recognition region within RIG-I for binding dsRNA 

(Cui et al., 2008; Takahasi et al., 2008). Recent crystal structures of RIG-I RD in 

complex with different RNA ligands, either with dsRNA (Lu et al., 2011) or 5’-ppp 

dsRNA (Lu et al., 2010; Wang et al., 2010), further demonstrated that RIG-I RD 

recognizes the termini of dsRNA and interacts with the 5’-ppp as well as the 

backbone phosphodiesters of the RNA. However, the role of helicase domain in 

dsRNA recognition was still unknown back that time, given that the helicase 

domain is still required for high binding capacity with RNA. 

 

1.3 LGP2:  a natural regulator in RIG-I signaling pathway 

LGP2 (laboratory of genetics and physiology 2), originally identified as a highly 

expressed gene in mammary tissue (Cui et al., 2001), is another DExD/H RNA 

helicase that also bears a homologous RNA helicase domain and a similar 

repression domain (Saito et al., 2007). However, LGP2 lacks the CARD domain 

in contrast with RIG-I and MDA-5 (Yoneyama et al., 2005) (Figure 1). Because of 

its lack of CARD signaling domain, LGP2 is unable to stimulate IFN-α/β 

production (Rothenfusser et al., 2005). Overexpression of LGP2 in cell culture 

results in dominant inhibition of IFN promoter activation, thus suppressing IFN-

α/β induction for antiviral response (Rothenfusser et al., 2005; Yoneyama et al., 

2005). LGP2 appears to exert this regulatory activity at three molecular levels: (i) 

competitively sequestering viral RNA with RIG-I and MDA-5; (ii) binding C-
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terminal CARD domain of IPS-1 and then preventing recruitment of the 

downstream signaling molecules; (iii) and/or binding directly to RIG-I CARD 

domain using its analogous RD domain (Komuro and Horvath, 2006; Murali et 

al., 2008; Saito et al., 2007). Current evidence suggests LGP2 mediates a 

regulatory role in RLR signaling pathway, either negatively or positively (Saito et 

al., 2007; Satoh et al., 2010). However, its exact physiological role in vivo still 

remains controversial. 

 

1.4 IPS-1:  the central adaptor in RIG-I signaling pathway 

IPS-1 (IFN-β promoter stimulator-1, also known as MAVS, VISA, or Cardif), a 

newly identified adaptor protein triggering RIG-I- and MDA-5-meidated IFN-α/β 

induction, is located in the outer mitochondrial membrane (Kawai et al., 2005; 

Meylan et al., 2005; Seth et al., 2005; Xu et al., 2005). IPS-1 is composed of 

three domains: an amino-terminal CARD-like domain that mediates interaction 

with CARD domain within RIG-I and MDA-5, a proline-rich region (PRR) that 

recruits FADD (Fas-associated death-domain protein) and RIP1 (receptor 

interacting protein 1) to facilitate NF-КB (nuclear factor КB) activation, and a C-

terminal mitochondrial membrane region (TM) (Johnson and Gale, 2006) (Figure 

1). Overexpression of IPS-1 led to activation of IFN-α/β and NF-КB promoters 

(Kawai et al., 2005; Meylan et al., 2005; Seth et al., 2005). Studies of gene 

silencing further demonstrated that knockdown of IPS-1 by small interfering RNA 

(siRNA) blocked interferon activation in antiviral response to dsRNA stimulation 

and viral infection (Kawai et al., 2005). Collectively, these observations support 
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the idea that IPS-1 is an essential adaptor involved in RIG-I- and MDA-5-

mediated antiviral immune response (Johnson and Gale, 2006). 

 

1.5 A model for RIG-I signaling pathway 

At that time, a model was proposed based on previous experimental results from 

biochemical, structural, and functional studies in order to try to explain how RIG-I/ 

MDA-5, IPS-1, and LGP2 regulate activation, signaling and transduction in RIG-I-

mediated antiviral innate responses (Cui et al., 2008; Takahasi et al., 2008) 

(Figure 2). Under normal physiological conditions, RIG-I was in a monomeric and 

inactive form, and remained locked in a closed, auto-repressed conformation 

through binding the RD domain to CARD and RNA helicase domains. In this 

conformation, the function of CARD domain as a signaling transmitter was 

repressed. Upon viral infection, RD domain would bind the short dsRNA or 5’-

triphosphate RNA produced by viruses, which therefore caused RIG-I to undergo 

a conformational shift and release the CARD domain from the constraint. Then, 

the CARD domain interacted with each other to form a RIG-I dimer, allowing it to 

interact with IPS-1 through CARD-CARD homotypic interactions; which, in turn, 

activates IPS-1 and, ultimately leads to IFN induction, transcription and 

production for antiviral state. 
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Figure 2. Schematic representation of a previously proposed model 

for RIG-I activation. In this model, it was proposed that in the absence of 

short dsRNA or 5’-triphosphate ssRNA, RIG-I keeps in a closed 

conformation, that is, in the monomeric and inactive form. Upon detecting 

and binding ligand RNA, RIG-I changes its conformation and releases 

CARD domain from constraint. The released CARD domains then interact 

with each other to form RIG-I dimer, thereby triggering the downstream 

signaling via the interaction with IPS-1 CARD domain. 
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1.6 Aims and Scope of the Thesis  

RIG-I signaling pathway plays an important role in antiviral innate immune 

responses. Although intense research has been conducted to clarify the 

functions and signaling pathway of RLRs, the investigation into molecular 

structure and biochemical properties of RIG-I in vitro has fallen behind. Previous 

studies suggested that, in resting cells, RIG-I remained in a closed, auto-

repressed conformation. Upon binding dsRNA or 5'-triphosphate ssRNA, RIG-I 

underwent a conformational change that promotes self-association and then 

interaction with IPS-1 to trigger IFNs activation and production. However, a clear 

molecular mechanism of how RIG-I domains interacts with each other in the 

absence and presence of RNA, and how RIG-I distinguishes non self viral RNA 

from self cellular RNA, and how RIG-I changes its conformation upon binding 

RNA, still remains largely unknown.  

 

In this thesis, we proposed to use X-ray crystallography in combination with 

biochemical and biophysical approaches to investigate the structures of RIG-I 

apo form and in complex with RNA duplex. Our long-term goal was to dissect the 

functional cooperation of the three domains of RIG-I in ligand RNA recognition, 

and to shed new light on the signaling mechanism behind the host-virus 

interaction, thereby providing a structural foundation for developing novel 

therapeutic strategies to manipulate RIG-I-mediated antiviral responses. 
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2. Materials and Methods  

2.1 Materials 

Unless otherwise specified, all common chemicals were ordered from Sigma-

Aldrich/Fluku. The restriction enzymes and T4 Polynucleotide Kinase (PNK) were 

purchased from New England Biolabs (NEB). For DNA amplification by PCR, 

Clontech Advantage HD polymerase was used. RIG-I cDNA template for 

molecular cloning of expression constructs was a gift from Dr. Michael Gale. 

DNA oligonucleotides for subcloning were ordered from Sigma-Aldrich. Bacteria 

strains used for making chemical competent cells are purchased from Novagen, 

and the antibiotics (Ampicilin, Kanamycin, Chloramphenicol) were ordered from 

Fisher Scientific. All chromatographic systems and columns were obtained from 

GE Healthcare. SUMO protease (Ulp1 protease) and PreScission protease were 

expressed and purified in the lab. Sequencing-Grade proteases used in limited 

proteolysis were purchased from Roche. Radioactive material (γ-32P-ATP) was 

ordered from Perkin-Elmer. Oligonucleotides for protein-RNA studies in RNA 

binding and crystallization trials were synthesized either from Dharmacon 

(Thermo Scientific), IDT, or Bio-Synthesis Company. All crystallization screens, 

crystallization grade reagents, cryo-tools, were obtained from Hampton 

Research, Qiagen and Molecular Dimensions Protein Crystallography Suppliers.  

 

2. 2 Methods 

2.2.1 Protein expression and purification 
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All protein constructs were subcloned into a modified pET28a-His-smt3 vector 

with a Clontech’s In-Fusion cloning strategy, except that RIG-I N-terminal CARDs 

was cloned into pGEX-6P-1 vector (GE healthcare). RIG-I N-terminal CARDs 

domain (residues 1-228) was overexpressed as GST fusion protein in E.coli 

strain BL21 (DE3). After releasing the GST tag by PreScission protease, CARDs 

domain was further purified through HiTrap Q anion exchange column and gel 

filtration chromatography (Superdex200, GE Healthcare). 

 

Human RIG-I Helicase-RD (residues 232-925) was overexpressed in Escherichia 

coli strain Rosetta 2 (DE3) (Novagen) as a soluble protein. Harvested cells are 

lysed by passing through Emusiflex homogenizer (Avestin, Canada) three times 

at 15,000 Psi and clarified by centrifugation at 20,000g for 45 min. The isolation 

of the pure protein involved three chromatographic steps: Ni2+-nitrilotriacetate 

(Qiagen) column, hydroxyapatite column (CHT-II, Bio-Rad), and heparin 

sepharose column (GE Healthcare). Recombinant full-length RIG-I (residues 1-

925), RIG-I ΔRD (residues 1-794), RIG-I ΔCARD1 (residues 96-925), RIG-I 

CARD1-Helicase (residues 96-794) and RIG-I Helicase (residues 232-794) were 

expressed and purified in a similar manner with an additional gel-filtration 

chromatography step (Hiload 16/26 Superdex200, GE Healthcare) in order to 

remove aggregates and protein impurities. RIG-I RD (794-925) was expressed in 

E. coli BL21 Star (DE3) cells and the soluble fraction was purified to homogeneity 

using a Ni2+-nitrilotriacetate column, further by cation exchange (HiTrap SP, GE 

Healthcare) and gel filtration chromatography.  
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Protein concentrations were measured by Bradford assay (Bio-Rad), using 

bovine serum albumin (Pierce) as a standard. All purified RIG-I proteins were 

further dialyzed overnight at 4°C into 50 mM HEPES 7.5, 50 mM NaCl, 5mM 

DTT, 10% glycerol, snap frozen in liquid nitrogen, and stored at -80 °C.  

 

The Selenomethionine (SeMet)–labeled RIG-I Helicase-RD protein was 

produced in Rosetta 2 (DE3) cells grown in M9 minimal medium supplemented 

with 60 mg ml-1 L-SeMet (Sigma) and specific amino acids (100mg L-Lys, Phe, 

and Thr; 50mg L-Ile, Leu, Val) to inhibit endogenous methionine synthesis(Van 

Duyne et al., 1993). The SeMet protein was then purified with the same 

procedure as the native protein. 

 

2.2.2 ATPase activity 

A time course (0, 5, 10, 15, 30 min) of the ATPase reactions were carried out 

using RIG-I full length protein, RIG-I ΔCARD1 (residues 96-925), and helicase-

RD (10 nM), ATP (1 mM) spiked with traces of  [γ-32P] ATP with and without 14bp 

dsRNA (80 nM) in buffer containing 50mM MOPS-NaOH (pH7.4), 5mM MgCl2, 

5mM DTT, 0.01%Tween 20 at 37°C. The ATPase activity of the RIG-I ΔRD 

(residues 1-794), RIG-I CARD1-Helicase (residues 96-794) and RIG-I Helicase 

(residues 232-794) were measured using a higher concentration of protein (100 

nM) and RNA (1 µM). Reactions were incubated for 0, 5, 10, 15, 30, 45, and 90 

min at 37°C and stopped by adding 20 µl of 4 M formic acid. All the quenched 

reactions were then analyzed by PEI-Cellulose-F TLC plate (Merck) developed in 
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0.4 M potassium phosphate buffer (pH 3.4). The TLC plates were then exposed 

to a phosphorimager and quantified using ImageQuant software (GE 

Healthcare).  

 

The fraction of hydrolyzed ATP was calculated according to following equation: 

Fraction of hydrolyzed ATP = amount of liberated [γ-32Pi] / (amount of 

unhydrolyzed [γ-32P] ATP + liberated [γ-32Pi]). The ATPase rate was determined 

from the plots of fraction of free [Pi] produced versus time and the kcat values 

were calculated by dividing the ATPase rate by the respective enzyme 

concentration using the curve-fitting software Prism 5 (GraphPad software).   

 

2.2.3 5' End-labeling of the RNA oligonucleotides 

The RNA oligonucleotides were purchased either from Dharmacon (Thermo 

Scientific) or IDT. The RNA oligos were then fully deprotected, desalted, 

annealed and ready-to-use for downstream assays. The RNA double-stranded 

oligonucleotides were then end-labelled with [γ-‐32P]	  ATP using T4 Polynucleotide 

Kinase (PNK) (NEB) according to the manufacturers' instructions. Labeled oligos 

were further purified by a Micro Bio-Spin 6 column (Bio-Rad) equilibrated in 10 

mM Tris-HCl pH 7.5, 50 mM NaCl, and quantified using a liquid scintillation 

counter. 

 

2.2.4 Electrophoretic mobility shift assays 
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For the gel shift assay, 2.5 fmol labeled RNA was mixed with 0, 0.5, 1, 2, 5, 10, 

20, 50, 100 nM protein in a 20 µl reaction containing 30 mM HEPES (pH 7.5), 50 

mM NaCl, 2 mM DTT and 5% (v/v) glycerol. Binding reactions were performed at 

room temperature for 15 min, and the mixtures were further incubated 15 min at 

4°C before adding 5 µl of 15% (w/v) Ficoli and 0.2% (w/v) Orange G dye 

dissolved in binding buffer. The samples were run on a 6% (w/v) non-denaturing 

Tris-glycine-polyacrylamide gel (37.5:1 acrylamide/bisacrylamide) at 4°C in 

0.5xTB electrophoresis buffer. After electrophoresis, the gels were dried and 

visualized by phosphorimaging. Data were analyzed using the Prism 5 software 

(GraphPad Software) and the nonlinear curve fitting methods were used to 

determine the apparent equilibrium dissociation constant (Kd), with an estimate 

of Hill coefficient. It is noted that the sum of the bound complexes in each lane 

was considered as the total bound fraction and the data was fitted to a one-site 

binding model.  

 

For competition experiments, nonradiolabeled RNA was added either 5 min 

before the end of the preincubation step, or premixed with [32P]-labeled RNA at 

the same time. For analysis of RIG-I/HCV RNA complex formation, 0-60 pmol of 

purified full length RIG-I or RIG-I CARDs (residues 1-228) protein were incubated 

for 15 min at room temperature with 6-10 pmol of the in vitro transcribed RNA 

(containing 5’ppp) or chemically synthesized RNA (lacking 5’ppp but containing 

5’OH) in 1xbinding buffer (20mM Tris-HCl pH8.0, 1.5mM MgCl2, 2mM DTT). The 
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mixture was then subjected on a 2% RNA agarose gel. The gel was stained with 

Sybr Green II (Lonza) and visualized using a UV illuminator (302 nm).  

 

2.2.5 Limited proteolysis 

Limited proteolysis with trypsin, chymotrypsin, Glu-C and subtilisin, was 

performed using 120 µg of purified RIG-I proteins in the absence or presence of 

RNA ligands and incubated with trypsin at a protein:protease mass ratio of 300:1. 

The reactions were carried out at room temperature or 37°C. Aliquots were 

removed at different time points (0, 10, 15, 30, 60, and/or 120 min) and the 

reactions were quenched by the addition of equal volume of 2xSDS-PAGE 

loading buffer. Products were analyzed by SDS-PAGE and visualized by 

Coomassie Brilliant Blue staining. 

 

2.2.6 Analytical gel filtration chromatography 

Analytical gel filtration chromatography was carried out on AKTA FPLC system 

(GE Healthcare). Proteins were loaded on to 24 ml of Superdex200 10/300GL 

column (GE Healthcare) equilibrated with a buffer containing 50 mM HEPES 7.5, 

50 mM NaCl, 5mM MgCl2, 5 mM DTT. The eluate was monitored by ultraviolet 

absorbance at 280 nm and 260 nm. For making the RIG-I-RNA complex, RIG-I 

proteins were pre-incubated with 14bp dsRNA at the molar ratio of 1:1.5 on ice 

for 15 min before the sample was applied onto column. The Superdex200 

column was calibrated with gel-filtration protein standards (Sigma). 
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2.2.7 RIG-I Helicase-RD-RNA complex preparation 

The blunt-end self-complimentary RNA oligonucleotides were commercially 

synthesized from Dharmacon, and then deprotected and desalted into 20mM 

potassium phosphate, pH7.4. Annealing was performed by incubation at 95 °C 

for 1 min in the heating block followed by gradual cooling to room temperature. 

Hairpin RNA were purchased from IDT and directly resuspended in 50 mM 

HEPES 7.5 buffer. Chemically synthesized 5’-triphosphated RNA 

oligonucleotides (5’ppp-dsRNA or 5’ppp hairpin RNA) were purchased from Bio-

Synthesis Company. The resulting RNA oligos were mixed with purified RIG-I 

Helicase-RD at a RNA:protein molar ratio of 1.5:1, incubated at room 

temperature for 15 min, and then purified by gel filtration column (Superdex200, 

GE Healthcare) with an elution buffer consisting of 50 mM HEPES 7.5, 50 mM 

NaCl, 5 mM DTT, 5mM MgCl2. 

 

2.2.8 Crystallization screen and optimization 

Although nowadays crystallization techniques are becoming more standardized 

and automatic, crystallization of protein is still the bottleneck. Generally, 

crystallization can be divided into two stages: (i) initial crystallization screening to 

obtain any kind of crystals or promising hints such as microcrystalline precipitate 

and phase separation, (ii) optimization of initial conditions to improve crystal 

quality.  
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The purified protein or protein-RNA complex separated from gel filtration column 

were concentrated to 10~15 mg ml-1 in a buffer consisting of 50 mM HEPES 

pH7.5 50 mM NaCl, 5 mM DTT, with or without 5%, 10% glycerol and then used 

for crystallization trials. Preliminary crystallization screens were set up by sitting-

drop vapor diffusion method using commercially available crystallization kits in 

combination with high-throughput Gryphon robot (Art Robbins Instruments). 

Screen kits included crystal screen I/II, Index I/II, crystal screen lite, PEG/Ion 

screen, MembFac, Natrix (Hampton Research) and PEG suits series from 

Qiagen. Typically, the sitting drop was mixed a size of 200 nl protein solution with 

200 nl reservoir solution, and then sealed against 65 µl of reservoir solution with 

transparent film. Once establishing promising conditions, optimization of initial 

conditions was conducted by equilibrating 2.5 µl protein solution and 2.5 µl 

crystallization solution against 500 µl reservoir solution using the hanging-drop 

vapor diffusion method through screening a huge range of variables including 

temperature, pH, precipitant concentration, ionic strength, additives, buffer types 

and protein concentration in order to obtain single crystals of suitable size.  

 

2.2.9 X-ray diffraction data collection and processing 

Single crystals were flash-frozen in liquid nitrogen at 100 K with cryo-protectants 

to minimize radiation damage as free radicals form. Diffraction data were 

collected at several synchrontron sources: X29A beamline of the National 

Synchrotron Light Source (NSLS), LRL-CAT 31-ID beamline of the Advanced 

Photon Source (APS), and the Cornell High Energy Synchrotron Source 
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(CHESS) F1 beamline. A total of 360 images were collected with 1° oscillation 

per frame for all available crystals. 

 

Once we obtain the crystals suitable for X-ray diffraction and collected a 

complete data set, we need to process the data and evaluate its quality to make 

sure the data is good enough for structure determination. All diffraction data were 

processed using iMosflm and scaled in SCALA (1994). Basically, data reduction 

and scaling involves four critical steps: indexing, cell refinement, integration, and 

scaling. Indexing determines the crystal parameters (a, b, c, α, β, γ) and the 

relative orientation of the crystals from detector spot positions, and then decides 

a most possible space group. Cell refinement is used to further tune the 

parameters of the unit cell and verify if we do not find the right space group. 

Subsequently, the intensity (I) of each reflection on each of the diffraction images 

or frames is determined by automatically summing up the pixel values under 

each spot on the detector and subtracting the detector background in a local 

neighboring area. During the scaling, the SCALA software embedded in CCP4 

first tries to put all frames on the same scale so that the values from images with 

different background intensity can be compared. Then scaling adds up partial 

reflections from adjacent frames and merges all symmetry-related reflections (I 

(h, k, l) = I (-h, -k, -l) for non-anomalous data). It is also worth noting that the 

option “separate anomalous pairs for merging statistics” needs to be activated in 

SCALA in order to get anomalous difference, where the Friedel pairs cannot be 

merged because I (h, k, l) ≠ I (-h, -k, -l) in this case. In the end, a MTZ file is 
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generated with a list of reflections (h, k, l), intensity I, error σ, and calculated 

statistic R factor. Thus, it is not until after scaling that we can actually judge the 

quality of the data. The signal to noise ratio I/σ(I), Rsym or even more précised 

indicator Rpim, data completeness and redundancy are used to determine the 

effective resolution of the data set. 

 

2.2.10 Structure determination and refinement 

The ultimate outcome in X-ray crystallography experiment is to obtain an 

interpretable electron-density map and build a model upon it. The electron 

density is calculated from the diffraction data by the equation:
 

  

 

where F(hkl) is the structure factor, hkl is a unique set of Miller indices assigned 

to each individual reflection, and νc is the volume of crystallographic unit cell. In 

diffraction theory, F(hkl) is treated as a complex number; therefore, it has a real 

part (|F(hkl)| , also called amplitude) and an imaginary component (φ(hkl), also 

called phase). That is to say, one can calculate the electron-density ρ(x,y,z) only 

if both the amplitude |F(hkl)|  and the phase angle φ(hkl) are known. Indeed, we 

can measure the intensities of the diffracted waves in an X-ray diffraction 

experiment, and then the intensities of reflections can be used to calculate the 

structure factor amplitude by  
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However, we cannot experimentally measure the phase angle of each reflection. 

This is known as the so-called phase problem in X-ray crystallography. The 

common methods used to recover the lost phase information these days include: 

traditional isomorphous replacement, multiple-wavelength anomalous dispersion 

(MAD), single-wavelength anomalous dispersion (SAD), and molecular 

replacement. Since RIG-I has very low sequence similarity with known protein 

structure, SAD was used to determine the phase information. In SAD experiment, 

introducing a strong anomalous scatters into the protein crystals and collecting 

data using X-ray wavelength at or near the absorption edge of the anomalous 

scatterer can be used to resolve the phase ambiguity. For RIG-I Helicase-RD-

dsRNA complex, selenomethionine-substituted protein crystals were prepared for 

SAD experiment in order to obtain the initial phase information. The program 

SHELXC/D was then used to locate the selenium atoms and the program Phaser 

or SHARP from CCP4 software suite was used to refine the initial heavy atom 

positions and calculate initial phases. The resulting electron density map was 

further improved by density modification techniques, such as solvent flattening. It 

improved the starting phase and led to better interpretable map. A partial model 

was built into the electron density map in COOT and the iterative process of 

model building and refinement was carried out in PHENIX to build the final 

model. Two R-factors, Rwork and Rfree were used to cross-validate model building 

and avoid over-fitting throughout the refinement process.  Molecular replacement 

was used to solve all other RIG-I-Helicase-RD-RNA complex and ATP analog 
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data sets by using Phaser-maximum likelihood method implemented in the 

PHENIX software suite. 

 

 

2.2.11 Small angle X-ray scattering and structural modeling 

Small-angle X-ray scattering (SAXS) is a powerful method to study overall 

structure of protein or protein-nucleic acid complex in solution (Lipfert and 

Doniach, 2007; Svergun and Koch, 2002). Although X-ray crystallography can 

provide high-resolution structure, it usually presents a snapshot of the static 

structure in the crystal, which may be influenced by crystal packing force as well. 

Furthermore, sometimes it is very difficult to probe the structural changes 

induced by ligand binding in crystals, because of difficulty in obtaining the well-

diffracting crystals. However, SAXS data can be used to determine the low-

resolution macromolecular envelopes by ab initio modeling (Hura et al., 2009). 

This resolution is often sufficient to address key biological questions, such as 

conformational change and model building, especially in combination with X-ray 

crystallography data (Putnam et al., 2007). Therefore, this unique technique is 

becoming more and more valuable now days because it provides useful 

information about the overall structure of large complexes and their response to 

external stimuli like changes in pH, salt, or addition of ligands. 

 

In a crystal diffraction experiment, if we place a crystal in an X-ray beam with a 

wavelength of ~0.5-2.5 Å, we will see light scattering from the crystal. The 
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scattering of X-ray by electrons from the repeating array of crystal lattices gives 

rise to interference effects.  Constructive and destructive interference combine to 

yield an X-ray diffraction pattern in a regular fashion on the detector. We then 

use the diffraction intensities and phase angles to calculate the distribution of 

electron density within the protein and thereby derive the position of atoms in the 

protein relative to a common origin. For a SAXS experiment, if we put a protein 

solution in an X-ray beam, we see scattering pattern too. Since protein size is >> 

incident X-ray wavelength and protein in solution is randomly oriented, the X-ray 

scattering is radically isotropic and therefore all positional information is lost.  

However, if the scattering profile is measured at very low scattering angles (2θ), 

the scattering profile is the scattered intensity I(q) recorded solely as a function of 

the momentum transfer q, where q= 4πsinθ/λ (  for small θ). The scattering 

from the buffer alone must be subtracted from the scattering of the protein 

sample in order to obtain the final scattering dataset for the hydrated protein 

molecule. The reduction data consists of the intensity I(qi), the momentum 

transfer qi, and the standard error σi, where i= 1, 2, …, N and N is the number of 

points for which the scattering intensity is recorded. The scattering data can be 

then used to obtain the radius of gyration ( ) determined from Guinier plot as 

well as other shape information from the pair-distribution function P(r).  is the 

root-mean-square of the distances of all regions to the center of mass of the 

particle weighted by their electron density and can be approximated according to 

, where the slope of curve yields .  P(r) represents the 

probability distribution of distances between scattering atoms within a particle 
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and can be determined based on the Fourier transform equation, 

, where Dmax is the maximum distance in the particle. 

Usually, globular proteins have a P(r) function with a symmetric single peak 

(Guassian distribution), whereas elongated or extended proteins have a long tail 

at large r (Skewed distribution) and can have multiple peaks (Figure 3, left).  In 

addition to obtaining the overall size and shape of a macromolecule, we also can 

analyze protein folding/unfolding and flexibility within in a protein by Kratky plot (

 vs ). Generally, Kratky plot for globular protein or compact structure 

appears as a bell-shape curve and becomes flat at high q values (Figure 3, right). 

Kratky plot for extended molecules, such as flexible structure, becomes more 

pronounced with an increase in  at intermediate and high q. Unfolded 

protein, however, completely lose the bell-shape curve even at low q, and 

become a plateau at high q.  
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Figure 3. SAXS data analysis (adapted from John A. Tainer et al. 

Quarterly Reviews of Biophysics, 2007):  P(r) function (left) and 

Kratky plot (right). 
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The structural model can be reconstructed ab initio from SAXS data as well. The 

basic idea for this method is to define a spherical search space that is big 

enough to represent the whole protein with radius Rsphere=Dmax/2. Then the 

search volume is filled with dummy atoms with a size of r << Rsphere. These 

dummy atoms are assigned either as protein atoms or solvent atoms. 

Remember, only protein atoms will contribute to the scattering from the model. 

Now if we keep changing the positions and numbers of dummy atoms in the 

protein part, we will get a lot of different models. Once we compare the 

calculated scattering curve from those dummy atom models with the measured, 

experimental scattering data, we begin to narrow down the pool of test models. 

By trial and error, the structural model will be optimized in order to fit the best to 

the experimental scattering data. By this means, we can reconstruct low-

resolution solution structures.  

 

We employed SAXS to study the solution structure of RIG-I full-length protein in 

the absence or presence of RNA ligands to explore the conformational changes 

of RIG-I upon RNA binding. Two programs, DAMMIN and GASBOR, were used 

to generate the molecular envelope (Hura et al., 2009). Combining SAXS data 

with atomic resolution structures enabled us to generate more accurate model for 

RIG-I activation. In brief, SAXS data were collected at the CHESS beamline G1 

using a Finger Lakes CCD X-ray detector system with a sample-to-detector 

distance 1450mm to make scattering vectors q range from 0.01 to 0.233 Å -1, 

where q= 4πsinθ/λ (2θ is the scattering angle and λ= 1.296Å). All samples were 
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exchanged into 50 mM HEPES 7.5, 50 mM NaCl, 5 mM DTT, 5% glycerol by size 

exclusion chromatography (Hiload 16/26 Superdex200, GE Healthcare) to 

minimize the discrepancies in background subtraction. Various programs in 

ATSAS software package were used to process and evaluate scattering data. 

Radius of gyration (Rg) was analyzed using the Guinier approximation with low 

angle data (q<1.3/Rg).  The probability distribution of distances between 

scattering atoms within the macromolecule, P(r), and the maximum atom pair 

distance, Dmax, were determined from the scattering data using the GNOM 

algorithm. The program DAMMIF was used to calculate low-resolution ab initio 

shape from experimental SAXS profiles. Ten to twenty independent models were 

aligned, filtered, and averaged based on the occupancy using SUPCOMB and 

DAMAVER to reconstruct the final ab initio envelope, as judged by averaged 

normalized spatial discrepancies (NSD<1.0). The structure modeling was refined 

against the solution scattering data by rigid body docking using SASREF 

program. The orientation and position of individual domains in the structure 

models were further manually adjusted to minimize the discrepancies (χ2) 

between the calculated scattering intensities and experimental scattering 

intensities computed using program CRYSOL (Bernado et al., 2007). 

 

2.2.12 Thermal shift assay 

Thermal shift assay was conducted with 10 µM of RIG-I Helicase-RD or full- 

length RIG-I with or without 12 µM of 14 base pair self-complementary dsRNA in 

50 mM HEPES 7.5, 50 mM NaCl, 5mM MgCl2, 5 mM DTT, and a 5x dilution of 
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SYPRO Orange dye (Invitrogen). The fluorescence signal as a function of 

temperature was recorded using a Real Time PCR machine (Applied 

Biosystems). The temperature gradient is performed in the range of 25–80°C 

with a ramp of 0.2°C over the course of 60 minutes. Control assays were carried 

out with buffer in the presence or absence of RNA. Data were analyzed with the 

Excel-based worksheet DSF analysis, and Boltzmann sigmoid function was used 

to fit the fluorescence data to obtain the midpoint temperature for the thermal 

protein unfolding transition (Tm) using the curve-fitting software Prism.  

 

2.2.13 Hydrogen/deuterium exchange mass spectrometry 

Many analytical methods, such as thermal shift assay, circular dichroism (CD), 

limited proteolysis, and analytical ultracentrifugation (AUC) have been used to 

study protein conformational changes upon binding ligands. However, all these 

methods provide only the global conformational changes. For example, CD tells 

us the changes of content of secondary structures within in protein, but it cannot 

determine where the conformational changes occur within in protein. Conversely, 

hydrogen/deuterium exchange (HDX) characterizes both global conformational 

changes and local conformational changes within in protein upon binding ligands. 

In hydrogen/deuterium exchange mass spectrometry (HDX-MS) experiment, 

protein is incubated with D2O for different times. The backbone amide hydrogen 

atoms are capable of exchanging with hydrogen from D2O in solution at the 

neutral pH.   Solvent-exposed amide hydrogens have fast 1H/2H exchange rates, 

whereas the amide hydrogens buried in protein interior and/or involved in 
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hydrogen bonding have much slower deuterium uptake rates. Hydrogens bonded 

to carbon usually do not exchange with deuterium, while hydrogens in the sides 

exchange too quickly to be easily measured by mass spectrometry. The 

exchange reaction is quenched with cold acidic buffer (pH2.5). This step serves 

two purposes: 1) to slow down undesirable back exchange from deuterium to 

hydrogen and lock on the deuterium atoms that have already incorporated. 2) to 

facilitate acid protease digestion by mildly denature the protein in very low pH 

environment.  After quench, the sample is then digested with pepsin and 

analyzed by liquid chromatography (LC)-mass spectrometry. Peptides that 

readily undergo mass shift represent greater deuterium exchange rates. This 

rapid 1H/2H exchange rate, in turn, suggests high solvent exposure. However, 

slow 1H/2H exchange rate doe not necessarily imply less solvent exposure and 

could be instead caused by high hydrogen bonding. Nonetheless, all those 

changes in deuterium uptake indicate there might be some global or local 

conformational changes taking place, either significant or subtle.  

 

Hydrogen/deuterium exchange mass spectrometry experiments were performed 

as fellows. Briefly, 1.0 µl of RIG-I FL and Helicase-RD with or without RNA ligand 

(8  mg  ml−1) was diluted with 5.0  µl of D2O buffer (50  mM HEPES, pH 7.5, 50  mM 

NaCl, 5  mM DTT, 5% glycerol) and incubated for 10, 100 and 1,000  s on ice. At 

the indicated times, the resulting mixtures were quenched by addition of 15  µl of 

ice-cold quench solution (100  mM TCEP, pH 2.4), immediately frozen on dry ice, 

and stored at −80  °C. Non-deuterated control was prepared in H2O buffer (50  mM 
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HEPES, pH 7.5, 50  mM NaCl, 5  mM DTT, 5% glycerol) and then quenched and 

analyzed in the same way as deuterated samples. To correct back exchange 

during pepsin digestion and column separation, a completely deuteriumed RIG-I 

FL or Helicase-RD was prepared by 24 hours incubation of 1.0 µl of RIG-I protein 

with 20  µl of D2O buffer containing 100  mM TCEP, pH 2.4. Frozen samples were 

thawed on ice and immediately manually injected into an immobilized pepsin 

column (66  µl bed volume) at a flow rate of 100  µl  min−1 at 0°C, followed by 

passed through 200 µl of 0.05% trifluoroacetic acid at the same flow rate. After 

pepsin digestion, peptide fragments were separated by an online C18 HPLC 

column (Supelco, Sigma-Aldrich) using a linear acetonitrile gradient of 2−50% 

over 20  min at 200  µl  min−1. The eluate was then subjected on an electrospray-

linear ion-trap mass spectrometer (LTQ,	  Thermo Scientific) for acquiring over a 

mass range from 300-2000 m/z. Sequest software was then used to search the 

sequence of the peptide ions. Mass analysis of the peptide centroids and peptide 

identification were carried out using HDExaminer (Sierra Analytics Inc.). 
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3. Results 

3.1. RIG-I and HCV PAMP RNA interaction 

3.1.1 Expression and purification of recombinant full-length human RIG-I 

The wild-type cDNA encoding full-length human RIG-I have been successfully 

subcloned into three versatile prokaryotic expression vectors: pGEX-6p-1 (GE 

healthcare), pET28a-SKB2-His (a modified pET28a vector containing 

PreScission cleavage site instead of Thrombin recognition site), pET28a-His-

smt3 vector (a modified pET28a vector producing N-terminal His6-SUMO fusion 

protein). Recombinant full-length RIG-I was then overexpressed in Escherichia 

coli strain Rosetta 2 (DE3) (Novagen), and all three expression vectors were then 

compared based on protein expression levels. The optimization of 

overexpression and purification showed that SUMO fusion tag provided 

exceptionally high yields (~15mg/L; compare to ~0.5mg/L for GST fusion protein 

and ~0.2 mg/L for conventional expression using N-His6 tag). It is also 

noteworthy that in an effort to increase protein expression and solubility, we 

extensively examined expression combinations, such as inducing at lower 

temperature, reducing IPTG concentration, inducing for less time, inducing earlier 

in growth, changing the growth medium, using glucose to control basal 

expression, expressing in different cell strains, trying heat shock growth or cold 

shock growth, checking different lysis buffer at different pH. It turned out that two 

important factors are essential for this high overproduction of full-length SUMO-

fusion RIG-I in E. coli expression system: 4°C cold shock for at least 3 hours 

before induction at low temperature (18°C), and a lower IPTG concentration 
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(0.05-0.1 mM). Once the optimal conditions for overexpression were established 

with pET28a-His-smt3 vector, a combination of chromatography, including 

immobilized metal ion affinity chromatography (IMAC), hydroxyapatite column, 

heparin affinity column, blue sepharose column, ion-exchange column and gel-

filtration chromatography were employed to determine the best purification 

scheme. 

 

Briefly, full-length RIG-I protein was first purified by immobilized metal ion affinity 

chromatography (Figure 4A), followed by adding Ulp1 protease to remove SUMO 

tag (Figure 4B). Subsequently, recombinant RIG-I full-length protein was further 

purified to homogeneity through hydroxyapatite column, heparin affinity column, 

and gel filtration chromatography on 26/60 Sephacryl S-200 HR (GE, Healthcare) 

(Figure 4C-D). Among them, hydroxyapatite column is the most critical 

purification step for removing nucleic acid contaminations, whereas heparin 

column is important for getting rid of inactive or less active RIG-I protein.  Those 

experiments demonstrated that E.coli expression system can be used to obtain 

large amounts of soluble RIG-I full-length protein in an easy-to-purify form, 

compared to baculovirus expression system described in literature (Saito et al., 

2007). 
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Figure 4. SDS-PAGE of RIG-I FL purification. (A) SDS-PAGE of elutes 

from immobilized metal ion affinity. Lane 1: total cell extract. Lane 2: 

supernatant of cell extract. Lane 3: elute using 10mM imidazole. Lane 4: 

elute using 20 mM imidazole. Lane 5: 30mM imidazole. Lane 6: 50mM 

imidazole. Lane 7-9: 100mM imidazole. Lane 10-11: 200 mM imidazole. 

Lane 12-13: 250 mM imidazole.  (B) SDS-PAGE from hydroxyapatite 

chromatography. Lane 1: RIG-I protein after removing SUMO tag. Lane2: 

flow-through. Lane3: minor peak on hydroxyapatite chromatography. Lane 

4-9: major peak fractions. (C) SDS-PAGE analysis of protein sample from 

heparin column. Lane 1: purified RIG-I sample from hydroxyapatite 

column. Lane 2-3: flow through, first peak fractions on heparin 

chromatography. Lane 4-7: second peak fractions. (D) SDS-PAGE analysis 

of the fraction from gel filtration chromatography. 
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3.1.2 Characterization of recombinant full-length human RIG-I 

We have performed a series of biochemical and biophysical experiments to 

evaluate the purity, stability, homogeneity and monodispersity of recombinant 

full-length human RIG-I (Figure 5). Non-reducing SDS-PAGE of the RIG-I FL 

protein showed a similar migration to the reduced sample (Figure 5A), indicating 

that there are no inter-molecular and intra-molecular disulfide bond formation in 

RIG-I FL protein. Native PAGE experiment was also carried out to further confirm 

its purity, homogeneity and stability (Figure 5B). Isoelectric focusing (IEF) 

showed that the full-length protein has a net charge of zero at pH6.0 (Figure 5C). 

Additionally, UV scan (340~220 nm) provided a symmetric curve with a maximum 

at 280 nm and no shoulder at 320 nm (Figure 5E), implying that purified RIG-I 

full-length protein is free of nucleic acid contaminations with no obvious 

aggregate in solution. Moreover, the integrity of the full-length protein was 

verified by MALDI-TOF mass spectrometry (Figure 5F). The spectra showed 

three major peaks. One peak at m/z = 106419.4 agrees with the calculated 

molecular weight for full-length RIG-I (106,555.5 Da). The second peak at m/z = 

53,233.3 and third peak at m/z = 35,484.03 corresponds to the doubly charged 

and triply charged species, respectively. In order to determine the oligomeric 

state of RIG-I under the native conditions, purified full-length human RIG-I protein 

was analyzed by the combination of analytical size-exclusion column and multi-

angle laser light scattering. The sample showed a monomodal particle size 

distribution with a molar mass of 108,500 Da, corresponding to the molecular 
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weight of the monomer (106,555.5 Da) (Data not shown). Dynamic light 

scattering further showed the >95% monodispersity of RIG-I (Figure 5G).  
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Figure 5. RIG-I FL characterization. (A) SDS reducing and non-reducing 

PAGE. (B) Native PAGE analysis of purified RIG-I. (C) Isoelectric focusing 

electrophoresis. (D) Mass spectrometry analysis of purified RIG-I to 

confirm the homogenity. (E) UV Scan 350-230 nm. (F) Analytical size-

exclusion chromatography on Superdex 200 to test oligomeric state in 

solution. (G) Dynamic light scattering analysis to check the monodispersity 

of purified RIG-I. 
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3.1.3 dsRNA-dependent ATPase activity by RIG-I 

RNA helicases are usally considered to be enzymes that catalyze the separation 

of double stranded RNA in an ATP-dependent manner (Singleton et al., 2007). 

They have been widely found in viruses, bacteria, and eukaryotes. RNA 

helicases play important roles in the rearrangement, disruption or modification of 

RNA structure and /or RNA-protein interactions. Most RNA helicases belong to 

Superfamily 2 (SF2), and have been classifed into the DEAD, DEAH, DExD and 

DExH subfamilies based on Walker B motif. (Singleton et al., 2007). It is 

generally believed that DExD/H RNA has nucleic acid-stimulated ATPase (ATP 

hydrolysis) activity. However, only a small number of DExD/H RNA helicases 

have exhibited ATP-dependent RNA helicase activity (duplex unwinding) in vitro. 

Based on the sequence alignment, RIG-I, MDA-5, and LGP2 belong to SF2 

helicases and share almost all highly conserved signature motifs that mediate 

ATP and RNA binding (See amino acid sequence alignment in Appendix).  

 

In collaboration with Dr. Smita S. Patel at UMDNJ, we investigated those 

activities in vitro using the highly purified RIG-I protein. In agreement with 

published data, our preliminary results showed that recombinant full-length RIG-I 

has no intrinsic ATP hydrolysis activity, but exhibits RNA-dependent ATPase 

activity (data not shown). 	  

	  

The fact that RIG-I-Like receptors harbor necessary DExH/D box helicase motifs 

suggested that these receptors might have helicase activity. Indeed, previous 
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studies had shown that RIG-I could use the energy derived form ATP hydrolysis 

to unwind dsRNA (Cui et al., 2008; Takahasi et al., 2008). Since the protein 

purity is crucial for detecting duplex unwinding activity and ruling out any false 

positive results due to protein impurities and contaminations, we next examined 

the helicase activity in vitro using our highly purified human RIG-I full-length 

protein. Surprisingly, in our hands, RIG-I did not show any helicase activity based 

on standard oligonucleotide displacement assays. RIG-I protein used in previous 

helicase tests might not be pure enough or RIG-I needs the interacting partners 

to exhibit duplex unwinding activity. Nontherless, our studies suggests that ATP 

hydrolysis by RIG-I is not involved in RNA unwinding, consistent with the 

observation from single molecule studies on RIG-I translocase (Myong et al., 

2009). 

 

3.1.4 Domain mapping by limited proteolysis 

Limited proteolysis is a very useful technique for elucidating domain boundaries 

(Cohen and Chait, 2001; Fontana et al., 2004). The success of this technique 

resides in the fact that limited proteolysis of a globular protein often occurs at the 

“hinge” regions, exposed loops, or linkers between globular domains, which 

usually are flexible or disordered in the protein. To accurately define the domain 

boundaries of full-length RIG-I, the purified RIG-I full-length protein was 

subjected to limited proteolysis. Mass spectrometry and N-terminal sequencing 

was used to identify the corresponding proteolytic fragments (Gao et al., 2005). 

Trypsin proteolysis revealed a large N-terminal domain (~78KD), a linker region 
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(~19.7KD), and a small C-terminal domain (8.7 KD) (Figure 6A). In contrast to 

trypsin-limited proteolysis, subtilisin-partial proteolysis produced five stable 

fragments (Figure 6B). These observations demonstrated that full-length RIG-I is 

a multi-domain protein and that the region nearby Lys679-Phe685 and Lys851 site 

are most likely exposed on the surface (Figure 6C). 
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Figure 6. Domain mapping by limited proteolysis.  

(A) RIG-I was treated with trypsin (1:300 mass ratio) at RT. (left) and 4 °C 

(right). (B) Subtilisin digestion. 27kd upper bands (685-925aa RD domain) 

always appear on the gel first, and then 24.4kd (1-222aa, CARDs domain). 

(C) Domain mapping of each proteolytic fragments. Protease-sensitive 

sites identified in this study are indicated.   
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3.1.5 investigation of RIG-I-HCV PAMP interaction by limited proteolysis 

In addition to probing for domain boundaries, limited protease digestion can be 

applied to obtain evidence of protein conformational changes induced by ligand 

binding, since ligands may provide steric protection for the binding region that 

could not be afforded by the free-protein (Lorsch and Herschlag, 1998a, b; Plyte 

and Kneale, 2001). To further explore ligand-induced conformational changes 

within full-length RIG-I, limited protease digestion experiments were accordingly 

performed.  

 

To our surprise, ATP analogs have little, if any, effect on the cleavage of RIG-I 

(Figure 7A). However, HCV PAMP RNA conferred strong trypsin resistance to 

such an extent that no cleavage occurred at Lys851 site even after 1 hour of 

incubation with trypsin. Moreover, poly I:C, a synthetic double-stranded RNA 

which mimics viral double-stranded RNA, offered the protection at both cleavage 

sites (Lys679 and Lys851), especially the Lys851 site in the presence of ATP (Figure 

7B). Similar results were also observed in subtilisin digestion with polyI:C, where 

the subtilisin-sensitive sites Ala577 and Phe685 were strongly protected, but Ser222 

was more accessible, indicating CARD domain was released from constraint 

upon binding RNA (Figure 7C).  

 

Taken together, these observations provide evidence for conformational changes 

within RIG-I upon binding the ligands and implied that (i) RIG-I probably 

undergoes a significant conformational change upon RNA binding rather than 
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ATP binding. (ii) In the case of poly I:C, ATP binding is critical for the further, but 

minor conformational change of RIG-I, which would be caused by the ATP 

hydrolysis. That is to say, there are at least two distinct events on the RIG-I 

conformational changes: RNA binding cause the major conformational changes 

of RIG-I and the ATP binding further gives rise to the second minor 

conformational change.  
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Figure 7. Investigation of RIG-I-RNA interactions by limited proteolysis 

(A) Trypsin digestion of RIG-I FL in the absence or presence of ATP analogs.  

(B) Comparision of lmited trypsin proteolysis pattern of RIG-I in complex with 

HCV or poly I:C. (C) Limited substilisin proteolysis of RIG-I in complex with 

HCV or poly I:C. The upper fat band corresponds to RIG-I (222-925) based on 

N terminal sequencing. 
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3.1.6 Native gel electrophoresis of RIG-I with HCV PAMP 

The host has developed mechanisms to detect specific viral PAMPs and initiate 

antiviral responses. Hepatitis C virus (HCV) is a positive-sense single-stranded 

RNA virus that replicates in the liver, and infects 200 million people worldwide. In 

collaborated with Dr. Takeshi Saito and Dr. Michael Gale at University of 

Washington School of Medicine, we were able to identify the poly-U/UC motif 

within HCV genome 3’ non-translated region (NTR) and its replication 

intermediate as a PAMP substrate of RIG-I recognition (Figure 8). Highly purified 

recombinant human full-length RIG-I protein was used to verify the HCV PAMP 

RNA in vitro by gel shift assay. In brief, in vitro-transcribed poly-U/UC or X region 

RNA (6  pmol) were incubated with increasing concentration of purified RIG-I (0, 

10, 20, 40, or 60 pmol). Native gel electrophoresis and subsequent SYBR green 

staining were then used to assess the complex formation. As shown in Figure 

8C, the poly-U/UC, but not X region of HCV-3’NTR, formed a stable complex with 

purified RIG-I.  Furthermore, gel shift analysis of complex formation between 

25  pmol of purified RIG-I CARDs (residues 1–228, control) or full-length RIG-I 

(Durr et al.) and 10  pmol of poly-U/UC or X region RNA in the presence or 

absence of 5’-triphosphate moiety, revealed that 5′ terminal triphosphate on poly-

U/UC motif was essential for mediating stable RIG-I-RNA interaction (Figure 8D). 

These results, together with RIG-I signaling and other in vivo analyses conducted 

by Dr. Takeshi’s, defined the 100-nucleotide poly-U/UC region of the HCV 

genome and replication intermediate RNA as the HCV PAMP motif and potential 

substrate of RIG-I signalling. 
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Figure 8. Identification of HCV PAMP RNA.  

(A) The HCV 3’-NTR motifs and respective RNA constructs. RI and broken 

lines denote replication intermediate. PUC, PU/UC; VR, variable region. (B) 

IFN-β promoter activation, shown here as mean relative luciferase units 

(RLU), triggered by 1 mg of the indicated RNA species in transfected Huh7 

cells. (C) RNA binding/gel-shift analysis of purified RIG-I with poly-U/UC or X 

region RNA (6 pmol) reacted with 0, 10, 20, 40, or 60 pmol of RIG-I protein. All 

RNAs contain 5’ppp. (D) Gel-shift analysis of complex formation between 25 

pmol of purified RIG CARDs (residues 1–228, control) or full-length RIG-I (FL) 

and 10 pmol of poly-U/UC (PU/UC) or X region RNA containing 5’ppp or 5’OH 

as indicated. Arrows denote position of unbound RNA and RNA–RIG-I 

complexes (Saito et al., 2007). 

RNA independently of MDA5-, MyD88- or TRIF-dependent PRR
pathways.

RIG-I binds to PAMP RNA containing 59 terminal triphosphate
(59ppp) through which the triphosphate end is proposed to anchor
the RNA within charged residues of the RIG-I repressor domain,

causing a conformation change to displace the repressor domain
and release signalling autorepression17–19. Gel-shift assays revealed
that 59ppp was required for poly-U/UC RNA binding by RIG-I but
did not mediate stable RIG-I interaction with X region RNA (Fig. 3a).
59ppp was required for IFN-b promoter signalling by poly-U/UC
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Figure 1 | Identification of HCV PAMP RNA. a–d, RNA-induced IFN-b
promoter luciferase activity in Huh7 cells, shown as mean fold index
induction (compared to non-treated cells; 6s.d.). Huh7 cells were
transfected with 1mg (0.4 pmol) of HCV N (HCV 1b) genome RNA, 1 mg of
poly inosine:cytosine (polyI:C) RNA (control) or with 1 mg of the indicated
RNA species and harvested for dual luciferase assay 16 h later. HCV 1b refers
to HCV genome RNA; tRNA, transfer RNA control. Nucleotide numbers
encoded by HCV RNA constructs are shown in b–d. Bars are placed in their
relative positions of each region within the HCV genome shown in b. The 59
NTR, protein coding regions and 39 NTR are indicated. e, The HCV 39 NTR
motifs and respective RNA constructs. RI and broken lines denote

replication intermediate. PUC, PU/UC; VR, variable region. f, IFN-b
promoter activation, shown here and in the other figures as mean relative
luciferase units (RLU; 6s.d.), triggered by 1 mg of the indicated RNA species
in transfected Huh7 cells. g, The abundance of IRF3, ISG56 and tubulin
(control) was measured by immunoblot. The upper panel shows the active
IRF3 dimer and inactive monomer forms separated by non-denaturing
PAGE. h, RNA binding/gel-shift analysis of purified RIG-I with poly-U/UC
or X region RNA (6 pmol) reacted with 0, 10, 20, 40, or 60 pmol of RIG-I
protein. All RNAs contain 59ppp. Asterisks indicate significant difference
(P , 0.01) as determined by Student’s t-test.
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Figure 2 | RIG-I-specific HCV RNA PAMP recognition and signalling.
a–e, Induction of the IFN-b promoter in cells co-transfected with 1mg of
tRNA control or the indicated HCV RNA species. a, Huh7.5 cells, lacking
functional RIG-I, were co-transfected with a plasmid encoding vector alone
or RIG-I. Promoter signalling in wild-type (WT) and RIG-I2/2

(b), MDA52/2 (c), Myd882/2 (d) or Trif2/2 (e) MEFs. Asterisks indicate a
significant difference (P , 0.01) from tRNA control. Similar results were
obtained when cells were transfected with 30 pmol of each RNA (data not

shown). f, FRET analysis of Cy3-labelled poly-U/UC RNA (Cy3–PUC)
interaction with YFP–RIG-I or YFP–DAI protein in co-transfected Huh7
cells. Panels show representative images of YFP, Cy3, merged fluorescence
and N-FRET (corrected FRET). The colour scale denotes N-FRET levels. The
bar graph at the right shows the calculated values for RNA interaction with
RIG-I or DAI (% N-FRET; 6s.d.). Control values are from the image area
that has no co-localization signal. All RNAs contain 59ppp.
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pathways.

RIG-I binds to PAMP RNA containing 59 terminal triphosphate
(59ppp) through which the triphosphate end is proposed to anchor
the RNA within charged residues of the RIG-I repressor domain,

causing a conformation change to displace the repressor domain
and release signalling autorepression17–19. Gel-shift assays revealed
that 59ppp was required for poly-U/UC RNA binding by RIG-I but
did not mediate stable RIG-I interaction with X region RNA (Fig. 3a).
59ppp was required for IFN-b promoter signalling by poly-U/UC

tR
N

A

H
C

V 
1b

P
ol

yl
:C

0

1

2

3

4

5

6

IF
N

-β
 fo

ld
 in

de
x

a

1–
80

7

80
8–

15
98

15
99

–2
40

5

24
06

–3
25

6

32
57

–4
13

7

41
38

–4
91

2

49
13

–5
62

5

56
26

–6
43

7

64
38

–7
25

7

72
58

–8
10

7

81
08

–8
87

1

88
72

–9
61

6

P
ol

yl
:C

tR
N

A

b

0

2

4

6

8

10
p7 NS4

3′5′
NS5BA B NS5NS3NS2C E1 E2

ISG56
Tubulin

M
on

om
er

D
im

er

IRF3
tR

N
A

3′
N

TR
PU

/U
C

X R
I3

′N
TR

R
IP

U
/U

C

R
IX

g

Unbound

Shift
RIG-I

PU/UC Xh
0

10
20
30
40
50
60
70

tR
N

A
3′

 N
TR VR

P
U

/U
C X

R
I 3

′ N
TR

R
I P

U
/U

C

IF
N

-β
 (R

LU
)

f

R
I V

R

R
I X

*

* *

*

0
2
4
6
8

10
12
14

tR
N

A
24

06
–3

25
6

24
06

–2
69

6
26

97
–2

98
1

29
82

–3
25

7
88

72
–9

61
6

88
72

–9
12

0
91

21
–9

38
8

93
89

–9
61

6

c
16

*

*

*

d

tR
N

A
H

C
V 

1b

H
C

V 
1b

 ∆
 3

′ N
TR

0

2

4

6

8 *

H
C

V 
1b

∆2
40

8–
26

63

e

5′

End of
NS5B

3′ NTR
VR
PUC
X
RI 3′ NTR
RI VR
RI PUC
RI X

3′

VR X
PU/UC

Length
227
24
105
98

227
24
105
98

IF
N

-β
 fo

ld
 in

de
x

IF
N

-β
 fo

ld
 in

de
x

IF
N

-β
 fo

ld
 in

de
x

*

*

*
*

Figure 1 | Identification of HCV PAMP RNA. a–d, RNA-induced IFN-b
promoter luciferase activity in Huh7 cells, shown as mean fold index
induction (compared to non-treated cells; 6s.d.). Huh7 cells were
transfected with 1mg (0.4 pmol) of HCV N (HCV 1b) genome RNA, 1 mg of
poly inosine:cytosine (polyI:C) RNA (control) or with 1 mg of the indicated
RNA species and harvested for dual luciferase assay 16 h later. HCV 1b refers
to HCV genome RNA; tRNA, transfer RNA control. Nucleotide numbers
encoded by HCV RNA constructs are shown in b–d. Bars are placed in their
relative positions of each region within the HCV genome shown in b. The 59
NTR, protein coding regions and 39 NTR are indicated. e, The HCV 39 NTR
motifs and respective RNA constructs. RI and broken lines denote

replication intermediate. PUC, PU/UC; VR, variable region. f, IFN-b
promoter activation, shown here and in the other figures as mean relative
luciferase units (RLU; 6s.d.), triggered by 1 mg of the indicated RNA species
in transfected Huh7 cells. g, The abundance of IRF3, ISG56 and tubulin
(control) was measured by immunoblot. The upper panel shows the active
IRF3 dimer and inactive monomer forms separated by non-denaturing
PAGE. h, RNA binding/gel-shift analysis of purified RIG-I with poly-U/UC
or X region RNA (6 pmol) reacted with 0, 10, 20, 40, or 60 pmol of RIG-I
protein. All RNAs contain 59ppp. Asterisks indicate significant difference
(P , 0.01) as determined by Student’s t-test.
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Figure 2 | RIG-I-specific HCV RNA PAMP recognition and signalling.
a–e, Induction of the IFN-b promoter in cells co-transfected with 1mg of
tRNA control or the indicated HCV RNA species. a, Huh7.5 cells, lacking
functional RIG-I, were co-transfected with a plasmid encoding vector alone
or RIG-I. Promoter signalling in wild-type (WT) and RIG-I2/2

(b), MDA52/2 (c), Myd882/2 (d) or Trif2/2 (e) MEFs. Asterisks indicate a
significant difference (P , 0.01) from tRNA control. Similar results were
obtained when cells were transfected with 30 pmol of each RNA (data not

shown). f, FRET analysis of Cy3-labelled poly-U/UC RNA (Cy3–PUC)
interaction with YFP–RIG-I or YFP–DAI protein in co-transfected Huh7
cells. Panels show representative images of YFP, Cy3, merged fluorescence
and N-FRET (corrected FRET). The colour scale denotes N-FRET levels. The
bar graph at the right shows the calculated values for RNA interaction with
RIG-I or DAI (% N-FRET; 6s.d.). Control values are from the image area
that has no co-localization signal. All RNAs contain 59ppp.
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RNA, and supported low-level promoter induction triggered by X
region RNA in IFN-treated cells (Fig. 3b). Because X region RNA
failed to form a stable complex with RIG-I and only weakly triggered
signalling, stable RIG-I–RNA interaction is probably required to
release RIG-I autorepression. We therefore conducted limited trypsin
digestion analysis of purified RIG-I alone or bound to poly-U/UC or X
region RNA containing 59ppp. This approach provides an assessment
of RIG-I repressor domain displacement in response to PAMP RNA
binding wherein the displaced repressor domain of signalling-active
RIG-I presents as a protected 17-kDa fragment17–19. As shown in
Fig. 3c, RIG-I binding of poly-U/UC but not X region RNA rendered
the protected 17-kDa repressor domain fragment. These results dem-
onstrate that 59ppp is necessary but not sufficient for RNA binding by
RIG-I wherein the HCV poly-U/UC RNA directs stable interaction
with RIG-I in a 59ppp-dependent manner that confers signalling
activation. We used 59ppp RNA in all further experiments.

The HCV polyU/UC region is a flexible motif among HCV strains
and is essential for viral replication13. In the HCV genotype 1b strain
used in these experiments, the poly-U/UC region is comprised of
100 nucleotides containing 78% uridine and 22% ribocytosine
(Supplementary Fig. 5). A reduction of length through progressive
39 truncation to 50 nucleotides or fewer attenuated signalling in
Huh7 cells (Fig. 3d), consistent with reduced RIG-I binding of short
RNAs20. Replacement of ribocytosine with riboguanine (poly-U/UG)
had no impact on PAMP signalling, but progressive replacement of
uridine for riboguanine to below 80% uridine or 100% polyribogua-
nine (poly-G) reduced or abrogated PAMP signalling (Fig. 3e).
Because the replication intermediate poly-U/UC RNA contains high
polymeric riboadenine content, we also examined the impact of

poly-A composition and length on RIG-I signalling. One-hundred-
nucleotide poly-A RNA and poly-U/UC RNA equally induced sig-
nalling to the IFN-b promoter, whereas reduced riboadenine content
of the former through progressive nucleotide replacement to poly-G
attenuated or ablated signalling (Fig. 3f). In side-by-side analyses we
found that poly-U/UC, poly-U/UG and poly-A RNA, but neither
poly-C nor poly-G RNA, could trigger signalling to the IFN-b pro-
moter in Huh7 (Fig. 3g) and HeLa cells (Supplementary Fig. 2b).
Truncation of the poly-A RNA to 50 nucleotides or fewer attenuated
signalling to the IFN-b promoter to the same extent as truncation of
poly-U/UC (Supplementary Fig. 2c). Whereas poly-C and poly-G
RNA bound negligibly to RIG-I, poly-U/UC, poly-U/UG and poly-
A RNA formed a stable complex with RIG-I (Supplementary Fig. 5e)
that released the RIG-I repressor domain to the active conformation
(Fig. 3h). These results define polymeric uridine or riboadenine
motifs of 50 nucleotides or greater—including the PU/UC and rep-
lication intermediate PU/UC motif of HCV—as the PAMP signature
within 59ppp RNA that is efficiently recognized by RIG-I to trigger
the immune response.

To determine whether RIG-I recognition of the HCV poly-U/UC
PAMP motif triggers hepatic innate immune defences in vivo, we
conducted RNA signalling analysis in wild-type and RIG-I2/2 mice.
Intravenous administration of full-length HCV 1b genome stimu-
lated hepatic Ifnb messenger RNA expression within 8 h in wild-type
mice but not in RIG-I2/2 mice, and signalling was significantly atte-
nuated on deletion of the HCV 39 NTR (Fig. 4a). Moreover, the poly-
U/UC RNA motif, but not the X region RNA motif, was sufficient to
trigger the hepatic IFN-b expression in wild-type but not in RIG-I2/2

mice. In time course studies we found that the poly-U/UC RNA motif
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Figure 3 | Polyuridine and polyriboadenine ribonucleotides are RIG-I
ligands. a, Gel-shift analysis of complex formation between 25 pmol of
purified N-RIG (RIG-I amino acids 1–228, control) or full-length RIG-I (FL)
and 10 pmol of poly-U/UC (PU/UC) or X region RNA containing 59ppp or
59OH as indicated. Arrows denote position of unbound RNA and
RNA–RIG-I complexes. b, Effect of 59ppp on IFN-b promoter activity. Huh7
cells were either mock-treated or treated with IFN-b 8 h before transfection
with 1 mg (30 pmol) of RNA. c, Effect of poly-U/UC or X region RNA on RIG-
I activation. The silver-stained gel image shows trypsin digestion products of
RIG-I that was pre-incubated with increasing amounts poly-U/UC or X
region RNA. Arrows indicate positions of full-length (FL) RIG-I and the 17-
kDa trypsin-resistant repressor domain (RD) from RIG-I–RNA complexes.
d, Effect of nucleotide length of 1 mg poly-U/UC 39 truncation products on
IFN-b promoter signalling in Huh7 cells. IFN-b promoter activation is

shown as mean relative luciferase units (RLU; 6s.d.). Similar results were
obtained when cells were transfected with 30 pmol of each RNA (data not
shown). e–g, Effect of nucleotide composition on IFN-b promoter signalling
in Huh7 cells transfected with 1mg (30 pmol) of RNA. h, Effect of nucleotide
composition on RIG-I activation. The silver-stained gel image shows trypsin
digestion products of RIG-I that was pre-incubated with increasing amounts
poly-U/UG, poly-C, poly-A, or poly-G RNA. Arrows indicate positions of
full-length RIG-I and the 17-kDa trypsin-resistant repressor domain. We
confirmed the 17-kDa fragment as the RIG-I repressor domain by
immunoblot analysis of the digestion products using an antiserum specific
to the RIG-I carboxy terminus (not shown), as previously described17.
Asterisks indicate significant difference (P , 0.01) as determined by
Student’s t-test.
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3.2. Structure of RIG-I Helicase-RD-ADP•BeF3-dsRNA ternary complexes 

3.2.1 Expression, purification and crystallization trials of RIG-I constructs 

Several truncation constructs listed in Figure 9A were designed based on 

previous functional studies and bioinformatics analysis such as secondary 

structure prediction, disorder prediction, globularity prediction by GlobPlot 

method and Hydrophobic Cluster Analysis method, as well as domain prediction 

by Pfam/SMART. Based on our limited proteolysis and structure-based sequence 

alignment with other helicases (eIF4A, vasa, mjDEAD, Hef), we also made eight 

deletion constructs between helicase motif IVa and V. All the truncations and 

deletions were cloned and expressed using the similar protocol as recombinant 

RIG-I full-length protein with some minor modifications, and were then purified to 

homogeneity through a series of chromatography steps including hydroxyapatite 

column, heparin affinity column followed by gel filtration chromatography. The 

observed molecular weights of all RIG-I constructs were consistent with their 

predicted molecular weights based on SDS-PAGE (Figure 9B). 
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Figure 9. Constructs used in our studies. 

(A) Schematic representations of the constructs of RIG-I. 

(B) SDS-PAGE of the purified protein from RIG-I constructs. 
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Preliminary crystallization screens were set up by sitting-drop vapour-diffusion 

method in Intelli 96-3 low-profile plates (Art Robbins Instruments) at 293 K using 

a Gryphon crystallization robot (Art Robbins Instruments). Initial crystallization 

screening of those apo proteins did not yield any crystals or promising 

microcrystalline precipitates. Most drops showed heavy precipitate (amorphous 

precipitation) or phase separation. In addition, alternative strategies including 

limited in situ proteolysis for crystallization (Dong et al., 2007), soaking with ATP 

or non-hydrolysable analogues (e.g.. AMP-PNP, ADP, and ATP-gamma-S), 

crystallization of fusion protein with tag, and crystallization of homologous protein 

from different organisms (eg. mouse RIG-I) were also investigated; nevertheless, 

those attempts to obtain crystals have been unsuccessful except one construct, 

RIG-I (96-794). However, this crystal is very fragile and diffracted poorly (7 Å). 

Further optimization of crystallization and cryo-solution is under the way. 

	  

Since RNA-RIG-I interaction plays an essential role in RIG-I signaling pathway, it 

will be more important to investigate protein-RNA complex rather than protein 

alone. We hypothesized that the stable RIG-I-RNA complex formation would 

facilitate crystal growth, given that RNA binding stabilizes RIG-I by reducing the 

conformation flexibility based on our limited proteolysis experiments. In this 

thesis, I will focus on the structural studies of RIG-I in complex with RNA duplex. 

First of all, we needed to find out the domain contributions to RNA binding and 

ATP binding by gel shift assay and ATPase assay, respectively. We then used 

analytical gel filtration (Superdex 200 10/300GL) to monitor complex formation 
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and determine the ratio of protein:RNA to produce stoichiometric complexes (Ke 

and Doudna, 2004). Given that the length of RNA is a critical parameter for 

successful crystallization of protein-RNA complex (Hoggan et al., 2003; Jordan et 

al., 1985), RNA lengths starting from the minimal length (8bp) with increments of 

2 base pairs up to 14-26 bps longer than the minimal sequence were further 

evaluated in order to find the most suitable RNA ligand for co-crystallization with 

RIG-I. Additives stabilizing crystal packing and decreasing mosaicity in RNA-

protein crystals were examined as well using Hampton Research additive screen 

kit. 

 

3.2.2 Electrophoretic mobility shift assay of RIG-I constructs 

In collaboration with Dr. Smita S. Patel at UMDNJ, we have defined dsRNA with 

blunt ends as a potential ligand for RIG-I binding in vitro. To investigate the 

contribution of the individual domains to RNA binding, electrophoretic mobility 

shift assay (EMSA, or gel shift assay) was employed to assess the RNA binding 

activity and measure the apparent equilibrium dissociation constant (Kd-apprent). 

We choose the length of 18 base pairs based on our previous work to evaluate 

the RNA binding activity of individual domains of RIG-I. As Figure 10 shows, at 

lower concentrations of protein only one shifted band is visible, whereas a 

second band of higher molecular weight appears at higher concentrations of 

RIG-I full-length protein and RIG-I (96-925). Interestingly, RIG-I Helicase-RD also 

shows two major bands corresponding to the monomeric and dimeric forms; 

however, the complexes become smeared out through monomer to dimer and 
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some RNA even remains trapped in the gel wells at the highest protein 

concentration. Helicase domain alone (232-794) still can binds the dsRNA with 

very low affinity, while RD domain binds dsRNA very tightly. DeltaRD (1-794), 

RIG-I (96-794), and CARDs domain lose completely the RNA binding activity in 

our gel shift assay. Taken together, our gel shift results indicate that: 1) more 

than one molecule of RIG-I can bind to one molecule of dsRNA; 2) CARDs 

interfere with dsRNA binding and is important for stabilizing the dimerization form 

of RIG-I; 3). RD is most important domain within RIG-I for dsRNA binding, but 

helicase domain is still required for achieving much higher binding capacity with 

dsRNA ligand. 



 50	  

 

	  
Figure 10. Electrophoretic mobility shift assay of RIG-I constructs. One-

site binding model was used to analyze the data and determine apparent 

equilibrium dissociation constant (Kd). 
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Fluorescence anisotropy was further employed in Dr. Smita S. Patel’s lab to 

accurately measure the equilibrium dissociation constant (Kd) and stoichiometry 

of the full-length RIG-I, helicase (residues 232-794), RD (residues 795-925), and 

helicase-RD (residues 232-925) for dsRNA (Table not shown). Titration of the 5'-

fluorescein labeled 14 base pair dsRNA with increasing protein concentrations 

demonstrated that the helicase-RD binds the blunt-ended dsRNA 

stoichiometrically and with a very high affinity (Kd = 0.05 ± 0.02 nM). In contrast, 

the individual helicase domain and RD bind with an 8600-fold (Kd = 430 ± 121 

nM) and a 50-fold (Kd = 2.6 ± 1.2 nM) weaker affinity, respectively, suggesting 

synergy between the RD and helicase domain in binding to dsRNA. Additionally, 

There is no discernable difference in RNA binding by helicase-RD upon the 

addition of the ATP analog, ADP•BeF3. 

 

In an attempt to further explore the specificity of the dsRNA towards RIG-I, we 

compared RIG-I full-length protein and RIG-I Helicase-RD in a competition 

experiment. Radioactive-labelled 18 bp dsRNA (0.1 nM) was mixed with RIG-I 

proteins (1 µM) in the presence of varying amounts of unlabelled competitor 18bp 

dsRNA (also referred to as cold RNA). There are two ways for performing this 

competition experiment, either pre-mixing hot RNA and cold RNA, or incubating 

hot RNA with proteins first for 5 min and then add cold RNA as indicated (Figure 

11). As noted, for RIG-I Helicase-RD, premixing hot and cold RNA first resulted 

in a complete different gel shift pattern from adding the cold RNA after mixing hot 

RNA and proteins. RIG-I Helicase-RD still binds the hot RNA tightly even when 
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titrated with high concentration of cold RNA, while RIG-I full-length protein binds 

less and less hot RNA with increasing concentration of cold RNA (Figure 11A). 

This suggests that the RIG-I proteins can specifically recognize the double-

stranded RNA motif, albeit RIG-I Helicase-RD bearing much slower Koff rate than 

full-length protein when bound to dsRNA. It is also noteworthy that increasing 

amounts of competitor RNAs resulted in the formation of a single faster migrating 

species that correspond to monomeric state of RIG-I-dsRNA complex, and 

readily reduced the formation of dimerization of RIG-I that most likely 

corresponds to two molecules of RIG-I bound to one molecule of RNA. 

Increasing the length of RNA to 30bp still shows two migration bands, which 

further suggests that RIG-I preferably binds to the end of dsRNA (data not 

shown).  
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Figure 11. Competition experiment confirmed that RIG-I specifically 

binds dsRNA. (A) Hot 18bp dsRNA amount is constant. Mix radiolabeled 

RNA with protein first for 5 min and then add the increasing cold RNA (0, 1, 

2, 5, 10, 20, 40, 80, 100 and 200 pmol in 25µl reaction). (B) Pre-mixing hot 

RNA and cold RNA, and then add cold RNA as indicated. 
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In addition, we tested different length (6bp, 10bp, 14bp, 18bp) of blunt-ended 

dsRNA by gel shift assay (Figure 12). Our gel retardation result showed that 

14bp and 18bp bind slightly tighter than 10bp dsRNA, whereas 6bp dsRNA gives 

very low binding affinity. RIG-I Helicase-RD still forms a stable monomeric 

complex with 10-14 dsRNA with higher affinity (Figure 12, upper right panel and 

bottom right panel), while RIG-I FL begins to form dimeric complex with 14bp 

dsRNA at the saturating concentration (Figure 12, upper left panel and bottom 

left panel). When the length of dsRNA comes up to 18bp, RIG-I FL promptly 

becomes dimer even at low protein concentration, indicating that RNA length 

would be critical for RIG-I dimerization.  Intriguingly, Helicase-RD forms smeared 

species between dimer and monomer bands. There are two possible 

explanations for this phenomenon: 1) CARDs are important for RIG-I 

dimerization, i.e., RIG-I devoid of CARDs cannot form stable dimer. 2) RIG-I 

Helicase-RD can bind the dsRNA ends and the stem, while RIG-I FL can only 

recognize the dsRNA ends. Therefore, Helicase-RD could form multimers in 

complex with long dsRNA, whereas RIG-I FL could only form a dimer with long 

dsRNA. This finding further supports a model in which the CARDs exert an 

inhibitory effect on RNA binding ability of the helicase domain, consistent with 

what is observed in gel shift assay of RIG-I (96-925) and RIG-I CARD2-Helicase 

(96-794) (Figure 10). 	  
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Figure 12. Gel shift assay with different length of dsRNA. 32P-labeled RNA 

fragment was incubated with increased amount of RIG-I FL protein. Native-

PAGE was then used to separate the RIG-I-RNA complex from free RNA. 

One-site binding model was used to analyze the data and determine apparent 

equilibrium dissociation constant (Kd). 
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3.2.3 ATPase activity of RIG-I constructs 

Previous functional studies showed that mutation in the ATP binding site (K270A 

mutation in Walker A motif) of RIG-I fails to detect Newcastle disease virus and 

results in a dominant negative phenotype (Yoneyama et al., 2004), suggestive of 

an important role of ATPase activity in mediating antiviral signaling. Our 

preliminary studies demonstrated that RIG-I full-length protein exhibits a robust 

RNA-dependent ATPase activity in vitro. Since the different domains in RIG-I 

contribute differently to RNA binding, it was also of interest to dissect the relative 

contributions of the isolated individual domains to ATPase activity. As Figure 13 

shows, the RIG-I full-length protein and RIG-I (96-925) have comparable ATP 

hydrolysis rates (~25 s-1 vs 32 s-1) in the presence of the 14bp dsRNAs.  

Strikingly, Helicase-RD endows elevated ATPase activity [~65 M/(Mჼ�× s)], while 

the helicase domain alone shows very weak ATPase activity [~0.3 M/(Mჼ�× s)]. 

The ATPase activities of RIG-I deltaRD (1-794), RIG-I CARD2-Helicase (96-794) 

are undetectable, even though the intact helicase domain exists for those 

constructs. Obviously, CARDs and RD do not have ATPase activity in that the 

ATP binding motifs (Q motif, Walker A and B motifs) are completely missing in 

those constructs.  
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Figure 13. The relative contributions of the isolated individual 

domains to ATPase activity. 14bp dsRNA was used in this assay. RIG-I 

full-length protein and RIG-I (96-925) have comparable ATP hydrolysis 

rates, while Helicase-RD endows elevated ATPase activity.  Helicase 

domain alone shows very weak ATPase activity. However, deltaRD (1-

794), RIG-I CARD2-Helicase (96-794) does not show any detectable 

ATPase.  
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3.2.4 Crystallization, data collection  

We tested the complex formation for RIG-I FL and Helicase-RD in complex with 

different length RNA ranging from 8bp to 28bp with an interval of 2bp increment. 

Consistent with what we found from fluorescence anisotropy and gel shift assay, 

size-exclusion chromatography (Zou et al.) demonstrated that RIG-I helicase-RD 

forms a 1:1 complex with the 8-14 base pair dsRNA (Figure 14). The 

stoichiometry of helicase-RD is different from the isolated RD, which binds to 

both ends of a 14 base pair dsRNA in a ratio of 2:1. The presence of a 5’ ppp-

dsRNA does not alter the stoichiometry of helicase-RD. However, RIG-I helicase-

RD begins to form a 2:1 complex with the 18-28bp base pair dsRNA, whereas 

RIG-I FL rapidly dimerizes with excess of 14bp-28bp bp dsRNA. Subsequent 

crystallization trials of all those complexes showed that RIG-I Helicase-RD can 

readily crystallize with only 10-14bp dsRNA. Crystallization optimization further 

demonstrated that 14bp dsRNA gave rise to the best single crystals suitable for 

X-ray diffraction.	  	  



 59	  

	  

	  
 

Figure 14. Stoichiometry of RIG-I helicase-RD bound to dsRNA. 

Chromatogram of size exclusion chromatography showing RIG-I 

helicase-RD (blue), 14 base pair dsRNA (green) and helicase-RD in 

complex to dsRNA (red). Helicase-RD•RNA complex forms a 

monomer (1:1 ratio), and elutes at a larger volume (14.3ml) 

compared to the free helicase-RD (13.7ml). 
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To be more specific, crystals of native and SeMet-substituted RIG-I Helicase-

RD–14-bp dsRNA complex were grown by hanging drop vapor diffusion method 

at 20  °C (Figure 15 A-B). Aliquots (2.5 µl) of 15 mg ml-1 of protein-RNA complex 

in 50 mM HEPES 7.5, 50 mM NaCl, 5 mM DTT, 5mM MgCl2 were mixed with 2.5 

µl of reservoir solution containing 23% (w/v) PEG 3350, 0.25 M KNO3, 100 mM 

MOPS (pH 7.8), 4% (v/v) 2,2,2-Trifluoroethanol. Crystals appeared after 2–3 

days, and they grew to a maximum size of 0.15 × 0.15 × 0.5 mm over the course 

of 8 days. 5-iodo-uridine derivative RNA-Protein crystals appeared at the same 

condition.  

 

RIG-I Helicase-RD-ADP•BeF3-dsRNA ternary complexes were reconstituted by 

incubating 0.17 mM RIG-I Helicase-RD with 0.17 mM 14bp dsRNA, 2 mM ADP, 2 

mM BeCl3 and 5 mM NaF on ice for 30 min prior to crystallization. The rod-like 

single crystals were obtained in similar conditions as described above (Figure 15 

C), except 0.25 M NaSCN was used instead of 0.25 M KNO3. These crystals 

diffracted the best and the data were used to further refine to get the best and 

satisfactory model. 
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Figure 15.  Crystals of RIG-I-RNA duplex 

(A) Crystals of RIG-I Helicase-RD-–14-bp dsRNA. 

(B) Crystals of SeMet-substituted RIG-I Helicase-RD-–14-bp dsRNA. 

(C) Crystals of RIG-I Helicase-RD-ADP•BeF3-dsRNA ternary complex. 
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For cryogenic data collection, crystals were gently transferred to crystallization 

solutions containing 4% (v/v) 2,2,2-Trifluoroethanol, 5% (v/v) (2R,3R)-(−)-2,3-

butanediol as cryoprotectant, and then flash-frozen at 100 K. Reservoir solutions 

supplemented with different concentrations of glycerol, Ethylene glycol various, 

PEGs, DMSO, oils, ethanol, sucrose and glucose were also tested for 

cryoprotection of the crystals, but none of them led to comparable diffraction 

behaviour as 2,3-butanediol. Native and SeMet single-wavelength anomalous 

diffraction (SAD) datasets were collected on an ADSC Q315 CCD at the X29A 

beamline of the National Synchrotron Light Source (NSLS). For RIG-I Helicase-

RD-ADP•BeF3-dsRNA ternary complex crystals, diffraction data were recorded at 

the LRL-CAT 31-ID beamline of the Advanced Photon Source (APS). Data from 

iodouridine derivative crystals were collected at the Cornell High Energy 

Synchrotron Source (CHESS) F1 beamline. All diffraction data were processed 

using Mosflm and scaled in SCALA(1994). Assuming the presence of one 

molecule in the asymmetric unit gave a Matthews coefficient (VM) of 2.74 Å3 Da-1, 

corresponding to a solvent content of 55%. Data-collection and processing 

statistics are summarized in Appendix table. 

 

3.2.5 Structure determination and refinement 

The structure of RIG-I Helicase-RD–14-bp dsRNA complex was solved by a 

single anomalous dispersion phasing method (Dauter et al., 2002) using SeMet 

data in combination with molecular replacement, using the RD structure (2QFB) 

as a partial model. Using SeMet data between 30 to 3.7 Å, SHELXD/HKL2MAP 
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(Schneider and Sheldrick, 2002) detected a total of 12 out of 14 possible 

selenium sites in the asymmetric unit. Initial phases were then calculated with 

Phaser (McCoy et al., 2007), and the density modification was carried out by DM. 

Phase extension to 3.2 Å by SOLOMON (Abrahams and Leslie, 1996) produced 

an electron-density map into which most of the protein and RNA residues could 

be built unambiguously. The model was built with COOT (Emsley and Cowtan, 

2004) and refined in Refmac (Murshudov et al., 1997) and PHENIX (Adams et 

al.). Subsequent iterative rounds of manual model building and refinement 

produced a model with an Rfree value of 37%. This model was further refined 

against RIG-I Helicase-RD-ADP•BeF3-dsRNA ternary complex data set between 

30 and 2.9 Å. Multiple rounds of individual B-factor refinement and translation-

libration-screw (TLS) (Painter and Merritt, 2006) refinement were performed 

using PHENIX (Adams et al.) to improved the structure model, resulting in the 

final Rwork and Rfree values of 20.8% and 28.2%, respectively. The final models 

comprise 12 bp dsRNA and RIG-I residues 240–923, with the N termini 

(residues232–239) and loop regions (residues 496-503, 523-526) being 

completely disordered. Model validation was performed by using MolProbity 

(Davis et al., 2004), and no outliers were found in the Ramachandran plot.  

 

The structure of RIG-I bound to 14 bp dsRNA with a 5-iodo-uridine was obtained 

by molecular replacement using the program Phaser (McCoy et al., 2007), which 

enabled us to determine the register of the palindrome RNA (Figure 16). 
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Figure 16. Confirmation of RNA sequence using 5-Iodo-Uridine 

substituted RNA. The sequence and orientation of the dsRNA in the 

structure was confirmed using data collected from a crystal substituted 

with 5-Iodo-uridine at position 12 of the dsRNA. Crystals of RIG-I 

helicase-RD, ADP•BeF3 and 14 base pair dsRNA substituted with 5-

Iodo-uridine at position 12 were grown under identical conditions as the 

native complex. 2Fo-Fc electron density maps at 3.1 Å resolution 

calculated using the protein alone contoured at 5σ is shown in green. 

The peak corresponds to an iodine atom at the 5 position of a uridine 

base. 
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3.2.6 Structure analysis of the ternary complex 

3.2.6.1 Structure overview of RIG-I bound to dsRNA 

Crystals of RIG-I helicase-RD in complex with ADP•BeF3 and 14 base pair 

palindromic dsRNA diffracted to 2.9 Å resolution and the structure (PDB CODE: 

3TMI) was determined by single-wavelength anomalous dispersion (SAD). The 

stoichiometry of the protein:RNA complex is 1:1, which is consistent with the 

results of biochemical experiments (Figure 14). The overall architecture of RIG-I 

helicase-RD reveals four domains, three from the helicase (domains 1, 2 and 3) 

and the RD, arranged in a ring structure on one end of the dsRNA. The 

polypeptide chain progresses from the first RecA-like helicase domain (domain 1) 

to an alpha helical domain (domain 3) followed by a second RecA-like helicase 

domain (domain 2) and lastly the RD. The linker connecting domain 1 to domain 

3 (residues 446-469) (colored teal) forms a beta strand with the parallel beta 

sheet in domain 2. Domain 2 is connected to the RD via two alpha helices 

(colored orange) that form a prominent V-shaped structure. These helices make 

extensive interactions with both domain 1 and domain 2 with a buried surface 

over 1,500 Å2. Upon exiting the second alpha helix, an extended proline-rich 

(796KPKPVPD) loop makes the final connection to the C-terminal RD. 

Interestingly, one of the RIG-I phosphorylation sites is found at T770, which 

maps to the junction of the two V-shaped helices. The phosphorylation of T770 

can repress RIG-I signaling, suggesting an important role for the linker in RIG-I 

regulation. 
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Figure 17. Structural overview of RIG-I helicase-RD. Schematic 

representation of the RIG-I helicase-RD, highlighting the RecA-like domain 

1 (blue), the alpha-helical domain 3 (green), RecA-like helicase domain 2 

(yellow), and RD (Fredericksen et al.). The linker connecting Domain 1 with 

Domain 3 is colored teal, while the V-shape linker between Domain 2 and 

RD is colored orange. The ADP•BeF3 and dsRNA are shown in stick 

representation with the 5’ and 3’ strands of the RNA colored black and 

beige, respectively. A grey sphere denotes the position of the zinc ion in 

RD. The 3’ and 5’ strands are colored beige and black, respectively. (d, e 

and f) Surface of RIG-I helicase-RD colored for electrostatic potential at ±5 

kT/e; blue (basic), white (neutral), and red (acidic). The views in panels a, 

b, and c are identical to d, e and f, respectively. 
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The helicase-RD molecule binds to one end of the dsRNA with the four domains 

encircling the dsRNA, which maintains an A-form helical conformation. The 

sequence and orientation of the dsRNA in the structure was confirmed using data 

collected from a crystal substituted with 5-Iodo-uridine at position 12 of the 

dsRNA (Figure 16). Looking down the long axis of the dsRNA from the blunt end 

where the helicase-RD binds (Figure 17a-c.) shows the following clockwise 

arrangement of the four domains: RecA-like helicase domain 1, RecA-like 

helicase domain 2, the alpha-helical domain 3, and the RD. The helicase 

domains form a crescent, and the RD closes it into a circle by interfacing with all 

three helicase domains. 

 

Molecular surface analysis shows that one end of the dsRNA is capped by the 

entire helicase-RD molecule (Figure 17d-f); however, the opposite end of the 

dsRNA is quite exposed with the last two base pairs of the RNA being 

disordered. RIG-I helicase-RD has a small, highly basic channel that exposes the 

3’ end. (Note: this will be referred to as the 3’-strand and is colored beige in the 

figures, while the opposite strand will be designated as the 5’-strand and colored 

black.) This opening may provide the flexibility to recognize dsRNA with 3' 

nucleotide overhang or 3' monophosphate, which is the product of RNase L 

digestion. On the other hand, the end of the 5’ strand abuts the RD domain and 

is not exposed to the solvent; thus 5' end extensions cannot be accommodated in 

this structure. Additionally there are several visible channels along the long axis 
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of the dsRNA, which may allow the domains to flex and accommodate bulges or 

noncanonical base pairs in the dsRNA (Figure 17). 

 

3.2.6.2 Detailed interactions of RIG-I helicase-RD with dsRNA 

All four RIG-I domains participate in binding the dsRNA, burying 1,500 Å2 of 

surface area to encircle about eight base pair of dsRNA (Figure 18). Both 

helicase and RD make contact with each strand. The majority of the contacts are 

with the sugar phosphate backbone of the RNA with very few base specific 

interactions. The RD binds to the dsRNA at the blunt end, making many contacts 

with the terminal base pair. F853 stacks over the terminal C1-G14 base pair, and 

the H830 and S854 form hydrogen bonds with the ribose 2’-hydroxyls of C1 (5’-

strand) and G14 (3’-strand), respectively. Phosphorylation of S854 and S855 has 

been shown to negatively regulate RIG-I and, given the proximity of these 

residues to the blunt end of the RNA, would be predicted to adversely impact 

RNA binding. The RD/RNA contacts in this structure are identical to the 

previously determined structures of RD bound to dsRNA (Lu et al., 2011)(Lu et 

al., 2011)(Lu et al., 2011)(Durr et al., 2005; Lu et al., 2010; Wang et al., 2010). 

Residues H847, K861, and K858 of RD, which were reported to interact with the 

5'-ppp, are not making any new interactions in the helicase-RD structure with 5’-

OH dsRNA and ADP•BeF3. The only contact that RD makes with the 3’ strand 

other than at the blunt end is between S906 of the U7 phosphate backbone. 
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Figure 18. Interactions of RIG-I helicase-RD with dsRNA and 

ADP•BeF3. A schematic representation showing the interactions between 

RIG-I domains and helicase motifs (given in parentheses) with dsRNA is 

located in the center. Detailed contacts are shown in the surrounding 

panels. Stick representation detailing the RIG-I helicase motifs 

interactions with ADP•BeF3 and Mg2+ is shown in the lower left panel. 
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Helicase core domains 1 and 2 contain characteristic motifs critical for RNA 

binding and ATP hydrolysis. The helicase core binds to the terminal five 

nucleotides of the 3'-strand (G14-C10) and the middle of the 5'-strand at 

positions C4-U7 (Figure 18a). The helicase motifs Ia, Ib, and Ic found within 

domain 1 interact with the terminal three nucleotides of the 3’-strand. Residues in 

motif 1b (S325 and G326) and motif Ic (T347, Q349 and N353) make contact 

with the ribose-phosphate backbone of the terminal base of the 3’- strand (G14), 

while the backbone of N298 and I300, and the side chain of Q299 in motif 1a 

interact with C13 and U12. Motifs IV, IVa, IVb, and V in domain 2 continue these 

RNA interactions with the 3’-strand from U12 to C10. Residues K635, T636, and 

R637 in motif IV interact with the phosphate backbone of G11-C10. T662, G663, 

and R664 in motif IVa and Q678 in motif IVb contact the backbone of C13-G11. 

V699 in motif V interacts with the RNA backbone at C10. 

 

All RIG-I-like family helicases contain a large insertion (Domain 3) between the 

core helicase domains, whose role has been unclear. Structure of Hef helicase in 

the absence of DNA showed domain 3 to be mainly alpha-helical, and our 

structure of the RIG-I shows a similar fold of domain 3 (Figure 19). An overlay of 

Hef with the RIG-I helicase-RD with dsRNA shows a rotation of domain 3 due to 

interactions with the dsRNA. An alpha helix within domain 3 (residues 506-522) 

of RIG-I is interacting with the 3’-strand and runs almost perpendicular to the 

minor groove of the dsRNA but does not contact the 5’-strand (Figure 18a). 
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Residues E510, V514 and K518 of domain 3 extend the interactions of the 

helicase to positions 7 and 8 of the 3’-strand. 

 

Although the helicase extensively contact the 3'-strand, all three helicase 

domains are in close proximity to the 5'-strand, and there are specific contacts 

with the 5'-strand. Specifically, C4 and G5 of the 5'-strand contact a previously 

uncharacterized motif IIa containing the sequence 380QHPY (Y is highly 

conserved) in the helicase domain 1. This motif IIa immediately follows the 

372DECH helicase motif II that coordinates the Mg2+ and stabilizes the ATP 

analog (Figure 18a-b). Similarly, N720 in motif Vc of domain 2 contacts the 

backbone at C6 and U7 of the 5’ strand. These contacts are newly identified due 

to a lack of structures for RNA helicases bound to dsRNA. These 5’ strand 

contacts may represent a general feature of helicases binding to dsRNA or 

dsDNA since a region similar to motif IIa was identified in the Swi/Snf2 family 

helicases and in the structure of a Rad54 homolog making contacts with dsDNA 

(Durr et al., 2005). 
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Figure 19.  Structural comparison of Hef helicase in the absence of 

nucleic acid and RIG-I helicase in the presence of dsRNA. Overlay 

of Pyrococcus furiosus Hef helicase domain (PDB code 1WP9) with just 

the helicase domains of RIG-I and dsRNA. The RIG-I domains are 

colored similar to Fig. 1. The view in panel b is rotated 90° about a 

horizontal axis from panel a. 
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3.2.6.3 Comparison of RIG-I helicase-RD with previous structures 

Although some of RIG-I helicase-RD interactions with dsRNA are similar to those 

observed in the structure of the RD with dsRNA (Lu et al., 2010; Wang et al., 

2010) and other SF2 helicases, such as hepatitis C virus (HCV) NS3 and VASA 

bound to ssRNA or ssDNA, there are several significant distinctions. An overlay 

of the RIG-I helicase with the HCV NS3h bound to ssDNA26 (Figure 20a) shows 

an excellent match between the core helicase domains and makes a few 

predictions: 1) The overlay shows that domain 3 in NS3h is positioned where the 

RD is in RIG-I, which might indicate that domain 3 in NS3h interacts with the 5'-

strand. 2) The ssDNA in NS3h overlays with the 3'-strand of the dsRNA bound to 

the RIG-I helicase, suggesting that the principal motor contacts of the RIG-I 

helicase are with the 3'-strand (Figure 20b). 3) A conserved Phe-loop implicated 

in RNA unwinding in NS3h bisects bases of the dsRNA at a position where the 

unwinding junction would be in NS3h29 (Figure 20b-c). In addition to predicting a 

role for this Phe- loop in strand separation, the absence of such a motif in RIG-I 

could explain why we and others (Myong et al., 2009) have failed to detect 

unwinding activity in RIG-I, although there are reports that RIG-I unwinds short 

dsRNA (Cui et al., 2008; Takahasi et al., 2008). 
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Figure 20. Comparison of RIG-I helicase RD with HCV NS3h and RD 

bound to 5’-OH and 5’-ppp dsRNA. (a, b, and c) Ribbons diagram 

showing the superposition of RIG-I helicase-RD•dsRNA•ADP•BeF3 

structure and NS3h bound to ssDNA (PDB code 3KQH) (grey). (b) 

Superposition of RIG-I helicase-RD with NS3h demonstrates that the 

ssDNA bound to NS3h overlays with the 3’-strand (beige) of the dsRNA 

bound to the helicase-RD. (c) The location of the Phe-loop of NS3h relative 

to the dsRNA of the RIG-I helicase-RD•dsRNA•ADP•BeF3 structure. (d and 

e) Superposition of the 5’-OH (blue; PDB code 3OG8) and 5’-ppp dsRNA 

(magenta; PDB code 3LRR) based on the location of RD. For clarity the 5’ 

strands (d) and 3’ strands (e) are shown separately.  

	  



 75	  

The structure of the RD bound to dsRNA with and without 5'-ppp is in agreement 

with the RD in the helicase-RD structure with a root mean square deviation of 

~0.6Å for backbone atoms. However, the trajectory of the RNA helix is different. 

Superposition of the three structures demonstrates that the conformation of the 

dsRNA, with and without 5’-ppp in the RD alone structure, clashes with domain 3 

(Figure 20d-e). In addition, contacts between the RD and the helicase domains 

have rotated residues R811, K849, K851, and H871, which were previously 

reported to contact the 3’ strand, such that they no longer interact with the RNA. 

 

3.2.6.4 ATP binding and coupling of ATPase to dsRNA binding  

The ADP•BeF3 molecule is bound at the interface of the core domains 1 and 2 

and brings together amino acids in the helicase conserved motifs Q, I, II, III, V, 

and VI that are known to be involved in ATP binding/hydrolysis (Figure 18b). The 

Q motif recognizes the adenine base while the rest of the helicase motifs are 

involved in binding the triphosphate moiety and the Mg2+. The side chains of 

F241 and the highly conserved R244 in the Q motif stack on either side of the 

adenine base. Q247 makes adenine specific contacts at N6 and N7, explaining 

the ATP dependence for RIG-I activity. The 269GKT helicase motif I contacts the 

phosphates and the BeF3 mimicking the γ-phosphate of ATP, as observed in 

other SF2 helicases. The D372 and E373 in the DECH motif II coordinate the 

Mg2+. The helicase motifs V and VI that contact the ribose and phosphates of the 

ATP in other helicases are close to ADP•BeF3 in our structure, but are not within 

hydrogen-bonding distances. Since the ADP•BeF3 molecule represents the 
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ground state, these residues may engage during other steps of the catalytic 

cycle. 

 

The ATPase activity of RIG-I is completely dependent on the presence of RNA 

and stimulated by dsRNA. The dsRNA-specific ATPase activity of RIG-I can be 

explained by motif IIa that contacts the 5'-strand. As indicated above, motif IIa 

resides in helicase domain 1 and it is present in a loop immediately following 

motif II, which coordinates the Mg2+ essential for ATP hydrolysis (Figure 18a-b). 

This specific arrangement of motif IIa makes it an effective dsRNA sensor to 

allosterically communicate RNA binding to ATPase stimulation. 

 

3.2.7 Conformation changes of RIG-I upon binding dsRNA  

3.2.7.1 Evidence from biochemical studies for conformational changes of 

RIG-I upon RNA binding  

RIG-I exists in an autoinhibited state in the absence of RNA with little ATPase 

activity and activates upon binding viral RNAs. It has been proposed previously 

that the CARDs are inaccessible for signaling in the autoinhibited state, which is 

an important mechanism to safeguard against aberrant signaling. Limited 

proteolysis, and differential scanning fluorimetry were then employed to 

investigate the conformational changes of full-length and helicase-RD of RIG-I 

upon RNA binding. As Figure 21a showed, limited trypsin digestion led to a 

different cleavage pattern and a slower cleavage of RIG-I proteins at K679 and 

K685 in the presence of dsRNA. In particular, both full-length and helicase-RD 
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RIG-I show substantial protection from trypsin digestion at K851. Since K679, 

K685 and K851 do not have the direct contact with RNA, RIG-I must have 

undergone a conformational change so that those sites are not readily accessible 

to trypsin cleavage. To further test this hypothesis, thermal stability shift assay 

was conducted to examine RIG-I stabilization upon binding dsRNA (Figure 21b). 

dsRNA binding significantly enhances the apparent melting temperature 

(3.5±0.30°C for full-length RIG-I and 8.5±0.35°C for helicase-RD). Conversely, 

dsRNA and ATP analog act in synergy towards increase even greater Tm 

(4.7±0.15°C for full-length RIG-I and 10.6±0.10°C for helicase-RD). Given that an 

increase in stability indicates a reduced conformational flexibility, our results from 

thermal shift assay provide further insight into RIG-I conformational changes 

upon RNA and ATP binding. Considering the structure of ternary complex 

showed Helicase-RD surround the dsRNA, it is most likely that the compaction 

upon binding RNA confer the increase of RIG-I thermal stability. This compaction 

of helicase-RD upon dsRNA binding is also observed in gel filtration, where the 

helicase-RD complex with dsRNA elutes at a larger volume (14.3ml) compared to 

the free helicase-RD (13.7ml) (Figure 14). 
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Figure 21. RIG-I-dsRNA interactions by limited proteolysis and 

thermal shift. (a) SDS-PAGE analysis of a time course (minutes) of 

limited trypsin digestion of Helicase-RD or full-length RIG-I in the 

absence or presence of 14 base pair pal-dsRNA. (b) DSF of RIG-I 

Helicase-RD or full-length RIG-I in the presence of 14 base pair pal-

dsRNA and/or ADP•BeF3 with respect to protein alone. The bar graph 

displays the mean melting temperature difference (∆Tm) and the error 

bars represent the standard deviation from three independent 

measurements. 
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3.2.7.2 Evidence of conformational changes by SAXS studies 

Small-angle X-ray scattering (SAXS) is a structural characterization technique 

that measures the size and shape of biological macromolecules in solution. It 

also can provide an experimental approach to obtain low-resolution structural 

information of biological materials in near-physiological conditions. Therefore, we 

further employed SAXS to studying the conformation changes between apo-form 

and dsRNA-bound RIG-I proteins in solution. Our SAXS data indicates that the 

radius of gyration (Rg) for helicase-RD decreases by 10 Å upon addition of 

dsRNA, indicative of a significant compaction of the protein. Full-length RIG-I 

produced a similar, albeit less dramatic, change of 2.3 Å in the Rg after the 

addition of dsRNA. 

 

The SAXS data indicate that both full-length RIG-I and helicase-RD in the 

absence of dsRNA are in a conformation different from the dsRNA bound states; 

however, we were unable to produce acceptable models for the proteins without 

RNA. Kratky plot (s2I as a function of s) of SAXS data can qualitatively evaluate 

the folded states of a protein. P(r) functions clearly show RIG-I becomes more 

compacted upon binding dsRNA (Figure 22a-b). For globular domains, the Kratky 

plot yields a parabolic peak, while for unstructured proteins the plots lack the 

peak and become linear with increasing s. Globular domains connected by 

flexible linkers yield intermediate plots. In the presence of RNA, both helicase-RD 

and full-length RIG-I yielded symmetrical parabolic Kratky plots (Figure 22c-d), 

consistent with these complexes being folded and globular. However, Kratky 
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plots of the proteins in the absence of dsRNA displayed a loss of parabolic shape 

and a decrease in peak amplitude, suggesting that the proteins do not maintain 

the structure and are more flexible in the absence of dsRNA.  
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Figure 22. Conformatinal changes of RIG-I upon RNA by SAXS. (a-b) 

Distance distribution functions P(r) plot and (c-d) Kratky plot of scattering of 

Helicase-RD and full-length RIG-I in the presence and absence dsRNA.  

(e) Ab initio envelope of helicase-RD and dsRNA overlaid with the crystal 

structure of helicase-RD•dsRNA. (f) Ab initio envelope of full-length RIG-I 

and dsRNA overlaid with the crystal structure of helicase-RD•dsRNA with 

two copies of homologous CARDs added (PDB code 2VGQ). 
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Calculation of a series of ab initio models for full-length and helicase-RD in the 

presence of dsRNA followed by rigid body refinement yielded models with 

acceptable normalized spatial discrepancy (NSD) and χ2 values. The SAXS 

envelope of helicase-RD with dsRNA is in excellent agreement with our X-ray 

crystallographic structure (Figure 22). Using a combination of SAXS data, the 

helicase-RD structure, and a homologous structure of a CARD, a model of full-

length RIG-I bound to dsRNA could be established (Figure 22e-f). The helicase-

RD can be accommodated on one side of the full- length RIG-I SAXS envelope 

while the two CARDs would protrude from the helicase domain 1. In this 

orientation it is likely that they are available for interaction with CARDs of the 

downstream signaling factors like IPS-1. Interestingly, the CARDs are positioned 

adjacent to the V-shaped linker, connecting domain 2 with the RD and the T770 

phosphorylation site. The close proximity of the V-shaped linker and the second 

CARD, suggests a possible mechanism of RIG-I where the two alpha helices 

may serve as a hinge for RD movement from a repressed state to an activated 

state upon RNA binding. The orientation of the CARDs in this model is 

perpendicular to the axis of the dsRNA, allowing for multiple RIG-I molecules to 

bind to a single RNA. 

 

Combining the observations from limited proteolysis, gel filtration profile, and 

thermal shift assay, we therefore predict that RIG-I consists of globular, folded 

domains connected with flexible linkers that become ordered and more compact 

upon RNA binding. Further structural and biophysical studies are needed to 
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better characterize the structure of RIG-I full length in the absence or presence of 

dsRNA. 
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3.3 Structure of RIG-I Helicase-RD in complex with different RNA ligands 

3.3.1 Crystallization, data collection and structure determination 

The chase for RIG-I ligand has been subject to intense research since the 

discovery of this pivotal viral RNA sensor (Baum and Garcia-Sastre, 2011; Kato 

et al., 2011; Onoguchi et al., 2011; Schlee et al., 2009a; Schlee and Hartmann, 

2010). Recent work has found that RIG-I detects blunt-ended dsRNA with or 

without a 5'-ppp (Marques et al., 2006), single-stranded (ss) RNA marked by 5'-

ppp (Hornung et al., 2006; Pichlmair et al., 2006), and the panhandle-like RNAs 

of negative strand virus such as influenza. To further identify the molecular 

determinants for RNA recognition, and to understand how RIG-I distinguishes 

viral RNA from self cellular RNA, we recently determined the crystal structures of 

RIG-I Helicase-RD bound to panhandle-like short hairpin RNAs in the presence 

and absence of 5’-triphosphorylated modification, bound to dsRNA with and 

without 5’ppp, and bound to chimaeric RNA-DNA duplex at high resolution. 

 

5’-ppp hairpin RNA (5'-pppGAAUAUAAUAGUGAUAUUAUAUUC-3') is 

chemically synthesized from Biosynthesis Company and it contains a stem of 10 

base pairs, a GUGA tetra loop, and 5’-triphosphate moiety. Blunt-end hairpin 

RNA has the same nucleotide sequence as 5’ppp hairpin RNA.  Crystals of RIG-I 

Helicase-RD–5’ppp hairpin RNA complex were grown from 23% (w/v) PEG 3350, 

0.25 M KSCN, 100 mM MOPS (pH 7.8). Crystals of RIG-I Helicase-RD–hairpin 

RNA ternary complex were obtained in similar conditions as described above, 

except 0.3 M NaSCN was used instead of 0.25 M KSCN. Crystals of RIG-I 



 85	  

Helicase-RD–5’ppp 14bp-dsRNA complex were grown in 24% (w/v) PEG 3350, 

0.2 M KSCN, 100 mM MOPS (pH 7.8), 4% (v/v) 2,2,2-Trifluoroethanol. Crystals 

of RIG-I Helicase-RD–14bp-dsRNA complex (CGACGCUAGCGUCG) were 

grown in 24% (w/v) PEG 3350, 0.2 M KNO3, 100 mM MOPS (pH 7.8), 4% (v/v) 

2,2,2-Trifluoroethanol. Crystals of RIG-I Helicase-RD–14bp-chimaeric RNA-DNA 

complex (rCrGrArCrGrCrUAGCGTCG) were grown in 22% (w/v) PEG 3350, 0.25 

M KSCN, 100 mM MOPS (pH 7.8). 

 

For cryoprotection, all crystals were gently transferred to crystallization solutions 

plus 5% (v/v) (2R,3R)-(−)-2,3-butanediol, and then flash-frozen in liquid N2. X-ray 

diffraction data were collected either at the X29A beamline of the National 

Synchrotron Light Source (NSLS), or at the Cornell High Energy Synchrotron 

Source (CHESS) F1 beamline. Diffraction intensities were indexed, integrated, 

and scaled with Mosflm and SCALA. Calculation of the Matthews coefficient 

suggested the presence of six molecules per asymmetric unit (VM = 2.97 Å3 Da-1) 

with a solvent content of 61.9% in crystals of Helicase-RD–hairpin RNA with or 

without 5’triphosphate. However, Matthews coefficient calculation of crystals of 

Helicase-RD–dsRNA with or without 5’triphosphate indicated one molecule per 

asymmetric unit. Initial space group were determined by Pointless and further 

confirmed by decreases in both Rwork and Rfree during refinement. Molecular 

replacement was performed with Phaser using the previous determined structure 

of RIG-I Helicase-RD-ADP•BeF3-dsRNA ternary complex (PDB: 3TMI), and 

structural model was then refined in PHENIX software package. Iterative rounds 
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of Model building in COOT were guided by the sigma A-weighted 2Fo-Fc 

electron density maps and further by inspection of omit maps calculated in 

PHENIX to prevent model bias. For hairpin RNA and 5’ppp hairpin RNA datasets, 

strict non-crystallographic symmetry (NCS) restraints were used during the early 

rounds of refinement, and were later relaxed in final rounds of refinement. Water 

molecules were added stepwise in final stages of refinement and then verified by 

occupancy and B-factor. MolProbity was used to perform validation of protein 

and RNA models. Statistics of the data processing and structure refinement are 

summarized in Appendix Table. 

 

3.3.2 Structure overview and analyses 

The overall structures of all the complexes are similar to the previous determined 

structure of RIG-I Helicase-RD-ADP•BeF3-dsRNA ternary complex.  They all 

share the similar closed conformation features. RIG-I helicase domains 

compleltely surrounds the RNA duplexes with RD domain capping the 5’-ends of 

duplex RNA through an extensive protein-RNA interactions and interdomain 

interactions (Figure 23A.) Thermal parameter distribution colored by the 

crystallographic temperature factor (B-factor) shows RIG-I has very high 

dynamtics even in the presence of RNA duplex (Figure 23B). B-factor describes 

by how much individual atoms or groups of atoms oscillate around their mean 

position in a protein structure and usally can be used to measure internal 

flexibility of a protein. The lowest B-value is observed helicase RecA domain 1 

and most part of RecA domain 2 (dark blue). RIG-I helicase domain 3 and RD 
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domain, however, shows a much higher B-factor value, implying that those two 

domains are more dynamic and flexible during the recognition of RNA duplexes. 

The largest B-factor (colored in red) is observed in the loop region (665-690) 

within RecA domain 2 in 5’ppp duplex structures, where the electron density 

clearly shows more disorder than elsewhere in the structure. However, this 

region is actually well ordered in the crystal structures of duplexes without 5’ppp, 

strongly suggesting that this loop region might plays an important role in sensing 

5’-triphosphate moiety. Superposition of RNA duplexes in all complex structures 

reveals that the orientation of the duplexes relative to RIG-I helicase-RD are 

almost the same (Figure 23C), and that the phosphate backbones of 9 base pairs 

of duplexes from the 5’ end overlay pretty nicely, except 3’ ends (Figure 23D). 3’-

ends of duplex RNA is exposed to solvent and exhibits greater flexibility than 5’ 

ends. Nevertheless, all RNA duplexes maintain the canonical A-form 

conformation, which is critical for RIG-I recognition. 
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Figure 23. Structure overview and analyses of RIG-I in complex 

with different RNA duplex. (A). Overlay of all RIG-I Helicase-RD-RNA 

duplex structures. (B) Structure representation by B-fator showing the 

flexibility of complex. (C) Superposition of RNA duplexes in all complex 

structures. (D) Phosphate backbones of 9 base pairs of duplexes from 

the 5’ end overlay pretty nicely, except 3’ ends.  



 89	  

Consistent with what we found from diagrams of the B-factor distribution, overlay 

of RIG-I Helicase-RD-hairpin RNA structure with the structure of 5’ ppp-hairpin 

reveals a striking feature of loop region (663-672), which exhibits two 

conformations during the recognition of 5’ triphosphated end (Figure 24A). In the 

absence of 5’ triphosphate, this loop region makes hydrogen-bonding contacts 

with 5’ base (G1) through N668 and T667 (Figure 24B). However, this flexible 

loop does not make any contact with 3’ base (C24). Interestingly, an oxyanion 

hole is formed by K849 from RD with interaction with the negative charged 

oxygens on R664, Q669, N670 and T671 from the loop (Figure 24B). This 

oxyanion hole might be critical for stabilizition of the loop in a conformation that 

would suffer from steric hindrance by forming high-energy tetrahedral oxyanion 

intermediate or transition state through hydrogen bonding. It is also worth noting 

that K849 is completely conserved in RIG-I species, but not conserved at all in 

MDA5 and LGP2 receptors (Leu and Ile, respectively).  
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Figure 24. Loop movement in the absence or present 5’ppp. (A) 

Overlay of RIG-I Helicase-RD-hairpin RNA structure with the structure of 

5’ ppp-hairpin RNA reveals a motion of loop region (663-672). (B) Details 

of elaborate network of loop region with 5’ end of blunt-end hairpin and 

K849 from RD domain. (C) Detailed interaction of 5’ triphosphate and RD 

domain. 
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In the presence of 5’ triphosphate, this loop region moves away from 5’-

triphosphates, and no longer makes contacts with 5’ base (Figure 24C). 

Intriguingly, the RNA 5’ triphosphate group is specifically recognized by RIG-I RD 

through extensive elctrostatic interactions. No intereaction has been obsereved 

between triphosphate and helicase domains in both 5’ppp hairpin RNA duplex 

and 5’ppp dsRNA structures. Specifically, K861 and K888 interact with the α-

phosphate, and H847, K861, K858 and the G1 base make contacts with the β-

phosphate. Among them, D872 forms a salt bridge with K861 and K888, which 

properly position K861 and K888 in the right place to faciliate the interaction with 

α- and β- phosphates. Additonaly, K851 forms hydrogen bonding (3.2 Å distance) 

with γ-phosphate, and make direct contacts with the 5’ G1 base. Sequence 

alignment of of the RD regions of RIG-I, MDA5, and LGP2 from different species 

clearly shows that this resides (K851) are well conserved. Interestingly, we could 

not see the clear electron density for the side chain of K849, and it could not 

make direct contacts with the flexible loop region. This might cause an even high 

flexibility for the loop region because K849 could not stablize the loop anymore 

once it moves away from the 5’ ends of duplex. This flexibility was further 

confirmed in our 5’ppp dsRNA structure, where almost no electron density is 

visible for this loop region.  

 

Taken together, our structurals studies demonstrated that the loop region (663-

672) acts as a “switch region”, which interacts with blunt end and 5’-triphosphate 

in two distinct conformations. It is most likely that the occupancy of triphosphate 
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in 5’ end of RNA duplex pushes the loop region away. Given that this loop region 

also makes contacts with the minor grove of RNA duplex in recent MDA5 

helicase-RD-dsRNA structure, we speculate that this flexible loop and RD act 

together to contribute to the specific recognition of 5’ ends of PAMP RNA. 

 

In additon, our recent structures established a novel helicase motif (Q507-E510-

Q511 in helicase domain 3) that makes hydrogen-bonding interactions with the 

minor groove of dsRNA duplex (Figure 25F.) In RIG-I Helicase-RD-14bp dsRNA 

structure, Q507 and Q511 interact with the base G9 in 5’ strand, while E510 and 

Q507 contact with 2’OH of the A8 in 3’ strand, A8 in 5’ strand, respectively 

(Figure 25A). This interaction network is pronounced in RIG-I Helicase-RD-14bp 

5’ppp dsRNA structure, where Q507 make hydrogen bonding with both the bases 

of A8 and G9 in 5’ strand (Figure 25B). This elaborate network is also observed 

in both hairpin RNA and 5’ppp hairpin RNA structures (Figure 25C-D). Hairpin 

RNA (5'-GAAUAUAAUAGUGAUAUUAUAUUC-3') and 5’ppp hairpin RNA (5'-

pppGAAUAUAAUAGUGAUAUUAUAUUC-3') are composed of 10bp dsRNA 

duplex and a tetraloop. It is worth noting that the position of U18 in hairpin RNA 

corresponds to that of A8 in 3’ strand of dsRNA. We also determined a structure 

of RIG-I Helicase-RD in complex with an equivalent 14-bp chimaeric RNA-DNA 

duplex at 2.9 Å. The structure of complex shows the chiaeric RNA-DNA duplex 

makes almost identical contacts with RIG-I Helicase-RD as 14bp self-

complimentary dsRNA. Interestingly, we did not get the crystals for RIG-I 

Helicase-RD in complex with an equivalent 14-bp chimaeric DNA-RNA duplex, 
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even though we still see the stable complex formation from gel filtration, which 

elutes at the same volume as RNA-DNA. This clearly indicates the importance of 

5’ strand as a nature of RNA in crystallization. As Figure 25E shows, Q507 and 

Q511 still make extensive interactions with the base dG9 and dA8 in the 5’ 

strand, while Q507 and E510 no longer make hydrogen bonding with 2’OH of the 

ribose in dA8 due to the lack of 2’OH in dA8. Suprisingly, Q511 interact with both 

U7 in the 3’ strand and dG9 in 5’ strand, which has never seen in other RIG-I-

duplex structures. One possible explanation for this observation is that Q511 

make contacts with both strands to compensate for the loss of hydrogen bond 

contacts between E510 and A8 from the both strands. 
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Figure 25. Helicase domain 3 (Q507-E510-Q511) makes extensive 

hydrogen-bonding interactions with the minor groove of dsRNA 

duplex. 
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3.3.3 Local conformational changes of RIG-I by HDX 

To further investigte the conformational changes of RIG-I upon binding RNA 

duplex, we carried out HDX experiment with RIG-I FL and Helicase-RD in the 

presence or absence of 5’ppp hairpin RNA. The color shown in the heating map 

corresponds to the computed deuteration percentage of that region in RIG-I 

protein (see the color key in the upper right of the Figure 26). Hotter color 

represents more exchange, thus much exposed to solvent. Thus, this deuterium 

uptake information can be used for assessing conformational change in localized 

region of RIG-I upon binding RNA. The HDX profiles show that in the absence of 

5’ppp hairpin RNA, RIG-I CARDs has low deuterium exchange rate (blue color), 

indicating that this domain is less exposed and flexible, either due to the 

protection from other domains or due to the presence of intramolecular hydrogen 

bonding (a sign of more alpha helices present in structure) (Figure 26A). 

However, the linker region (residues 180 to 245) between CARDs domain and 

Helicase domain, the internal region from residues 665 to 735 in helicase domain 

2, and the Pro-rich region in the V-shape linker (residues 795-810) have much 

higher exchange rate (red color), strongly indicating that those linker regions are 

highly exposed to solution and therefore bears more flexibility. As shown in 

Figure 26B, higher deuterium uptake was observed in the N-terminal CARDs 

domain of RIG-I upon binding RNA duplex, indicating that CARDs are more 

exposed to the solvent. We also see the slower deuterium exchange rates in the 

helicase domain and RD region upon binding hairpin RNA, consistence with our 

observations that helicase-RD become more compared in the presence of RNA. 
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This is another evidence showing that RIG-I undergos conformaitonal changes 

upon binding RNA ligands. 
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Figure 26. Local conformational changes of RIG-I by HDX. (A) HDX 

heating map profile of RIG-I FL alone. RIG-I CARDs has low deuterium 

exchange rate.  (B) Comparision of RIG-I in the absence and presence of 

5’ppp hairpin RNA duplex. Higher deuterium uptake was observed in the 

N-terminal CARDs domain of RIG-I upon binding RNA duplex. 
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4. Discussion  

4.1 Role of the helicase/ATPase  

Our structure shows a major role of the helicase domain of RIG-I in dsRNA 

binding; however, the role of ATPase/helicase function remains enigmatic. RIG-I 

has been reported to use its ATPase to translocate on dsRNA without RNA 

melting. Our structure showing an A- form dsRNA duplex bound to the helicase-

RD is consistent with the dsRNA translocation model. The overlay of the helicase 

domain of RIG-I with the HCV NS3h suggests that RIG-I would use the 3'-strand 

for its motor contacts. Thus, translocation of RIG-I on dsRNA can be 

mechanistically similar to moving on single-stranded nucleic acid32. The ATPase 

can bring about periodic 'ratchet' type opening-closing of the two RecA-like 

helicase domains, which will allow RIG-I to track the 3'-strand and move on 

dsRNA. Translocation activity may facilitate RIG-I to displace RNA binding 

proteins and/or to find the end of the RNA. The translocation /ATPase can check 

to determine whether RIG-I is bound to self or non-self RNA. The self RNAs do 

not contain a blunt end or 5'-ppp, and thus RIG-I will continue to translocate off 

the RNA end and dissociate. On the other hand, RIG-I with its tight interactions 

with blunt-end and 5'-ppp will remain bound to the non-self RNA to eventually 

initiate signaling. We propose that our structure of the helicase-RD represents 

the end-point of such a search, where RIG-I has found the blunt end and the 

helicase-RD is engaged with the terminal base pair. We propose that such a 

conformation of the helicase-RD in the full-length RIG-I would represent the 

activated state of RIG-I. 
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4.2 Role of RD in RNA binding and ATPase 

The crystal structure of the RIG-I helicase-RD shows that the RD interacts mainly 

with the blunt-end bp and a few nt near the 5'-end; however, the helicase 

interacts extensively with 3'-strand and 5'-strand. Despite its major contribution to 

dsRNA binding in the helicase-RD, the helicase alone shows substantially weak 

dsRNA binding affinity in the absence of RD, whereas RD alone binds the blunt-

end dsRNA still relatively tightly compared with RIG-I FL. It appears that the RD 

is important in organizing the helicase domain to stably interact with the dsRNA, 

and there is synergy between the helicase and RD that promotes blunt-end 

dsRNA recognition. Why helicase alone shows weak ATPase, however helicase-

RD shows robust ATPase activity? The most plausible explanation is that RD 

binds RNA, and then brings RNA close to the helicase domain. This causes the 

conformational rearrangement in helicase domain, making the ATP binding 

pocket more acessessible to ATP binding and hence activates ATP hydrolysis. 

 

4.3 RIG-I activation model 

The RIG-I also contains an autoinhibition mechanism to safeguard against 

aberrant signaling. In the absence of viral RNA, RIG-I exists in an autoinhibited 

state, which is proposed to be a 'closed' state in which the CARDs are interacting 

with the RD and not exposed for signaling.  In the presence of RNA, RIG-I 

changes into an 'open' state where the RD is engaged with the RNA and the 

CARDs are exposed for active signaling. Our SAXS measurements are 

consistent with a conformational change in RIG-I upon dsRNA binding.  
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However, our structural data indicate that RIG-I has an open and flexible 

conformation in the absence of RNA and it changes into a closed conformation in 

the presence of dsRNA. The closed conformation captured in our helicase-RD 

crystal structure shows how dsRNA organizes the RIG-I domains into a ring 

around dsRNA. This helicase-RD crystal structure could be modeled into the 

molecular envelop of the full-length RIG-I bound to dsRNA, which reveals the 

conformation of the two CARDs. Our model of full-length RIG-I bound to dsRNA 

shows a compact helicase-RD around dsRNA and the two CARDs emerging in 

succession from the helicase-RD in a direction perpendicular to the long axis of 

the dsRNA. This conformation of the CARDs appears to be exposed and in a 

position to interact with other CARDs to initiate signaling events. 

 

4.4 Speculations on how RIG-I binds to 5'ppp ssRNA  

It has been reported that polyU-rich ssRNA with 5'ppp serve as RIG-I ligands for 

signaling. The RD domain binds to the 5'ppp ssRNA; however, it is difficult to 

imagine how the helicase would continue these interactions with the ssRNA in 

the conformation observed in our structure because its polarity of RNA binding 

would be incorrect. There are three possible solutions that can allow both 

helicase and RD to interact with the 5'ppp ssRNA: 1) The helicase-RD assumes 

a different conformational state to bind the 5'ppp ssRNA. 2) The RNA if long 

enough can loop around and bind the helicase domain in the orientation 

observed in our structure. 3) Two molecules of ssRNA bind to the helicase-RD, 
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one to the RD and another one to the helicase. In this way it would mimic the 

dsRNA structure to facilitate the recognition by RIG-I. 
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5. Conclusion and outlook 

The innate immune system is the first line of host defense against pathogen 

invasion. The activation of the innate immune system relies on the recognition of 

pathogen-associated molecular patterns (PAMPs) by specific pattern-recognition 

receptors (PRRs). RIG-I is one of the crucial PPRs in the cytoplasm that induce 

innate immunity against HCV and other RNA viruses by selectively binding 

PAMP RNA containing 5’ terminal triphosphate (5’ppp) or double-stranded RNA 

to signal IRF-3 activation, IFN-α/β expression, and induction of 

antiviral/immunomodulatory interferon-stimulated genes (ISGs). However, the 

detailed molecular mechanism for RIG-I activation remains elusive. In our 

studies, we overexpressed, purified and characterized full-length RIG-I protein. In 

addition, we identified a specific HCV RNA PAMP structure for RIG-I recognition. 

We then focused on determining the three-dimensional crystal structures of RIG-

I-helicase-RD in complex with different RNA duplexes. Our structure presented 

here provided a detailed view of the role of the helicase in dsRNA recognition, 

synergy between RD and the helicase for RNA binding, organization of full- 

length RIG-I bound to dsRNA, and further evidence of a conformational change 

upon RNA binding. Furthermore, our structures provided a molecular basis of 

RIG-I for duplex RNA specific recognition with and without 5’-triphosphate. The 

structural and mechanistic details of RIG-I obtained from this study prompted us 

to propose a new, paradigm-changing model of PAMP recognition and RIG-I 

activation. Overall, my thesis work provides a greater mechanistic understanding 
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of innate immune activation to viral infection, and may have broader impact in 

other areas. 

 

Despite these advances, our understanding of the molecular mechanism of RIG-

I-mediated antiviral signaling is still limited and several outstanding questions 

remain unanswered. For example, the RIG-I Helicase-RD-dsRNA structures 

have shown a major role of the helicase domain in dsRNA binding (Jiang et al., 

2011; Luo et al., 2011); however, there is still much to uncover what is 

underneath the hoods of ATP binding and hydrolysis in the course of RIG-I 

activation and signaling. RIG-I has been demonstrated to translocate rapidly and 

repeatedly on short dsRNA (20-50 bp) (Myong et al., 2009). Nevertheless, the 

biological relevance of RIG-I translocation activity still needs to be elucidated. For 

instance, how does the translocation activity correlate to RIG-I signaling? 

Another key question is the molecular mechanism between RIG-I, MDA5 and 

LGP2 for recognizing different viruses. RIG-I and MDA5 detects short dsRNA 

and long dsRNA, respectively. Likewise, the molecular mechanism underlying 

the sensing of nucleotide length has remained a mystery. In addition, so far all of 

the atomic structural data have been performed with short double-stranded 

RNAs. These dsRNAs do have extraordinarily high binding affinities to RIG-I, but 

they seem unlikely to stimulate sufficient IFN production in vivo. Therefore, an 

atomic structure of RLR bound to a real viral PAMP will undoubtedly shed new 

light on the precise molecular mechanism of viral RNA recognition and RIG-I 

activation in nature.  



 104	  

In addition, RIG-I is found to form multimeric complexes in vivo during viral 

infection (Saito et al., 2007), and it has also been shown to cooperatively form 

oligomers along long dsRNA in vitro (Binder et al., 2011). These observations 

raise the following questions: What does the role of the formation of higher-order 

RIG-I complexes play? Recent EM studies by Dr. Smita Patel’s group clearly 

show RIG-I Helicase-RD can form multimers on the long dsRNA, whereas RIG-I 

FL cannot form a multimer (Personal communication). What is the underlying 

molecular basis for RIG-I dimerization or multimerization? Additionally, current 

model suggests polyubiquitinated RIG-I interacts with MVAS to relay the signals 

to downstream effectors. In this regard, it will be important to investigate the 

exact nature of interactions between RIG-I, MAVS, TRIM25 in the future. 

Regardless, the structural insights gained from RIG-I with and without RNA 

substrates will guide future studies aimed at finalizing our understanding of RLR 

activation and signaling in innate immunity. Furthermore, these studies will 

provide a framework for understanding the functions of other important DExD/H 

helicases, such as Dicer and FANCM, involved in RNA interference and DNA 

repair pathway, respectively. 
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6. Appendix  

6.1 sequence alignment of RIG-I-like receptors 
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Sequence alignment of RIG-I-like receptors. Absolutely conserved residues in 

the helicase are shown as white text on a red background, while identical 

residues in the RD domain are shown as red text with a white background. 

Helicase motifs are boxed with colors according to domain localization as in 

structures. Roman numerals indicate the position of conserved motifs found in 

RNA helicases and RNA helicase-like proteins. Red triangle indicates the 

residues involved in 5’ strand RNA binding, whereas the residues involved in 

binding to 3’ stand RNA are denoted with a blue triangle. Green triangle indicates 

the conserved residues involved in ATP analog binding. The secondary structure 

and residues numbers of RIG-I are marked on the top of sequence alignment. 

Accession numbers for each protein are as follows: RIG-I (NP_055129.2), MDA5 

(NP_071451.2), LGP2 (NP_077024.2), Dicer (NP_085124.2), FANCM 

(NP_065988.1), and Hef (NP_579744.1). 
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Supplementary Figure 3. Sequence alignment of RIG-I-like receptors. Multiple sequence 
alignment was carried out by using ClustalW, and illustrated with ESPript. Absolutely con-
served residues in the helicase are shown as white text on a red background, while identical 
residues in the RD domain are shown as red text with a white background. Helicase motifs are 
boxed with colors according to domain localization as in Figure 1. Roman numerals indicate 
the position of conserved motifs found in RNA helicases and RNA helicase-like proteins. Red 
triangle indicates the residues involved in 5’ strand RNA binding, whereas the residues 
involved in binding to 3’ stand RNA are denoted with a blue triangle. Green triangle indicates 
the conserved residues involved in ATP analog binding. The secondary structure and residues 
numbers of RIG-I are marked on the top of sequence alignment. Accession numbers for each 
protein are as follows: RIG-I (NP_055129.2), MDA5 (NP_071451.2), LGP2 (NP_077024.2), 
Dicer (NP_085124.2), FANCM (NP_065988.1), and Hef (NP_579744.1).
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6.2 Summary of the X-ray Crystallographic Analyses  

 24 mer blunt-end 
Haripin RNA 

24 mer 5’ppp  
Haripin RNA 

Data collection   
Space group P212121 P212121 
Cell dimensions   
a, b, c (Å) 111.5, 174.3, 308.3 111.2, 174.8, 309.3 
α, β, γ  (°)  90.0, 90.0, 90.0 90.0, 90.0, 90.0 
Resolution (Å) 30.0-2.6 (2.74-2.6) 50-3.0 (3.37-3.2) 
Rmerge 0.156 (1.016) 0.279 (1.106) 
Rpim 0.043 (0.335) 0.087 (0.353) 
I/sI 13.0 (2.4) 10.0 (2.4) 
Completeness (%) 90.6 (80.3) 99.5 (99.6) 
Redundancy 13.0 (9.5) 11.1 (10.6) 
   
Refinement   
Resolution (Å) 29.99-2.60(2.69-2.60) 49.44-3.1(3.21- 3.1) 
No. reflections 166274 99666 
Rwork/Rfree  0.21(0.30)/ 0.25(0.36) 0.20(0.30)/0.25(0.36) 
No. atoms   
    Protein 35025 34297 
    Ligand/ion 6 200/4 
B-factors (Å2)a   
    Protein 48.80 68.20 

 
    Ligand/ion 47.10 57.20 
R.m.s deviations   
    Bond lengths (Å)  0.012 0.006 
    Bond angles (º) 1.42 1.09 
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 14bp dsRNA 14bpdsRNA 

-ADP-BeF3 
Data collection   
Space group P6522 P6522 
Cell dimensions   
a, b, c (Å) 174.8, 174.8, 110.1 175.4, 175.4, 109.2 
α, β, γ  (°)  90.0, 90.0, 120.0 90.0, 90.0, 120.0 
Resolution (Å) 57.2-2.95(3.1-2.95) 30.0-2.9(3.1-2.9) 
Rmerge 0.15(2.37) 0.18(2.83) 
Rpim 0.024(0.384) 0.028(0.45) 
I/σI 16.9(2.0) 17.4(1.9) 
Completeness (%) 99.9(100.0) 99.8(99.8) 
Redundancy 40.5(38.2) 39.4(40.0) 
   
Refinement   
Resolution (Å) 28.16 - 3.2 (3.004  - 

2.9) 
18.06-2.90 

No. reflections 22444 22245 
Rwork/Rfree  0.22(0.47)/0.27(0.45) 

 

0.199/0.287 

No. atoms   
    Protein 5878 5196 
    Ligand/ion 19 544 
B-factors (Å2)a   
    Protein 120.20 117.1 
    Ligand/ion 132.90 126.3 

R.m.s deviations   
    Bond lengths (Å)  0.002 0.014 
    Bond angles (º) 0.48 1.266 
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 14bp 5’ppp dsRNA 

 
14bpp RNA-DNA 
chimeric RNA 

Data collection   
Space group P6522 P6522 
Cell dimensions   
a, b, c (Å) 175.5, 175.3, 109.1 176.2, 176.2, 108.3 
α, β, γ  (°)  90.0, 90.0, 120.0 90.0, 90.0, 120.0 
Resolution (Å) 51.3-3.2 (3.37-3.2) 46.12-2.9 (2.95-2.8) 
Rmerge 0.294 (2.744) 0.266 (3.398) 
Rpim 0.046 (0.443) 0.041 (0.545) 
I/sI 15.0 (2.1) 18.0 (1.5) 
Completeness (%) 99.9 (99.9) 100.0 (100.0) 
Redundancy 40.8 (38.4) 42.7 (38.1) 
   
Refinement   
Resolution (Å) 46.2-3.2 (3.31-3.2) 34.99-2.9(2.952-2.85) 
No. reflections 16816 24910 
Rwork/Rfree  0.23(0.35)/0.28(0.40) 0.23(0.37)/ 0.29(0.41) 

 
No. atoms   
    Protein 5468 5779 
    Ligand/ion 30 1 
B-factors (Å2)a   
    Protein 129.60 31.30 
    Ligand/ion 145.30 55.20 

R.m.s deviations   
    Bond lengths (Å)  0.008 0.015 
    Bond angles (º) 1.17 1.16 
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