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Materials and Methods

Protein production and purification

The COVID-19 virus nspl12 (GenBank: MN908947) gene was cloned into a modified pET-
22a vector, with the C-terminus possessing a 10 x His-tag. The plasmids were transformed into E.
coli BL21 (DES3), and the transformed cells were cultured at 37 °C in LB media containing 100
mg/L ampicillin. After the ODeoo reached 0.8, the culture was cooled to 16 °C and supplemented
with 0.5 mM IPTG. After overnight induction, the cells were harvested through centrifugation,
and the pellets were resuspended in lysis buffer (20 mM Tris-HCI, pH 8.0, 150 mM NaCl, 4 mM
MgCly, 10% glycerol) and homogenized with an ultra-high-pressure cell disrupter at 4 °C. The
insoluble material was removed through centrifugation at 12,000 rpm. The fusion protein was first
purified by Ni-NTA affinity chromatography and then further purified by passage through a Hitrap
Q ion-exchange column (GE Healthcare, USA) before loading onto a Superdex 200 10/300
Increase column (GE Healthcare, USA) in a buffer containing 20 mM Tris-HCI, pH 7.5, 250 mM
NaCl and 4 mM MgClo. Purified nsp12 was concentrated to 4 mg/mL and stored at 4 °C.
Full-length COVID-19 virus nsp7 and nsp8 were co-expressed in E. coli BL21 (DE3) cells as a
no-tagged protein and a 6 X His-SUMO fusion protein, respectively. After purification by Ni-
NTA (Novagen) affinity chromatography, the nsp7-nsp8 complex was eluted through on-column
tag cleavage by ULP protease. The eluate was further purified by Hitrap Q ion-exchange column
(GE Healthcare, USA) and a Superdex 200 10/300 Increase column (GE Healthcare, USA) in a
buffer containing 20 mM Tris-HCI, pH 7.5, 250 mM NaCl and 4 mM MgCl..
For assembling stable nsp12-nsp7-nsp8 complex, purified nsp12 was incubated with nsp7 and nsp8
at 4 °C for three hours, at a molar ratio of 1: 2: 2 in a buffer containing 20 mM Tris-HCI, pH 7.5,
250 mM NaCl and 4 mM MgCl>. For the sample in reduced condition, the complex was further
transferred to a reducing buffer containing 20 mM Tris-HCI, pH 7.0, 250 mM NaCl and 4 mM
MgClz, 4 mM DTT using a centrifugal ultrafiltration device (Amicon® Ultra Filters).

Cryo-EM sample preparation and data collection

In total, 3 pL of protein solution at 0.7 mg/mL (added with 0.025% DDM, both samples the
same) was applied onto a H2/O- glow-discharged, 300-mesh Quantifoil R1.2/1.3 grid (Quantifoil,
Micro Tools GmbH, Germany). The grid was then blotted for 3.0 s with a blot force of 0 at 8°C
and 100% humidity and plunge-frozen in liquid ethane using a Vitrobot (Thermo Fisher Scientific,
USA). Cryo-EM data were collected with a 300 keV Titan Krios electron microscope (Thermo
Fisher Scientific, USA) and a K2 Summit direct electron detector (Gatan, USA). Images were
recorded at EFTEM with a 165000x magnification and calibrated super-resolution pixel size 0.82
AJpixel. The exposure time was set to 5 s with a total accumulated dose of 60 electrons per A2. All
images were automatically recorded using SerialEM (18). For Dataset-1, a total of 7,994 images
were collected with a defocus range from 1.0 um to 1.8 pum. For Dataset-2 (under reducing
conditions), a total of 8494 images were collected with a defocus range from 1.1 um to 2.0 pum.
Statistics for data collection and refinement are in Table S1.

Cryo-EM image processing

All dose-fractioned images were motion-corrected and dose-weighted by MotionCorr2
software (19) and their contrast transfer functions were estimated by cryoSPARC patch CTF
estimation. For Dataset-1, a total of 2,334,248 particles were auto-picked using blob picker and
extracted with a box size of 300 pixels in cryoSPARC (20). The following 2D, 3D classifications
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and refinements were all performed in cryoSPARC. 918,133 particles were selected after two
rounds of 2D classification. 100,000 particles were used to do Ab-Initio reconstruction in five
classes, and then these five classes were used as 3D volume templates for heterogeneous
refinement with all selected particles, with 110,176 particles converged into one class. Next, this
particle set was used to perform homogeneous refinement, yielding a resolution of 3.1 A. After
local refinement, the final resolution reached 2.9 A. For Dataset-2, the image processing was
conducted using a similar pipeline. 753,481 particles were auto-picked initially, and 145,388
particles were selected after final heterogeneous refinement. The resolution reached 2.99 A after
non-uniform refinement and 2.95 A after local refinement with a mask.

Model building and refinement

To solve the structure of the COVID-19 virus nsp12-nsp7-nsp8 complex, the structure of the
SARS-CoV nspl2 (9) and nsp7-8 (21) were individually placed and rigid-body fitted into the cryo-
EM map using UCSF Chimera (22). After the corresponding amino acids were replaced with those
from COVID-19 virus, the model was manually built in Coot 0.8 (23) with the guidance of the
cryo-EM map, and in combination with real space refinement using Phenix 1.9 (24). The data
validation statistics are shown in Table S1.
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Fig. S1.

The purification of COVID-19 virus nsp12 and nspl2-nsp7-nsp8 complex using a Superdex
200 10/30 column. (A) Size-exclusion chromatogram of the affinity-purified the COVID-19 virus
nspl2 and (B) nsp7-nsp8 complex. Fractions from the gel filtration peaks were pooled. The target
proteins were analyzed by SDS-PAGE. Standard protein markers are shown in the first lane.
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Fig. S2.

Cryo-EM reconstruction. (A) Raw image of the nsp12-nsp7-nsp8 complex particles in vitreous
ice recorded at defocus values of -1.0 to -1.8 um. Scale bar, 50 nm. (B) Power spectrum of the
image shown in (A), with an indication of the spatial frequency corresponding to 3.0 A resolution.
(C) Representative class averages. The edge of each square is 246 A. (D) The data processing
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scheme. Overview of nspl2-nsp7-nsp8 reconstruction is shown in the bottom panel along with
Local resolution. (E) Fourier shell correlation (FSC) of the final 3D reconstruction following gold
standard refinement. FSC curves are plotted before and after masking. (F) Angular distribution
heatmap of particles used for the refinement. (G-1) Data processing procedure and corresponding
results for Dataset-2 (collected under reducing conditions).
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Fig. S3.

Cryo-EM map of B-hairpin (A) and disulfide bonds (B). (A) Structure and representative map
of B-hairpin and NiRAN. (B) Raw cryo-EM map (mesh) for the nspl2-nsp7-nsp8 complex is
shown in magenta and red (COVID-19 virus) for Dataset-2 and Dataset-1, respectively or grey
(SARS-CoV, EMD-0520). Structures near the disulfide bond region of the Interface domain
(orange) and Fingers domain (deep blue) are shown as stick models. The corresponding region in
SARS-CoV (PDB ID: 6NUR) is shown on the right.
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Fig. S4.

Structure comparisons. (A) Comparison of two nsp8 molecules bound to COVID-19 virus nsp12.
The nsp8-1 (in red) refers to the individual nsp8 molecule bound to nspl12. The nsp8-2 (in green)
refers to the nsp8 molecule in nsp7-nsp8 pair. (B) An overview of the complex showing how two
nsp8 units bind with different conformations to nsp12. (C) The structure difference between
COVID-19 virus nspl12-nsp7-nsp8 complex and SARS-CoV nspl12-nsp7-nsp8 complex (color by
RMSD-Full in Chimera). (D) Comparison of COVID-19 virus nsp12 (in color) and HCV ns5b (in
grey). The experimental EM map covering the active site of COVID-19 virus nspl2 is shown as
mesh in the right panel.
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COVID-19 Virus nsp12-nsp7-nsp8 complex COVID-19 Virus nsp12-nsp7-nsp8 complex
(Dataset-1) under reducing condition (Dataset-2)

m Target Residues m Target Residues
R33 1,1 R33 1

D126,K121 Y122
A34 1,1 D126,A125 A34 1 D126
D36 1,5,2 D208,Y728,5236 F35 1 D208
Y38 2,12 Y728,H725,E729 D36 1,1,1 D208,Y728,1240
N39 4 H725 Y38 1,1,1,3 Y728,H725,R733,E729
A43 3 Q724 N39 2 H725
G44 1 Y728 A43 3 Q724
F45 1 $709 F45 1 L708
A46 2 $709 A46 1 $709
K47 2 Y129 Fa8 1 D711
F48 2 D711
Fig. S5.

Interaction between the p-hairpin and other domains. "Numbers represent the number of atom-
to-atom contacts between the residues of -hairpin and the residues in other domains. These were
calculated by the Contact program in the CCP4 suite (with a distance cutoff of 3.5 A).
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Fig. S6.

Sequence alignment of nspl2 proteins encoded by COVID-19 virus, SARS-CoV and
RaTG13. The residues with blue, light blue or white backgrounds indicate the identical, conserved
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or non-conserved residues, respectively. Domain arrangement and key RdRp motifs are
highlighted using the same color scheme as in Fig. 1.
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Fig. S7.

Chemical structures of the prodrugs of (A) remdesivir and (B) sofosbuvir.
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COVID-19 Virus
nspl2-nsp7-nsp8

COVID-19 Virus
nspl2-nsp7-nsp8 complex

complex under reducing condition

PDB entry 6M71 7BTF
EMDB entry 30127 30178
Data collection and processing
Magnification 165,000 165,000
Voltage (keV) 300 300
Electron exposure (e /A2 60.00 60.00
Defocus range (um) -1.81t0-1.0 -20to-1.1
Pixel size (A) 0.82 0.82
Symmetry imposed C1 C1
Initial particle images (no.) 2,334,248 753,481
Final particle images (no.) 110,176 145,388
Map global resolution (A) 2.91 2.95
Global resolution FSC threshold 0.143 0.143
Map local resolution range (A) 1.8-7.8 1.8-7.5
Local resolution FSC threshold 0.143 0.143
Refinement
Model resolution (A) 2.9 2.9
FSC threshold 0.143 0.143
Model resolution range (A) Oto 2.9 Oto2.9
Map sharpening B factor (A?) 80.2 97.6
Model composition

Non-hydrogen atoms 8,550 9,783

Protein residues 1,077 1,227

Ligands 0 2
B factors (A?)

Protein 67.69 58.46

Ligand 62.28
R.m.s. deviations

Bond lengths (A) 0.003 0.004

Bond angles (°) 0.551 0.552
Validation

MolProbity score 1.71 1.58

Clashscore 8.58 491

Poor rotamers (%) 0.11 0.00
Ramachandran plot

Favored (%) 96.31 95.31

Allowed (%) 3.69 4.69

Disallowed (%) 0.00 0.00

Model coverage
Chain A

Chain B
Chain C
Chain D

V31-K50; Y69-R74,
T76-F102; P112-V335;
G337-L895;
M906-E919

E77-A191

K2-L71

T84-1132

A4-T896; M902-Q932

M67-N192
S1-E73
T84-L122; K127-A191
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Table S1.
Cryo-EM data statistics.

Movie S1.
Experimental cryo-EM map of nsp12 N-terminal region (A4 to R118)
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