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Materials and Methods 
Antibody, peptide, and oligos 
A peptide from cauliflower (Brassica oleracea var. botrytis) NRPE1 (KKNPETELNAAAWG) 
(Fig. 1A), whose homology region in Arabidopsis NRPE1 (DKKNSETESDAAAWG) was shown 
to be able to raise anti-sera with sufficient quality for Pol V purification (7, 36), was selected as 
the antigen to immune mouse by the ABclonal Company (Wuhan, China). A monoclonal antibody 
strain 5D2D8 that showed the best behavior was chosen for further large-scale production by 
ABclonal Company (Wuhan, China). The protein A purified 5D2D8 antibody obtained from the 
company was directly used in the following purification outlined below. The 5D2D8 epitope 
peptide was purchased from the GL Biochem Company (Shanghai, China). All the oligos were 
ordered from the Sangon Company (Shanghai, China). 
 
Purification of cauliflower nucleus 
The inflorescence tissue was cut from 10 kg of fresh cauliflower and subsequently frozen by liquid 
nitrogen. The frozen inflorescence was homogenized by a blender. About 16 L of the Extraction 
Buffer (10 mM KCl, 10 mM MgCl2, 1 mM DTT, 5 mM EDTA, 250 mM sucrose, 0.5% Triton-X-
100, 0.2 mM PMSF, and 10 mM HEPES, pH 7.8) was added into the homogenized inflorescence 
and the mixture was stirred gently. The resulting curd was further filtered through two layers of 
Miracloth (Millipore). The cauliflower nucleus was collected by centrifugation at 3,000 g for 20 
min at 4 °C and further washed by Extraction Buffer twice. About 60 g crude nucleus can be 
obtained from 10 kg cauliflower. 
 
Extraction of cauliflower nucleus 
About 60 g crude cauliflower nucleus was suspended in 60 ml of Low Salt Buffer (20 mM KCl, 2 
mM MgCl2, 0.5 mM DTT, 0.2 mM EDTA, 25% Glycerol, 0.2 mM PMSF, and 20 mM HEPES, 
pH 7.8) to disrupt the nucleus by osmotic shock. Then 90 ml High Salt Buffer (1.6 M KCl, 2 mM 
MgCl2, 0.5 mM DTT, 0.2 mM EDTA, 25% Glycerol, 0.2 mM PMSF, and 20 mM HEPES, pH 7.8) 
and 2.5 kU SuperNuclease (SinoBiological, SSNP01) were added and the solution was gently 
shaken for 10 min to release the nucleic acids. The nucleic acid was further removed by sonication 
for 45 min. The lysate was centrifuged at 17,000 g for 20 min at 4 °C. The supernatant was filtered 
by 4-layer Miracloth (Millipore) and dialyzed against an RB400 buffer (400 mM NaCl, 5 mM 
MgCl2, 2 mM DTT, 10% Glycerol, 0.1% NP40, and 50 mM Tris-HCl, pH 7.5) for 3 h, and filtered 
by a 0.22 µm filter (Millipore). 
 
Purification of BoPol V 
About 2 ml Protein G agarose resin (Yeasen, 36405ES) was added into the cauliflower nucleus 
extraction. After incubation for 1 hour, the resin was discarded by low-speed centrifuge to remove 
non-specific binding proteins. Following, about 200 µg antibody 5D2D8 was added into the 
cauliflower nucleus extraction for capturing the BoNRPE1. After 3 hours incubation, 2 ml fresh 
Protein G resin was added and further incubated for 1.5 hours. The Protein G resin, as well as the 
bounded BoPol V, were collected by low-speed centrifuge. The resin was further successively 
washed by 200 ml Washing Buffer (400 mM NaCl, 5 mM MgCl2, 2 mM DTT, 5% Glycerol, 0.2% 
NP40, and 20 mM Tris-HCl, pH 7.5) and 100 ml Pre-Elution Buffer (400 mM NaCl, 5 mM MgCl2, 
2 mM DTT, 1% Glycerol, 0.05% NP40, and 20 mM Tris-HCl, pH 7.5). The BoPol V was eluted 
by 5 ml 5D2D8 epitope peptide (KKNPETELNAAAWG) with a final concentration of 0.5 mg/ml. 
The affinity purified BoPol V was further purified using a Superose 6 Increase 3.2/300 column 
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(Cytiva) with an RB150 Buffer (150 mM KCl, 5 mM MgCl2, 2 mM DTT, 1% Glycerol, 0.05% 
NP40, and 20 mM HEPES, pH 7.8). About 3 µg BoPol V can be obtained from 10 kg cauliflower. 
 
Purification of BoPol II 
The mouse monoclonal antibody strain 8WG16 against NRPB1 CTD (Santa Cruz Biotechnology, 
sc-56767) was used for BoPol II purification. The overall purification steps were similar as the 
BoPol V purification. The only difference is the EG Buffer (0.1 mM EDTA, 0.75 M ammonium 
sulfate, 40% ethylene glycol, and 50 mM Tris-HCl, pH 7.5) was used as elution buffer (46). The 
purified BoPol II was buffer-exchanged into the RB150 buffer for further use. Both the purified 
BoPols II and V were subjected to mass spectrometry analysis using an Orbitrap Fusion mass 
spectrometer (Thermo Fisher Scientific) with a nanospray ion source and an EASY-nLC 1000 
system (Thermo Fisher Scientific) at SUSTech Core Research Facility (SUSTech CRF). The 
presence of all 12 subunits Pols II and V were confirmed. 
 
In vitro transcription assays 
Equal amounts of 5’-FAM labeled RNA primer and the corresponding DNA strand(s) (table S1) 
were dissolved in a buffer of 50 mM NaCl, 20 mM Tris-HCl, pH 8.0 with a final concentration of 
40 µM for each oligo. To anneal the oligos, the oligo mixtures were heated to 95 °C for 5 min and 
then slowly cooled down to room temperature. All the annealed templates were diluted to 10 µM 
and stored at -80 °C for further use. The in vitro transcription assay was carried out in a 20 µL 
reaction system with a buffer of 50 mM NaCl, 5 mM MgCl2, 2 mM DTT, 10 % glycerol, and 40 
mM Tris-Cl, pH 8.0. In each reaction, the purified Pols and various substrates were pre-incubated 
at 25 °C for 25 min with a final concentration of 120 nM and 200 nM, respectively. After pre-
incubation, 0.5 mM NTP (ATP, UTP, CTP, and GTP) was added to allow the reaction lasting for 
2 hours. The reactions were quenched by adding equal volume RNA loading buffer containing 98% 
formamide, 1 mM EDTA, bromophenol blue, and xylene cyanole by heating to 95 °C for 5 min 
followed by cooling down to 0 °C on ice immediately. To monitor the reactions, 20 µL of each 
sample was loaded onto a 20% denatured PAGE gel with 8 M urea and 1 × Tris-borate-EDTA 
buffer. Then, the gel was run with 0.5 × TBE buffer at 7 W for 3 hours and imaged under blue 
fluorescence mode of a Tanon 6100C Imager. To compare the activity between Pols V and II, the 
reaction system was prepared according to the experiment design. 
 
Cryo-EM specimen preparation 
To obtain the BoPol V elongation conformation complex, the peptide eluted BoPol V (about 3 µg) 
was concentrated to 80 µL and then incubated with the designed transcription bubble (Fig. 1D and 
table S1) with a molar ratio of 1:2 at 25 °C in a reaction buffer of 150 mM KCl, 5 mM MgCl2, 2 
mM DTT, 10% Glycerol, 0.5 mM ATP, 0.5 mM UMPPNP, and 20 mM HEPES, pH 7.8. After 
one-hour incubation, the free nucleic acids were removed by a Superose 6 Increase 3.2/300 column 
(Cytiva) with the RB150 Buffer. The Pol V-transcription bubble complex was further concentrated 
to about 0.1 mg/ml for specimen preparation. For apo Pol V sample, the concentrated fractions 
collected from gel filtration were directly used. All grid preparations were conducted immediately 
after purification. About 4 µL Pol V or Pol V- transcription bubble complex was applied to a 300-
mesh Cu R1.2/1.3 grid with 2 nm carbon (Quantifoil, Micro Tools GmbH), which was pre-glow 
discharged by a plasma cleaner (PDC-32G, Harrick Plasma). Then, the grids were blotted by a 
Vitrobot instrument (Thermo Fisher Scientific) under the condition of 2.5 s blotting time and 5 s 
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wait time under the condition of 6 °C temperature and 95 % humidity, and subsequently plunge-
frozen in liquid ethane which was already pre-cooled by liquid nitrogen. 
 
EM data collection and processing 
All the cryo-EM data were collected on 300 kV Titan Krios electron microscopes (Thermo Fisher 
Scientific) equipped with K3 Summit direct electron detectors (Gatan), and the movies were 
automatically collected by EPU (Thermo Fisher Scientific) under super-resolution counting mode. 
Electron micrograph datasets were acquired at a magnification of 81,000 × (1.095 Å /physical 
pixel) at 20 e-/Å2 per second for a total dose of 50 e-/Å2 which fractionated into 32 frames, and the 
defocus values of data collection were ranged from -1.0 µm to -2.5 µm. 
 The cryo-EM data of apo-Pol V was processed using the program RELION3.1 (47). The 
movies were firstly aligned using MotionCor2 in Relion-3.1 (48), and the binning factor was set 
to 2 to recover the pixel size back to 1.095 Å. The defocus estimation and contrast transfer function 
(CTF) were estimated by CTFfind v4.1 (49). A total of 1,609,875 particles were picked from 6,805 
micrographs. To accelerate the calculation, the pixel size of extracted particles was expanded to 
2.19 Å with the particle box size of 150 × 150 pixels accordingly. After 3 rounds of 2D 
classification, 1,141,590 particles were selected and further classified by one more round of 3D 
classification with low quality particles excluded. The remaining 794,368 selected particles were 
re-centered and re-extracted at a pixel size of 1.095 Å with the box size was expanded to 300 × 
300 pixels at the same time. A consensus 3D auto-refine job yielded an initial resolution of 4.5 Å. 
Next, 125,972 particles were selected by three rounds of 3D classification incorporation with 3D 
auto-refine, yielding a refined resolution of 4.2 Å. Subsequently 2 more rounds alignment-free 3D 
classification were conducted to further clean the particles, finally 63,603 particles were selected 
and auto-refined to 3.65 Å resolution. Further 3 rounds of CTF refinement in addition with 3D 
auto-refinement were applied to push the final refined resolution to 3.57 Å (50). 

The cryo-EM data processing of Pol V EC was performed using RELION 4.0 (51). Total 
5,694 movie frames were used for the data processing. Motion correction and CTF estimation were 
carried out using MotionCor2 and CTFFIND, respectively (48). Particle picking was done using 
Topaz implemented within RELION 4.0 (52). The particles with figure-of-merit (FOM) cut-off 
above -3 were selected and extracted with a binning factor of 8. A total of 2,750,896 particles were 
extracted from the two datasets and then subjected to a round of reference-free 2D classification. 
2D classes that showed polymerase features were selected and subjected to a round of 3D 
classification using the Pol V apo structure map as reference. 3D classification was done using an 
angular sampling of 15° for the first 25 iterations, followed by additional 25 iterations with an 
angular sampling of 7.5°. Particles in selected 3D classes went through another round of reference-
free 2D classification to remove sub-optimal particles. Good 2D classes were selected and 
combined. Particles from these classes were then re-extracted using 300 × 300 pixel box size for 
3D consensus refinement which yielded a 3.04 Å resolution map. Subsequent refinements of beam 
tilt, anisotropic magnification, and defocus improved the resolution to 2.8 Å. One more step of 3D 
classification without alignment was carried out with regularization parameter T of 10 and a global 
mask covering Pol V EC. One 3D class was selected and refined, yielding a final map of 2.73 Å 
resolution. 
 
Model building, structure refinement, and analysis 
The manual model building was directly carried out using the program Coot (53) guided by 
homology model of Arabidopsis Pol IV (PDB code: 7EU1) (13). The structure refinement was 
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conducted using the program Phenix by global minimization with Ramachandran restraints (54). 
The 3D FSC correlation of cryo-EM maps were analyzed using the 3DFSC Processing Server 
(https://3dfsc.salk.edu/) (55). A list of the statistics of the cryo-EM data collection, structure 
refinement, and validation was given in table S2. The graphics were produced using the program 
PyMOL (Schrödinger) and Chimera (56). The sequences were aligned using the T-Coffee server 
and further illustrated using the ESPript server (57, 58). The sequences used in alignments are: 
BoNRPE1 (NCBI: XP_013628526), AtNRPE1 (NCBI: NP_181532), AtNRPB1 (NCBI: 
NP_001329346), AtNRPD1 (NCBI: NP_001185298), BoNRPE(D)2 (NCBI: XP_013685975), 
AtNRPE(D)2 (NCBI: NP_001189957), Glycine max NRPE(D)2 (NCBI: XP_003523670), 
Solanum lycopersicum NRPE(D)2 (NCBI: XP_004236361), Zea mays NRPE(D)2 (NCBI: 
AQK46524), Oryza sativa NRPE(D)2 (NCBI: XP_015636222), BoNRPA2 (NCBI: 
XP_013597647), Saccharomyces cerevisiae RPA2 (NCBI: AJW03181), BoNRPB2 (NCBI: 
XP_013598194), Saccharomyces cerevisiae RPB2 (NCBI: EWG93581), BoNRPC2 (NCBI: 
XP_013598951), Saccharomyces cerevisiae RPC2 (NCBI: AJU02406). 
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Fig. S1. The purification and characterization of BoPol V. (A) The purification steps of BoPol 
V from cauliflower. Typically, 3 µg purified Pol V can be obtained from 10 kg fresh cauliflower. 
(B) The SDS-PAGE of purified BoPol V stained by silver staining. (C) The mass spectrum 
confirming the existence of all the 12 subunits of the BoPol V. (D) The substrate design for the 
monitoring the transcription activity BoPol V. (E) The in vitro transcription activity of BoPol V 
with two different designed substrates. A 20 nt RNA was used as a control (ctrl). 
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Fig. S2. Cryo-EM structural analysis of BoPol V in apo form. (A) The flowchart for the data 
processing. (B) A representative image of the cryo-EM micrograph. (C) 2D class averages. (D-E) 
Local resolution map (D) and angular distribution of particles (E) of the final 3D reconstruction in 
two orientations related by 180°. (F) The FSC curves of the final 3D reconstruction. (G) The FSC 
calculated between the refined structure and the half map used for refinement and the full map. 
(H-I) The global (H) and directional (I) FSC of the 3D auto-refinement by the 3DFSC Processing 
Server. 
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Fig. S3. Cryo-EM structural analysis of BoPol V in elongation conformation. (A) The 
flowchart of the cryo-EM data processing. (B) A representative cryo-EM image. (C) 2-D 
classification average. (D) Local resolution map in two orientations related by 180°. (E) Angular 
distribution of particles in two orientations related by 180°. (F) The FSC curves of the final 3D 
reconstruction. (G) The FSC calculated between the refined structure and the half map used for 
refinement and the full map. (H-I) The global (H) and directional (I) FSC of the 3D auto-
refinement by the 3DFSC Processing Server. 
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Fig. S4. Cryo-EM maps for representative regions of BoPol V. (A-S) Electron density maps 
showed the fitting of representative regions of the apo BoPol V structure (A-H), the BoPol V 
elongation complex (Pol V EC) structure (I-P), the nascent RNA (Q), the template DNA (DNAT, 
R), and the non-template DNA (DNANT, S).  
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Fig. S5. The structural comparison of Pol V and other Pols. (A-D). The superimposition of our 
Pol V structure with Pol I (A), Pol II (B), Pol III (C), and Pol IV (D) with the Pol V in color and 
other Pols in silver. 
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Fig. S6. Structure features of BoPolV. (A-B) The structural superimposition of Pol V with the 
Pol II-TFIIB complex (A, PDB code: 4BBR) and Pol II-TFIIS (B, PDB code: 3PO3) complexes 
revealed steric conflicts, suggesting the Pol V lacks the binding capacity for the Pol II transcription 
factors. (C) The superimposition of the Pol V NRPE5, Pol II RPB5 (PDB code: 1I50), and Pol IV 
NRPD5 (PDB code: 7EU1) suggests a very similar conformation, although they are encoded by 
different genes. (D-E) Superimposition of Pol V with Pol II and Pol IV suggested conformation 
differences of Pol V NRPE9 with Pol II RPB9 (D, PDB code: 1I50) and Pol IV NRPD9 (E, PDB 
code: 7EU1). (F) The Funnel domains of the Pol IV NRPD1 (left panel, PDB code: 7EU1) and 
Pol V NRPE1 (right panel) induced different conformations of their binding partner NRPD9 and 
NRPE9, respectively. 
 
  



 
 

12 
 

 
 

Fig. S7. A structure-based sequence alignment of the Funnel domain (top panel), the Bridge 
Helix (middle panel), and the Trigger Loop (lower panel) of the BoPol V NRPE1, AtPol V 
NRPE1, AtPol II NRPB1, and AtPol IV NRPD1 subunits. 
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Fig. S8. The active center feature of BoPol V. (A-B) The active center metal binding sites of Pol 
II (A) and BoPol V (B). (C-D) The superimposition of the BH of Pol V with Pol I (C) or Pol III 
(D) in apo and elongation forms showing very similar conformations. (E-F) The superimposition 
of TL of Pol I (E) or Pol III (F) in apo and elongation forms showing that the TL of Pols I and III 
are very flexible. 
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Fig. S9. The modeling of the unpaired region of the non-template DNA (DNANT-UPR) from 
our Pol V EC complex to Pols I-IV. (A-C) The superimposition of DNANT-UPR from our Pol V 
EC complex onto the structure of Pol I subunit RPA2 (A), Pol II subunit RPB2 (B), and Pol III 
subunit RPC2 (C) yielded steric conflicts as highlighted by red arrows (A, C) or less interaction 
(B). (D) The superimposition of DNANT-UPR from our Pol V EC complex onto the structure Pol 
IV NRPD2 subunit showed no conflict and good fitting. 
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Fig. S10. The purification and characterization of BoPol II. (A) The purification procedure. (B) 
The SDS-PAGE of the purified BoPol II stained by silver staining. (C) The mass-spectrum 
confirmation of the existence of all the 12 subunits of BoPol II. 
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Fig. S11. The influence of the removal of DNANT-UPR and upstream paired region of DNANT. 
The transcription bubble designed to remove the DNANT-UPR and upstream paired region of 
DNANT (left panel) and the in vitro assay (right panel), which suggested that the removal of 
DNANT-UPR and upstream paired region of DNANT decreased both the elongation and cleavage 
activity of Pol V. 
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Fig. S12. The biochemical function of NRPE2-DNANT-UPR interaction. (A) The transcription 
bubble design to substitute DNANT-UPR nucleotide to AP (apurinic/apyrimidinic) site. (B) The in 
vitro assay suggested that the substitution of single DNANT-UPR base slightly decreased the 
cleavage activity but retaining the transcription activity. 
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Table S1. Oligos used in this research (X=AP site). 
Name Sequence Purpose 
DNA 
T-EM AAGCTCAAGTATCGTAGCCTGGTCATTACTAGTA Structure 
NT-EM TACTCGTAAGCTAGTATTGACGATACTTGAGCTT Structure 
T-S AAGCTCAAGTACTTAAGCCTGGTCATTACGAGTA Assay 
NT-S2 TACTCGTAAGCTAGTATTGAAAGTACTTGAGCTT Assay 
NT-S3 TACTCGTAAGCTAGTATTGACAGTACTTGAGCTT Assay 
NT-S4 TACTCGTAAGCTAGTATTGACGGTACTTGAGCTT Assay 
NT-S5 TACTCGTAAGCTAGTATTGACGATACTTGAGCTT Assay 
NT-S6-1 TACTCGTAAGCTAGTATTGAC Assay 
NT-S6-2 AGTACTTGAGCTT Assay 
NT-S7-1 TACTCGTA Assay 
NT-S7-1 AGCTAGTATTGACAGTACTTGAGCTT Assay 
NT-S5X  TACTCGTAAGCTAXXXXXGACAGTACTTGAGCTT Assay 
NT-M1 TACTCGTAAXCTAGTATTGACAGTACTTGAGCTT Assay 
NT-M2 TACTCGTAAGXTAGTATTGACAGTACTTGAGCTT Assay 
NT-M3 TACTCGTAAGCXAGTATTGACAGTACTTGAGCTT Assay 
NT-M4 TACTCGTAAGCTXGTATTGACAGTACTTGAGCTT Assay 
NT-M5 TACTCGTAAGCTAXTATTGACAGTACTTGAGCTT Assay 
NT-M6 TACTCGTAAGCTAGXATTGACAGTACTTGAGCTT Assay 
NT-M7 TACTCGTAAGCTAGTXTTGACAGTACTTGAGCTT Assay 
NT-M8 TACTCGTAAGCTAGTAXTGACAGTACTTGAGCTT Assay 
NT-M9 TACTCGTAAGCTAGTATXGACAGTACTTGAGCTT Assay 
NT-M10 TACTCGTAAGCTAGTATTXACAGTACTTGAGCTT Assay 
NT-M11 TACTCGTAAGCTAGTATTGXCAGTACTTGAGCTT Assay 
RNA 
RNA-EM UAUAUGCAUAAAGACCAGGC Structure 
RNA-20 FAM-UAUAUGCAUAAAGACCAGGC Assay 
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Table S2. Cryo-EM data collection, refinement, and validation statistics. 
 BoPol V apo BoPol V EC 
EMDB code EMD-34820 EMD-34821 
PDB code 8HIL 8HIM 
Data collection and processing 
Microscopy Titan Krios  

(#2, Guangming) 
Titan Krios  
(#2, Guangming) 

Voltage (kV) 300 300 
Camera Gatan K3 Summit Gatan K3 Summit 
Magnification  81,000 81,000 
Pixel size (Å/pixel) 1.095 1.095 
Total electron exposure (e-/Å2) 50 50 
Exposure rate (e-/A2/sec) 20 20 
Number of frames per movie (no.) 32 32 
Defocus range (µm) -1.0 to -2.5 -1.0 to -2.5 
Automation software EPU EPU 
Energy filter slit width (eV) 20 20 
Micrographs collected (no.) 7,068 5,694 
Micrographs used (no.) 6,805 5,694 
Total extracted particles (no.) 1,609, 875 2,750,896 
For each reconstruction   
Refined particles (no.) 63,603 153,968 
Final particles (no.) 63,603 153,968 
Data processing software Relion3.1 Relion4.0 
Point group C1 C1 
Resolution (global, Å)   
  FSC 0.143 (unmasked/masked) 4.32/3.60 3.55/2.71 
  FSC 0.5 (unmasked/masked) 8.33/4.16 4.32/3.15 
Local resolution range (Å) 3.0-6.0 2.6-5.0 
Resolution range due to 
anisotropy (Å) 

3.1-6.7 2.4-3.6 

Map sharpening B factor (Å2) -85 -50 
Map sharpening methods Half-maps 

correlation 
Half-maps 
correlation 

Model composition   
No. atoms 23,134 23,946 
  Protein / RNA / DNA 23,127 / 0 / 0 22,632/239/1,068 
  Mg2+ / Zn2+ 1 / 6 1 / 6 
Refinement   
Refinement package Phenix Phenix 
  - real or reciprocal space Real space Real space 
  - resolution cutoff (Å) 3.57 2.73 
Model-Map scores   
  - CC 0.79 0.84 
  - Average FSC (0.5 cutoff, Å) 3.57 2.89 
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B-factors (Å2) 67.8 76.3 
  Protein / RNA / DNA 67.8 / - / - 70.6/134.6 /184.5 
  Mg2+ / Zn2+ 78.9 / 130.4 34.7 / 118.5 
R.m.s. deviations   
  Bond lengths (Å) 0.008 0.008 
  Bond angles (°) 1.332 1.217 
Validation   
MolProbity score 2.00 1.74 
Clashscore 6.01 6.32 
Poor rotamers (%) 1.12 0.56 
C-beta outlier (%) 0.00 0.04 
CaBLAM outliers 7.03 3.21 
EMRinger score 2.26 3.18 
Ramachandran plotb 
  Favored (%) 
  Allowed (%) 
  Outlier (%) 

 
86.4 
13.3 
0.3 

 
94.3 
5.6 
0.1 
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