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Abstract

Coronaviruses are a diverse subfamily of viruses containing pathogens of humans and animals. This subfamily of viruses replicates their RNA
genomes using a core polymerase complex composed of viral non-structural proteins: nsp7 nsp8 and nsp12. Most of our understanding of
coronavirus molecular biology comes from betacoronaviruses like SARS-CoV and SARS-CoV-2, the latter of which is the causative agent of
COVID-19. In contrast, members of the alphacoronavirus genus are relatively understudied despite their importance in human and animal health.
Here we have used cryo-electron microscopy to determine structures of the alphacoronavirus porcine epidemic diarrhea virus (PEDV) core
polymerase complex bound to RNA. One structure shows an unexpected nsp8 stoichiometry despite remaining bound to RNA. Biochemical
analysis shows that the N-terminal extension of one nsp8 is not required for in vitro RNA synthesis for alpha- and betacoronaviruses. Our
work demonstrates the importance of studying diverse coronaviruses in revealing aspects of coronavirus replication and identifying areas of

conservation to be targeted by antiviral drugs.
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Introduction

The coronavirus (CoV) subfamily is composed of four genera:
the alpha-, beta-, gamma- and deltaCoVs. Across all these gen-
era there are diverse human and animal pathogens that cause
a wide range of disease severities (1). Since 2002, three beta-
CoVs have emerged from animal reservoirs and caused human
epidemics or pandemics: SARS-CoV, MERS-CoV and SARS-
CoV-2 (2-5). The most recent, SARS-CoV-2, emerged in 2019
and is the causative agent of the COVID-19 pandemic (5,6).
There are four endemic common-cold causing human CoVs:
of these there are two alphaCoVs, HuCoV-229E and HuCoV-
NL63, and two betaCoVs, HuCoV-HKU1 and HuCoV-OC43
(1). In 2021, a recombined feline/canine alphaCoV, named
CCoV-HuPn-2018, was identified in samples from human
patients with pneumonia in Malaysia and the United States
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(7-9). CCoV-HuPn-2018 is the only recorded human emer-
gent alphaCoV in recent years and exemplifies the persistent
threat of alphaCoV spillover. In the alphaCoV genus there are
several porcine pathogens including transmissible gastroen-
teritis virus (TGEV), swine enteric alphacoronavirus (SeA-
CoV), and porcine epidemic diarrhea virus (PEDV) (10,11).
Since 2010, PEDV has had detrimental impacts on the global
swine industry, with outbreaks having 70-100% unweaned
piglet fatality rates at swine farms despite vaccination efforts
(12-14).

CoVs are positive-sense, single-stranded RNA viruses with
large, ~30 kb genomes (1,15). To replicate their genomes,
CoVs encode an RNA-dependent RNA polymerase (RdRP),
termed non-structural protein 12 (nsp12) (16-18). Nsp12
also contains the nidovirus RdRP-associated nucleotidyltrans-
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ferase (NiRAN) domain at its N terminus, which has been
shown to be involved in mRNA capping (19,20). In vitro stud-
ies of betaCoVs have shown that viral replication factors nsp7
and nsp8 interact with nsp12 to form an active and proces-
sive polymerase complex (21). The SARS-CoV-2 complex is
the fastest known RdRP with nucleotide addition rates up to
170 nt/s in vitro (22). The first structure of a CoV polymerase
complex from the betaCoV, SARS-CoV revealed a subunit
stoichiometry of one nsp12, two nsp8, and one nsp7 where
nsp7 and one nsp8 form a heterodimer (19). The nsp8 that
directly interacts with nsp12 is denoted as nsp8r (fingers),
and the nsp8 that interacts with nsp7 and nsp12 is denoted
as nsp8t (thumb). In this paper we refer to this complex of
nsp12, nsp7 and nsp8 as the CoV core polymerase complex.

Recent SARS-CoV-2 core polymerase structures have pro-
vided key insights into betaCoV replication. Nearly all struc-
tures of SARS-CoV-2 complexes shown to be enzymati-
cally active or bind RNA in wvitro had the same 1:2:1
nsp7:nsp8:nsp12 stoichiometry as SARS-CoV (23,24). An ex-
ception is a cryo-EM structure of the SARS-CoV-2 polymerase
complex stalled by remdesivir that remained bound to RNA
but lacked any density for nsp8t (25). Several SARS-CoV-2
polymerase structures determined with longer dsSRNA sub-
strates have shown each nsp8’s N-terminal extension bound
to upstream dsRNA as it exits the polymerase active site,
which has been hypothesized to promote processivity through
a ‘sliding-pole’ mechanism (23,24). Addition of the viral
RNA helicase, nsp13, to core polymerase complexes showed
that each nsp8 subunit independently scaffolds a nsp13 (two
nsp13s bind a single core complex) (20,26,27). The nsp13 as-
sociated with nsp81 was shown to be capable of binding to
the 5" end of template RNA prior to the RNA entering the
polymerase active site (27). Nsp13’s association with the tem-
plate RNA produced a conundrum, where nsp12 and nsp13
are oriented such that the polymerase and helicase translo-
cate in opposite directions. Further biochemical and structural
work demonstrated that this nsp13 can stimulate template
backtracking of the polymerase, during which the 3’ end of
nascent RNA extrudes through the nsp12 NTP channel (28).
While this nsp13 has been implicated in backtracking, the trig-
gers and regulation of backtracking are unknown.

To date, there is limited knowledge of CoV polymerase bio-
chemistry and structural biology outside the sarbecovirus sub-
genus (SARS-CoV and SARS-CoV-2). To our knowledge, in
vitro demonstration of robust nsp12 polymerase activity has
yet to be demonstrated for an alpha-, gamma- or deltaCoV.
Similarly, outside of betaCoVs there is limited structural and
biochemical information for nsp7 and nsp8. A crystal struc-
ture of the alphaCoV feline coronavirus (FCoV) nsp7-nsp$
complex revealed that alpha- and betaCoV nsp7s and the nsp8
head domains have high structural homology (29). Previous
native mass spectrometry experiments of alpha- and betaCoV
nsp7-nsp8 complexes determined that each genera’s cofactors
form homo- and hetero-oligomers, although the oligomers
sampled by each genus varied in cofactor ratio and/or preva-
lence of particular oligomers (30). Across CoV genera there is
sequence conservation (>40%) of the nsps involved in RNA
synthesis (i.e. nsp7, nsp8 and nsp12) (31). Sequence and avail-
able structural homology suggest shared mechanisms among
these viruses to replicate their RNA genomes. A recent pub-
lication showed that SARS-CoV-2 replication complexes as-
sembled with either a truncated nsp8g or nsp8r, lacking their
respective RNA binding domains, were capable of processive
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RNA synthesis similar to the wildtype complex (32). These re-
sults challenge the aforementioned ‘sliding-pole’ hypothesis,
further displaying the need for more biochemical and struc-
tural characterization of CoV polymerases and their replica-
tion factors.

Though our knowledge of SARS-CoV and SARS-CoV-2
replication mechanics has improved over the last two decades,
the narrow structural biology focus on two closely related be-
taCoVs limits our understanding of CoV replication across
the virus subfamily. To address this gap, we studied the poly-
merase core complex of the alphaCoV PEDV using biochem-
istry and structural biology. Our structure of the PEDV core
polymerase complex bound to an RNA primer-template pair
without nsp8t shows the lability of nsp8t to participate in
this complex and additional mutagenesis and biochemistry
demonstrate that the nsp81 N-terminal helical extension is not
necessary for either alpha- or betaCoV RNA synthesis activ-
ity in vitro. The identification of conserved mechanisms and
structural motifs between alpha- and betaCoVs will allow for
the development of broadly acting CoV therapeutic strategies.

Materials and methods

Expression construct design

DNA encoding PEDV and SARS-CoV-2 nsps were codon op-
timized and synthesized (Genscript). PEDV protein sequences
correspond to GenBank AKJ21892.1. SARS-CoV-2 protein
sequences correspond to GenBank UHD90671.1. PEDV nsp7
and nsp8 genes were cloned into pET46 and pET45b expres-
sion vectors, respectively. PEDV nsp7 was cloned with a C-
terminal TEV protease site and hexahistidine tag. PEDV nsp8
has an N-terminal hexahistidine tag and TEV protease site.
SARS-CoV-2 nsp7 and nsp8 were both cloned into pET46
with N-terminal hexahistidine tags, and enterokinase and
TEV protease sites. Both PEDV and SARS-CoV-2 nsp12 genes
were cloned into pFastBac with C-terminal TEV protease sites
and double Strep II tags.

Expression plasmids for nsp12 point mutants were pro-
duced using mutagenesis on the pFastBac plasmids. The nsp8-
nsp7 (nsp8L7) fusion constructs were produced by overlap
PCR creating a GSGSGS peptide linker between nsp8 and
nsp7 and inserted into pET46 expression vectors with N-
terminal hexahistidine tags, and enterokinase and TEV pro-
tease sites. Truncation constructs were produced using Kinase-
Ligase-Dpnl (KLD) cloning. All open reading frames on the
DNA plasmids were verified by Sanger sequencing.

Recombinant protein expression

Recombinant nsp7 and nsp8: Replication factor proteins were
expressed in Rosetta 2pLysS E. coli cells (Novagen). Cultures
were grown at 37°C and induced at an ODgqg of 0.6-0.8 with
isopropyl 3-p-1-thiogalactopyranoside (IPTG) at a final con-
centration of 500 uM. After growing for 16 h at 16°C, cells
were harvested by centrifugation and resuspended in replica-
tion factor wash buffer (10 mM Tris—Cl pH 8.0, 300 mM
sodium chloride, 30 mM imidazole and 2 mM dithiothre-
itol (DTT)). Cells were lysed in a microfluidizer (Microflu-
idics) and lysates cleared via centrifugation. Replication fac-
tors were purified using Ni-NTA agarose beads (Qiagen), elut-
ing with 300 mM imidazole. Eluted protein was digested with
1% (w/w) TEV protease overnight while dialyzing (10 mM
Tris—Cl pH 8.0, 300 mM sodium chloride and 2 mM DTT) at
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4°C. Digested protein was flowed back over Ni-NTA agarose
beads to remove undigested protein, and further purified us-
ing a Superdex 200 Increase 10/300 GL column (Cytiva) in
25 mM Tris—Cl pH 8.0, 300 mM sodium chloride and 2
mM DTT. Fractions containing the protein of interest were
concentrated using ultrafiltration. Concentrated protein was
aliquoted, flash frozen in liquid nitrogen, and stored at —80°C.
Replication factor protein yields for 1 L of cells was 10-40 mg.

Recombinant nsp12s: pFastBac plasmids carrying the
nsp12 gene and DH10Bac Escherichia coli (Life Technolo-
gies) were used to produce recombinant bacmids for each
gene. Bacmids were transfected into Sf9 cells (Expression Sys-
tems) with Cellfectin II (Life Technologies) to produce recom-
binant baculoviruses, which were twice amplified using Sf9
cells. Amplified baculoviruses were used to infect Sf21 cells
(Expression Systems) for protein expression. After two days
of incubation at 27°C, cells were collected via centrifugation
and pellets resuspended in wash buffer (25 mM HEPES pH
7.4, 300 mM sodium chloride, 1 mM magnesium chloride,
and 5 mM DTT) with an added 143 pl of BioLock (IBA)
per 1 L of culture. Cells were lysed using a microfluidizer
(Microfluidics) and lysates cleared via centrifugation. Protein
was affinity purified using Streptactin superflow agarose (IBA)
and eluted with wash buffer that contained 2.5 mM desthio-
biotin. Protein was further purified via size exclusion chro-
matography with a Superdex 200 Increase 10/300 GL col-
umn (Cytiva) in 25 mM HEPES pH 7.4, 300 mM sodium
chloride, 100 uM magnesium chloride, and 2 mM tris(2-
carboxyethyl)phosphine (TCEP). Fractions containing nsp12
were pooled and concentrated using ultrafiltration. Concen-
trated protein was aliquoted, flash frozen in liquid nitrogen
and stored at —80°C. Average protein yield for 1 L of culture
was 3-5 mg.

Preparation of RNA substrates

RNA oligos were purchased from Integrated DNA Technolo-
gies. Primer RNAs were modified with a 5’ fluorescein to mon-
itor the RNA by gel electrophoresis.

Pair 1:

Primer RNA: CAUUCUCCUAAGAAGCUAUUAAAAUC
ACA

Template RNA: AAAAAGGGUUGUGAUUUUAAUAGC
UUCUUAGGAGAAUG

Pair 2:

Primer RNA: CAUUCUCCUAAGAAGCUAUUAAAUCA
CAGAUU

Template RNA: CAGUGUCAUGGAAAAACAGAAAAA
UCUGUGAUUUUAAUAGCUUCUUAGGAGAAUG

RNA template was always held in slight excess of primer
(primer:template ratio of 1:1.2). RNA oligos were annealed
in 2.5 mM HEPES pH 7.4, 2.5 mM potassium chloride and
0.5 mM magnesium chloride and heated at 95°C for 5 min,
then allowed to cool slowly back to 25°C for 75 min before
either being used immediately or stored at —20°C.

Native mass spectrometry

Component concentrations were, unless stated otherwise,
10.4 uM nsp12,20.8 uM nsp7, 31.2 uM nsp8 (or nsp8-nsp7
fusion), and 12.5 uM RNA duplex (Pair 1). Proteins were
combined in native-MS buffer (10 mM Tris—Cl pH 8.0, 100
mM ammonium acetate, 2 mM magnesium chloride, and 1
mM DTT) and incubated at 25°C for 15 min. RNA duplex
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was then added, and reactions were incubated at 25°C for
an additional 15 min. SARS-CoV-2 T853R and PEDV V848R
complexes (homologous mutations) were prepared at half the
normal protein and RNA concentrations due to low yields of
the mutant nsp12 proteins.

All samples were buffer exchanged into 100 mM ammo-
nium acetate (NH4OAc) with 2 mM MgCl,. First, 350 pl 100
mM NH4OAc¢ with 2 mM MgCl, was added to a 100 kDa
molecular weight cut-off Amicon Ultra-0.5 Centrifugal Filter
Unit (Millipore Sigma), followed by 15 ul of ~10 uM poly-
merase sample. The samples were centrifuged at 14 000 x g
for 10 min to load the sample, followed by two rinses with
400 ul of the NH4OAc/MgCl, solution, also centrifuged at
14 000 x g for 10 min. Finally, the filter was inverted into
a new catch tube and centrifuged at 1000 x g for 2 min to
recover the filtered and concentrated sample. Samples were
diluted using the same NH4OAc/MgCl, solution to roughly
1-5 uM for introduction to the mass spectrometer via electro-
spray ionization.

Standard wall borosilicate tubing (1.20 mm o.d., 0.69
mm i.d., Sutter Instrument) was pulled using a P-1000 Mi-
cropipette Puller (Sutter Instrument) to a tapered tip of ~3—
5 pm diameter. Each sample was loaded into a pulled glass
capillary and 1.1-1.3 kV was applied to the sample using a
platinum wire inserted into the back of the capillary. Charged
droplets entered a Q Exactive UHMR Hybrid Quadrupole
Orbitrap Mass Spectrometer (ThermoFisher Scientific) via a
heated inlet capillary. The heated capillary was set to 200-
250°C to minimize solvent adduction to analyte ions. Addi-
tional removal of adducts was accomplished using in-source
trapping with a range of injection voltages typically between
150 and 300 V. The voltage was tuned for each sample to
maximize adduct removal with minimal dissociation of the
ionized complex. For these experiments the vacuum was set to
a value of 10 resulting in a pressure readout of 2e-4 mbar and
the S-lens radiofrequency level was set to a value of 200. All
reported spectra are an average of 50 scans collected with the
Orbitrap mass analyzer at a resolution setting of 6250. Charge
states were assigned manually by minimizing the standard de-
viation of masses calculated by peaks within a single charge
state distribution. The average mass and standard deviation
are reported for major distributions in each spectrum.

In vitro primer extension assay

Assay conditions were 10 mM Tris—Cl pH 8.0, 10 mM sodium
chloride, 2 mM magnesium chloride, and 1 mM DTT with
a typical reaction volume of 20 ul. Protein final concentra-
tions were 500 nM nsp12, 1.5 uM nsp7 and 1.5 uM nsp8
(nsp8-nsp7 fusion and truncation proteins were also at 1.5
uM). Duplex RNA (Pair 1) final concentration was 250 nM.
Prior to use, proteins were diluted in assay buffer. Diluted pro-
teins were then combined and incubated at 25°C for 15 min,
duplex RNA was added and reactions incubated at 25°C for
an additional 15 min. Reactions were initiated by the addition
of NTPs to a final concentration of 40 uM and reactions ran
for 1 min (at 25°C for SARS-CoV-2 polymerases, or 30°C for
PEDV polymerases) before being halted by addition of two
volumes of sample loading buffer (95% (v/v) formamide, 2
mM ethylenediaminetetraacetic acid (EDTA) and 0.75 mM
bromophenol blue). Samples were heated at 95°C then ana-
lyzed using denaturing urea-PAGE (8 M urea, 15% polyacry-
lamide) run in 1x TBE (89 mM Tris—ClI pH 8.3, 89 mM boric
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acid, 2 mM EDTA). Gels were imaged using a Typhoon FLA
9000 (GE Healthcare) to identify fluorescein signals. Exten-
sion was quantified using Image] (33).

Sample preparation and grid freezing for CryoEM

For the complex lacking nsp8r:

PEDV polymerase complexes were prepared at a total pro-
tein concentration of 1 mg/ml with a ratio of 2:2:1:1.2
nsp7:nsp8:nsp12:RNA duplex (Pair 1). The complex was as-
sembled in 25 mM HEPES pH 7.5, 50 mM sodium chloride,
2 mM magnesium chloride and 2 mM DTT. Proteins were di-
luted in buffer then immediately combined and incubated at
25°C for 15 min before RNA was added and incubated at
25°C for another 15 min. Samples were stored on ice prior to
grid freezing.

Samples were prepared for structural analysis using Ultra-
AuFoil R1.2/1.3 300 mesh grids (Quantifoil) and a Vitrobot
Mark IV (ThermoFisher Scientific). Grids were freshly glow
discharged using a GloQube Plus (Quorom) for 20 seconds
with a current of 20 mA in an air atmosphere, creating a neg-
ative charge on the grid surface. Immediately before applying
sample to grids, 0.5 ul N-dodecyl-B-p-maltoside (DDM) was
added to samples at a final concentration of 60 pM. 3.5 ul of
sample was spotted onto grids before double-sided blotting
and plunge freezing in liquid ethane. Samples were blotted for
4 s at a blot force of —15 with chamber conditions of 100%
humidity and 4°C.

For the complete complex with nsp87:

PEDV polymerase complex were prepared at a total pro-
tein concentration of 1 mg/ml with a ratio of 2.2:2.2:1:1.2
nsp7:nsp8:nsp12:RNA duplex (Pair 2). The complex was as-
sembled using the same buffer and protocol as above.

Samples were frozen on Quantifoil R1.2/1.3 200
mesh grids using a Vitrobot Mark IV (ThermoFisher
Scientific). Grids were freshly glow discharged as de-
scribed above. Right before blotting, 0.5 upl of 3-
([3-cholamidopropyl] dimethylammonio)-2-hydroxy-1-
propanesulfonate (CHAPSO) was added to samples at a final
concentration of 6 mM. 3 ul of sample was spotted onto
grids before double-sided blotting for 8 s at a blot force of
—6 with chamber conditions of 100% humidity and 4°C.
Following blotting, samples were plunge frozen in liquid
ethane.

Cryo-EM data collection, processing and model
building
For the complex lacking nsp8-:

SerialEM was used for data collection on a Titan Krios 300
keV transmission electron microscope (ThermoFisher Scien-
tific) (34). Movies were collected on a K3 direct electron de-
tector (Gatan) in CDS mode with a GIF quantum energy fil-
ter slit width of 20 eV and a stage tilt of 25°. Data was col-
lected at a magnification of 105 000x, a pixel size of 0.834
A, and a defocus range of —0.75 to —1.75 um at a step size of
0.5 um.

Data processing was performed using cryoSPARC v3.3.1
(35). After patch motion correction and patch CTF estima-
tion, particle picking was performed using blob picker with a
diameter of 125-175 A and a minimum separation between
particles of 12.5 A. Particles were extracted with a box size
of 256 pixels and subjected to 2D classification with a win-
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dow radius of 0.33 - 0.66 for 100 classes with 40 online-
EM iterations and a batch size of 1000. Force max over
poses/shifts was turned off to improve visualization of the
complex during 2D classification. Three initial models were
created ab-initio and further used for heterogenous refine-
ment. Particles from two maps that looked like polymerase
complexes were pooled and used for non-uniform refinement
under default parameters. The 3D reconstruction was used
for 3D variability analysis (36) and further 3D classification
before a final non-uniform refinement and 3D reconstruction
(Supplementary Table S1, Supplementary Figures S1 and S2).
Any 3D jobs run in cryoSPARC were done under default pa-
rameters unless noted otherwise.

To build the PEDV polymerase complex coordinate model,
a SARS-CoV-2 polymerase complex structure (PDB ID:
7CYQ) was docked into the cryo-EM map in Coot and re-
gions of the protein (including whole chains of nsp8, nsp9,
and nsp13) and RNA that lacked map density were re-
moved (20,37). Mutation of protein chains to PEDV se-
quences, further model building, and validation was per-
formed in Coot. The PEDV model was refined using real space
refinement in Phenix (38). Refinement in Phenix and model
building/validation in Coot was an iterative process to pro-
duce a coordinate model. Final model adjustments were made
with ISOLDE (39).

For the complete complex with nsp8t

EPU was used for data collection on a Talos Arctica 200
keV transmission electron microscope (ThermoFisher Scien-
tific). Movies were collected on a K3 direct electron detec-
tor (Gatan) in CDS mode with a GIF quantum energy fil-
ter slit width of 20 eV and no stage tilt. Data was collected
at a magnification of 79 000x, a pixel size of 1.064 A, and
a defocus range —0.5 to —2.0 um at a step size of 0.5 pm
(Supplementary Table S1).

Data was processed using cryoSPARC v4.1.0 (35). Motion
correction, CTF estimation, particle picking, particles extrac-
tion, 2D classification, ab-initio model generation, 3D classi-
fication, and non-uniform refinement were done using match-
ing parameters as above to produce the final 3D reconstruc-
tion (Supplementary Table S1, Supplementary Figures S1 and
S§2). No 3D variability analysis was used in producing this 3D
reconstruction.

To build the coordinate model, our initial PEDV model was
docked into the cryo-EM map in ChimeraX, then we superim-
posed a SARS-CoV-2 polymerase complex structure (7KRP)
with our PEDV model using the Matchmaker function in
ChimeraX (28,40). Regions except for nsp8t and the nsp8y N-
terminal extension were deleted from the SARS-CoV-2 model.
The reduced model was saved in relation to our PEDV model
in space. In Coot our PEDV model and the SARS-CoV-2 nsp8
coordinates were merged, nsp8 protein chains were mutated
to PEDV sequences, and initial refinement was performed
(37). Refinement in Phenix and model building/validation in
Coot was an iterative process to produce a coordinate model,
the final adjustments for which were made with ISOLDE
(38,39).

Figure making

Images of protein models and maps used for figures were made
in ChimeraX (40). Bar graphs were produced in Microsoft
Excel. Figures were assembled in Adobe Illustrator.
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Table 1. Native mass spectrometry of coronavirus polymerase complexes
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Sample (expected mass in Da)

Major peak(s) (Da)

Major complex(es):

Minor peak(s) (Da)

Minor complex(es):

PEDV nsp12 + 8 + 7 + RNA

(184 293)

PEDV nsp12 + 8 + RNA (152 529)
PEDV nsp12-A382R + 8 + 7 + RNA
(184 293)

PEDV nsp12-V848R + 8 + 7 + RNA
(184 293)

PEDV nsp12 + 8 + 8L7 + RNA
(183 913)

SARS-CoV-2 nsp12 + 8 + 7 + RNA
(185 245)

SARS-CoV-2 nsp12 + 8 + RNA
(154 011)

SARS-CoV-2

nsp12-L387R + 8 + 7 + RNA

(185 245)

SARS-CoV-2

nsp12-T853R + 8 + 7 + RNA

(185 245)

SARS-CoV-2

nspl2 + 8 + 8L7 + RNA (185 603)

185 120 £ 70
109 600 % 30
109 533 + 60
185120 + 30
185 200 £ 200
184 670 £ 60
186 240 = 70
110 870 = 90

186 400 %+ 100

186 190 £ 50

186 270 + 40

Intact polymerase
complex

Free nsp12

Free nsp12, Intact
polymerase complex
Intact polymerase
complex

Intact polymerase
complex

Intact polymerase
complex

Free nsp12

Intact polymerase
complex

Intact polymerase
complex

Intact polymerase
complex

109 450 + 40

None
218 880 &+ 50

370 700 £ 600
109 630 £ 200
109 420 + 30
110 680 £ 20
221 320 £+ 40

110 900 £ 100
22 400 £ 100

22 300 £ 50

110 600 + 40

Free nsp12

None
Dimeric nsp12

Dimeric polymerase
complex, free nsp12
Free nsp12
Free nsp12

Dimeric nsp12

Free nsp12, excess
nsp8 and/or RNA

Excess nsp8 and/or
RNA

Free nsp12

Major and minor species from native mass spectrometry experiments are listed for each complex tested with their respective (+) standard deviations. The
complexes best explained by the determined masses are listed next to each mass. Intact polymerase complexes are composed of one nsp7, two nsp8s, one
nsp12, and one RNA duplex. Individual protein or RNA molecular weight are as follows for PEDV: 21 962 Da - RNA, 10 076 Da —nsp7, 21 688 Da — nsp8,
108 879 Da — nsp12, 31 384 Da — nsp8L7. Molecular weights for SARS-CoV-2 are as follows: 21 962 Da — RNA, 9296 Da — nsp7, 21 938 Da — nsp8, 110
111 Da —nsp12, 31 592 Da — nsp8L7. (See also Supplementary Table S2 and Supplementary Figure S4). The average and standard deviation for each complex
were calculated from assigned spectral peaks in observed charge state distributions, where each spectrum is an average of 50 individual spectra.

Results

Assembly of an active PEDV polymerase complex

To study the PEDV polymerase complex we recombinantly ex-
pressed and purified nsp7, nsp8, and nsp12 (Supplementary
Figure S3). Assembly of these proteins with a short RNA du-
plex revealed a complex weight of 185 120 Da (+/- 70 Da) by
native mass spectrometry (Table 1, Supplementary Figure S4).
This mass is equivalent to one nsp12, one nsp7, two nsp8s and
one RNA duplex. Using an in vitro primer extension assay we
saw polymerase activity in the presence of all three nsps (Fig-
ure 1A and Supplementary Figure S5). The necessity of nsp7,
nsp8 and nsp12 for robust primer extension, and the observed
nsp binding stoichiometry are shared between PEDV, SARS-
CoV and SARS-CoV-2 (17,19,21,23).

Structure of PEDV core polymerase complex

Our initial attempts at cryo-EM structure determination us-
ing a short RNA and DDM yielded a model of the PEDV
core polymerase complex (nsp7, nsp8, nsp12) bound to a
short RNA primer-template pair in a post-translocated state
(Figure 1C and D). Our final map has a resolution of 3.3
A (Supplementary Table S1, Supplementary Figure S1). This
cryo-EM map contains density for most of nsp12, includ-
ing the NiRAN and polymerase domains. We resolved most
of nsp7 (residues 2-62), the C-terminal portion of nsp8g
(residues 79-192), and a full turn of dsRNA exiting the
polymerase active site. We lack well-resolved density for the
nsp8r N-terminal helical extension. 3D variability analysis
showed that the dsRNA leaving the active site has flexibil-
ity, likely leading to the lack of density in the final reconstruc-
tion (Supplementary Video S1) (36). Unexpectedly, this recon-
struction lacked any density for nsp8r, differing with most
RNA-bound CoV polymerase structures as well as the PEDV
polymerase native mass spectrometry data described above.

To obtain the structure of the intact complex observed by na-
tive mass spectrometry we screened different detergents and
grid preparation strategies. We found that the combined ad-
dition of the detergent CHAPSO and a longer RNA substrate
promoted complex stability and allowed the determination of
the complete PEDV core polymerase complex structure. Our
more complete map has a resolution of 3.4 A and lacks ori-
entation bias. Importantly, in addition to previously resolved
protein and RNA regions, the improved map has density for
the N-terminal extension of nsp8r and most of nsp81 which
was previously absent entirely.

Comparison of PEDV and SARS-CoV-2 polymerase
core complex models

PEDV and SARS-CoV-2 nsp7, nsp8 and nspl12 protein se-
quences have significant sequence identity (nsp12 58.6%,
nsp8 43.1% and nsp7 41.8%) (Supplementary Figure S6). The
overall architecture of the PEDV polymerase core complex is
very similar to published SARS-CoV-2 models with a nsp12
RMSD value of 0.964 A (Figure 2A, Supplementary Figure
S7) (28). Comparison of our PEDV models’ RdRP and Ni-
RAN active sites with SARS-CoV-2 structures revealed highly
conserved active site structures (Supplementary Figure S7).
This structural conservation suggests that antivirals targeting
SARS-CoV-2, such as Remdesivir or the recently studied dual-
purpose AT-527, could be effective against PEDV and other
alphaCoVs (41-43).

A major difference in the PEDV polymerase models is an
altered loop conformation (PEDV nsp12 residues 249-268)
that binds the nsp8y head domain in PEDV but not in SARS-
CoV-2 complexes (Figure 2B). This conformational difference
increases nsp8¢’s buried surface area by 115 A2 in the PEDV
polymerase core complex. This PEDV nsp12 loop sequence
is well conserved within alphaCoV but not across CoV gen-
era (Supplementary Figure S6). Based on this conservation,
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Figure 1. Assembly of an active PEDV polymerase complex. A 29 nt RNA primer with a 5’ fluorophore is annealed to a 38 nt template and extended in
the presence of CoV polymerase complexes. Combinations of nsp7 nsp8, and nsp12 were tested for PEDV (A) and SARS-CoV-2 (B). (C, E) 3.3 and 3.4 A
cryo-EM reconstruction of the PEDV core polymerase complex with (E) and without (C) nsp8r, respectively. (D, F) Coordinate models of the PEDV core
polymerase complexes docked into their corresponding electron density maps colored by chain.

we predict that the observed PEDV nsp12 loop conformation
to interact with nsp8g is shared among and specific to alpha-
CoVs.

A small difference between the two PEDV models is that
in the model without nsp8t the PEDV nsp12 residues 841-
849 lack helical definition that is present in the complete
core complex reconstruction (Figure 2C). Helical definition in

this region is also observed in SARS-CoV-2 models with re-
solved nsp81 N-terminal helical extensions (PDB IDs: 6YYT,
7KRN, 7KRO, 6XEZ), but not in SARS-CoV (PDB ID: 6NUR)
and SARS-CoV-2 nsp12 structures (PDB IDs: 7CYQ, 7CXM)
without well resolved nsp8t extensions region suggesting that
association of the nsp8t N-terminal helical region promotes
helical secondary structure in this nsp12 region.
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Figure 2. Structural differences between PEDV and SARS-CoV-2 nsp12s. (A) Overlay of SARS-CoV-2 (PDB: 7KRP) and PEDV (8URB) nsp12. The black box
highlights the loop region depicted in (B). (B) PEDV nsp12 loop (residues 249-268) buries extra surface area on nsp8g compared to SARS-CoV-2 (PDB:
7KRP). (C) PEDV nsp12 841-849 lacks helical definition in the absence of nsp8t, while it has a short helix when the nsp8t N-terminal extension is
present. For each panel except (C) PEDV and SARS-CoV-2 models are superimposed with PEDV being colored in darker shades. In (C), nsp12 from our
complex without nsp8r is colored in grey. Superimposition of models was achieved using the Matchmaker function in ChimeraX (40).

A PEDV nsp12 structure model bound to RNA
without nsp8t

Missing nsp8t density in our initial reconstructed map was
unexpected. As previously mentioned, there is a cryoEM struc-
ture of a betaCoV polymerase complex without nsp8t that
could bind RNA, so while our missing nsp81 was surpris-
ing, it is not unprecedented (25). Prior structural work for
betaCoV polymerases has proposed that both nps8t and
nsp8g participate in CoV RNA synthesis, acting as ‘sliding-
poles’ that guide dsRNA out of the polymerase active site
(23). Our native mass spectrometry results also contrast this
PEDV polymerase structural model’s stoichiometry (Table 1).
These observations led us to hypothesize that nsp8t’s inter-
actions with the polymerase complex are weaker than other
replication factors (nsp8g and nsp7), and perhaps the vitri-
fication process during grid preparation caused nsp8t dis-
association. Despite the lability of nsp8t during grid freez-
ing, the PEDV nsp12 polymerase remained bound to nsp7,
nsp8g, and primer/template RNA in contravention to pro-
posed models for polymerase complex assembly and activ-
ity (23). We therefore hypothesized that nsp81 may not be
required for CoV polymerase RNA binding and/or RNA
synthesis.

Prior studies have shown that MERS-CoV and SARS-CoV-
2 nsp12 and nsp8 complexes can extend RNA i vitro (44,45).
As the association of nsp8t with the core complex is largely
through binding to nsp7, even modest polymerase activity in
the absence of nsp7 suggests a strong role for nsp8g in stim-
ulating polymerase activity, and the dispensability of nsp8t
for in vitro RNA synthesis. Under our reaction conditions,
PEDV and SARS-CoV-2 polymerases require all three proteins
(nsp12, nsp7, nsp8) for in vitro polymerase activity (Figure
1A and B). To further dissect nsp8y and nsp8t’s contribu-
tions to promoting polymerase activity, we designed homol-
ogous PEDV and SARS-CoV-2 nsp12 single amino acid mu-
tations at each nsp8’s protein-protein interfaces. These muta-
tions were designed to be highly disruptive to hydrophobic
protein-protein interfaces through the substitution of nsp12
surface residues with arginine to block interactions with re-
gions of the nsp8s (PEDV nsp12 A382R, V384R, V842R,
V848R and V894R and SARS-CoV-2 nsp12 A375R, L387R,
L389R,1847T and T853R) (Figure 3A, B, and Supplementary
Figure S8).

Native mass spectrometry (Table 1, Supplementary Figure
S4) of select mutant complexes showed full complex stoi-
chiometry, 1:2:1:1 nsp7:nsp8:nsp12:RNA (~186 kDa mass),
for all mutants tested. The only exception being PEDV A382R
where there were two major species: nsp12 alone and intact
core polymerase complexes, indicating that nsp12 was either
completely free or completely bound by nsp7 and nsp8 repli-
cation factors. These data suggest that the disruptive muta-
tions are only effective in blocking the nsp12-nsp8 subdomain
interactions and are not sufficient to fully prevent nsp8 sub-
unit association with nsp12. This is congruent with the ex-
tended nature of nsp8 and the presence of both an N-terminal
helical extension and a C-terminal head domain that bind dis-
tinct sites in coronavirus core polymerase complexes for both
nsp8r and nsp8t. Hence nsp12 mutations disrupting the bind-
ing of one region of nsp8 may not preclude association of that
nsp8 with the core complex. The effects of these mutations on
polymerase activity were examined using an i vitro primer
extension assay (Figure 3C, D and Supplementary Figure S9).

Nsp12 mutants designed to disrupt the association of PEDV
nsp8r N-terminal helical extension, (nsp12 C370R) or nsp8g
C-terminal head domain (nsp12 A382R or V384R) both re-
sulted in complexes that either completely or mostly lost RNA
extension activity (Figure 3C and Supplementary Figure S9).
In contrast, mutant complexes designed to disrupt associa-
tion of nsp8t N-terminal helical extension (nsp12 V842R,
V848R or V849R) retained RNA synthesis activity (Figure
3C). These results indicate the importance of nsp8y for PEDV
RNA synthesis and demonstrate that association of the nsp8t
N-terminal helical extension with nsp12 is not required for
stimulation of RNA synthesis iz vitro.

To determine if these findings are specific to the PEDV poly-
merase core complex or a shared feature among CoVs, we
tested homologous mutations for SARS-CoV-2 nsp12. Like
PEDV, SARS-CoV-2 nsp12 mutants designed to disrupt as-
sociation of the nsp8r N-terminal extension (nsp12 A375R)
or nsp8r C-terminal head domain (nsp12 L387R or L389R)
resulted in inactive polymerase complexes (Figure 3D and
Supplementary Figure S9). However, nsp12 mutations de-
signed to disrupt association of the nsp8t N-terminal ex-
tension (I847R or T853R) produced polymerase complexes
with activity resembling that of the wild-type protein (Figure
3D). Similar results for mutagenesis across both PEDV and
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Figure 3. Effects of replication factor disrupting nsp12 mutations on polymerase activity. Sites of nsp12 mutations designed to disrupt replication factor
interactions for (A) PEDV and (B) SARS-CoV-2 are shown as orange spheres. The effects of PEDV (C) and SARS-CoV-2 (D) nsp12 mutations were
evaluated using in vitro RNA primer extension assays. Technical triplicates of reactions were run and percent activity of wildtype nsp12 is presented.
Error bars indicate standard deviation of the triplicates. All reactions, except PEDV nsp12-V842R, were significantly (P < 0.05) different compared to the
wildtype control. Significance was determined using an unpaired t-test for each mutant complex.

SARS-CoV-2 core polymerase complexes suggest shared roles
for nsp8s across the coronavirus subfamily. These data suggest
that both the nsp8f N-terminal extension and the C-terminal
head domain play essential roles in stimulating polymerase ac-
tivity beyond simply facilitating protein-protein interactions
while the nsp12 interaction with nsp81 N-terminal extension
appears non-essential for stimulating RNA synthesis.

Nsp8t N-terminal RNA binding domain is not
required to stimulate RNA synthesis activity

Recent work showed that a nsp8-nsp7 fusion protein
(nsp8L7) can efficiently function as a nsp12 replication factor
and allows the contributions of each nsp8 of a core complex’s
polymerase activity to be delineated (32). We produced SARS-
CoV-2 and PEDV nsp8L7 fusion proteins with six-residue
linker regions (Figure 4A, Supplementary Figure S3). Both
SARS-CoV-2 and PEDV nsp8L7 fusion proteins could stim-
ulate their respective polymerase core complex activities in
the presence of free nsp8 (Figure 4B,C and Supplementary
Figure S5). While SARS-CoV-2 nsp8L7 stimulated polymerase

activity similar to wildtype nsp7 and nsp8, PEDV nsp8L7 only
resulted in 20% stimulation compared to wildtype subunits.
Since PEDV nsp12 + nsp8 reactions have no RNA extension
(Figure 4B and Supplementary Figure S5) these data show that
the PEDV nsp8L7 fusion protein can function as a cofactor, al-
beit with limited activity compared to wildtype proteins. We
predict that the PEDV nsp8L7 reduction in polymerase stim-
ulation is due to a reduced dissociation of the nsp8L7 fusion
protein from oligomeric states into forms available for binding
nsp12 leading to defects in polymerase assembly (32). There-
fore, only a fraction of the available nsp12 may form full
complexes as compared to SARS-CoV-2 nsp8L7 complexes
leading to the reduced overall observed activity. Differences
in the oligomeric states of alpha- and betaCoV nsp7-nsp8 co-
factor complexes have been previously identified, supporting
our prediction that PEDV nsp8L7 behaves differently than
SAR-CoV-2 nsp8L7 (30). The prediction of incomplete PEDV
core complex formation with nsp8L7 is supported by native
mass spectrometry where a significant amount of PEDV nsp12
alone is observed (Table 1, Supplementary Figure S4). In sup-
port of nsp8g being required for RNA synthesis iz vitro and in
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Figure 4. nsp8+1's N-terminal domain is not required for RNA synthesis.
(A) Model of nsp7 (blue) and nsp8+ (red) heterodimer (PDB ID: 7KRP).
The black dots and squiggly line depict the nsp8 and nsp7 termini that are
fused in nsp8L7. The dashed black line is the site of truncation of
nsp8AL7 removing the nsp8t N-terminal 79 amino acid RNA binding
domain. (B) PEDV and (C) SARS-CoV-2 polymerase complex activity using
the nsp8L7 and nsp8AL7 replication factors. Reactions were run in
triplicate and percent activity was compared to a wildtype

nsp7 + nsp8 + nsp12 complex. Error bars indicate standard deviation of
the triplicates. Each reaction was determined to be significantly different
than all other complexes tested (P < 0.05) using an unpaired t-test.

validation of the fusion protein strategy to delineate nsp8 con-
tributions, PEDV and SARS-CoV-2 nsp8L7 fusion proteins are
not sufficient to stimulate CoV RNA synthesis in the absence
of isolated nsp8 (Figure 4B and C).

Using the PEDV and SARS-CoV-2 nsp8L7 fusion con-
structs, we produced 79 residue N-terminal truncations of
nsp8t (nsp8AL7) which lack the previously described RNA
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binding region of the protein (Figure 4A, Supplementary
Figure S3) (23). Both PEDV and SARS-CoV-2 nsp8AL7 stim-
ulated polymerase primer extension activity iz vitro (Figure 4
and Supplementary Figure S5). Compared to polymerase stim-
ulation using the nsp8L7 fusion constructs, PEDV and SARS-
CoV-2 nsp8AL7 each had an approximately 50% decrease
in activity from their respective nsp8L7 reactions. These re-
sults indicate that the nsp81 N-terminal region is not required
for stimulation of RNA synthesis 7 vitro. Our results con-
firm similar prior results for SARS-CoV-2, while expanding
the conclusions to PEDV (32).The differences in PEDV and
SARS-CoV-2 polymerase activities could be attributed to the
replication factor proteins’ unique interactions across the CoV
genera (30). While the magnitude of the ability of PEDV and
SARS-CoV-2 nsp8AL7 truncations to stimulate polymerase
activity vary, that both truncation proteins can stimulate some
polymerase activity while reactions lacking nsp7 do not, indi-
cates that nsp8 AL7 is a functional replication factor and that
the N-terminal extension of nsp8t is not required for stimu-
lation of alpha- or betaCoV RNA synthesis in vitro.

Discussion

We have established that the PEDV core polymerase complex
assembles into an active polymerase complex using a sim-
ilar replication factor stoichiometry as was previously seen
in betaCoVs. The structure of the PEDV core polymerase
complex reveals an overall similar architecture to betaCoV
complexes with one large conformational difference in PEDV
nsp12 residues 249-269 to interact with nsp8g that we pre-
dict to be conserved among alphaCoVs. Additionally, we used
biochemistry and mutagenesis to show that for both PEDV
and SARS-CoV-2, nsp8p is required for in vitro RNA synthe-
sis while the N-terminal extension of nsp87 is not.

Since the observed structural differences in the PEDV and
SARS-CoV-2 core polymerase complexes lie outside of the
common antiviral drug design targets (the polymerase and Ni-
RAN active sites), we predict that antivirals targeting these
shared sites would be effective against both alpha- and beta-
CoV. For example, structures have shown that SARS-CoV-2
nsp12 residue S861 is likely important for the effectiveness
of the nucleotide analogue Remdesivir (46). The proposed
mechanism is that S861 sterically classes with the 1’-cyano
group of the antiviral, impairing RNA elongation. For PEDV,
the residue S856 is conserved in both sequence and space to
S861 of SARS-CoV-2 (Supplementary Figure S7), indicating
that Remdesivir could be used to treat alphaCoV infections
(47).

After the initial observation of a labile nsp8t interac-
tion within the RNA-bound PEDV polymerase complex, we
sought to explore the contribution of the nsp8 N-terminal ex-
tensions in simulating RNA synthesis activity. In vitro anal-
yses with mutant PEDV and SARS-CoV-2 nsp12s and trun-
cated nsp8t (nsp8AL7) established that nsp81’s N-terminal
extension is not required to stimulate iz vitro RNA synthe-
sis. Similar iz vitro work with truncated nsp8s has already
established that the RNA binding domains of each nsp8 are
not required for processive RNA synthesis for SARS-CoV-
2, but rather play important roles in complex assembly and
RNA binding (32). In some published studies, SARS-CoV-2
and MERS-CoV complexes of just nsp12 and nsp8 are suf-
ficient to produce some polymerase activity in vitro (44,45).
The absence of nsp7 from these reactions indicates that nsp8t
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Figure 5. Model for coronavirus backtracking and proofreading. Stalling of polymerase complexes by misincorporation is hypothesized to promote the
engagement of nsp8t’'s N-terminal helical extension with RNA allowing the recruitment of additional viral factors for backtracking or proofreading.

Whether or not nsp8r is always associated with the complex is unknown.

is not absolutely required for in vitro RNA synthesis, further
supporting our conclusions. Recent structural work has pro-
posed that the N-terminal extensions of nsp8r and nsp8t act
as sliding poles to promote RNA synthesis and processivity
(23). The sliding pole hypothesis provided a mechanistic ex-
planation for prior observations that the mutation of a posi-
tively charged residue (K58A) in SARS-CoV nsp8’s N-terminal
extension was lethal to virus replication 72 vivo and reduced
RNA synthesis in vitro (21). Our work was able to build upon
these observations, by delineating the contributions of the two
nsp8s and further confirm nsp8p’s importance in RNA synthe-
sis. We propose a revision to this model where the nsp81 N-
terminal extension is not essential to stimulate RNA synthesis
but may instead have other important roles in RNA synthesis.

We hypothesize that nsp81 may act as a scaffolding pro-
tein to regulate the engagement of other viral factors like the
nsp13 RNA helicase to promote RNA backtracking (Figure
5). Previous work has shown that the viral helicase, nsp13,
binds template RNA entering the active site and can cause
polymerase backtracking on primer-template RNA (27,28). In
a backtracked polymerase state, the 3’ end of the nascent RNA
extrudes out of the polymerase NTP entry channel. While
a function for backtracking within viral replication remains
unclear, one hypothesis is that it mediates proofreading of
mis-incorporated 3’ nucleotides during CoV RNA synthesis.
The nsp13 responsible for backtracking RNA binds the poly-
merase core complex via the nsp81 N-terminal extension. As a
potential model for viral RNA proofreading, we propose that
aberrant nucleotide incorporation stalls elongation, allows en-
gagement of the nsp8t N-terminal extension with nsp12 and
the RNA allowing the backtracking nsp13 RNA helicase to
bind template RNA and induce a backtracked state. 3’ nu-
cleotides of the backtracked RNA could then be excised by
the viral nsp14 exonuclease removing the mis-incorporated
nucleotides.

Our current work is focused on the multiple roles of nsp8 in
alpha and beta-CoV RNA synthesis. To date, there are no re-
ports of active gamma- or deltaCoV polymerase complexes in
vitro, or published structures of polymerases from these two
genera. Sequence conservation of the nsps involved in genome
replication (i.e. nsp7, nsp8 and nsp12) across all CoV genera
indicates that these proteins have conserved roles in replica-
tion (48). To our knowledge nsp7 does not directly interact
with RNA during replication, but it serves multiple important
roles to support CoV RNA synthesis. Beyond nsp7’s role as a
replication factor for nsp12 and scaffolding protein for nsp8r,

nsp7 also de-oligomerizes nsp8 allowing monomeric nsp8 to
interact with nsp12 as nsp8y (21,30,49). Furthermore, the in-
teractions between nsp7 and nsp8 oligomers are known to
vary across the CoV species (30). These differences are pos-
sible explanations for the different activities of nsp8L7 and
nsp8AL7 containing complexes seen in our work.

This work expands the diversity of CoV polymerase struc-
tural biology to the alphaCoVs. Our work shows a high level
of structural conservation among CoV replication machin-
ery and has allowed for the generation of hypotheses for
CoV RNA synthesis that span more than a single virus genus.
Such work is essential not only for a greater understanding of
CoV biology but also in preparing for the threat of emerging
CoV.

Data availability

The PEDV core polymerase complex electron density maps
have been deposited in the Electron Microscopy Data Bank
for the complex lacking nsp81 (EMDB: 29779) and the com-
plete complex (EMDB: 42488). Coordinate models have been
deposited in the Protein Data Bank for the complex lacking
nsp8t (PDB: 8G6R) and the complete complex (PDB: 8URB).

Limitations of study

We acknowledge that our study uses short RNA substrates,
short extension reactions, and has been done exclusively in
vitro and so does not model processive CoV RNA synthesis.
This limits our ability to make conclusions on nsp8t’s impor-
tance for processive RNA synthesis, and replication in vivo.
We believe studies using longer RNA substrates, and iz vivo
reverse genetics will allow our hypotheses and conclusions de-
veloped here to be evaluated in the context of processive repli-
cation and virus replication iz vivo but are beyond the scope
of the current work.

Our work only studies the core polymerase complex (nsp7,
nsp8 and nsp12) but our conclusions include hypotheses
about interactions with other viral proteins (i.e. nsp13 and
nsp14). While our current work is unable to directly assess
these hypotheses, this work provides a foundation for further
study.

Supplementary data
Supplementary Data are available at NAR Online.
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