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Abstract
RNA replication and transcription machinery is an important drug target for �ghting against coronavirus.
Non-structure protein nsp8 was proposed harboring primase activity. However, the RNA primer synthesis
mechanism of nsp8 is still largely unknown. Here, we puri�ed dimer and tetramer forms of SARS-CoV-2
nsp8. Combined with DLS, SANS and thermo-stability analysis, we found that both dimer and tetramer
become loosened and destabilized with decreasing salt concentration, and the dimer form is more stable
than the tetramer form. Further investigation showed that nsp8 dimer and tetramer can undergo phase
separation but exhibit different phase separation behaviors. nsp8 dimer can form liquid-like droplets in
the buffer with a low concentration of NaCl; phase separation of nsp8 tetramer depends on the
assistance of RNA. Our �ndings on different phase separation behaviors of nsp8 dimer and tetramer
could provide novel insight into the primer synthesis mechanism in coronavirus and facilitate developing
novel therapeutic agents against SARS-CoV-2.

Introduction
Infection of coronaviruses, a group of positive-strand RNA viruses, is a great threat to the human health.
The current pandemic coronavirus disease 2019 (COVID-19) is caused by a new coronavirus SARS-CoV-2
1. Despite extensive applications of vaccine, COVID-19 remains a threat to the global economy and
health, due to the shortage of effective therapeutic agents against SARS-CoV-2. Considering the essential
role in the life cycle of RNA viruses and the lack of homolog in host cells, RNA replication and
transcription machinery is an attractive therapeutic target against SARS-CoV-2 2, 3. At least two RNA-
dependent RNA polymerase (RdRp) are encoded by the coronavirus genome, including primer-dependent
RdRp nsp12 4 and primer-independent RdRp nsp8 5, 6. Recent structural studies on SARS-CoV nsp12 7

and SARS-CoV-2 nsp12 8, 9 have characterized the RNA elongation mechanism of nsp12. It was proposed
that nsp8 is capable of de novo RNA synthesis with an ssRNA template, and provides primers required for
nsp12 5. Although structures of nsp8 from several coronaviruses were reported, the mechanism of nsp8
de novo RNA synthesis is still largely unknown.

Concentrating reactive molecules in condensates via liquid-liquid phase separation (LLPS) was
considered a powerful mechanism for accelerating biochemical reactions. It was well established that
weak interactions mediated by intrinsically disordered regions (IDR) of proteins are critical for phase
separation 10. Sequence analysis showed that SARS-CoV-2 nsp8 contains potential IDR at the N terminus
(Fig. S1), which is critical for RNA binding 11, and contains conserved catalytic D/ExD/E motif as
characterized in SARS-CoV nsp8 6. Structural analysis also showed that free N terminus is �exible in
several reported structures 12, 13, implying that nsp8 may undergo phase separation. Here, we aim to
elucidate the property and phase separation behavior of SARS-CoV2-nsp8 in solution and live cells,
providing novel insights on primer synthesis mechanism in coronavirus.

Results And Discussion
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SARS-CoV-2 nsp8 forms dimer and tetramer in solution

We expressed and puri�ed SARS-CoV-2 nsp8 with a C terminal 8xHis-tag. During the puri�cation process,
we found that nsp8 forms multi-oligomer and nucleic acid contamination when the puri�cation buffer
contains 300 mM NaCl. To avoiding the contamination by nucleic acids, the concentration of NaCl in
puri�cation buffer was increased to 1 M. It is interesting that nsp8 was eluted from gel �ltration column
as two peaks (Fig. 1A). The oligomerization state of nsp8 from two elution peaks was analyzed using
dynamic light scattering (DLS) and small angle neutron scattering (SANS). The calculated molecular
weight of nsp8 from the �rst and second elution peak was 90-93 kDa and 40-49 kDa, respectively
(Fig. 1B). As the theoretical molecular weight of nsp8-His is 22.98 kDa, data indicate that in addition to
the puri�ed dimer of nsp8 as reported previously 14, a tetramer form of nsp8 was identi�ed. Then, we
characterized the shape of nsp8 dimer and tetramer based on the DLS and SANS measurements.
Hydrodynamic radius (Rh) as measured by DLS re�ects the solvated protein size, while radius of gyration
(Rg) as measured by SANS re�ects mostly the compositional distribution of hydrogenated protein

molecules. The ratio of Rg to Rh (Rg/Rh) offer the shape information of protein molecules15. The larger
Rg/Rh values of nsp8 dimers than those of nsp8 tetramers imply the variation of the shape of molecules
from non-spherical to globular (Fig. 1C and D).

Destabilization of both nsp8 dimer and tetramer as salt concentration decreasing

Interestingly, DLS analysis demonstrated that the Rh of nsp8 dimer and tetramer increased with
decreasing NaCl concentration (Fig. 1C). This corroborated well with the SANS measurements that
revealed the increase of the Rg at lower NaCl concentrations for both nsp8 dimer and tetramer (Fig. 1D).
Both Rh and Rg of dimers and tetramers increase noticeably when the concentration of NaCl is decreased,
indicating a looser structure in the buffer containing low concentration of NaCl. These data may suggest
that lowering salt concentration destabilizes the structure of both nsp8 dimers and tetramers. To test the
hypothesis, we assessed the thermo-stability of nsp8 dimer and tetramer, and revealed that both the
melting temperature (Tm) and the onset temperature of aggregation (Tagg) indeed decreased at lower
NaCl concentration for both nsp8 dimer and tetramer (Fig. 1E and F). Furthermore, quantitative
comparison of Tm and Tagg values of the two forms of nsp8 indicates that the dimer form is more stable
than the tetramer one.
Different phase separation behavior of nsp8 dimer and tetramer

The expanded size and decreased stability with decreasing NaCl concentration may imply that nsp8
dimer and tetramer can undergo phase separation at low NaCl concentration. To test the hypothesis, we
directly diluted nsp8 with a low NaCl concentration buffer. Liquid-like droplets formed in 1 mg/mL nsp8
solution containing 50 mM NaCl (Fig. 2A). When the concentration of NaCl was increased to 100 mM,
nsp8 dimer failed to undergo phase separation at 1 mg/mL (Fig. 2A), whereas at 2 mg/mL, nsp8 dimer
also formed liquid-like droplet in the buffer containing 100 mM NaCl (Fig. 2B). For �uorescent microscopy
observation, nsp8 was labeled with His-tag labeling dye RED-tris-NTA. Fluorescent microscopy con�rmed
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that nsp8 dimers form liquid-like droplets at 1 mg/mL nsp8 in the 50 mM NaCl buffer, and nsp8
condensates can be dissolved upon increasing the NaCl concentration to 275 mM by mixing nsp8 dimer
(1 mg/mL) dissolved in 500 mM NaCl with volume ratio 1: 1 (Fig. 2C). The liquid-like nature of the droplet
was further con�rmed by �uorescence recovery after photobleaching (FRAP) experiment as rapid
recovery of �uorescence was observed after photobleaching (Fig. 2D). These indicated that nsp8 dimer
undergoes liquid-liquid phase separation in solution in a protein and NaCl concentration dependent
manner.

The thermal stability analysis clearly showed that the nsp8 tetramer is signi�cantly less stable than the
dimer (Fig. 1E and F). Then, we tested whether nsp8 tetramers exhibit different phase separation
behaviors compared to the dimer. Consistent with our hypothesis, nsp8 tetramer forms solid-like
sediments instead of liquid-like droplet at concentration of 1 mg/mL in the buffer containing 50 mM or
100 mM NaCl (Fig. S2). Solid-like condensates can still be observed even as the concentration of nsp8
tetramer decreased to 0.25 mg/mL with low NaCl concentration, which can be reversed by simply
increasing NaCl concentration to 275 mM (Fig. 2E).

To investigate whether the N terminal IDR is essential for phase transformation, we carried out a
truncation of nsp8 by deleting the N terminal 76 residues (nsp8ΔN76). Similar to the wild type nsp8,
nsp8ΔN76 also forms homodimer and tetramer in solution (Fig. S3). However, the deletion of N terminal
76 residues unequivocally abolished droplet formation of nsp8 dimer (Fig. 2F), suggesting the
importance of the N terminal IDR for the LLPS of the nsp8 dimer. Interestingly, with the deletion of N
terminal 76 residues, nsp8 tetramer mutants were less aggregated at 50 mM NaCl compared to the wild
type nsp8 tetramer (Fig. 2G). The observation suggested that N terminal IDR play a key role in over-
aggregation of nsp8 tetramers at decreasing NaCl concentration.

RNA modulates LLPS of nsp8 tetramer

N-terminus of nsp8 is a de�ned RNA binding motif, which can be stabilized by binding with RNA 8, 12. We
speculated that RNA binding may induce nsp8 tetramer transition from solid-like condensate to liquid-
liquid phase separation at low NaCl concentration. To con�rm this, we designed a 12-nt ssRNA (R12) with
sequence derived from SARS-CoV-2 genome adjacent to poly (A). When mixing RED-tris-NTA labeled nsp8
tetramer (0.25 mg/ml) with R12, liquid-like droplet can be observed with RNA concentration up to 75 µM
(Fig. 3A). To verify whether RNA modulating LLPS of nsp8 tetramer depends on the sequence and the
length, LLPS experiments were performed in the presence of 12-nt poly U (U12) or 22-nt poly U (U22)
(Fig. 3A). We found that, when mixed with 75 µM U12, nsp8 tetramer still forms solid-like structure
instead of liquid-like droplet. However, nsp8 tetramer turned to liquid-like droplet when mixing with 22-nt
poly U (U22) at concentration as low as 7.5 µM. Thus, data suggested that LLPS of nsp8 tetramer depend
on both RNA sequence and length. To con�rm that the phase separated droplets were formed by nsp8
binding with RNA, we synthesized 6-FAM labeled R12. Fluorescent microscopy demonstrated that nsp8
and RNA were co-localized in the phase separated droplet (Fig. 3B).
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nsp8 forms condensates in living cells

Then, we asked whether nsp8 also undergoes liquid-liquid phase separation in live human cell line. To
address this notion, nsp8 fusion with monomeric red �uorescent protein mCherry at C-terminal (nsp8-
mCherry) was over-expressed in Hela cells. By imaging this cell line using �uorescent microscopy, we
observed that over-expressed nsp8 could form condensates in cytoplasm, while over-expressed mCherry
was diffuse in the entire cell (Fig. 4). Taken together, results suggested that SARS-CoV-2 nsp8 undergo
phase separation in solution, as well as in live cells.

Conclusions
In summary, we have identi�ed the dimer and tetramer forms of nsp8, which undergo phase
transformation at the low concentration of NaCl in aqueous solutions. However, they exhibit distinct
phase separation behaviors: nsp8 dimer form separated liquid phases depending only on concentrations
of the protein and salt, whereas nsp8 tetramers form solid-like aggregates at the low salt concentration,
while transforming to liquid-like droplets with the addition of RNA. Furthermore, nsp8-tetramer-induced
LLPS depend on both the sequence and length of RNAs. This study implies the signi�cance of
quantifying the degree of disorder in proteins and the nature of interaction among protein and RNA, which
can facilitate the development of mechanistic models on nsp8 de novo RNA synthesis and potential
therapeutic strategies against the SARS-CoV-2.

Methods
Protein expression and puri�cation

SARS-CoV-2 nsp8 and its truncated mutant were cloned into pET21a with C-terminal 8 x His tag. Proteins
were expressed in E. coli strain BL21 (DE3) at 16 °C overnight and induced with 0.1 mM IPTG. Bacteria
were collected and re-suspended in lysis buffer (20 mM HEPES pH7.4, 1 M NaCl, 10 mM imidazole, 7 mM
imidazole). Cells were lysed by high pressure homogenization. After centrifugation, supernatant was
loaded onto Ni-NTA resin. After washed with 70 mM imidazole, the bounded protein was eluted with 300
mM imidazole. Proteins were further puri�ed by gel �ltration using a HiLoad superdex 200 (for wild type
nsp8) or 75 (for truncated nsp8) equilibrated against buffer of 20 mM HEPES pH 7.4, 0.5 M NaCl.
Small-angle neutron scattering (SANS)

Small angle neutron scattering measurements were performed at the China spallation neutron source
(CSNS). 10 mg/mL nsp8 samples in D2O buffer were measured in quartz cells with 2 mm optical path
length. The scattering experiment times of buffers and samples are 90 min. And the empty beam and
empty quartz cell were measured 15 min for data reduction. Transmissions were measured for 10 min for
each sample and the empty beam. All measurements were carried out at 289K.

The presented SANS data were reduced and corrected for sample transmission, cell scattering and
detector background using reduction algorithms developed based on Mantid framework16 provided by
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the instrument. The neutron scattering intensity has been calibrated to absolute intensity using a
secondary standard, Bates poly. The SasView (https://www.sasview.org/) software was employed to
calculate the radius of gyration Rg of all samples by Guinier approximation.

Dynamic light scattering (DLS)

The DLS analyses were performed using DynaPro NanoStarTM (Wyatt Technologies). The quartz cells
�lled with 100 µL 1 mg/mL nsp8 sample solution for DLS measurement. The samples were measured
though 100 mW He-Ne laser, λ0 = 660 nm, θ = 90°. 10 times successive measurements were performed
per sample for average to get the DLS data. The DYNAMICS software (Wyatt Technologies) was
employed to analyze the DLS data to get the RH of all samples.

Thermo-stability analysis

SARS-CoV-2 nsp8 dimer and tetramer with concentration 1mg/ml were dissolved in 20 mM HEPES pH
7.4, and 150 mM/250 mM /500 mM NaCl. Thermo-stability analysis was performed with Prometheus
NT.48 instrument (Nano Temper Technologies). The Scan temperature was increased linearly with a rate
of 1°C per min. Melting temperature (Tm) and onset temperature of aggregation (Tagg) were analyzed
with PR.ThermControl software.

Imaging of SARS-CoV-2 nsp8 or RNA complex in solution

For Differential interference contrast (DIC) imaging of SARS-CoV-2 nsp8, the proteins were spotted onto a
glass slide. Imaging was performed with Leica DM4 B.

For �uorescence imaging of SARS-CoV-2 nsp8, the proteins were labeled with His-tag labeling kit by
mixing protein and RED-tris-NTA 2nd Generation dye with mole ratio about 600:1, and incubating at room
temperature for 15 min. To investigate the effect of RNA on phase separation of SARS-CoV-2 nsp8
tetramer, RNA was added to the RED-tris-NTA labeled protein. ssRNA sequences used in this study, R12:
rGrArGrArArUrGrArCrArArA, U12: rUrUrUrUrUrUrUrUrUrUrUrU, U22:
rUrUrUrUrUrUrUrUrUrUrUrUrUrUrUrUrUrUrUrUrUrU. For co-localization experiments, R12 was labeled with 6-
FAM at 5’ terminal. Before imaging, 10 µl aliquot of sample was placed into a well of glass bottom 384
well plates. Imaging was performed with Zeiss LSM 800 Confocal Laser Scanning Microcopy.

Live imaging

Hela cells were grown on glass bottom culture dish, and cultured in DMEM medium supplemented with
10% FBS. Cells were transfected with Lipofectamine 2000 following manufacturer’s instructions. Before
imaging, culture medium was replaced with phenol red-free DMEM supplemented with 10% FBS. Imaging
was performed with Laser Scanning Confocal Microscopy Leica SP8 X STED.
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Figure 1

Characterization of SARS-CoV-2 nsp8. (A) Gel �ltration analysis of nsp8. (B) Molecular weight
determination of nsp8 from two eluted peaks using DLS. (C). Hydrodynamic radius of nsp8 dimers and
tetramers. (D) Radius of gyration (Rg) of nsp8 dimers and tetramers in buffers containing different
concentrations of NaCl. The Rg quantities were obtained from model �tting to the SANS spectra of
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corresponding solutions as shown in lower panels. (E) Melting and (F) aggregation temperature of nsp8
dimers and tetramers.

Figure 2

Phase separation of SARS-CoV-2 nsp8. (A) nsp8 form liquid-like droplets at 1 mg/mL in the buffer
containing 50 mM NaCl. (B) nsp8 form liquid-like droplets at 2 mg/mL in the buffer containing 100 mM
NaCl. (C) Liquid-like droplets formed by RED-tris-NTA labeled nsp8 dimers can be dissolved upon
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increasing NaCl concentration to 275 mM. (D) In vitro FRAP analysis of the condensates formed by nsp8
at 2mg/mL in buffer containing 100 mM NaCl. (E) nsp8 tetramer at 0.25 mg/mL forms solid-like
condensates in the buffer containing 50 mM NaCl. The solid-like condensates also can be dissolved upon
increasing NaCl concentration. (F) Deletion of N terminal 76 residues inhibits the phase separation of
nsp8 dimer. (G) Deletion of N terminal 76 residues reduces the aggregation of nsp8 tetramer.

Figure 3

RNA modulates phase separation behaviors of nsp8 tetramer. (A) RNA induces LLPS of nsp8 tetramer in
a sequence and length dependent manner. (B) Co-localization of nsp8 tetramer and ssRNA R12 in liquid-
like droplets. Before imaging, 0.25 mg/mL RED-tris-NTA labeled nsp8 tetramer was mixed with 75 μM 6-
FAM labeled R12 in buffer of 20 mM HEPES pH 7.4, 50 mM NaCl.
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Figure 4

nsp8 forms condensates in live Hela cells.
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