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ABSTRACT

DRH-3 is critically involved in germline develop-
ment and RNA interference (RNAI) facilitated chro-
mosome segregation via the 22G-siRNA pathway
in Caenorhabditis elegans. DRH-3 has similar do-
main architecture to RIG-I-like receptors (RLRs) and
belongs to the RIG-I-like RNA helicase family. The
molecular understanding of DRH-3 and its function in
endogenous RNAi pathways remains elusive. In this
study, we solved the crystal structures of the DRH-
3 N-terminal domain (NTD) and the C-terminal do-
mains (CTDs) in complex with 5'-triphosphorylated
RNAs. The NTD of DRH-3 adopts a distinct fold
of tandem caspase activation and recruitment do-
mains (CARDs) structurally similar to the CARDs
of RIG-I and MDAS5, suggesting a signaling function
in the endogenous RNAi biogenesis. The CTD pref-
erentially recognizes 5'-triphosphorylated double-
stranded RNAs bearing the typical features of sec-
ondary siRNA transcripts. The full-length DRH-3 dis-
plays unique structural dynamics upon binding to
RNA duplexes that differ from RIG-l or MDA5. These
features of DRH-3 showcase the evolutionary diver-
gence of the Dicer and RLR family of helicases.

INTRODUCTION

RNA interference (RNAI) is important for the viability and
growth of Caenorhabditis elegans (C. elegans) larvae (1-
4). RNAI refers to sequence-specific gene silencing that is
triggered by small duplex RNAs. These non-coding RNA

molecules are key players in RNAi. The two pathways
of generating small RNAs in C. elegans are cleavage of
double-stranded RNA (dsRNA) by Dicer and de novo
synthesis of secondary siRNAs by worm RNA-dependent
RNA polymerase (RdRp). Worm Dicer (DCR-1) is re-
quired to produce microRNAs (miRNAs) and small inter-
fering RNAs (siRNAs), which are short (21-23 nt) dsR-
NAs bearing 5-phosphate (5'-p) ends and 3’ overhangs (5-
7). Worm-specific RdRps can transcribe endogenous siR-
NAs using messenger RNA (mRNA) templates (2,8,9).
These secondary siRNAs exhibit a distinct polarity (5 to
3’ on the antisense strand) and bear triphosphate moi-
eties at the 5 end (5-ppp). Secondary siRNAs can be
produced through multiple amplification rounds which
may result in more effective mRNA silencing in worms
(10,11)

DRH-3 was first reported as a Dicer interacting protein
and required for germline RNAI (12). This protein is im-
portant for germline development and chromosome segre-
gation (13). The drh-3 mutants are sterile and exhibit defects
in germline proliferation and gametogenesis. Aoki et al. re-
ported immunoprecipitation data showing that DRH-3 in-
stead of worm Dicer (DCR-1), directly interacts with worm
RdRps, such as RRF-1, indicating DRH-3 could be in-
volved in the RdRp activities (2). DRH-3 is required for
the biogenesis of secondary siRNAs, including endogenous
26G and 22G siRNAs (3,14). Deep sequencing data suggest
that both 22 and 21 nt 5 G small RNAs are dramatically
reduced in the dri-3 mutants, indicating that DRH-3 plays
a role in the biogenesis of 22G RNAs, in C. elegans (15).
Vasale et al. have performed a qRT-PCR analysis of 26G
target genes expression and shown the 26G-RNA targets
could be up-regulated in the dri-3 mutant (14).
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DRH-3 is orthologous to Dicer and most closely re-
lated to the RIG-I-like receptors (RLRs), which include
RIG-I (retinoic acid inducible gene 1), MDAS (melanoma
differentiation-associated gene 5), and LGP2 (laboratory
of genetics and physiology 2) (16,17). The RLRs play
an essential role in sensing viral infection and initiating
an interferon-mediated antiviral immune response. RLRs
share similar a domain architecture that supports specific
detection of viral RNA. Upon binding of a short double-
stranded RNA (dsRNA) bearing a 5 triphosphate, RIG-
I undergoes conformational changes that switch it from
an auto-inhibitory state to an active state that exposes the
N-terminal caspase activation and recruitment domains
(CARDs), which then interact with the adaptor protein
MAVS to activate type-1 interferon expression. MDAS
adopts an open but inactive conformation that oligomer-
izes on long RNA duplexes, which brings its CARDs into
proximity for activation of MAVS (16,18-21). DRH-3 has
a domain architecture that is similar to RLRs, including an
N-terminal domain (NTD), a DExH/D helicase core and a
C-terminal domain (CTD) (22-25). Intriguingly, the DRH-
3 NTD shares low amino acid sequence identity with the N-
terminal tandem CARDs of RIG-I (11%) and MDAS (12%)
(23,24), but it may serve a different function in the case of
DRH3. For example, direct RNA binding and enzymatic
analyses have shown that the NTD of DRH3 contributes
to cooperative, ATP-dependent dimerization on dsRNA
molecules that are 22-25 bp in length (26,27). These studies
indicated that the DRH-3 NTD contributes to RNA length
discrimination and RNA 5'-terminus selection. Without the
NTD, length-dependent RNA binding by DRH-3 is abol-
ished. In addition, the N-terminal truncation variant devel-
ops an affinity for 5'-ppp over 5'-OH, suggesting a possible
regulatory role for the NTD in dsRNA recognition (27). In
vivo experiments have shown that the NTD of DRH-1 helps
to suppress viral propagation, thereby playing an important
role in the antiviral RNAi pathway (28). However, the bio-
logical function of DRH-3 NTD in RNAI is currently not
yet characterized, making it particularly important to ob-
tain structural information on this enigmatic domain.

The helicase core of DRH-3, which contains two Rec-
A-like domains and a unique insertion domain (Hel2i), is
highly related to the helicase domains in Dicer and the
other RLRs (16,29-31). The sequential and structural con-
served motifs for the binding of RNA and ATP are well
characterized: motifs Q, I, IT and III bind to ATP; mo-
tif VI in Hel2 facilitates ATP binding and hydrolysis; and
motifs Ia-Ib and IV-V interact with RNA backbone in
a sequence-independent manner (16,22). Previous studies
of RIG-I Hel2i showed that this insertion domain ‘walks’
along dsRNA like a scanner and this movement may relate
to ATP hydrolysis (32). The DRH-3 helicase domain is es-
sential for RNA binding and ATP hydrolysis (27).

The CTD of DRH-3 is also highly homologous to the
CTD of RLRs (33,34). Despite the apparent conservation
in the overall CTD structure within this family of pro-
teins, the RNA recognition specificity is different, which has
important functional implications for viral RNA sensing
by RLRs (27,35-38). For example, the RIG-I CTD shows
high binding affinity to the 5'-triphosphate/diphosphate-
(5-ppp/5’-pp) terminus of short dsSRNA species (32,34
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36,39-41), whereas the MDAS CTD preferentially recog-
nizes the internal stem region of long dsSRNA and inter-
acts with weaker affinity (38,42,43). The LGP2 CTD can
bind both the stem and termini of dSRNA (37). Similarly,
the CTD of DRH-3 may recognize specific RNA features
in a way that contributes to its function in the endogenous
RNAI pathway.

Structural and functional studies of Dicer proteins and
RLRs have greatly enhanced our understanding of their
roles in RNAI and antiviral defense mechanisms. Unfor-
tunately, the molecular mechanisms of endogenous RNAI
pathways and the role played by DRH-3 are still poorly
understood. Although full-length DRH-3 (DRH-3FL) can
bind to both ssSRNA and dsRNA, its ATPase activity can
only be stimulated by dsRNA (with a k¢, of 500/min). For
optimal enzymatic function, DRH-3 requires RNAs of ~22
bp, which is the typical length of a microRNA. The foot-
print or minimum dsRNA length for binding two molecules
of any RLR is about 20-24 bp. Given that DRH-3 is struc-
turally similar to RLRs, one ~22 bp dsRNA is likely to be
occupied by two DRH-3 monomers (27).

Here, we report crystal structures of the DRH-3 NTD
and the CTD in complex with 5-triphosphorylated RNA.
In addition, we monitored the overall conformation and dy-
namic behavior of the DRH-3FL protein in solution using
hydrogen/deuterium exchange mass spectrometry (HDX-
MS). Together, our data provide new insights into the
RNA binding specificity and structural dynamics of DRH-
3, which will guide functional analyses of the endogenous
RNAI pathway in worms.

MATERIALS AND METHODS
Protein expression and purification

The ¢cDNA encoding the C. elegans DRH-3FL (UniProt
Q93413) was inserted into the bacterial expression vector
Champion pET-SUMO (Invitrogen). The resulting plas-
mid encodes DRH-3FL with an N-terminal hexahistidine
(His6)-SUMO tag. The DRH-3FL gene was also used as a
template for generating recombinant constructs of individ-
ual domains of DRH-3. Constructs were designed based on
bioinformatics analysis and secondary structure predictions
carried out using BLAST (44), GlobPlot (45) and JPred
(46). The His6-SUMO-tagged NTD of DRH-3 (residues
1-335) was cloned into the expression vector pNIC28-
Bsa4 (47). The CTD of DRH-3 (residues 940-1108) was
cloned into the expression vector pET15b (Novagen), and
the resulting clone carries an N-terminal His6 tag fol-
lowed by a thrombin cleavage site. All cloned DNA se-
quences were confirmed by DNA sequencing. The recombi-
nant constructs were transfected into chemically competent
Escherichia coli cells [BL21(DE3) Rosetta II (Novagen),
BL21(DE3) Rosetta TIR (Novagen) and BL21-CodonPlus
(DE3)-RIL cells (Agilent Technologies)] for protein expres-
sion.

The transformed cells were grown in Luria broth (LB)
with 50 pwg ml~' kanamycin and 35 pwg ml~! chloram-
phenicol at 37°C, and protein expression was induced
with a final concentration of 500 wM isopropyl B-D-1-
thiogalactopyranoside (IPTG) once the ODg reached 0.6—
0.8. The incubation temperature was then lowered to 16°C,
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and the bacterial cell culture was further grown for an ad-
ditional 20 h for protein expression. The cell pellet was
harvested by centrifugation at 4000 xg for 15 min at 4°C.
The cells were resuspended in a buffer containing 25 mM
HEPES pH 7.5, 500 mM NacCl, 10% glycerol and 5 mM B-
mercaptoethanol and lysed by a Panda Plus 2000 homog-
enizer (GEA Niro Soavi). The lysate was clarified by high-
speed centrifugation at 20 000 x g at 4°C for 40 min. The
supernatant was then incubated with Ni-NTA resin (Bio-
Rad) that had been equilibrated with lysis buffer for 1 h at
4°C. After binding, the resin was washed with lysis buffer
containing up to 20 mM imidazole, and the bound proteins
were eluted with lysis buffer containing 200 mM imidazole.
For purification of DRH-3FL and DRH-3 CTD, an addi-
tional step of heparin affinity chromatography was done to
remove nucleic acid contamination. Briefly, the protein so-
lution was allowed to bind to a 5 ml HiTrap Heparin HP
column (GE Healthcare), and a linear gradient of increas-
ing NaCl concentration was used to elute the protein frac-
tions. Pure target protein normally elutes at approximately
400-500 mM NaCl. The eluted protein was then dialyzed
overnight with SUMO protease or thrombin to remove
the tag. The cleaved DRH-3FL was then further purified
using a Superdex 200 HiLoad 16/600 size-exclusion col-
umn (GE Healthcare), while the cleaved DRH-3 CTD and
DRH-3 NTD were purified using a Superdex 75 HilLoad
16/600 size-exclusion column (GE Healthcare). Peak frac-
tions were pooled and concentrated to 5-15 mg ml™! in a
buffer containing 20 mM HEPES pH 7.5, 150 mM NacCl,
5% glycerol and 2 mM DTT. The protein concentration was
determined by absorbance spectroscopy at 280 nm, and the
purity was assessed by SDS-PAGE.

The N-terminal His6-SUMO-tagged human RIG-1 CTD
(residues 802-925) was cloned into the expression vector
pNIC28-Bsa4 (47) and was expressed and purified in the
same way as the DRH-3 CTD.

Crystallization, data collection and structure determination

All crystals were grown by the hanging-drop vapor diffu-
sion method. The native DRH-3 NTD crystals were grown
at 0.2 M ammonium fluoride (pH 6.2), 20% w/v polyethy-
lene glycol 3350 and 5 mM DTT at 4°C. The selenome-
thionine (SeMet)-incorporated DRH-3 NTD crystals were
grown in 0.2 M potassium sodium tartrate tetrahydrate (pH
7.4), 20% w/v polyethylene glycol 3350 and 5 mM DTT at
4°C. The DRH-3 CTD was mixed with single-strand 5'-ppp
8-nt RNA at a 1:1 ratio. Crystals were grown from 0.2 M
ammonium acetate, 0.1 M Tris pH 8.5, 25% w/v polyethy-
lene glycol 3350 at 18°C. The DRH-3 CTD was mixed
with self-complementary 5'-ppp 12-mer GC-rich RNA at
a 2:1 molar ratio. Crystals were grown from 0.1 M Tris
pH 7.5, 30% w/v polyethylene glycol 6000 at 18°C. Crys-
tals of CTD-RNA complexes were flash-frozen with the
reservoir solution and 25% (v/v) glycerol as cryoprotectant.
Diffraction intensities for native DRH-3 NTD and SeMet
DRH-3 NTD were collected at SLS-PXIII using the PILA-
TUS 2 M-F detector and the multiaxis PIRGo goniome-
ter (Paul Scherrer Institute, Villigen, Switzerland). Integra-
tion, scaling and merging of intensities were carried out us-
ing the programs iMOSFLM (48) and SCALA (49) from

the CCP4 suite (50). Diffraction intensities for CTD-RNA
complexes were recorded at NE-CAT beamline ID-24 at the
Advanced Photon Source (Argonne National Laboratory,
Argonne, IL, USA). Integration, scaling and merging of the
intensities were carried out with the programs XDS (51)
and SCALA (52). The structure of the DRH-3 NTD was
determined using the single-wavelength anomalous disper-
sion (SAD) method with the online server AutoRickshaw
(53,54). The structure of the DRH-3 CTD in complex with
the single-strand 5'-ppp 8-nt RNA was solved by the SAD
method using SHELX (55). The structure of the DRH-
3 CTD in complex with the 5ppp dsRNAI12 was solved
by molecular replacement using Phaser (56). The models
were further developed using rounds of manual building in
COOT (57) and refined using Phenix (58). Statistics on the
data collection and structure refinement for all three struc-
tures are summarized in Table 1.

RNA preparations

The 5-ppp RNAs used for crystallization and HDX-MS
were synthesized using T7 polymerase in vitro transcrip-
tion. Transcription was carried out using template DNA
with a T7 promoter (5-G TAATACGACTCACTATA...),
and the sequence was initiated by GTP. The reaction was
then phenol-chloroform extracted, precipitated with 80%
ethanol and purified on a 20% denaturing gel. The tran-
scribed RNAs were run on a 20% denaturing gel to test for
purity and size. All palindromic dsRNA oligonucleotides
used for assays were synthesized on a MerMade 12 DNA-
RNA synthesizer (BioAutomation) as previously described
(59,60). Synthesized RNAs were deprotected (59) and gel
purified. The synthetic RNAs were further analyzed for pu-
rity by mass spectrometry (Novatia LLC). FAM-labeled
RNA was purchased from Integrated DNA Technologies.
All RNA sequences are listed in Supplementary Table S1.

Limited proteolysis

A 1 mg mlI™! trypsin stock solution was prepared in trypsin
digestion reaction buffer (25 mM HEPES, 5% glycerol,
150 mM NaCl and 1 mM DTT). DRH-3 CTD proteins
and DRH-3 CTD-RNA complexes were incubated with
trypsin at 1:2000 w/w for 0-2 h at 25°C. The reactions were
quenched by the addition of SDS loading dye and boiling
for 5 min. Samples were analyzed by SDS-PAGE.

Thermal shift assay

The thermal shift assay involves monitoring changes in the
fluorescence signal of SYPRO Orange dye as it interacts
with a protein undergoing thermal unfolding. The SYPRO
Orange dye was supplied by Invitrogen (catalog number
S6650) at 5000x concentration in DMSO and diluted in as-
say buffer for use. Each test sample (50 wl total volume) in a
96-well PCR plate (BioRad) contained 25 mM HEPES (pH
7.4), 150 mM NaCl, 1 mM DTT, 5% glycerol, 5x SYPRO
Orange dye, 5 wM enzyme and 6 .M RNA. In negative con-
trol samples, the buffer was added instead of test RNA(s).
The plate was sealed with optical quality sealing tape and
heated up from 25 to 95°C in increments of 1°C. Fluores-
cence changes in the wells were monitored simultancously
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Data collection

DRH-3 CTD: 5ppp [DRH-3 CTD: 5'ppp

Macromolecule DRH-3 NTD (Native) DRH-3 NTD (SeMet) 8-nt ssRNA 12-bp dsRNA]J2
Wavelength (010\) 0.9998 0.9794 1.2819 0.9792
Resolution (A)? 85.56-2.80 (2.95-2.80) 47.63-3.11(3.28-3.11) 43.04-1.89 (1.93-1.89) 43.96-1.60 (1.63-1.60)
Space group P41212 P41212 P43212 P22121
Unit cell a/b/c(A) 93.18/93.18/215.96 89.93/89.93/215.68 56.843/56.843/131.75 33.775/93.090/133.823
a/B/y (©) 90/90/90 90/90/90 90/90/90 90/90/90
Unique reflections 24012 (3401) 16670(2324) 17289 (984) 56358 (2845)
Multiplicity 11.1 12.8 9.2 3.1
Completeness (%) 99.3(99.0) 99.7(98.3) 96.3 (88.4) 99.4 (99.9)
I/sigma(I) 10.9 (2.2) 11.0(2.1) 12.0 (1.7) 14.9(1.6)
Rmergeb 0.134 (0.896) 0.241(1.352) 0.142 (1.715) 0.042 (0.761)
Wilson B-factor 66.9 59.3 26.7 20.1
CC1/2 1(0.727) 0.996(0.664) 0.996 (0.378) 0.998 (0.586)
Refinement statistics
Reflections used in 22582 17263 56281
refinement
Number of atoms 5390 1678 3650
macromolecules 5252 1521 3188
ligands 0 33 130
water 138 124 332
Protein residues 659 167 322
Ryork 0.2337 0.1777 0.1692
Riree© 0.286 0.2213 0.1988
Rmsd from ideal bond 0.008 0.008 0.017
length (A)
Rmsd from ideal bond angle 1.19 0.991 1.88
©)
Ramachandran statistics
Ramachandran favored (%) 97.6 95.73 98.2
Ramachandran allowed (%0) 100 100 100
Ramachandran outliers (%) 0 0 0
Clashscore 6.53 2.66 5.53
Average B-factor 86.3 37.06 29.77
macromolecules 86.8 36.32 28.96
solvent 67.43 38.98 36.60

4Values in parentheses indicated values in the highest resolution shell.
meerge = 2|Iobs - IanI/EIavg

®Riree = ZIFobs — Featel/ Zlcate. Riree Was calculated with 5% of reflections.

with a charge-coupled (CCD) camera. The wavelengths for
excitation and emission were 485 and 575 nm, respectively.
The temperature midpoint for the protein unfolding tran-
sition, the melting temperature (7,,), was calculated using
BioRad iQ5 software.

Fluorescence polarization (FP) competition assay

Fluorescence polarization experiments were performed on
a Synergy H1 plate reader (BioTek, Vermont) in 25 mM
HEPES, 2.5% glycerol, 75 mM NacCl, 0.5 mM DTT and
0.01% Triton-X. The excitation and emission wavelengths
were set to 485 and 510 nm, respectively. The 5'-OH hair-
pin RNA was purchased from IDT, and fluorescein amidite
(FAM) was labeled at the hairpin region of the RNA.
Polarization was calculated using the equation:

_4h-4
I+ 1
Where P is the fluorescence polarization, /j is the inten-

sity with polarizer parallel and 7, is the intensity with po-
larizer perpendicular.

For the equilibrium binding using the FAM-labeled RNA
as the ligand, the binding data were fit using the Hill equa-
tion with a Ymin:

. Bmaxx[ P]"

= —F + Ymin
Kd" + [ P]"

Where Y is the concentration of the Protein: RNA com-
plex; [P] is the total protein concentration; / is the Hill co-
efficient, Kd is the equilibrium dissociation constant, Bmax
is the intercept on the x-axis which represents the maximum
specific binding, and Ymin is the biological activity of Fam-
labeled RNA without protein binding.

For competition assays, 400 nM DRH-3 CTD and 5 nM
FAM-labeled RNA (RO, Supplementary Table S1) were
mixed and incubated in 25 mM HEPES, 2.5% glycerol,
75 mM NaCl, 0.5 mM DTT, 0.01% Triton-X in a Greiner
Bio-One 384-well Black Polystyrene Microplate for 1 h at
room temperature. RNA competitors were serially diluted
over a concentration range from 10 pM to 2.4 nM. RNA
competitors (R1, R1P, R1IOH, R2 and R3, Supplementary
Table S1), which were serially diluted over a concentration
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range from 10 uM to 2.4 nM, were then added and dis-
tributed equally.

The titration curve was fitted with log (inhibitor) versus
response—variable slope (four parameters) using GraphPad
Prism 5 (GraphPad software, San Diego California USA,
www.graphpad.com).

A+ (B— A

Y =
(1 + 10(L0gIC50—X)><Hill Slope)

Where X is the concentration of competitor RNAs, 4 is
the polarization of free FAM-RNA, B is the polarization
of free FAM-RNA bound to protein, and Hill Slope is the
slope factor.

The inhibition (%) or ICsy was calculated using the equa-
tion below.

IC50 = 100(P: — P)/ (Pr — Py)

where P is the polarity of fully bound 5-OH hairpin RNA;
Py is the polarity of unbound 5-OH hairpin RNA, and
Py is the polarity of 5-OH hairpin RNA in the presence
of RNA competitors.

Hydrogen/deuterium exchange coupled with mass spectrom-
etry (HDX-MS)

DRH-3FL proteins were exposed to deuterated water for
1 h followed by a quenching step (low pH on ice) to stop
hydrogen/deuterium exchange. Proteins were digested into
peptide fragments by low-temperature and low-pH compat-
ible pepsin. The resulting peptides were subsequently sep-
arated by capillary-flow liquid chromatography and mea-
sured by mass spectrometry. The level of deuterium incor-
poration was then determined by examining the change in
the mass centroid. HDX Workbench (61) was utilized to
analyze the data and generate graphs. HDX-MS results for
DRH-3 proteins are shown as a graphical heatmap that re-
vealed the level of deuterium incorporation (%D) for de-
tected peptides. The heatmap of HDX was subsequently
projected onto the crystal structure of DRH-3 CARDs
and DRH-3FL models with and without RNA ligand to
represent the molecular structure and protein dynamics of
DRH-3.

Structure modeling

Homology models of DRH-3 proteins were generated using
SWISS-MODEL (62). DRH-3 CARD (PDB code: 6JPX),
RIG-I helicase domain (PDB code: SE3H) and DRH-3
CTD (PDB code: 6JPY) crystal structures were used as in-
put reference models. For illustration purposes, the HDX-
MS data were taken into account to model the relative po-
sitions of the domains.

Negative staining transmission electron microscopy

The samples were prepared as follows: 50 pwg/ml of DRH-
3FL recombinant protein were mixed with 3 pg/ml of
dsRNA of different lengths in buffer containing 25 mM
HEPES pH 7.5, 0.1 M KCI, 5 mM MgCl,, 1.5 mM ADP-
AIF4. RNAs used in this experiment are listed in Sup-
plementary Table S1. The mixture was then incubated on

ice for 30 min. After incubation, 4 wl of each sample
were applied to glow-discharged carbon-coated grids. The
grids were then negatively stained with uranyl acetate [1%
(wt/vol)] and imaged with an FEI Tecnai 12 transmission
electron microscope at an accelerating voltage of 200 kV.
Micrographs were taken at -1 wm defocus, 49 000 x magni-
fication and 3.061A per pixel.

Analytical size-exclusion chromatography

Purified DRH-3FL and gel purified RNA sample was di-
luted to 27 and 29 wM, respectively, in the size-exclusion
chromatography (SEC) running buffer containing 20 mM
HEPES pH 7.4, 150 mM NaCl, 1 mM DTT and 5% glyc-
erol. The protein—-RNA complex was prepared by mixing
140 pl of diluted DRH-3FL with 140 pl of diluted RNA
for an almost equimolar protein to RNA ratio. The mixture
was then incubated for 30 min on ice before injection into
Superdex 200 Increase 10/300 GL column. Fractions con-
taining protein and RNA were identified by measuring their
absorbance at 280 and 260 nm. The absorbance against elu-
tion volume was plotted using the scatter plot function in R.

RESULTS

DRH-3 NTD contains unique tandem CARDs in a parallel
arrangement

As observed previously for RLR proteins, the DRH-3 NTD
is connected to the helicase-CTD RNA binding module
via a long linker (Figure 1A). The DRH-3 NTD crystal
structure was solved at 2.8 A resolution (Figure 1B), re-
vealing a domain that is composed primarily of « helices
arranged in two tandem helical bundles (Figure 1C). The
two bundles adopt Greek-key-like folds linked by loops and
small helices (63,64). We compared the structures of the
a-helical bundles with their respective top 5 hits from the
DALI server (65) (Supplementary Figure S1 and Supple-
mentary Table S2). All hits fell into the CARD domain fam-
ily of proteins that participate either in apoptosis [nucle-
olar protein 3 (NOLS3), procaspase-9 (pc-9) and apoptotic
protease activating factor 1 (Apaf-1)] or inflammation [cas-
pase recruitment domain family member 11 (CARDI1),
ICEBERG, RIG-I, B Cell CLL/Lymphoma 10 (Bcl10) and
Bcll0-interacting CARD protein (BinCARD)]. Despite the
low sequence identities shared by the two a-helical bundles
of the top hits (the sequence identity is <10%), the rela-
tive orientation of the helices is similar. We, therefore, refer
to the two helical bundles in the DRH-3 NTD as CARDI
(helix a1-6) and CARD2 (helix a7-12). The first helix in
DRH-3 CARDI has a kink, which is a common feature
for CARDs (66,67). The third and fourth helices in DRH-3
CARDI1 and CARD?2 are longer than canonical CARDs,
resulting in a different overall shape (68).

The two CARDs in DRH-3 adopt a side-by-side arrange-
ment. In contrast, the two CARD domains of RIG-I are
more similar to each other (20% amino acid sequence iden-
tity) and are oriented in a head-to-tail arrangement (Figure
1E). CARDI1 and CARD?2 interact with each other through
electrostatic interactions between a positively charged Argi-
nine residue (R30, a1, CARDI1) and a negatively charged
Aspartic acid residue (D188, a7, CARD?2) (Supplementary
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Chain B

Chain A

RIG-1 C2

Figure 1. The overall structure of the DRH-3 N-terminal domain. (A) Schematic representation of the domain architecture of DRH-3. NTD, worm-
specific N-terminal domain; HEL, the helicase domain; CTD, the C-terminal RNA-binding domain. The residues numbers corresponding to the predicted
domain boundaries were labeled accordingly. (B) Crystal structure of dimeric DRH-3 NTD. Two DRH-3 NTD molecules in the asymmetric unit are shown
as cartoons. Chain A and Chain B are indicated in different colors. (C) Cylinder depiction of DRH-3 NTD structure with helices labeled. DRH-3 NTD
contains two CARD-like a-helical bundles, highlighted in red (NTD_C1) and pink (NTD_C2) colors, respectively. The topology of a 6-a-helical bundle is
that of a Greek Key. Cylinders represent the helices, and the arrow represents the rotation direction of the polypeptide chain. (D) The surface of DRH-3
NTD colored according to the electrostatic surface charges where blue is for positive charges, red for negative charges, and white for the neutral surface. (E)
Superposition of DRH-3 NTD1 with RIG-I CARDI. The relative position of the two CARD/CARD-like domain in DRH-3 and RIG-I are compared

and illustrated in simplified cartoon models.

Figure S2). The CARDI-CARD? interface is further sta-
bilized by hydrogen bonds between helices al-a10 (Y28-
L270) and helices a4-a7 (N125-Y184) (Supplementary Fig-
ure S2). We further analyzed the electrostatic potential at
the solvent-accessible surface of DRH-3 CARDs (Figure
1D). The surface of DRH-3 CARDs contains several highly
charged patches. The positive patches fall onto the helix
stem composed of helices a4 and «3’; the negative patches
were on the upper helix stem region (helices a2 and «3).
These surfaces may contribute to the functions of DRH-3
because death-fold proteins signal via electrostatic interac-
tions (67). .

There are two DRH-3 NTD molecules (rmsd 0.367 A
for 305 superimposed Ca atoms) in one asymmetric unit.
To examine whether the dimeric interface was biologically
relevant, we analyzed the structure using PDBePISA (69)
(Supplementary Figure S3). The interface area (540 A?)
is approximately 10% of the total solvent-accessible area

(5273 Az). Although this dimer interface is not extensive,
it may provide a hint of a physiological function for the
DRH-3 NTD. DRH-3 NTD alone and RNA-free DRH-
3FL exist as monomers in solution (Supplementary Figure
S4), but dsRNA-associated DRH-3 can dimers. Therefore,
the observed interface may represent a possible dimeriza-
tion interface of DRH-3 NTD in the context of the DRH-
3FL protein upon binding to certain RNA species. It is a
common strategy for CARDs to interact through compli-
mentary charged surfaces (64). Due to high sequence di-
vergence, the interaction interfaces among CARDs can be
quite variable (67). It has been reported that CARDs from
RIG-I and MDAS are capable of forming three types of
intermolecular interactions (type la/b, Ila/b and Illa/b)
(43,70,71). The interface of DRH-3 CARDI-CARD?2 be-
longs to none of these groupings, perhaps because the two
CARDs in DRH-3 are not identical. The two CARDs
in DRH-3 are distinct in sequence (only 11% amino acid
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sequence identity) and structure (high rmsd value of 4.9
A for all Ca atoms). CARDs usually form oligomers via
homotypic interactions (64), as observed for the Apaf-1
CARD and caspase-9 CARD which is the first reported
structure of a CARD-CARD interaction (72). We speculate
that the DRH-3 CARDI1 and CARD?2 interact with differ-
ent inter- or intra- molecular targets, to regulate specific sig-
naling events. Overall, the NTD of DRH-3 folds into a set
of novel tandem CARDs, and these may function by inter-
acting with other CARD-containing proteins in C. elegans
RNAI pathways.

DRH-3 CTD recognizes 5’ tri-phosphorylated dsRNA.

To elucidate the structural basis for secondary siRNA
recognition, we obtained two crystal structures of the
DRH-3 CTD in complex with 5-ppp RNAs (Figure 2A,
C and Table 1). The overall conformation of the DRH-3
CTD is similar to that of the RLR CTDs: they all contain a
saddle-like shape that consists of two antiparallel B-sheets
(B-sheetl: B1-2 and B9-10, B-sheet2: B5-8) and exhibits
a high degree of shape complementarity to their RNA lig-
ands. The long helix («4) at the C-terminus, which stacks on
the backside of the 5-ppp binding site, is a unique feature of
DRH-3. A C4-type zinc finger binding motif (strands B1-
2 and B6-7) is found in the DRH-3 and RLR CTDs, and
it captures a zinc ion that plays a role in maintaining the
overall fold of the CTD (35-38). Despite the structural sim-
ilarity, the CTD of DRH-3 has a low sequence identity to
the CTDs of RIG-I (22%), MDAS (21%) and LGP2 (22%).

We observe that the RNA 5-ppp participates in an ex-
tensive network of electrostatic interactions with the DRH-
3 CTD (Figure 2B, D and Supplementary Figure S5).
For example, K992 and R1016 interact with y-phosphate;
K990 and K993 interact with y- and B-phosphates; and
K988 interacts with a- and B-phosphates. Similarly charged
residues within the CTD of RIG-I are important for binding
5'-ppp RNAs (K858-K861) (35,36,40). In addition, residues
K1048 and S1050 in the conserved KWK motif (28,73)
mediate interactions between the DRH-3 CTD and the
RNA sugar-phosphate backbone. The 3’-stranded RNA
contributes to RNA binding via a hydrogen bond between
C) and residues F969. Notably, the DRH-3 CTD binds to
5-ppp dsRNA and 5-ppp ssRNA in a similar manner (Fig-
ure 2 and Supplementary Figure S5).

We then compared the DRH-3 CTD with the available
human RLR structures (Figure 3A-D). Superposition of
the DRH-3 CTD with the RLR CTDs resulted in rmsd
values ranging from 0.9 to 2.3 A for all superimposed Ca
atoms, indicating a high level of structural similarity despite
a relatively low sequence similarity. Intriguingly, the 5'-ppp
binding loop between B-strands 5 and 6 is similar in DRH-
3, RIG-I, and LGP2, which is consistent with their prefer-
ences for dsSRNA 5'-ppp or pp (Figure 3A-D). To further in-
terpret these observations, the electrostatic potential at the
solvent-accessible surface of DRH-3 CTD was analyzed. A
continuous positively charged surface area was identified,
and it corresponds to the 5-ppp recognition and the RNA
phosphate backbone binding sites (Figure 3E). This posi-
tively charged patch is also observed in LGP2, MDA-5 and
RIG-I CTD (Figure 3F-H).

To determine the RNA binding characteristics of DRH-
3, we tested how 5'- terminal modifications (such as 5'-ppp,
5-OH and 5-p) and 5 or 3’ overhanging regions on the
5-ppp dsRNA affect RNA binding to the DRH-3 CTD
(Supplementary Table S2). First, we examined whether the
bound RNA could protect the DRH-3 CTD from trypsin
digestion (Supplementary Figure S6A). Trypsin cleavage
site prediction suggested that the CTD in DRH-3, DRH-
1 and RIG-I share at least 2 similar cleavage sites at RNA
binding regions, including the RNA-Cap binding site and
the KWK motif. Therefore, we set out to determine whether
RNA binding would affect the trypsin digestion rate. Un-
bound DRH-3 CTD was digested into two major fragments
after 5 min of treatment with trypsin. When the DRH-3
CTD was incubated with different dsSRNA species before
treatment with trypsin for 5 min, the digestion patterns were
very similar, suggesting that the RNA did not protect the
DRH-3 CTD from trypsin digestion (Supplementary Fig-
ure S6A). In contrast, all the 12-mer dsRNAs protected
RIG-1 CTD and DRH-1 CTD from trypsin digestion (Sup-
plementary Figure S6B and C), especially blunt-ended 5'-
ppp and 5-pp and 5-ppp with a 3’-overhang, suggesting
that RIG-1 CTD prefers binding to 5'-ppp RNAs. We then
conducted thermal stability assays to determine the effect
of RNA binding on protein stability (Supplementary Fig-
ure S6D and E). The assay was done with RNA ligands
bearing various modifications at their 5" or 3’ end to deter-
mine if DRH-3 has a preference for a particular RNA. No
significant difference in the melting temperature (7},) was
observed in the presence and absence of the RNA ligands,
indicating that RNA binding failed to change the thermal
stability of DRH-3 CTD (Supplementary Figure S6D). In
contrast, all 12-bp RNAs used in this study increased the
melting temperature (7y,) of DRH-3 CTD from 1°C for 5'-
ppp + 5G to a maximum of 9°C for 5-ppp + 3'G, sug-
gesting that binding of short dsSRNA stabilizes the DRH-3
CTD, particularly 5-ppp dsRNAs (Supplementary Figure
S6E). Specifically, the observed increase in the melting tem-
perature suggests that 5-ppp dsRNA molecules contain-
ing a 3’ overhang have higher binding affinity to the DRH-
3 CTD, consistent with the trypsin digestion data. Simi-
larly, all dsSRNAs, especially the 5'-ppp with a 3’-overhang,
increased the thermal stability of the RIG-I CTD (Sup-
plementary Figure S6D). Together, results from the lim-
ited proteolysis and thermal stability assays suggest that the
DRH-3 CTD preferentially binds to dsSRNNA molecules con-
taining a 5'-ppp.

To further characterize this finding, we measured RNA
binding using a fluorescence polarization (FP)-based com-
petition assay. The binding affinity of the DRH-3 CTD to a
FAM-labeled 5'-OH RNA hairpin probe was determined to
be 217.0 nM (Supplementary Figure S7A). We then titrated
each competitor RNAs through a range of concentrations
that resulted in a maximum polarity of 50% (ICsy val-
ues) (Supplementary Figure S7B-C). Consistent with the
crystallographic findings showing apparent interactions be-
tween 5'-ppp RNA ligands and specific amino acids of the
DRH-3 CTD, 5-ppp RNAs showed the highest degree of
competition with the probe (with ICsy values ranging from
80 to 234 nM), indicating that the DRH-3 CTD preferen-
tially recognizes 5-ppp RNAs. In contrast, the 5-OH and
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Figure 2. 5-ppp RNA recognition by DRH-3 CTD. (A) The overall structure of DRH-3 in complex with 5'-ppp 12-mer dsRNA. The crystallographic
asymmetric unit contains a 2:1 complex between DRH-3 CTD and the dsSRNA. Chain B and the 5" stand are colored. The 5'-ppp is shown as orange
spheres and the zinc molecule is shown as a purple sphere. (B) The schematic diagram of contacts between DRH-3 CTD and 5'-ppp 12-mer dsRNA. (C)
The overall structure of DRH-3 in complex with 5'-ppp 8-mer ssRNA. The crystallographic asymmetric unit contains a 1:1 complex between DRH-3 CTD
and the ssRNA. The symmetry mate structure is shown in gray. The 5'-ppp is shown as orange spheres and the zinc molecule is shown as a purple sphere.
(D) The schematic diagram of contacts between DRH-3 CTD and 5'-ppp 8-mer ssRNA.

5’-p RNAs competed poorly with the RNA probe with rel-
atively high ICs values of 631 to 752 nM. Overall, DRH-3
CTD preferentially recognizes 5'ppp blunt-ended dsRNAs.

DRH-3FL displays an open conformation.

HDX-MS was conducted to examine the overall architec-
ture of DRH-3FL in response to different ligands. HDX-
MS was previously used to dissect the overall conforma-
tional changes of RIG-1 and MDAS upon ligand binding
(74-76). The exchange rates of amide hydrogens to deu-
terium in the target protein in the presence of deuterated
solvent were mapped against the amino acid sequence and
structural models of DRH-3 conformational states. The
NTD CARD:s in isolation and CARDs of the DRH-3FL
free protein showed similar deuteration profiles (Figure 4A,
B; Supplementary Figure S8A and S8B), suggesting a lack
of intramolecular interactions between the CARDs and the
core central domains of DRH-3FL. This finding is different
from what is observed with RIG-I, in which the CARDs are
sequestered in an autoinhibitory conformation (20,29,75).
The majority of peptides on DRH-3 CARDs (86%) ex-
hibited a magnitude of deuterium uptake that was <50%.
Low H/D exchange level suggests that the DRH-3 CARDs

are well-folded and thus, less accessible to solvent. This
contrasts with the less ordered linker region between the
CARDs and the helicase domain (HEL). As expected, the
linker region (I351-E368) was more solvent-exposed (with
70% deuteriation) in DRH-3FL. Therefore, the overall con-
formation of DRH-3FL appears to be similar to that of free
MDAS, in which the various protein domains are relatively
unconstrained (75).

To map the RNA binding interface and RNA-induced
conformational dynamics of DRH-3FL in solution, we
performed HDX-MS experiments for DRH-3FL in the
presence of the short 5'-ppp hairpin RNA 3plOL [5-ppp
GGACGUACGUUUCGACGUACGUCC, also known
as SLR10 (77)], which was shown to bind and activate RIG-
[ to initiate the type I interferon-mediated immune response
(32,75,77). In the presence of 3p10L, several conserved mo-
tifs within the helicase domain (motifs Ia, II, IVa, Vb and
VI) and the CTD (the 5-ppp binding site and the KWK
motif) displayed a significant reduction in deuteration, sug-
gesting their involvement in RNA binding. A helix of Hel2i
and the Pincer region were also affected by 3pl0L binding
(Figure 4C and Supplementary Figure S8C). Notably, the
H/D exchange rate of the CARDs in the DRH-3FL with
or without 3p10L remained unchanged, suggesting that the
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Figure 3. Comparison of C-terminal domain of DRH3 and RLRs. (A) Superposition of DRH-3 CTD structures bound to the 5'-ppp 12-mer dsRNA and
the 5'-ppp 8-mer ssRNA. (B) Superposition of the RNA-bound DRH-3 CTD (yellow) and LGP2 CTD (orange, PDB code: 3EQT). (C) Superposition
of the RNA-bound DRH-3 CTD (yellow) and MDAS CTD (green, PDB code: 4GL2). (D) Superposition of the RNA-bound DRH-3 CTD (yellow)
and RIG-I CTD (orange, PDB code: 3EQT). Polypeptide chains are shown as cartoons. Structural superimposition was done by pairwise alignment and
represented by Pymol (98). (E) Electrostatic charge at solvent-accessible surfaces of dsSRNA-bound DRH-3 CTD. Positively charged surfaces are colored
blue and negatively charged surfaces are red. Key residues involved in the RNA binding were labeled. (F-H) Electrostatic charge at solvent-accessible
surfaces of LGP2 CTD, MDAS CTD and RIG-I CTD. Each CTD is shown in the same orientation as in Figure 3A—C. Positively charged surfaces are
colored in blue and negatively charged surfaces are colored in red. The key charged residues are indicated. (I) Alignment of amino acid sequences of DRH
and RLR CTDs. Sequences were aligned using the program ClustalW and visualized using Geneious software. The conservation of the amino acids is

indicated by colors.

binding of 3p10L had no allosteric influence on the dynam-
ics of the CARDs, unlike the RIG-I CARDs. It’s known
that RIG-I is autoinhibited by the formation of an intra-
molecular CARD2-Hel2i interaction (20,78). The 3p10L
can only be occupied by one DRH-3 molecule, and there-
fore dsRNA binding may not be sufficient to induce a con-
formational change in DRH-3. These results may suggest
that DRH-3 activation may require its cooperative dimer-
ization (22,27).

The molecular state of DRH-3FL in the presence of 30-
bp RNAs was evaluated by analytical size exclusion chro-
matography. Monomeric DRH-3FL forms a 1:1 stable com-
plex with the 30 bp hairpin RNA carrying only one 5'ppp
end and a 2:1 stable complex with the 30 bp dsRNA carry-
ing two 5'ppp ends (Figure 5B and C). We also used negative
staining electron microscopy to directly visualize the abil-
ity of DRH-3FL to oligomerize upon binding longer dsR-

NAs. The recombinant DRH-3FL protein was incubated
with dsRNA of 100 bp (Supplementary Table S1). Samples
were then applied on carbon-coated grids and negatively
stained with uranyl acetate. Particles of the free DRH-3FL
are largely monomeric (Supplementary Figure S9A). The
observed DRH-3 forms rounded particles in the presence of
100 bp dsRNA, with no sign of RNA-dependent filaments
(Supplementary Figure S9B). This is in contrast to MDAS
which can form RNA-mediated helical oligomers (43,79-
82).

In summary, the DRH-3FL protein adopts an extended
conformation where the N-terminal CARDs, HEL and
CTD behave as solvent-exposed domains connected by flex-
ible linkers. DRH-3 behaves somewhat differently from
both RIG-I and MDAS, as there are no apparent intra-
molecular auto-inhibitory interactions nor the formation of
dsRNA-mediated filaments (19-21,79,82,83).
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Figure 4. Conformational dynamics of DRH-3. Deuterium uptake profiles of the DRH-3 NTD (A) and DRH-3FL (B) are presented in a front and back
view. The structure of DRH-3 NTD was obtained from this study and the DRH-3FL model was generated by assembling all three domains via fusing
peptide bonds. The deuterium exchange data were mapped onto the structural models of DRH-3 NTD and DRH-3FL. The % deuterium exchange in the
deuterium exchange of each peptide is colored according to the scale bar. Blue indicates the lowest and orange indicates the highest exchange rate. Black
indicates that the region has n