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ABSTRACT

Neurospora crassa protein QDE-1, a member of the
two-barrel polymerase superfamily, possesses both
DNA- and RNA-dependent RNA polymerase (DdRP
and RdRP) activities. The dual activities are essen-
tial for the production of double-stranded RNAs (dsR-
NAs), the precursors of small interfering RNAs (siR-
NAs) in N. crassa. Here, we report five complex struc-
tures of N-terminal truncated QDE-1 (QDE-1�N), rep-
resenting four different reaction states: DNA/RNA-
templated elongation, the de novo initiation of RNA
synthesis, the first step of nucleotide condensation
during de novo initiation and initial NTP loading.
The template strand is aligned by a bridge-helix and
double-psi beta-barrels 2 (DPBB2), the RNA product
is held by DPBB1 and the slab domain. The DNA
template unpairs with the RNA product at position
–7, but the RNA template remains paired. The NTP
analog coordinates with cations and is precisely po-
sitioned at the addition site by a rigid trigger loop
and a proline-containing loop in the active center.
The unique C-terminal tail from the QDE-1 dimer
partner inserts into the substrate-binding cleft and
plays regulatory roles in RNA synthesis. Collectively,
this work elucidates the conserved mechanisms for
DNA/RNA-dependent dual activities by QDE-1 and
other two-barrel polymerase superfamily members.

INTRODUCTION

RNA interference (RNAi), triggered by double-stranded
(dsRNA), is a highly conserved gene regulation mechanism
in eukaryotes and plays important roles in various bio-
logical processes, including heterochromatin formation, the

regulation of repeated sequences, transcriptional gene si-
lencing and post-transcriptional gene silencing. RNAi func-
tions through base-pairing of siRNAs with target mRNAs
(1–3). In protozoa, fungi, plants and nematodes, siRNA
biogenesis depends on multiple cellular proteins, including
the RNA-dependent RNA polymerase (RdRP) which pro-
duces dsRNAs (4–9), and Dicer, an RNase III class ribonu-
clease that cleaves dsRNAs and generates 21–25 nt siRNAs
(10).

QDE-1 of the filamentous fungus Neurospora crassa
(4,11,12), the first discovered RdRP protein in the RNAi
pathway, is key in transgene-induced gene silencing and
small RNA (known as qiRNA) production (13,14). In addi-
tion to RdRP activity, QDE-1 also possesses strong DNA-
dependent RNA polymerase (DdRP) activity that is crit-
ical for the in vivo production of DNA damage-induced
aberrant RNAs (aRNAs) (14). Consistently, in vitro studies
confirmed that QDE-1 can use either single-stranded DNA
(ssDNA) as a template to produce aRNAs or aRNAs as
a template to generate dsRNAs (14–16). The proteins ho-
mologous to QDE-1 participate in diverse gene silencing
pathways. In Arabidopsis, RdRP 2 (RDR2) partners with
RNA polymerase IV (Pol IV) to convert Pol IV transcripts
into dsRNAs, which are cleaved by Dicer-like 3 (DCL3)
protein into 24 nt siRNAs (17–19). RdRP 6 (RDR6) par-
ticipates in trans-acting secondary siRNA production and
RNAi response amplification (20). EGO-1 and two other
RdRPs (RRF1 and RRF3) are involved in the produc-
tion of secondary siRNAs and silencing signal amplifica-
tion in Caenorhabditis elegans RNAi pathways (7,21–23).
In the fission yeast Schizosaccharomyces pombe, RdRP 1
(RDR1) produces dsRNA from non-coding transcripts in
centromeric repeats, triggering RNAi and RNA-mediated
heterochromatin formation (24–26).

QDE-1 is a two-barrel polymerase superfamily mem-
ber (27–29); as confirmed by the apo-form structure, the
catalytic domain of QDE-1 consists of two characteris-
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tic double-psi beta-barrels (DPBBs) (30). The two-barrel
polymerase superfamily also includes single-subunit Cellu-
lophage baltica crAss-like phage 14:2 DdRP protein gp66
(31), archaeal replicative DNA polymerase PolD (32,33)
and many multisubunit cellular DdRPs (34,35). Among
these polymerases, Arabidopsis RDR6 has strong DdRP
activities (36), and Saccharomyces cerevisiae RNA poly-
merase II (Pol II) possesses RdRP activity (37). These
observations, combined with the dual DdRP and RdRP
activities of QDE-1, suggested that the two-barrel poly-
merase superfamily intrinsically uses DNA and/or RNA
as templates. However, due to the lack of high-resolution
substrate-bound complex structures, the molecular basis of
DNA/RNA template binding and RNA synthesis by the
two-barrel polymerase superfamily is not fully understood.

Here, we report five structures of QDE-1�N (residues
377–1402) in complex with DNA/RNA-templated sub-
strates, revealing the detailed molecular basis of the dual
DdRP and RdRP activities of QDE-1. Both the DNA
and RNA templates are bound by a bridge-helix (BH) and
DPBB2, and form A-form-like duplexes with the RNA
products that are recognized by DPBB1 and the slab do-
main. The DNA template unpairs with the RNA prod-
uct at position –7, whereas the corresponding nucleotide of
the RNA template forms regular Watson–Crick base pair-
ing. Structural analysis suggests that QDE-1 follows a con-
served cation-dependent mechanism in catalysis, and the in-
coming NTP is positioned at the activation site (A site) by
the trigger loop (TL) and a proline-containing loop (Pro-
Gate loop). QDE-1 contains a unique C-terminal tail (C-
tail), which plays a regulatory role in RNA synthesis cat-
alyzed by QDE-1. This work provides structural insights
into the molecular mechanism of QDE-1 and related cel-
lular RdRPs in RNAi, and expands our understanding of
the two-barrel polymerase superfamily.

MATERIALS AND METHODS

Cloning and expression

cDNA of QDE-1 (XM 953954) was amplified from the
plasmid pEM41-QDE-1 and inserted into a modified pFast-
Bac vector under the BamHI site, expressing full-length
QDE-1 with a His-GST (glutathione S-transferase) tag at
the N-terminus. cDNAs of N- and/or C-terminal truncated
QDE-1 protein were amplified by polymerase chain reac-
tion (PCR), and plasmid pEM41-QDE-1 was used as a tem-
plate. All QDE-1�N mutants were constructed by over-
lap PCR, using cDNA of wild-type (WT) QDE-1�N as
a template. All target sequences were treated with EcoRI
and HindIII, and inserted into the pET28-Sumo vector, ex-
pressing proteins with a His-Sumo tag at the N-termini. Se-
quences of all constructed QDE-1 plasmids were verified by
DNA sequencing. The primers used in plasmid construc-
tion are listed in Supplementary Table S1.

To produce QDE-1�N�C heterodimers, the cDNA of
QDE-1�Nm3 (in which the three catalytic residues D1007,
D1009 and D1011 were substituted with an Ala residue)
and QDE-1�N�C-m3 (variant with both a C-terminal 30
residue deletion and a catalytic residue mutation) were
first cloned into the pGEX-6P-1 vector to express inactive

GST-tagged QDE-1 protomer. The cDNAs of the GST-
tagged QDE-1�Nm3 or QDE-1�N�C30-m3 mutant and His-
SUMO-tagged QDE-1�N�C were then cloned into the
pETDuet-1 vector.

Full-length QDE-1 protein was expressed in insect cells
using a Bac-to-Bac baculovirus expression system. Briefly,
the recombinant pFastBac plasmid was transformed into
DH10Bac Escherichia coli competent cells to produce re-
combinant bacmid DNA. P1 and P2 viruses were produced
in Sf9 cells according to the manufacturer’s instructions. Af-
ter growing to a density of ∼1.5 × 106 cells/ml in suspen-
sion culture at 27◦C, 1 l of Sf9 cells were infected by 10 ml
of P2 virus. Twenty hours after infection, the growth tem-
perature was decreased to 20◦C to produce more soluble
protein. Cells were collected 80 h after infection by cen-
trifugation for further purification. Escherichia coli BL21
(DE3) cells transfected with the above plasmids derived
from the pET28-Sumo or the pETDuet-1 fusion vector were
grown at 37 ◦C in LB medium containing antibiotic to an
optical density of 0.6–0.8 at 600 nm. Protein expression
was induced by the addition of 0.1 mM isopropyl �-D-1-
thiogalactopyranoside at 16 ◦C. After overnight growth, the
cells were collected by centrifugation at 5000 rpm for 15 min
at 4 ◦C and stored at −80◦C.

Protein purification and oligonucleotide preparation

The collected cells were resuspended in lysis buffer (20 mM
Tris–HCl pH 8.0, 500 mM NaCl and 25 mM imidazole)
and lysed with an ultrahigh-pressure homogenizer. Cellu-
lar debris was removed by centrifugation using 38 758 ×
g for 1 h at 4◦C. The supernatant was loaded onto a His-
Trap HP column (GE Healthcare), and the target protein
was washed with lysis buffer and eluted with a linear gra-
dient of elution buffer (20 mM Tris–HCl pH 8.0, 500 mM
NaCl and 500 mM imidazole). The proteins were treated
with Ulp1 to remove the N-terminal His-SUMO tag and
dialyzed against buffer consisting of 20 mM Tris–HCl pH
8.0 and 500 mM NaCl. The samples were loaded onto the
HisTrap HP column again, and the flow-through sample
was collected and diluted to 100 mM NaCl. The diluted
sample was applied to a HisTrap Heparin HP column (GE
Healthcare) pre-equilibrated with buffer containing 20 mM
Tris–HCl pH 8.0, 100 mM NaCl and 2 mM dithiothreitol
(DTT). The target protein was eluted with a linear gradi-
ent of elution buffer (20 mM Tris–HCl pH 8.0, 1 M NaCl
and 2 mM DTT), pooled and applied to a HiLoad 16/600
Superdex 200 size-exclusion column (GE Healthcare) pre-
equilibrated with SEC buffer (10 mM Tris–HCl pH 8.0, 100
mM NaCl and 2 mM DTT). Peak fractions were pooled
and concentrated. The purity of the protein was analyzed
using 12% sodium dodecylsulfate–polyacryamide gel elec-
trophoresis (SDS–PAGE), and the concentration was mea-
sured using a UV-spectrophotometer at 280 nm. Purified
proteins were concentrated to ∼15 mg/ml for crystallization
or flash-frozen in liquid nitrogen before storage at –80 ◦C.

For purification of QDE-1�N�C heterodimers, the flow-
through collected from the second HisTrap HP column
was pooled and applied to the a GSTrap HP column (GE
Healthcare) pre-equilibrated in binding buffer (20 mM
Tris–HCl pH 8.0, 200 mM NaCl, 2 mM DTT). The tar-
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get protein was washed with binding buffer and eluted with
buffer containing 20 mM Tris–HCl pH 8.0, 200 mM NaCl,
2 mM DTT and 10 mM glutathione. The GST tag was re-
moved by PreScission protease. The collected sample was
purified by Heparin and Superdex 200 columns as described
above. Full-length QDE-1 was purified using a similar pro-
cedure. To inhibit degradation, protease inhibitors were in-
cluded in the lysis buffer, and all purification buffers were
supplemented with 5% glycerol.

The sequences of DNAs or RNAs used in this study are
listed in Supplementary Table S1. All unmodified DNA
oligonucleotides were synthesized and purified by PAGE
or high-performance liquid chromatography (HPLC) by
Sangon Biotech. All RNA oligonucleotides for crystalliza-
tion were synthesized in the laboratory, deprotected and
purified by denaturing PAGE. All 5′-FAM-labeled RNA
oligonucleotides and 3′-OH-phosphorylated DNA oligonu-
cleotides were purchased from Takara. The concentrations
of the DNAs and RNAs were measured by UV spectrome-
try at 260 nm. DNA/RNA hybrids or RNA/RNA duplexes
used for crystallization (template and primer molar ratio,
1:1) and primer-extension (template and primer molar ra-
tio, 1.5:1) assays were annealed in 50 mM NaCl, 10 mM
Tris–HCl pH 7.5, and 10 mM MgCl2 buffer. Annealing was
performed by heating the mixture for 2 min at 95◦C, fol-
lowed by slow cooling to room temperature and incubation
on ice.

In vitro primer-extension assays

Primer-extension assays were carried out using annealed
DNA/RNA or RNA/RNA duplexes. Duplexes labeled
with 5′-FAM (0.2 �M) were incubated with 0.025 �M
QDE-1�N (either WT or mutated) and 0.8 U/�l RNase
inhibitor at 20◦C for 20 min in reaction buffer (10 mM Tris–
HCl pH 8.0, 70 mM NaCl, 2 mM DTT and 5 mM MgCl2).
The reactions were initialized by adding 2 �M UTP at 25◦C
and quenched by adding 2× loading buffer (20 mM EDTA
pH 8.0, 0.05% bromophenol blue, 0.05% xylene blue and
90% formamide) at various time points. The reaction prod-
ucts were separated in 20% 19:1 acrylamide:bis-acrylamide,
7 M urea and 1× TBE gels (1 pmol of RNA primer per
lane). The gel was visualized using a Typhoon FLA 9000
(GE Healthcare), and the intensities of the substrate and
product bands were quantified by ImageQuantTL. Data
were then fitted to a one-phase exponential association Y =
Ymax[1–e(–K

obs
t)] using non-linear regression in GraphPad

Prism 7. The observed rate constant (Kobs) and maximum
polymerization yield (Ymax) were determined from the re-
gression curve.

De novo RNA synthesis assays

The de novo RNA synthesis reactions were carried out at
25◦C for 60 min using 0.1 �M QDE-1�N (WT or C-tail
truncated mutants), 0.2 �M 15 nt ssDNA (Supplementary
Table S1), 20 �M each of ATP, GTP and 3′-dCTP, and
0.4 �Ci of [� -32P]ATP in reaction buffer. The reactions
were quenched by adding 2× loading buffer. Samples were
heated at 95◦C for 3 min and chilled on ice, and the RNA
products were resolved on 18% polyacrylamide–7 M urea

gels. The gels were exposed to a phosphor screen overnight
and scanned on a Typhoon FLA 9000.

Crystallization and data collection

For crystallization, QDE-1�N protein was mixed with the
DNA or RNA template strand or the template/primer
duplex (Supplementary Table S2) at a molar ratio of
1:1.2 in buffer containing 5 mM MgCl2. NTPs and non-
hydrolyzable nucleotides, such as 3′-dGTP or AMPNPP,
were then added to form quaternary complexes. The mix-
ture was incubated at 20◦C for 30 min and then diluted to a
protein concentration of ∼6 mg/ml. All crystals were grown
by the hanging-drop vapor diffusion method. The opti-
mized reservoir buffer contained 6–10% polyethylene gly-
col (PEG) 8000, 0.2 M KCl, 10 mM magnesium acetate, 50
mM sodium cacodylate pH 6.3–6.5 for the DdRP-no primer
crystal. For all other crystals, the optimized reservoir buffer
contained 6% PEG 4000, 0.2 M KCl, 10 mM CaCl2, 50 mM
sodium cacodylate pH 6.3. Crystals were cryo-protected by
mother liquid supplemented with 25% (v/v) glycerol and
flash-frozen in liquid nitrogen. Diffraction data were col-
lected on beamlines BL17U1 and BL19U1 at Shanghai Syn-
chrotron Radiation Facility (SSRF) at cryogenic temper-
atures maintained with a cryogenic system. Data process-
ing was carried out using HKL2000 or HKL3000 programs
(38,39). The data collection statistics are summarized in
Supplementary Table S3.

Structure determination and refinement

The phase of the QDE-1�N complex structures was de-
termined by molecular replacement using the phaser pro-
gram of the CCP4 suite (40,41); the apo-form QDE-1�N
structure (PDB code: 2J7N) was used as the search model
(30). Iterative cycles of crystallographic refinement were
performed using PHENIX and COOT (42,43). The 2Fo–Fc
and Fo–Fc electron density maps were calculated by stan-
dard methods and used as guides for the building of nucleic
acids. The structural refinement statistics are summarized
in Supplementary Table S3. All structural figures were pre-
pared with PyMOL (http://www.pymol.org/).

Quantification and statistical analysis

The primer-extension experiments were repeated three
times, and representative results are shown. The double he-
lical parameters of the template–product captured by QDE-
1�N were calculated with the w3DNA 2.0 server (http:
//web.x3dna.org) (Supplementary Table S4).

Size-exclusion chromatography coupled with the multiangle
light scattering (SEC-MALS) assay

The absolute molar mass of the target protein was deter-
mined by SEC-MALS. The experiments were performed by
an Agilent system connected to a Wyatt DAWN HELEOS-
II multiangle light scattering instrument and a Wyatt Op-
tilab T-rEX differential refractometer. A Superdex 200 In-
crease 10/300 GL column (GE Healthcare) was used with a
100 �l sample loop at a flow rate of 0.4 ml/min in the run-
ning buffer containing 10 mM Tris pH 8.0, 200 mM NaCl

http://www.pymol.org/
http://web.x3dna.org
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and 2 mM DTT. The purified and filtrated samples were
injected at a concentration of 1 mg/ml in running buffer.
The molar mass was calculated by light scattering inten-
sity and differential refractive index using Wyatt ASTRA 6
software.

RESULTS

Overall structures of QDE-1�N complexes

QDE-1 contains five interlaced domains: slab, catalytic,
neck, head and C-tail domains (Figure 1A). To unravel
the molecular basis of the dual DdRP and RdRP activ-
ities of QDE-1, we purified full-length QDE-1 and one
QDE-1 variant with the N-terminus removed (QDE-1�N,
amino acids 377–1402) (Supplementary Figure S1A). Al-
though both proteins are active in vitro, the RNA polymer-
ization activity of full-length QDE-1 is weaker than that
of QDE-1�N (Supplementary Figure S1B). The reason for
the lower catalytic activity of full-length QDE-1 is not clear
at present. Unlike QDE-1�N, full-length QDE-1 is unsta-
ble during purification. Even when protected by protease in-
hibitors, degradation of full-length QDE-1 occurred (Sup-
plementary Figure S1A). No crystal of full-length QDE-1
was obtained, but we successfully obtained and solved five
complex structures of QDE-1�N (Supplementary Table
S2). The crystals of RdRP-3′-dGTP and DdRP-3′-dGTP
were grown in the presence of QDE-1�N protein with the
14 nt RNA or DNA template strand and a 6 nt primer in the
presence of 3′-dGTP (opposite template CC). Both RdRP-
3′-dGTP and DdRP-3′-dGTP structures (Figure 1B, C) had
one 3′-dGMP incorporated at the primer 3′ end, indicating
that QDE-1�N protein is catalytically active. The crystals
of RdRP-AMPNPP and DdRP-AMPNPP structures were
grown in the presence of QDE-1�N, 14 nt RNA or DNA
template, 7 nt primer and non-hydrolyzable AMPNPP. To
obtain the crystal structures of the complex in de novo initi-
ation, the crystals of the DdRP-no primer (Figure 1D) were
grown with QDE-1�N with a 12 nt DNA template in the
presence of ATP and 3′-dGTP, which paired with TTTT and
CC in the template, respectively. In addition to crystalliza-
tion, we demonstrated the de novo RNA synthesis activity
of QDE-1�N in vitro using an identical template and NTPs
(Supplementary Figure S1C).

All complex structures were solved by the molecular re-
placement method using the apo-form QDE-1�N struc-
ture (30) as a search model and refined at high resolution,
from 2.05 to 2.70 Å (Supplementary Table S3). The root
mean square deviation (RMSD) values between the apo-
and complex structures were <0.9 Å (Supplementary Fig-
ure S2A–E), suggesting that complex formation did not
cause an overall conformational change in the QDE-1�N
protein. QDE-1�N forms an asymmetric homodimer in
both apo- and complexed structures. Similar to the apo-
form structure, the overall conformation of one QDE-1�N
molecule is more open than that of the partner molecule. Su-
perposition showed that the structural difference between
the monomers is mainly caused by the swing of the head
domain, whereas the catalytic domains have similar con-
formations (Figure 1E). The complex structures were orig-
inally designed to capture the elongation state (RdRP-
3′-dGTP, DdRP-3′-dGTP, RdRP-AMPNPP and DdRP-

AMPNPP) and the de novo initiation state of RNA syn-
thesis (DdRP-no primer). Unlike the other structures, the
RdRP-3′-dGTP and DdRP-no primer structures belong
to the P1 space group (Supplementary Table S3). Due to
their different packing in the crystal lattices, they captured
two additional reaction states (the first step of nucleotide
condensation during de novo initiation and initial NTP
loading).

Elongation state of QDE-1�N in RdRP and DdRP com-
plexes (EC)

The overall conformations of RdRP-3′-dGTP, DdRP-3′-
dGTP, RdRP-AMPNPP and DdRP-AMPNPP complexes
are exactly the same in captured elongation states (EC).
Compared with the two latter structures, RdRP-3′-dGTP
and DdRP-3′-dGTP had higher resolution (Figure 1B, C;
Supplementary Table S3); therefore, they were selected and
presented in detail. The closed QDE-1�N captured the re-
action in the EC state in both RdRP-3′-dGTP and DdRP-
3′-dGTP complexes (Figure 1F, G). The EC state was also
captured by the open QDE-1�N in the DdRP-3′-dGTP
structure (Figure 1H). In all the EC state structures, the
product strand forms at least five base pairs with the tem-
plate strand (Figure 1B, C; Supplementary Figure S3A–
E). The incoming 3′-dGTP or AMPNPP resides at the
A site and pairs with the nucleotide from the template
strand.

The template–product duplexes were captured in the cleft
mainly formed by two barrels (DPBB1 and DPBB2) in the
catalytic domain. The RNA and DNA templates enter the
active center in a similar manner (Figure 1F–H) and pair
with the product strands, following the path along the sur-
face of DPBB1 (Figure 2A, B). The 5′ end of the product
strand leaves the cleft from the distal end. For the EC state
captured by the RdRP-3′-dGTP structure (Figure 1F; Sup-
plementary Figure S2F), the 3′ end of the template pairs
with the product (Figure 2A, C), suggesting that they prob-
ably leave the cleft together as a duplex. In the closed QDE-
1�N of the DdRP-3′-dGTP structure (Figure 1G), the tem-
plate 3′ end nucleotide is separated from the product strand
at position –7 (Figure 2B, D) and probably exits through
a narrow channel between the head and the slab domains
(Supplementary Figure S2G). The conformations of the
captured RNA–RNA duplexes or DNA–RNA hybrids are
well supported by their composite omit electron density
maps (Figure 2E, F; Supplementary Figure S3A–E).

Although both RNA–RNA duplexes in the RdRP com-
plexes and DNA–RNA hybrids in the DdRP complexes
adopt an A-form-like conformation, superimposition sug-
gested that the duplexes and hybrids aligned well from +1
to –4, but diverged from –5 to –7 (Figure 2G). In particular,
the –7 nucleotide of the DdRP template unpaired with the
product and turned in the opposite direction (Figure 2G).
Compared with other duplexes, the RNA–RNA duplex in
the RdRP-3′-dGTP structure is closer to the ideal A-form
conformation (Figure 2H; Supplementary Figure S3F, G).
Analysis of the helical parameters suggested that the base–
base distance of the RNA–RNA duplex is shorter than that
of the DNA–RNA hybrid (Supplementary Table S4), allow-
ing the substrate-binding cleft of QDE-1 to accommodate
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Figure 1. Co-crystal structures of QDE-1�N in complex with substrates. (A) Domain architecture of QDE-1, N-terminus (black dashed box), slab (light
pink), catalytic (light orange), neck (pale green), head (light blue) and C-tail (aquamarine) domains. (B) Co-crystal structure of QDE-1�N with a 14
nt RNA template, 6 nt RNA primer, 3′-dGTP and cations, designated QDE-1�N RdRP-3′-dGTP. (C) Co-crystal structure of QDE-1�N with a 14 nt
DNA template, 6 nt RNA primer, 3′-dGTP and cations, designated QDE-1�N DdRP-3′-dGTP. (D) Co-crystal structure of QDE-1�N with a 12 nt DNA
template, ATP, 3′-dGTP and cations, designated QDE-1�N DdRP-no primer. (E) Structural comparison between the open (O) and closed (C) molecules
of the QDE-1�N dimer in the DdRP-3′-dGTP co-crystal structure. The DNA–RNA hybrid bound by the closed QDE-1�N molecule is colored in red and
blue, whereas it is colored in gray in the open QDE-1�N molecule. Vector length correlates with the domain translation scale. (F) The closed QDE-1�N
molecule and the bound RNA–RNA duplex in the RdRP-3′-dGTP co-crystal structure. The QDE-1�N molecule is represented as a surface, and the
RNA–RNA duplex is represented as a cartoon. (G) The closed QDE-1�N molecule and the bound DNA–RNA hybrid in the DdRP-3′-dGTP co-crystal
structure. The QDE-1�N molecule is represented as a surface, and the DNA–RNA hybrid is represented as a cartoon. (H) The open QDE-1�N molecule
and the bound DNA–RNA hybrid in the DdRP-3′-dGTP co-crystal structure. The QDE-1�N molecule is represented as a surface, and the DNA–RNA
hybrid is represented as a cartoon. In (B–D), sequences of the visible template strand, product strand and NTP analog are illustrated at the top of the
structure. The nucleotide at the addition site is denoted +1, and the upstream and downstream nucleotides are labeled with negative and positive numbers,
respectively. The RNA and DNA template strands are colored in magenta and red, respectively; the primer strands are colored in slate and blue in the
RdRP and DdRP complex structures, respectively. The newly incorporated nucleotides and the cations are colored in lemon and green, respectively. The
NTP analog is violet–purple. These colors were used throughout the paper unless specifically annotated.

eight base pairs of the RNA–RNA duplex or seven base
pairs of the DNA–RNA hybrid, including the base pair be-
tween the incoming NTP and the template.

De novo initiation states of QDE-1�N in RdRP and DdRP
complexes (IC)

Although the closed molecule RdRP-3′-dGTP captured a
complex in the elongation state, unexpectedly the open
molecule RdRP-3′-dGTP captured a complex in the early
de novo initiation state, namely the first step of nucleotide

condensation (Figure 3A, C, E). Both NTPs were identified
as 3′-dGTP, pairing with C nucleotides at positions +1 and
–1 of the RNA template, respectively. The de novo initiation
state was also captured by the closed QDE-1�N molecule
of the DdRP-no primer complex (Figure 3B, D, F). In the
structure, the DNA template forms a hybrid with one 4 nt
RNA product (5′-AAAdG-3′), which was synthesized dur-
ing the crystallization process. The three A nucleotides at
the 5′ end of the RNA product pair with the T nucleotides
at positions –4 to –2 of the DNA template, and the 3′-dG
pairs with the C nucleotide at position –1 of the template.
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Figure 2. Structures of the catalytic center of QDE-1�N-bound RdRP and DdRP substrates in elongation states. (A and B) The core architecture of the
catalytic center of QDE-1�N-bound RdRP and DdRP substrates in the RdRP-3′-dGTP-EC-C and DdRP-3′-dGTP-EC-C structures, respectively. The
core architecture consists of four subdomains: DPBB1 (light teal), DPBB2 (dark orange), BH (sage green) and TL (purple–blue). (C and D) Schematic
representation of nucleic acid and cation recognition by the closed QDE-1�N molecule in the RdRP-3′-dGTP and DdRP-3′-dGTP structures, respectively.
(E and F) The slow annealing composite omit electron density maps of the RNA–RNA duplexes or DNA–RNA hybrids captured in the QDE-1�N complex
structures. The maps are all contoured at the 1.0 � level. Sequences of the DNA–RNA hybrid and RNA–RNA duplex are provided at the top of the panels.
(G) Superposition of the DNA–RNA hybrid and RNA–RNA duplex captured by the DdRP-3′-dGTP-EC-C and RdRP-3′-dGTP-EC-C structures. (H)
Superposition of RNA–RNA duplexes captured by the RdRP-3′-dGTP-EC-C (magenta and light blue) and RdRP-AMPNPP-EC-C (green and yellow)
structures.
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Figure 3. Structures of the catalytic center of QDE-1�N-bound RdRP and DdRP substrates in de novo initiation states. (A and B) The core architecture
of the catalytic center of QDE-1�N-bound RNA template paired with two nucleotides (3′-dGTP) for the first step of condensation and DNA template
paired with a 4 nt product (5′-AAAdG-3′) and 3′-dGTP in the RdRP-3′-dGTP-IC-O and DdRP-no primer-IC-C structures, respectively. Colors are the
same as in Figure 2A and B. (C and D) Schematic representation of nucleic acid and cation recognition by the open QDE-1�N molecule in the RdRP-3′-
dGTP and the closed QDE-1�N molecule in the DdRP-no primer structures, respectively. (E) The slow annealing composite omit electron density maps
of RNA-3′-dGTP captured in the open QDE-1�N molecule in the RdRP-3′-dGTP structure. The map is contoured at the 1.0 � level. The sequence is
provided at the top of the panel. (F) The slow annealing composite omit electron density maps of the DNA–RNA hybrid captured in the closed QDE-1�N
molecule in the DdRP-no primer structure. The map is contoured at the 1.0 � level. The sequence is provided at the top of the panel. (G) Superposition
of RNA-3′-dGTP (green and violet–purple) and RNA–RNA (magenta and light blue) duplexes captured by the open and closed QDE-1�N molecules
in the RdRP-3′-dGTP structure. (H) Superposition of DNA–RNA hybrids captured by the closed QDE-1�N molecules in the DdRP-3′-dGTP (red and
blue) and DdRP-no primer (cyan and lemon) structures.
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Similar to the RdRP-3′-dGTP structure, one individual 3′-
dGTP resides at the A site and pairs with the C nucleotide
at position +1 of the template. Both the RNA and DNA
templates in the IC state are well superimposed with tem-
plates in the EC state from positions +1 to –4 (Figure 3G,
H), suggesting that either DNA or RNA templates adopt
similar A-form conformations during the initial RNA syn-
thesis process.

The template strand is mainly aligned by BH and DPBB2
subdomains

Similar to the BH in Pol II (Supplementary Figure S4A), the
BH in QDE-1 also recognizes nucleotides near the entrance
site (Figure 4A, B). N1087 and R1091 from the BH form H-
bonds with the phosphate backbone of the +2 nucleotide,
which are conserved in both RdRP and DdRP complexes.
Also, the base of the +2 nucleotide is stabilized by �–�
stacking with Y590 of the slab domain in the RdRP-3′-
dGTP complex (Figure 4C). Compared with the RNA tem-
plate, the nucleobase of the DNA template +2 nucleotide
is rotated ∼80◦ and forms hydrophobic interactions with
the side chain of M1084 (Figures 2G and 4D; Supplemen-
tary Figure S5A, B). Instead of 3′-endo, the sugar pucker
of the template +2 nucleotide adopts a 2′-endo conforma-
tion in the DdRP-3′-dGTP complex (Supplementary Fig-
ure S5B). In addition, the relatively small residues (G1083
of QDE-1 and A832 of Pol II) allow the template to eas-
ily enter the active center alongside the BH (Figure 4A, B;
Supplementary Figure S5C). Once the template entered the
active center, L1082 of QDE-1 or T831 of Pol II stabilized
the template via van der Waals interactions with the +1 nu-
cleobase. M1084 mutation caused a more significant reduc-
tion in the DdRP activity of QDE-1�N than in the RdRP
activity, and single or double Ala substitutions of Y590,
L1082, N1087 and R1091 reduced both the DdRP and
RdRP activities of QDE-1�N (Figure 4E; Supplementary
Figure S5G).

In addition to recognition by BH, nucleotides –1 to –4
of the DNA and RNA templates are also extensively con-
tacted by the DPBB2 subdomain of QDE-1 from the mi-
nor groove side (Figure 4A, B). K909 of the neck domain
in the closed QDE-1�N interacts with the phosphate back-
bone of the template between –1 and –2. Residues Y919 and
M1012 of the DPBB2 subdomain contact the ribose groups
of the template between –3 and –4 via van der Waals inter-
actions. The mutations of K909, Y919 and M1012 dramat-
ically reduced both RdRP and DdRP activities (Figure 4F;
Supplementary Figure S5H). Interestingly, there was little
recognition of ribose 2′-OH groups in the RdRP complex,
including Q797, which forms weak or water-mediated H-
bonds with the 2′-OH group of ribose at the +1 and –1 po-
sitions of the RNA template (Figures 2C and 4A; Supple-
mentary Figure S4F, G), consistent with the observations
that the Q797A-containing mutation caused a more signif-
icant reduction in the RdRP activity than in the DdRP ac-
tivity (Figure 4F; Supplementary Figure S5H). We note that
the conformations of RNA and DNA templates differ from
–5 to –7 (Figures 2G and 4G–I). For the RNA template, the
phosphate backbone between positions –5 and –7 forms H-

bonds with T854 of the head domain directly or mediated
by a water molecule (Figure 4G). As shown before, unlike
the RNA templates that keep pairing with the RNA prod-
uct at position –7, the nucleobase at position –7 of the DNA
template flips out and stacks with the side chains of F520
from the slab domain and of R1369 from the head domain
of the open molecule (Figure 4H).

The RNA product strand is mainly bound by DPBB1 and the
slab domain

Similar to the template strands, we also observed some
conformational differences in the nucleotides at positions
–7 to –5 of the RNA products, but the conformation of
nucleotides –4 to –1 is well conserved and plays impor-
tant roles in interacting with QDE-1 (Figures 2G–H and
3H). The DPBB1 and one small �-helix prior to DPBB1
(residues 664–678 in QDE-1), termed DPBB1 auxiliary he-
lix (D1AH), participate in product strand binding in QDE-
1�N elongation complexes (Figure 5A). Q736 of DPBB1
forms an H-bond with the 2′-OH group of the –2 nucleotide.
R671 of D1AH and R738, K743 and K767 of DPBB1 inter-
act with the –1 and –2 nucleotides and 3′-dGTP phosphate
groups, respectively. Q673 and S677 of D1AH form either
direct or water-mediated H-bonds with the –2 nucleotide
(Figure 5A). The Q673 residue is unique to QDE-1 (Sup-
plementary Figure S6A). R738 of QDE-1 is conserved in
many homologous proteins involved in RNAi, but the cor-
responding residue is substituted by Ala in Pol II (Supple-
mentary Figure S6A). Other residues involved in the bind-
ing product strand are conserved and form similar interac-
tions in the Pol II EC structure (Figure 5B). The less con-
served residues R591 and R611 of the slab domain form
H-bonds with the phosphate backbones of the –4 to –6 nu-
cleotides of the product strand (Supplementary Figure S6B,
C). QDE-1�N-derived mutagenesis and in vitro catalytic
assays showed that R591, Q673, S677, Q736 and R738 are
all important for the QDE-1�N activity (Figure 5C; Sup-
plementary Figure S6D).

Recognition of the NTP analog at the A site by the TL sub-
domain

In addition to the BH subdomain, QDE-1 also shares one
TL subdomain (residues 1102–1136) with Pol II (Figure
5D–F; Supplementary Figure S4A). In the complex struc-
tures, V1115 and K1119 of the QDE-1 TL subdomain inter-
act with NTP analogs at the A site (Figure 5D, E). Residue
V1115 forms hydrophobic interactions with the nucleobase,
and K1119 forms H-bonds with the � -phosphate group of
NTP analogs. The 3′-OH group is missing in the 3′-dGTP
utilized in the RdRP-3′-dGTP, DdRP-3′-dGTP and DdRP-
no primer structures, whereas it is present in the AMPNPP
captured in the RdRP-AMPNPP and DdRP-AMPNPP
structures. The side chain of D1116 forms direct H-bonds
with the 3′-OH group of AMPNPP at the A site (Figure 5E).
Residues V1115 and K1119 of QDE-1 correspond to L1081
and H1085 of Pol II (Figure 5D–F; Supplementary Fig-
ure S6G), respectively; they form similar interactions with
NTP in the QDE-1 and Pol II structures. Residue D1116 is
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Figure 4. The detailed structures of template recognition by the DPBB2 subdomain and BH in DdRP and RdRP elongation states. (A and B) The RNA
and DNA template strands are aligned by BH and DPBB2 subdomains in the closed QDE-1�N molecules in the RdRP-3′-dGTP and DdRP-3′-dGTP
structures, respectively. (C and D) Interactions between the template entrance site nucleotides and the BH subdomain of QDE-1�N in the RdRP-3′-
dGTP-EC-C and DdRP-3′-dGTP-EC-C structures. (E and F) The normalized Kobs showing the impacts of mutations at the template entrance site and
the template-binding cleft of QDE-1�N. The data represent the mean of three independent experiments, with SD values indicated by error bars. (G and
H) Interactions between QDE-1�N and the 3′-end nucleotides of the template in the RdRP-3′-dGTP-EC-C structure and the DdRP-3′-dGTP-EC-C
structure. (I) Superposition showing the conformational change between the 3′-end nucleotides of the RNA template and DNA template and the rigid BH
subdomain of QDE-1.

highly conserved in QDE-1 and many homologous proteins,
but is replaced by N1082 in Pol II (Supplementary Figure
S6G). Upon NTP binding, the TL subdomain of Pol II un-
dergoes obvious conformational changes (Figure 5G), but
the TL subdomain of QDE-1 bound to NTP has no obvi-
ous change in comparison with the apo-form QDE-1�N
structure (Figure 5H). QDE-1�N-derived mutagenesis and
in vitro polymerization assays confirmed the functional im-
portance of NTP-binding residues (Figure 5I; Supplemen-
tary Figure S6E).

Minor groove recognition of NTP at the A site by the Pro-
Gate loop

The open QDE-1�N molecule in the RdRP-3′-dGTP struc-
ture captured the reaction in the early initiation state, and
the two individual 3′-dGTPs formed base pairs with C nu-
cleotides at positions +1 and –1 of the template (Figure 6A).
It was noted that a steric loop (residues 962–964), com-
posed of a conserved R–X–P (where X is variable) motif
from the DPBB2 subdomain (Supplementary Figure S7A),
directly interacts with the two 3′-dGTPs at the active cen-
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Figure 5. Detailed structures of the NTP analog and product strand recognition by the DPBB1 and TL subdomains. (A) Interactions between the RNA
product and the DPBB1 and D1AH subdomains of QDE-1 in the RdRP-3′-dGTP-EC-C structure (left) and the DdRP-3′-dGTP-EC-C structure (right).
(B) Interactions between the RNA product and the DPBB1 and D1AH subdomains in the S. cerevisiae Pol II transcription EC structure. (C) The normalized
Kobs showing the impacts of mutations at the DPBB1, D1AH and slab subdomains of QDE-1�N. The data represent the mean ± SD of three independent
experiments. (D) Interactions between NTP and the TL subdomain of QDE-1�N in the RdRP-3′-dGTP-EC-C structure (left) and the DdRP-3′-dGTP-EC-
C structure (right). (E) Interactions between the NTP analog and the TL subdomain of QDE-1�N in the RdRP-AMPNPP-EC-C structure (left) and the
DdRP-AMPNPP-EC-C structure (right). (F) Interactions between the NTP analog and the Pol II TL subdomain in the S. cerevisiae Pol II transcription EC
structure. (G) Superposition of four S. cerevisiae Pol II EC structures showing the multiple conformations of the TL subdomain of Pol II. (H) Superposition
of apo-QDE-1�N and two QDE-1�N complex structures showing the relatively rigid conformation of the TL subdomain of QDE-1. (I) The normalized
Kobs showing the impacts of mutations at the TL subdomain of QDE-1�N. The data represent the mean ± SD of three independent experiments.

ter (Figure 6A; Supplementary Figure S7B). The middle
residue, X, and the last residue, proline, are linked by a char-
acteristic cis-peptide bond. The highly conserved residue
R962 forms H-bonds with the 2′-OH groups of the two
3′-dGTPs, and the side chain of P964 contacts the minor
groove of 3′-dGTP at the A site (Figure 6A). Similar recog-
nition was also observed in the elongation state structure,
such as RdRP-AMPNPP-EC-O (Figure 6B), but the dis-
tance between the side chain of P964 and the minor groove
of AMPNPP at the A site was much less. Superposition of
the above QDE-1�N structures revealed that P964 shifted
∼2 Å from the initiation state to the elongation state (Fig-
ure 6C). In addition, the side chain of S963 points away
from the –1 site base pair (C-1:3′-dGTP) in the de novo ini-
tiation state of the RdRP-3′-dGTP structure (Figure 6A),
whereas the side chain of S963 in the EC state forms one
stable H-bond with the 2′-OH group of the template –1 site
nucleotide that interacts with N795 and Q797 (Figure 6B),

allowing P964 to move closer to the minor groove of NTP
at the A site (Figure 6C). As defined in the Pol II structure
(Supplementary Figure S7C) (44,45), the steric R–X–P loop
from DPBB2 is also termed the Pro-Gate loop in QDE-1.
Ala substitution of P964 dramatically reduced the catalytic
efficiency of QDE-1�N (Figure 6H; Supplementary Figure
S6F), indicating the functional importance of the Pro-Gate
loop.

Multiple metal ions in the catalytic center

All the crystals of QDE-1�N elongation complexes in
this study were grown in the buffer containing Mg2+ and
Ca2+ cations. In both the RdRP-AMPNPP and DdRP-
AMPNPP structures, two cations, designated cation A and
cation B, coordinate with four conserved aspartic acids.
Cation A coordinates with D1007, D1009, D1011, the 3′-
OH group at the growing end of the product strand, AMP-
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Figure 6. The recognition of NTP at the A site by the Pro-Gate loop and multiple cation binding in the catalytic center of QDE-1�N. (A) Stick–dot–dash
representation showing the conformation, relative orientation and interactions between 3′-dGTP and the Pro-Gate loop in the initiation state structure.
(B) Stick–dot representation showing the shape-complementarity of the Pro-Gate loop and AMPNPP in the elongation state structure. (C) Superposition
showing the conformational changes of the Pro-Gate loop during the initiation to elongation state transition. The elongation state complex is colored
pale green. (D) Conformation of the catalytic residues and their coordination with cations (Mg2+ in green, Ca2+ in cyan) at the active sites of the RdRP-
AMPNPP-EC-C and DdRP-AMPNPP-EC-C structures, representing the elongation state of the reaction. (E) Cation coordination at the active sites of
the closed QDE-1�N molecule in the DdRP-no primer structure, representing the de novo initiation state of the reaction. (F) Cation (Mg2+ in green, Ca2+

in cyan) coordination at the active sites of the open QDE-1�N molecule in the RdRP-3′-dGTP structure, representing the de novo initiation state of the
reaction. (G) Summarized catalytic site assembly of QDE-1�N and the proposed catalytic mechanism for QDE-1. (H) The normalized Kobs showing the
impacts of mutations of the NTP-interacting residues of QDE-1�N. The data represent the mean ± SD of three independent experiments.

NPP �-phosphate and one water molecule, and cation B
coordinates with D1007, D1009, two non-bridging phos-
phate oxygens of AMPNPP and two water molecules (Fig-
ure 6D; Supplementary Figure S7B). D709 of DPBB1 forms
a water-mediated coordination with cation B (Figure 6D).
It is likely that due to the absence of the OH group at the
3′ position of 3′-dG or 3′-dGTP, the coordination of cation
A and cation B in the DdRP-3′-dGTP and RdRP-3′-dGTP
structures (Figure 6E, F) is slightly different from that in

the RdRP-AMPNPP and DdRP-AMPNPP structures; in
the DdRP-3′-dGTP and RdRP-3′-dGTP structures, both
cation A and cation B coordinate directly with the �-
phosphate groups. D709, D1007, D1009 and D1011 are
highly conserved (Supplementary Figures S6A and S7A).
QDE-1�N-derived mutagenesis and in vitro catalytic assays
supported the functional importance of the conserved as-
partate triad. The catalytic activity of the QDE-1�ND709A

mutant was much weaker than that of WT QDE-1�N,
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and no detectable activity could be observed for the QDE-
1�ND1007A, QDE-1�ND1009A or QDE-1�ND1011A mutants
(Figure 6H; Supplementary Figures S6F and S7I).

In addition to cations A and B, most QDE-1�N complex
structures in this study captured a third cation (designated
cation C), coordinating with the main-chain carboxyl oxy-
gen atom of G1005 and interacting with the non-bridging
oxygen of �-phosphate either directly or mediated by wa-
ter molecules (Figure 6D, F; Supplementary Figure S7J).
Interestingly, in the closed DdRP-no primer-IC structure
and the open RdRP-3′-dGTP-IC structure, one additional
cation (designated cation D) was observed, interacting with
the non-bridging oxygen of � -phosphate (Figure 6E), the
bridging oxygen between �- and � -phosphates and the non-
bridging oxygen of �-phosphate (Figure 6F), respectively.

The C-tail occupied the substrate-binding cleft in de novo ini-
tiation states

In four complex structures, QDE-1�N molecules are bound
to a DNA or RNA template, but in the open QDE-1�N
molecule in the DdRP-no primer structure that only cap-
tured one NTP at the entry site (E site) (Figure 7A; Supple-
mentary Figure S8A, B) the NTP resides in a narrow tun-
nel identified in the QDE-1�N structures (Supplementary
Figure S8A, C). The phosphate groups coordinate with two
cations and form conserved interactions with QDE-1�N
at both the A and E site (Supplementary Figure S8B, D,
E); a similar phenomenon has also been observed in the
Pol II structure (46). Instead of the template or product
strand, the long C-tail (residues 1373–1402) from the closed
QDE-1�N molecule inserts into the substrate-binding cleft
of the open QDE-1�N molecule in the DdRP-no primer
structure (Figure 7A). The 1385–1391 region is disordered,
whereas all other C-tail residues are well defined, as sup-
ported by the clear electron density maps (Figure 7B).
The C-tail forms extensive interactions with the substrate-
binding cleft residues. For example, Y1377 forms hydropho-
bic interactions with L726, L728 and V785, and I1394 forms
hydrophobic interactions with Y919. The last C-terminal
residue, Y1402, forms H-bonds with S677 and R783 and
contacts with Q673, F584 and H613 through hydrophobic
interactions (Supplementary Figure S9A).

The C-tail was also ordered in the early initiation state in
the RdRP-3′-dGTP structure (Figure 7C, D; Supplemen-
tary Figure S9B), sharing an almost identical conformation
with the NTP loading state in the DdRP-no primer struc-
ture (Figure 7A, B). Probably due to the clash with the resid-
ual –3 and –4 nucleotides of the template, the C-tail 1392–
1396 region has an estimated occupancy of 0.6 (Supple-
mentary Figure S9B). Together with Q736, R738 and R783,
the C-tail residues 1397–1402 form one well-fitted binding
pocket for 3′-dGTP, which pairs with the C-1 nucleotide of
the template strand (Supplementary Figure S9C). In the ini-
tiation state in the DdRP-no primer structure (Figure 7E),
residues 1382–1402 are disordered (Figure 7F), probably
due to the growth of the product strand and translocation
of the template strand. Residues 1376–1380 of the C-tail are
ordered in the NTP-loading state (Figure 7A, B), the early
initiation state (Figure 7C, D) and the initiation state (Fig-
ure 7E, F). Interestingly, Y1377 forms an H-bond with the

non-bridging oxygen of phosphate between –4 and –5 in the
initiation state (Supplementary Figure S9D).

To understand the functional role of the QDE-1 C-tail,
we constructed a QDE-1�N variant with 30 amino acids
deleted from the C-terminus, QDE-1�N�C. The in vitro
catalytic assay results showed that the de novo RNA syn-
thesis activity of QDE-1�N�C was higher than that of
QDE-1�N (Figure 7G), suggesting that the QDE-1 C-tail
has an inhibitory effect on RNA synthesis. The ratio be-
tween the abortive (2–5 mer) and runoff (8–10 mer) prod-
ucts was higher for QDE-1�N�C than for QDE-1�N (Fig-
ure 7H). In addition to de novo synthesis assays, we also per-
formed primer-extension assays. As depicted in Figure 7I,
QDE-1�N�C showed higher primer-extension activity than
QDE-1�N. Interestingly, in addition to matching NTPs,
QDE-1�N�C can also catalyze the incorporation of mis-
matched NTPs. In contrast, no clear misincorporated prod-
uct was observed for QDE-1�N, suggesting that it has
higher fidelity.

Dimerization is not required for the catalytic activity of
QDE-1�N in vitro

QDE-1�N exists as a homodimer (Figure 1B–D). To
investigate whether dimerization is strictly required for
the function of QDE-1, we first constructed two QDE-
1�N heterodimers, composed of one active His-SUMO-
tagged QDE-1�N�C protomer and one inactive GST-
tagged QDE-1�Nm3 or QDE-1�N�C-m3 protomer (Sup-
plementary Figure S10A, B). In vitro catalytic assay re-
sults showed that both heterodimers are active (Supple-
mentary Figure S10C). Compared with that of QDE-
1�N�C/QDE-1�Nm3, the de novo RNA synthesis activity
of QDE-1�N�C/QDE-1�N�C-m3 was higher, which fur-
ther confirmed the inhibitory effect of the QDE-1 C-tail.
To obtain monomeric QDE-1�N protein, we then per-
formed systematic truncation on QDE-1�N (Supplemen-
tary Figure S11A, B). Similar to QDE-1�N, the QDE-
1377–1339 variant exists as a homodimer. However, the
SEC-MALS assay results showed that the QDE-1377–1192

variant exists as a monomer in solution (Supplementary
Figure S11C; Supplementary Table S5). In vitro primer-
extension assay results showed that both QDE-1377–1339

and QDE-1377–1192 have RdRP and DdRP activities. Com-
pared with those of QDE-1377–1339, the catalytic activi-
ties of QDE-1377–1192 were higher (Supplementary Figure
S11D). These observations suggested that dimerization is
not strictly required for the catalytic activity of QDE-1�N
in vitro.

DISCUSSION

RNAi is a highly conserved gene expression regulation
mechanism. During the vegetative stage of N. crassa, both
repetitive transgenes and damaged rDNA loci stimulate the
production of aRNAs by QDE-1 and QDE-3. QDE-1 sub-
sequently converts the aRNAs to dsRNA precursors (2).
Both aRNA and dsRNA precursor production indicates the
functional importance of the dual polymerization activities
of QDE-1. In this work, we report structures of QDE-1–
nucleic acid complexes, in which QDE-1 could bind both
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Figure 7. The C-tail occupied the substrate-binding cleft of QDE-1�N in de novo initiation states. (A and B) Cartoon presentation and slow annealing
composite omit maps of the QDE-1 C-tail observed in the DdRP-no primer-NTP loading-O structure. (C) Cartoon-stick presentations of the C-tail, RNA
template and 3′-dGTP observed in the RdRP-3′-dGTP-IC-O structure. (D) The slow annealing composite omit maps of the QDE-1 C-tail observed in
the RdRP-3′-dGTP-IC-O structure. (E) Cartoon and stick representations of the C-tail, DNA template and RNA product observed in the DdRP-no
primer-IC-C structure. (F) The slow annealing composite omit maps of the QDE-1 C-tail observed in the DdRP-no primer-IC-C structure. (G) De novo
RNA synthesis using the 15 nt DNA as a template (0.2 �M). The reaction was carried out in the presence of 20 �M ATP, GTP and 3′-dCTP spiked with
� -[32P]ATP. The reaction was quenched at 60 min. The gels were exposed to a phosphor screen overnight and scanned on a Typhoon FLA 9000. (H)
Abortive to runoff ratio on the 15 nt DNA. Error bars are from three measurements. (I) Analysis of primer-extension products by a 20% polyacrylamide–7
M urea denaturing gel. The target products are indicated by green boxes, whereas the misincorporated products are indicated by red boxes. All electron
density maps are contoured at the 1.0 � level.

the A-form-like DNA–RNA hybrid and RNA–RNA du-
plex in the duplex-binding cleft (Figure 2; Supplementary
Figure S3), revealing the structural basis of the dual DdRP
and RdRP activities of QDE-1.

Conserved BH for template recognition

The two-barrel polymerase superfamily contains various
classes of polymerases. In addition to QDE-1 or homol-

ogous proteins involved in RNAi, multisubunit DdRPs
(including eukaryotic Pol II and prokaryotic RNA poly-
merase), single subunit DdRP (such as phage pg66) and ar-
chaeal DNA polymerase PolD also belong to the two-barrel
polymerase superfamily. In addition to the characteristic
DPBBs, the QDE-1�N complex structures in this study re-
vealed that the D1AH, BH and TL subdomains also con-
stitute the core architecture of the two-barrel polymerase
superfamily (Figure 2A, B and 3A, B; Supplementary Fig-
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ure S4D, E) (31,47–49). Recently reported structures con-
firmed that PolD has TL- and BH-related motifs, but the
motifs fulfill different roles (50,51).

In QDE-1 and many multisubunit DdRPs, the template is
mainly recognized by the BH subdomain near the entrance
site (Figure 4A, B; Supplementary Figures S4A, B and
S5C). The QDE-1 BH subdomain interacts with both DNA
and RNA templates and does not strictly distinguish be-
tween DNA and RNA templates. Pol II also has RdRP ac-
tivity (37); it can recognize certain RNAs, such as the non-
coding B2 RNA (52). The Pol II BH subdomain could un-
dergo conformational change, selecting the right NTP that
pairs with the complementary template at the +1 site. In Pol
II, T831 of the BH subdomain serves as a sensor for the 3′-
terminal base pairing of the DNA–RNA hybrid, and Y836
promotes continuous BH bending motions (Supplementary
Figure S5C, D). The conformational bending of BH is crit-
ical for Pol II backtracking (53). However, the QDE-1 BH
subdomain is relatively rigid and changes slightly in QDE-
1�N EC structures compared with the apo- or IC structures
(Figure 4I; Supplementary Figure S7H).

DNA and RNA templates exit from the substrate-binding
cleft differently

During the synthesis of the product strand, the upstream
template–product duplex will exit the binding cleft. The
RNA template probably exits the cleft together with the
paired product strand (Figure 1F). However, the 3′-end nu-
cleotide of the DNA template is separated from the prod-
uct strand in all DdRP-EC-C structures and probably exits
through a narrow channel between the head and slab do-
mains (Figure 4H; Supplementary Figure 2G). The 5′-end
nucleotide of the RNA product leaves the channel from the
distal end. Previously, Liu and co-workers reported that the
ssDNA-binding protein RPA strongly promotes dsRNA
production from ssDNA by QDE-1 (16). These results are
consistent with the structural observations in this study.
While the DNA template separates from the RNA prod-
uct, the RNA product 3′ end reenters the binding cleft and
serves as an RNA template for dsRNA synthesis.

In all the apo- and complexed structures, the two
molecules of the QDE-1�N dimer adopt different confor-
mations (Figure 1; Supplementary Figure S2). The open
molecules captured the reaction in various states, whereas
the closed molecules were mostly in the elongation state
(Figure 1B, C). Most probably due to the extrusion caused
by the head domain from the partner QDE-1�N molecule,
the template–product duplexes exit differently from the dis-
tal end of the active center (Figure 4G–I; Supplementary
Figure 2F, G). For the RNA-templated elongation com-
plex structures, the RNA–RNA duplex always pairs at po-
sition –7 in the closed molecule (Figure 2E; Supplementary
Figure S3A, B). For the DNA-templated elongation com-
plex structures, the DNA–RNA hybrid forms only 5–6 base
pairs (Figure 2F; Supplementary Figure S3C–E). Although
the template nucleotides at position –7 could be observed,
they were separated from the product strands in all DdRP-
EC-C structures, probably due to the lower stability of the
DNA–RNA hybrid compared with the RNA–RNA duplex

(54). The separated nucleotide at the 3′ end of the DNA
template has a 2′-endo conformation, which is favorable for
DNA (Supplementary Figure S5F).

The RNA product is mainly recognized by the DPBB1 sub-
domain

In many two-barrel polymerases, two DPBB1 lysine
residues play important roles in product binding. For ex-
ample, in Pol II EC, two DPBB1 lysine residues (K979 and
K987 of the Rpb2 subunit) recognize RNA products (Fig-
ure 5B). However, the Pol II K979 is substituted by Q736
in the QDE-1 DPBB1 subdomain, and an arginine residue
(R738) specifically evolved in RNAi-related RdRPs (Fig-
ure 5A, B; Supplementary Figure S6A). Q736 and R738 are
conserved in many QDE-1 homologous proteins (Supple-
mentary Figure S6A). Q736 forms one H-bond with the 2′-
OH group of the –2 nucleotide. R738 forms H-bonds with
the phosphate backbone of the –1 nucleotide, which may
help product strand stabilization (Figure 5A). The DPBB1
and D1AH subdomains both participate in product binding
(Figure 5A, B), which is conserved in the two-barrel poly-
merase superfamily (Figures 2A, B and 3A, B; Supplemen-
tary Figure S4) (29).

NTP at the A site is stabilized by the conserved TL subdomain

The TL subdomain of QDE-1 and Pol II shares similar in-
teractions, such as hydrophobic interactions, with the nucle-
obase of NTP at the A site by V1115 from the QDE-1 TL
and by L1081 from the Pol II TL, respectively. However, the
interaction between QDE-1 D1116 and the 3′-OH group of
NTP may be more stable than the indirect interaction with
N1082 of Pol II EC (Figure 5E, F). Structural superposi-
tion also indicated that the Pol II TL subdomain undergoes
conformational changes upon NTP binding, playing an im-
portant role in catalysis in Pol II (Figure 5G) (48). How-
ever, the QDE-1 TL subdomain is relatively rigid (Figure
5H) and changed slightly in the elongation state compared
with the apo- or early initiation state structure (Supplemen-
tary Figure S7H). The QDE-1 TL always adopts one closed
conformation, which may be due to the extensive hydropho-
bic interactions between TL and BH subdomains (Supple-
mentary Figure S6H).

NTP at the A site is selected by the Pro-Gate loop

The A site NTP is recognized by the QDE-1 Pro-Gate
loop from the minor groove side (Figure 6A–C; Supple-
mentary Figure S7H); the minor-groove-sensing Pro-Gate
loop is also present in Pol II (44,45). R446 from the Pro-
Gate loop of Pol II and the corresponding R425 residue
of the multisubunit E. coli RNA polymerase affect the ss-
RNA product synthesis and incoming NTP selection (55).
The highly conserved P448 from Rpb1 of Pol II has been
demonstrated to play an essential role during transloca-
tion and to sense the environment of the minor groove af-
ter nucleotide incorporation (45). In addition to stabiliza-
tion, we speculated that the QDE-1 Pro-Gate loop also en-
hances NTP selection. Residue R962 of the DPBB2 sub-
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Figure 8. Cartoon model summarizing the dynamic conformational change of the QDE-1 C-tail in different reaction states. Both QDE-1�N protomers
are functional and undergo identical conformational changes. For clarity, conformational changes are only shown for one protomer in the figure.

domain forms H-bonds with the 2′-OH groups at the 3′
end of the product strand and the NTP analog at the A
site (Figure 5D, E). The interactions with R962 of the Pro-
Gate loop and D1116 of the TL subdomain in QDE-1 keep
the sugar moieties of the 3′-end nucleotide and the NTP
analog in the 3′-endo conformation, which is favorable for
RNA (55).

Conserved catalytic mechanism of the two-barrel polymerase
superfamily

The polymerization activities of QDE-1 and the two-barrel
polymerases are cation dependent (29). The QDE-1�N
complex structures show that the four catalytic aspartate
residues (one in DPBB1 and three in DPBB2) coordinate
with two cations, similar to other two-barrel polymerases
(Figure 6D–F; Supplementary Figure S7B–D). Therefore,
the two-barrel polymerase superfamily shares the conserved
two-cation catalytic mechanism (Figure 6G). In addition
to cations A and B, most QDE-1�N complexes here have
cation C (Figure 6D; Supplementary Figure S7J) or a third
cation at different positions (Figure 6E), and some even
have a fourth cation (Figure 6F). The third cations with dif-
ferent orientations and coordination have been reported in
DNA polymerase � and � structures and have been pro-
posed to stabilize the transition state or deter the reverse
reaction in the catalysis (56,57). Unlike the third cations in
DNA polymerase � and � that are located between � and
� phosphates, the third or fourth cations observed in QDE-
1�N complexes interact with � and � phosphates, which is
similar to the behavior of cation C observed in the transcrib-

ing complex of S. cerevisiae Pol II (48). However, cations C
and D in the QDE-1�N complexes were observed at lower
metal ion concentrations, and cations A and B were stable
in all structures, suggesting that cations C and D may not be
inhibitory but propitious to the reaction by stabilizing the
leaving pyrophosphate group.

Regulatory roles of the QDE-1 C-tail

Unlike AtRDR2, ZmRDR2 or AtRDR6, which can func-
tion as monomers (Supplementary Figure S11C; Supple-
mentary Table S5) (58,59), QDE-1�N exists as a homod-
imer (Figure 1B-D; Supplementary Figure S2). The C-tail
observed in NTP loading and the two initiation states comes
from the dimer partner. Dimerization placed the C-tail
of one QDE-1 monomer in the substrate-binding cleft of
the partner monomer (Figure 7A–F). Based on QDE-1�N
complex structures, this study proposes one plausible work-
ing model for the dimerization and reaction state transi-
tion of QDE-1�N (Figure 8). In the early initiation state,
the C-tail of QDE-1 enhances the first triphosphate nu-
cleotide binding next to the active site and probably facil-
itates the de novo initiation reaction. When the RNA prod-
uct extends in the initiation states of the QDE-1 dimer, the
C-tail coordinates with extension of the RNA products and
the alignment of DNA or RNA templates in the substrate-
binding cleft through space occupation and direct interac-
tion. The C-tail moves out of the cleft in the elongation
state, then bounces back and waits for the next round of
polymerization when the reaction is completed and releases
the template–product duplex.
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Although dimerization is not strictly required for the cat-
alytic activity of QDE-1 in vitro (Supplementary Figure
S11; Supplementary Table S5), our in vitro catalytic assays
suggested that dimerization may enable the QDE-1 C-tail
to play a regulatory role in RNA synthesis. As depicted in
Figure 7G, the de novo RNA synthesis activity of QDE-
1�N�C was higher than that of WT QDE-1�N and the
two heterodimers (QDE-1�N�C/QDE-1�N m3 and QDE-
1�N�C/QDE-1�N�C-m3) (Supplementary Figure S10C).
However, the percentage of abortive products of QDE-
1�N�C was also higher (Figure 7H). The primer-extension
assays suggested that the fidelity of QDE-1�N�C was lower
than that of WT QDE-1�N (Figure 7I). The C-tail in the
QDE-1�N dimer is similar to that of the mitochondrial
transcription factor (Mtf1) C-tail observed in mitochon-
drial RNA polymerase complex structures (60,61) and may
play regulatory roles in stabilizing the initiation state, coor-
dinating template strand alignment, making the transition
from initiation to elongation and maintaining fidelity dur-
ing the RNA synthesis process. To better understand the
functional roles of the dimerization and the unique C-tail
of QDE-1, more mutagenesis and in vivo studies are needed
in the future.

In plants, Pol IV functions as a DdRP, and RdRP activ-
ity is performed by RDR2 which is homologous to QDE-
1 (62). Both Pol IV and RDR2 are two-barrel polymerase
superfamily members. Genetic and genomic evidence indi-
cates that the production of double-stranded siRNA pre-
cursors requires both Pol IV and RDR2. However, single
pol IV or rdr2 mutants had undetectable siRNA precursors
(63–65). Pikaard and co-workers recently demonstrated the
co-dependence of Pol IV and RDR2 in vitro. Starting from
Pol IV, RDR2 and ssDNA, the team successfully gener-
ated dsRNA products in an in vitro reaction system. Re-
cent studies also demonstrated that Pol IV interacts di-
rectly with RDR2, forming the Pol IV–RDR2 heterodimer
(66,67). No Pol IV homologous proteins exist in N. crassa,
and the QDE-1 homodimer may mimic the Pol IV/RDR2
heterodimer in action.

In conclusion, these results provide structural and mech-
anistic insights into the dual DdRP and RdRP activities of
QDE-1 and particularly shed light on the conserved recog-
nition of the template, product and NTP by QDE-1, Pol II
and other two-barrel polymerase superfamily members.
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