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Efforts to determine why new SARS-CoV-2 variants demonstrate improved fitness have been limited to
analyzing mutations in the spike (S) protein using S-pseudotyped particles. Here we show that SARS-CoV-2
virus-like particles (SC2-VLPs) can package and deliver exogenous transcripts, enabling analysis of
mutations within all structural proteins and at multiple steps in the viral life cycle. In SC2-VLPs, four
nucleocapsid (N) mutations found universally in more-transmissible variants independently increased
mRNA delivery and expression by ~10-fold, and in a reverse genetics model, S202R and R203M each
produced >50-fold more virus. SC2-VLPs provide a platform for rapid testing of viral variants outside a
biosafety level 3 setting and demonstrate N mutations and particle assembly to be mechanisms that could
explain the increased spread of variants, including Delta (R203M).

The COVID-19 pandemic is a leading cause of death globally
due to the ongoing emergence of SARS-CoV-2 variants with
increased transmissibility. Understanding the molecular de-
terminants of enhanced infectivity is central to vaccine and
therapeutic development, but research is hindered because
SARS-CoV-2 can only be studied in a biosafety level 3 (BSL-3)
lab. Furthermore, generating mutant infectious clones of
SARS-CoV-2 is technically challenging (I-5). Current studies
employ spike (S) pseudotyped lentivirus systems for evalua-
tion of S-mediated ACE2 receptor binding and cell entry (6,
7). However, most mutations in circulating variants occur
outside the S gene and are thus inaccessible by this approach
(8).

All SARS-CoV-2 variants of interest or concern defined by
the WHO contain at least one mutation with >50% pene-
trance within seven amino acids (N:199-205) in the nucle-
ocapsid (N) protein, which is required for replication and
RNA binding, packaging, stabilization and release (8). De-
spite its functional importance and emergence as a muta-
tional hotspot, the N protein has not been widely studied
because of the absence of simple and safe cell-based assays.
Biochemical analysis of N has also proven difficult because of
its instability and propensity to assemble or phase-separate
and to bind RNA non-specifically (9-11). To investigate N func-
tion, effects of mutations and other aspects of SARS-CoV-2
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biology, we set out to develop a system to package and deliver
exogenous RNA transcripts into cells using virus-like parti-
cles (VLPs).

We reasoned that a process mimicking viral assembly to
package and deliver reporter transcripts would simplify the
analysis of successful virus production, budding and entry.
Previous studies have shown that co-expression of only the
structural proteins of coronaviruses generates VLPs contain-
ing all four structural proteins (12-17). These VLPs appear to
have similar morphology to infectious viruses and have been
proposed as vaccine candidates (I8). A key requirement for
such VLPs to deliver reporter transcripts into cells is the
recognition of a cis-acting RNA sequence that triggers pack-
aging. During viral assembly, the N protein is thought to rec-
ognize one or more RNA structures within ORFlab, enabling
the full viral genome that contains this sequence to be pack-
aged to the exclusion of viral subgenomic and host tran-
scripts (19). The identification of such a SARS-CoV-2 cis-
acting RNA element is required to create SARS-CoV-2 VLPs
(SC2-VLPs) that incorporate and deliver engineered tran-
scripts by this mechanism.

Based on the reported packaging sequences for related vi-
ruses, including Murine Hepatitis Virus and SARS-CoV-1, we
hypothesized that the SARS-CoV-2 packaging signal might re-
side within a region we termed “T20” (nt 20080-22222)
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encoding non-structural protein 15 (nsp15) and nspl6 (Fig.
1A) (16, 19-21). We designed a transfer plasmid encoding a
luciferase transcript containing T20 within its 3' untrans-
lated region (UTR). We tested for SC2-VLP production by co-
transfecting the transfer plasmid into packaging cells (293T)
along with plasmids encoding the viral structural proteins
(Fig. 1B). Supernatant collected from these cells was filtered
and incubated with receiver 293T cells co-expressing SARS-
CoV-2 entry factors ACE2 and TMPRSS2 (Fig. 1B). We ob-
served luciferase expression in receiver cells only in the pres-
ence of all structural proteins (S, M, N, E) as well as the T20-
containing reporter transcript (Fig. 1C). Substituting any one
of the structural proteins or the luciferase-T20 transcript
with a luciferase-only transcript decreased luminescence in
receiver cells by >200-fold and 63-fold, respectively (Fig. 1C).
We also conducted this experiment using Vero E6 cells that
endogenously express ACE2 and once again observed robust
luciferase expression only in the presence of all five compo-
nents (fig. S1A).

VLP-mediated transcript delivery required untagged
native M protein and a low ratio of S expression plasmid
relative to the other plasmids (Fig. 1, D and E, and fig. S1B).
This is expected since S is expressed at lower levels compared
to other structural proteins during infection (22). SC2-VLPs
should also require lower S expression compared to pseudo-
virus systems because S assembles along with the other
structural proteins within the ER-Golgi intermediate com-
partment, while pseudovirus assays typically require accumu-
lation of S at the plasma membrane followed by random
incorporation into budding particles (23, 24). Interestingly,
we detected N and S proteins within pelleted material (Fig. 1,
F and G) from multiple conditions that did not yield lucifer-
ase expression in receiver cells, suggesting that particles pro-
duced under less stringent conditions are not competent for
delivering mRNA. These findings suggest that co-expression
of structural proteins likely produces VLPs as well as defec-
tive particles, and mRNA delivery requires more stringent
conditions.

Further analysis showed that SC2-VLPs are stable against
ribonuclease A, resistant to freeze-thaw treatment (fig. S2A),
can be concentrated by precipitation, ultrafiltration and ul-
tracentrifugation (fig. S2B) and induce transient expression
of luciferase (fig. S2C). Analysis of SC2-VLPs by sucrose gra-
dient ultracentrifugation showed that large dense particles
are responsible for inducing luciferase expression (Fig. 1, H
and I). These data show that SC2-VLPs are formed under our
experimental conditions and deliver selectively packaged
transcripts.

Next, we determined the optimal SARS-CoV-2 cis-acting
RNA sequence for SC2-VLP mediated delivery. We generated
alibrary of 28 2-kb overlapping tiled segments (numbered T1-
T28, table S1) from the SARS-CoV-2 genome and inserted
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them individually into a luciferase-encoding plasmid (Fig.
2A). SC2-VLPs generated using luciferase-encoding plasmids
that included any region of ORFlab produced detectable lu-
minescence, suggesting that SARS-CoV-2 packaging may not
rely entirely on one contiguous cis-acting RNA element (Fig.
2, B and C). Furthermore, luciferase-encoding plasmids that
included fragments T24-28 resulted in lower luciferase ex-
pression (Fig. 2, B and C), consistent with the exclusion of
subgenomic viral transcripts containing these sequences to
minimize production of replication-defective virus particles.
Overall, luciferase expression was most efficient using T20
(nt 20080 - 22222) located near the 3' end of ORFlab (Fig. 2,
B and C) and partially but not completely overlapping with
PS580 (19785-20348), which was previously predicted to be
the packaging signal for SARS-CoV-1 based on structural sim-
ilarity to known coronavirus packaging signals (16).

To further define the minimal cis-acting RNA element suf-
ficient for SC2-VLP mediated delivery, we tested truncations
and additions to T20 as well as PS580 from SARS-CoV-1. We
found that PS580 resulted in lower luciferase expression com-
pared to T20 (Fig. 2, D and E, and fig. S3, A and B). We ob-
served the highest luciferase expression level from SC2-VLPs
encoding the nucleotide sequence 20080-21171 (termed PS9),
and further truncations of this sequence reduced expression
(Fig. 2, D and E, and fig. S3, A and B). We used PS9 to gener-
ate VLPs encoding GFP and found that they induced GFP ex-
pression in receiver cells (Fig. 2F). These data suggest that
PS9 (nt 20080-21171) is a cis-acting element that is sufficient
for triggering RNA packaging into SC2-VLPs although it is
not currently known whether this sequence is required for
the packaging of the SARS-CoV-2 genome.

SC2-VLPs provide a new and more physiological model
compared to pseudoviruses for testing mutations in all viral
structural proteins (S, E, M, N) for effects on assembly, pack-
aging and cell entry. Surprisingly, none of the 15 SC2-VLPs
generated with S mutant genes, including four with the com-
bined mutations found in the Alpha, Beta, Gamma and Epsi-
lon variants, increased luciferase expression in transduced
cells beyond that observed for the original SC2-VLPs (Fig. 3,
A and B, and table S2). Since nearly all circulating variants
contain the S:D614G mutation, we compared all mutants to
the ancestral S protein modified to include G614 (termed
WT+D614G). Minor changes in S expression between mu-
tants may be a confounding factor since SC2-VLPs mediate
luciferase expression optimally in a narrow range of S expres-
sion. Over a range of 6.25 ng to 50 pg per well of S-encoding
plasmid, none of the tested S mutations produced >2-fold im-
provement in luciferase expression (fig. S4, A and B); slightly
improved luciferase expression occurred with the S sequence
derived from the Alpha variant (B.1.1.7) and S containing the
mutation N501Y within the receptor binding domain. These
findings contrast with prior results using S-pseudotyped
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lentiviruses, where enhanced entry was reported for some S
mutations including S:N501Y (25, 26). However, S mutations
tested in the context of SARS-CoV-2 infectious clones have
shown mixed effects, and mutations within S may also medi-
ate enhanced transmission by interfering with the binding of
neutralizing antibodies (27, 28). We tested whether VLPs
could also be used to measure antibody neutralization and
found results similar to previously reported data using a
pseudovirus neutralization assay (Fig. 3C and fig. S4C). Using
a neutralizing monoclonal antibody (MM43), we observed
dose-dependent inhibition of luminescence with a measured
IC50 of 0.35 ug/mL, similar to the manufacturer reported
IC50 of 1.41 ug/mL. We also tested S from circulating variants
and observed robust MM43-mediated neutralization of SC2-
VLPs generated using Alpha, Beta, Gamma, Delta and Epsi-
lon variant S proteins (Fig. 3D) and consistent with previous
studies (29). These results show that SC2-VLPs employ S me-
diated entry and can be used for screening S-mutations for
entry and neutralization. Although we did not observe en-
hanced entry due to the S mutations we tested, these muta-
tions could still provide a fitness advantage for SARS-CoV-2
by limiting antibody mediated neutralization. Detailed char-
acterization of S mutations and their sensitivity to neutraliz-
ing antibodies has been examined by other studies (30, 31).

We next tested whether N mutations found in circulating
variants improve viral particle assembly, RNA delivery
and/or reporter gene expression using SC2-VLPs. We tested
15 N mutations including two combinations corresponding
to the Alpha and Gamma variants since they both contain
the co-occurring R203K/G204R mutations. The Alpha and
Gamma variant N improved luciferase expression in receiver
cells by 7.5- and 4.2-fold respectively relative to the ancestral
Wuhan Hu-1 N-protein (Fig. 3E). In addition, four single
amino acid changes improved luciferase expression: P199L,
S202R, R203K and R203M. Two of these mutations do not
change the overall charge (P199L, R203K), one results in a
more positive charge (S202R), and one results in a more neg-
ative charge (R203M), suggesting that the improvement in
luciferase expression is not likely due to simple electrostatics.
Western blotting revealed no correlation between N protein
expression levels and luciferase induction, suggesting that
these N mutations enhance luciferase induction through a
different mechanism (fig. S5). Interestingly, half of the amino
acid changes observed within N and all of the mutations ob-
served to enhance luminescence occur within a seven amino
acid region (aal99-205) of the central disordered region
(termed the “linker” region, Fig. 3F) suggestive of a shared
mechanism.

Further analysis of six N mutants was conducted to
determine whether these mutations affect SC2-VLP assembly
efficiency, RNA packaging, or RNA uncoating prior to expres-
sion. We chose the three mutants that demonstrated ~10-fold
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improved luciferase expression (P199L, S202R, R203M) and
two mutants that did not increase luciferase expression sig-
nificantly (G204R, M234I) in the preliminary screen and
compared these to the wild type (Fig. 4A). N protein expres-
sion levels were similar in packaging cells, except for G204R,
and did not correlate with luciferase expression (Fig. 4, A and
B). We then purified SC2-VLPs containing each N mutation
and found that those containing P199L and S202R had in-
creased levels of S, N and luciferase RNA while R203M
showed increased luciferase RNA only (Fig. 4C). These results
suggest that mutations within the N linker domain improve
the assembly of SC2-VLPs, leading either to greater overall
VLP production, a larger fraction of VLPs that contain RNA
or higher RNA content per particle. In either case, these re-
sults suggest a previously unanticipated explanation for the
increased fitness and spread of SARS-CoV-2 variants of con-
cern.

To validate whether the effects we observed in SC2-VLPs
improve replication of intact virus, we used reverse genetics
to generate SARS-CoV-2 containing N:S202R and N:R203M
substitutions within a USA/WA1-2020 (Washington isolate)
background (I) (Fig. 4D). We generated and NGS-verified
stocks of virus containing the indicated mutations (fig. S6).
We infected A549-ACE2 cells with wildtype, N:S202R, or
N:R203M at a multiplicity of infection (MOI) of 0.1 and col-
lected supernatants at 24, 48 and 72 hours post infection. RT-
gPCR indicated 45-fold and 23-fold higher RNA content in
the supernatant at 72 hours post infection, and plaque assays
indicated 166-fold and 51-fold higher infectious titers for
N:S202R and N:R203M virus, respectively (Fig. 4, E to G). Our
results indicate that both of these mutations enhance repli-
cation in lung epithelial cells, consistent with our observa-
tions using SC2-VLPs.

Overall, we present a strategy for rapidly generating and
analyzing SC2-VLPs that package and deliver exogenous
mRNA. This approach allows examination of viral assembly,
budding, stability, maturation, entry and genome uncoating
involving all of the viral structural proteins (S, E, M, N) with-
out generating replication-competent virus. Such a strategy
is useful not only for dissecting the molecular virology of
SARS-CoV-2 but also for future development and screening
of therapeutics targeting assembly, budding, maturation and
entry. This strategy is ideally suited for the development of
new antivirals targeting SARS-CoV-2 as it is sensitive, quan-
titative and scalable to high-throughput workflows. The un-
expected finding of improved mRNA packaging and
luciferase induction by mutations within the N protein points
to a previously unknown strategy for coronaviruses to evolve
enhanced viral fitness. The mechanism for this enhancement
involves increased mRNA packaging and delivery although
the exact process is currently unknown. Recent literature sug-
gests that these mutations may affect phosphorylation of N,
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its binding to RNA and phase separation behavior all of
which could impact the efficiency of assembly (32-34). Our
observations of enhanced RNA packaging and replication are
consistent with recent reports that the Delta variant (contain-
ing N:R203M) generates 1000-fold higher levels of viral RNA
within patients (35). Our results provide a molecular basis to
explain why the SARS-CoV-2 Delta variant demonstrates im-
proved viral fitness.
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Fig. 1 (previous page). Design and characterization of SC2-VLPs. (A) Schematic of SARS-CoV-2 and SC2-
VLP design and location of RNA packaging sequence T20. (B) Process for generating and detecting luciferase
encoding SC2-VLPs. Numbers below plasmid maps indicate ratios used for transfection. (C) Induced luciferase
expression measured in receiver cells (293T-ACE2/TMPRSS2) from “Standard” SC2-VLPs containing S, M, N,
E and luciferase-T20 transcript as well as VLPs lacking each one of the components. (D) N- or C-terminal 2x
strep-tag on M abrogates vector induced luciferase expression. (E) Optimal luciferase expression requires a
narrow range of spike plasmid concentrations corresponding to 1/500th of the total plasmid mass used for
transfection. (F) Schematic for purification of SC2-VLPs. (G) Western blot showing S and N in pellets purified from
standard SC2-VLPs and conditions that did not induce luciferase expression in receiver cells. (H) Schematic for
sucrose gradient for separating SC2-VLPs. (I) Induced luciferase expression from sucrose gradient fractions of
SC2-VLPs. S2: Cleavage product of S. NS: Non-specific band. Error bars indicate standard deviation with N = 3
independent transfections in each case.

Fig. 2 (next page). RNA packaging into SC2-VLPs by SARS-CoV-2 sequences. (A) Arrayed screen for
determining the location of the optimal sequence for RNA packaging in SC2-VLPs. 2-kb tiled segments of the
genome were cloned into the 3' UTR of the luciferase plasmid. (B) Induced luciferase expression in receiver
cells by SC2-VLPs containing different tiled segments from the SARS-CoV-2 genome. (C) Heatmap
visualization of the data from (B) showing the locations of tiled segments relative to the SARS-CoV-2 genome.
Color intensity indicates luminescence of receiver cells for each tile normalized to expression for luciferase
plasmid containing no insert. (D) Smaller segments of the genome were used to locate the optimal RNA
packaging sequence. (E) Heatmap visualization of the data from (D). (F) Flow cytometry analysis of GFP
expression in 293T ACE2/TMPRSS2 cells incubated with SC2-VLPs encoding GFP-PS9, GFP (no packaging
sequence) or no VLPs. Error bars indicate standard deviation with N = 3 independent transfections in each case.
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Fig. 3 (previous page). Effect of mutations in the S and N proteins on SC2-VLP induced luminescence.
(A) Schematic for cloning and testing mutations observed in SARS-CoV-2 variants using SC2-VLPs. (B) Initial
screen of 15 S mutants compared to a reference ancestral S containing the D614G mutation (termed WT).
Details of mutations listed in table S2. (C) Neutralization curve for SC2-VLPs generated using ancestral S and
neutralized with anti-S antibody MM43 (SinoBiological, cat# 40591). (D) Neutralization IC50 of S variants using
SC2-VLPs and MMA43. (E) Initial screen of 15 N mutants compared to the reference Wuhan Hu-1 N sequence
(WT). Details of mutations listed in table S3. (F) Map of SARS-CoV-2 N domains showing the locations of
observed mutations. Mutations observed to enhance signal are bolded. (B and E) Error bars indicate standard
deviation with N = 3 independent transfections in each case. Significance was determined by one-way analysis
of variance and multiple comparisons using Holm-Sidak test. **p < 0.01, ****p < 0.0001. (E) Error bars indicate
95% confidence intervals derived from curve fitting in Graphpad Prism.

Fig. 4 (next page). Impact of mutations in SARS-CoV-2 N on RNA packaging and viral titer. (A) Luciferase
expression in receiver cells from six N mutants re-tested after preparation in a larger batch. (B) Relative
N-expression of selected mutants in packaging cells normalized to WT using GAPDH as a loading control.
(C) Western blot (protein) and Northern blot (RNA) of VLPs generated using N-mutants purified by
ultracentrifugation. Lentivirus was added before ultracentrifugation to allow utilization of p24 as an internal
control. (D) Schematic for reverse genetics system used to generate mutant SARS-CoV-2. (E) RT-gPCR of
supernatant collected from A549-ACE2 cells infected with WT and mutant SARS-CoV-2 at MOl of 0.1 at 24, 48,
and 72 hours post infection. (F) Representative plaques and (G) quantification of infectious viral titers from the
same experiment. MOI: Multiplicity of infection; CTD: C-terminal domain. Error bars indicate standard deviation
with N = 3 independent transfections/infections in each case. Significance was determined by one-way analysis
of variance and multiple comparisons using Holm-Sidék test. **p < 0.01, ****p < 0.000L.
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Materials and methods

Cloning for plasmids encoding structural proteins: pcDNA3.1 backbone plasmids were
generated encoding N, and M-IRES-E. Sequences for E, M and N were PCR amplified from
codon optimized plasmids were gifts from Nevan Krogan (Addgene plasmid # 141385, 141386,
141391, ). pcDNA3.1-SARS2-Spike was a gift from Fang Li (Addgene plasmid # 145032). Site
directed mutagenesis (NEB) was used to remove the C9-tag and introduce the D614G mutation.
Cloning of SARS-CoV-2 genome tiled segments: RNA was extracted from SARS-CoV-2
(Washington isolate) viral supernatant inactivated in Trizol by phase separation. RNA was
reverse transcribed using protoscript II (NEB) and tiled segments (T1-T28) were PCR amplified
from cDNA using primers compatible with ligation independent cloning (LIC). Tiles were
cloned into a plasmid containing luciferase with a LIC destination site in the 3’UTR.

SC2-VLP production: For a 6-well, plasmids Cov2-N (0.67), CoV2-M-IRES-E (0.33), CoV-2-
Spike (0.0016) and Luc-T20 (1.0) at indicated mass ratios for a total of 4 pg of DNA were
diluted in 200 pL optimem. 12 pg PEI was diluted in 200 pL Opti-MEM and added to plasmid
dilution quickly to complex the DNA. Transfection mixture was incubated for 20 minutes at
room temperature and then added dropwise to 293T cells in 2 mL of DMEM containing fetal
bovine serum and penicillin/streptomycin. Media was changed after 24 hours of transfection and
At 48 hours post-transfection, VLP containing supernatant was collected and filtered using a
0.45 um syringe filter. For other culture sizes, the mass of DNA used was 1 pg for 24-well, 4 pg
for 6-well, 20 ug for 10-cm plate and 60 pug for 15-cm plate. Optimem volumes were 100 pL,
400 uL, 1 mL and 3 mL respectively and PEI was always used at 3:1 mass ratio.

Luciferase readout: In each well of a clear 96-well plate 50 pL of SC2-VLP containing

supernatant was added to 50 pL of cell suspension containing 30 000 receiver cells (293T



ACE2/TMPRSS2). Cells were allowed to attach and take up VLPs overnight. Next day,
supernatant was removed and cells were rinsed with 1X PBS and lysed in 20 pL passive lysis
buffer (Promega) for 15 minutes at room temperature with gentle rocking. Lysates were
transferred to an opaque white 96-well plate and 50 uL of reconstituted luciferase assay buffer
was added and mixed with each lysate. Luminescence was measured immediately after mixing
using a TECAN plate reader.

SC2-VLP purification using sucrose cushion: SC2-VLP produced in 10-cm plates (10 mL of
culture) were added to 13.2 mL ultracentrifuge tubes. 1 mL of 20% sucrose was underlaid using
a 4” blunt needle. VLPs were centrifuged for 2 hours at 28 000 RPM using a SW41 Ti swinging
bucket rotor. Supernatant was removed and ultracentrifuge tubes were inverted for 5 minutes on
a paper towel with gentle tapping to remove remaining supernatant. VLPs were resuspended in
50 uL phosphate buffered saline for further experiments.

SC2-VLP PEG precipitation: 0.136 volumes of polyethylene glycol stock (50% PEG, 2.2%
NaCl) was added to filtered supernatants containing SC2-VLPs to achieve a final concentration
of 6% PEG. Solution was mixed thoroughly and precipitation was allowed to proceed for 2hrs at
4°C and then centrifuged at 2 000g for 20 minutes. Supernatant was discarded and VLPs were
resuspended in PBS.

SC2-VLP concentration using Amicon filters: 0.5 mL filtered supernatant was added to 0.5 mL
100 kDa molecular weight cutoff amicon filters and centrifuged for 30 minutes at 2 000g.
Concentrate was diluted in 1X PBS containing 0.02% Tween 20 for all wash steps.

Western blot: For western blots of lysates, media was removed and cells were rinsed with PBS.
Cells were then lysed for 20 minutes in RIPA lysis buffer containing Halt protease and

phosphatase inhibitor cocktail. For western blots of ultracentrifuge concentrated VLPs, 10 mL of



VLP supernatant from a 10-cm plate was pelleted (28 000 RPM, 2hrs, SW41 Ti, ImL 20%
sucrose cushion), the supernatant was discarded and VLPs were resuspended in 50 uL of PBS.
15 uL of concentrated VLPs were used to western blot. Laemmli loading buffer (1x final) and
dithiothreitol (DTT, 40 mM final) was added to lysates or VLP solution and heated for 95°C for
5 minutes to lyse VLPs and denature proteins. Samples were loaded on to 12-40% gradient gels
(Biorad) and transferred to a PVDF membrane (Biorad). Membrane was blocked in 10% NFDM
and stained with primary antibody: anti-N (abcam ab273434, 1:500 dilution), anti-S (abcam
ab272504, 1:1000), anti-GAPDH (Santa Cruz sc-365062, 1:1000), anti-p24 (Sigma, 1:2000) for
2 hours at room temperature. Blots were rinsed with TBS-T three times for 10 minutes each and
stained with secondary (abcam ab205719 (mouse), 1:5000). Imaged using pierce
chemiluminescence kit.

Sucrose gradient fractionation: 10% to 40% sucrose gradient was prepared using a gradient
mixer in 13.2 mL ultracentrifuge tubes. Concentrated and resuspended SC2-VLPs were overlaid
on top of the gradient and centrifuged in a SW41 Ti rotor for 3 hours at 28 000 RPM. Gradient
was fractionated from the bottom using a 4" blunt needle and a peristaltic pump. For cell
infection, each fraction was diluted 20X and added to 293T cells expressing ACE2/TMPRSS2.
Luciferase signal was measured the next day.

GFP-VLPs and flow cytometry. GFP was cloned into the luciferase destination vector (Luc-no
PS) and Luc-PS9 to generate GFP-LIC and GFP-PS9. VLPs were generated in 10-cm plates and
concentrated through a 20% sucrose cushion. 50 pL. of concentrated VLPs were added to each
well of a 24-well plate along with 120 000 receiver cells (293T ACE2/TMPRSS2). Cells were
incubated with VLPs overnight and GFP expression was measured the next day using flow

cytometry.



Northern Blot: VLPs collected from a 10-cm plate were concentrated by ultracentrifugation
through a 20% sucrose cushion (28 000 RPM, 2hrs, SW41 Ti). The supernatant was discarded
and VLPs were resuspended in 50 pL of PBS. 20 puL of concentrated VLPs were used for
Northern blotting. VLPs were lysed by adding 500 uL of Trizol (Sigma) and RNA was extracted
by phase separation, precipitated with isopropanol with GlycoBlue and washed with 75%
ethanol. RNA was resuspended in 30 uL of water, added to 30 uL 2x RNA Loading Dye (NEB)
and denatured at 65°C for 15 minutes then loaded onto a 1% agarose gel containing 1X MOPS
and 4% formaldehyde. Samples were run at room temperature for 12hrs at 20V and transferred
by capillary action to Nylon membrane. The membrane was hybridized with a 3?P-labeled
luciferase DNA probe (Promega) and visualized using a phosphoscreen on a Typhoon imager
(GE).

Construction of SARS-CoV?2 mutant viruses: Seven cDNA fragments spanning the USA/WA1-
2020 SARS-CoV-2 genome were a kind gift from Dr. Pei-Yong Shi. SARS-CoV2 nucleocapsid
S202R and R203M mutant viruses were constructed by mutagenesis of a previously described
seven-fragment cDNA clone USA/WA1-2020 SARS-CoV-2 (4). Briefly, N:S202R and
N:R203M mutations were introduced into fragment 7 (F7) (pCC1-CoV2-F7) using site-directed
mutagenesis. To assemble the full length SARS-CoV2 cDNA, cDNA fragments were obtained
by restriction enzyme digestion (Bsal for F1-4 and Esp31/Pvul for F5-6 and Esp31/SnaBI for F7),
and purification by gel extraction (Qiagen gel extraction kit). In vitro ligation of the fragments
was done in three steps: 1) ligation of F1-3, F4-5, and F6-7 separately; 2) ligation of F1-3 and
F4-5 to obtain F1-5; 3) ligation of F1-5 to F6-7 to obtain F1-7. All ligations were performed with
T4 DNA ligase overnight at 4°C. The full length F1-7 cDNA was phenol/chloroform extracted,

isopropanol precipitated, and resuspended in nuclease-free water. SARS-CoV?2 full length gRNA
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was produced by using mMESSAGE mMACHINE T7 Transcription Kit (ThermoFisher
Scientific). The purified SARS-CoV?2 full length wild type and mutant gRNAs were
electroporated into BSR-T7/T5 cells, which are baby hamster kidney-21 (BHK-21) cells
constitutively expressing T7 RNA polymerase and co-cultured with Vero-TMPRSS2 cells along
with WT N RNA. After 3-4 days or until CPE is observed, mutant viruses (P0) were collected
and used to infect Vero-TMPRSS2 cells to produce P1 viral stocks that were utilized for
subsequent infection experiments. All viral sequences were verified by NGS (fig. S6). Viral titers
were determined by plaque assays on Vero-TMPRSS2 cells. Virus preparation and experiments
were performed in the BSL3 facility.

Cell lines: Cells were maintained in a humidified incubator at 37°C in 5% CO2 in the indicated
media and passaged every 3-4 days. 293T cells were obtained from ATCC and maintained in
DMEM with 10% FBS and 1% penicillin/streptomycin. 293T-ACE2/TMPRSS2 were a gift from
Satish Pillai lab and cultured in DMEM with 10% FBS, 1% P/S, 2 pg/ml puromycin and 10
pg/ml blasticidin. Vero E6 was cultured in DMEM supplemented with 10% FBS and 2mM
glutamine. Vero cells overexpressing human TMPRSS2, a kind gift from the Whelan lab (Case
et al., 2020), were grown in DMEM with 10% FBS and 1x glutamine. A549 cells stably
expressing ACE2 (A549-ACE2) were a gift from O. Schwartz. A549-ACE2 cells were cultured
in DMEM supplemented with 10% FBS, 2mM glutamine and blasticidin (20 pg/ml) (Sigma).
Short Terminal Repeat (STR) analysis by the Berkeley Cell Culture Facility on 17 July 2020
authenticates these as A549 cells with 100% probability.

Infection and titration of infectious clones: A549-ACE2 were inoculated with WT, S202R, or
R203M mutant viruses at multiplicity of infection (MOI) 0.1 in triplicate for 1 hr, After the

infection, the cells were washed with PBS to remove the unattached virus and then cultured for



72 hours. Medium was changed and cell culture supernatants were collected daily and stored -
80°C for virus titration by plaque assay. Cells and cell culture supernatants were also collected
for RNA analysis.

Plaque assays: Vero-TMPRSS2 were plated 2.5 x 10° cells per well in 12-well plates overnight.
Cell culture supernatants were serially diluted in DMEM with 10% FBS and 300 pl of diluted
inoculum were added to Vero-TMPRSS2 monolayers at 37C, 5% CO. for 1 hr, followed by an
Avicel (IMCD) overlay. After 3 days, plaques were fixed with 10% formalin and visualized by

staining with crystal violet.
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Fig. S1. Requirements for induced expression by SC2-VLPs. A) Luminescence measured
from Vero E6 cells incubated with standard SC2-VLPs as well as missing either S, M, N, E or
the packaging signal (PS). B) Luminescence from receiver cells after incubation with standard
SC2-VLPs as well as tagged N (mNG11-N: N with amino-terminal mNG11 tag and N-2xStrep:
N with carboxy-terminal 2xStrep tag). Error bars indicate standard deviation with N=3

independent transfections in each case.



Supplementary Figure 2
A B

150 SC2-VLPs 150+ Induced Luminescence

Lenti vector BCA (total protein)

= 100
s 113

%=+ 100
e 90

@106

- 78

e
e 112

=93
++100.0
100.0

100+ 100

-53
477.8
“79.0
652
4883
+57.1
- 815
#1839

50 50

Normalized RLU (%)
66
63
Normalized Intensity (%)
1372

1e-001

4.7e-002

& 0 0 O & & & &
A S e A P EEEEL S &
& & o o & e g g o o S
6§P 6&5 é’ N Qﬁg N (* i& é& é?
d° o o oo‘
& & & o’
R .
<& X < »
Y
108
105
3 104 Lenti vector
o SC2-VLPs
103
102 T T T T
0 24 48 72

hours post-infection

Fig. S2. Characterization of SC2-VLPs stability and purification. A) Luminescence induced
in receiver cells from SC2-VLPs after treatment with ribonuclease A or 1-4 freeze-thaw cycles or
incubation at 55°C and 70°C, respectively. All values were normalized to the original
supernatant. Lentiviral particles encoding luciferase are shown as comparison. B) Induced
luminescence from SC2-VLPs purified/concentrated using different methods compared to total
protein measurement from the same samples using bicinchoninic acid (BCA) assay. C)
Luminescence measured from 293T-AC2/TMPRSS2 receiver cells at 12, 24, 48, and 72 hours
after incubation with either S-pseudotyped lentivirus or SC2-VLPs encoding luciferase. Error

bars indicate standard deviation with N=3 independent transfections in each case.
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Supplementary Figure 3
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Fig. S3. Minimal sequence required for specific packaging into SC2-VLPs. A) Induced

luminescence in receiver cells after incubation with SC2-VLPs containing a transcript expressing
luciferase. The luciferase transcript contains varying segments from SARS-CoV-2 genome
shown graphically in (B). “no PS” indicates luciferase only transcript. Color in (B) indicates the
observed luminescence normalized to the T20 transcript. Error bars indicate standard deviation

with N=3 independent transfections/infections in each case.



Supplementary Figure 4
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Fig. S4. Effect of spike mutations on SC2-VLPs and neutralization. A, B) Induced
luminescence from receiver cells incubated with SC2-VLPs containing varying concentrations of
and mutations within the S plasmid. S plasmid ranging from 0.1 ng to 12.5 ng was added to each
well of a 24-well plate. Total DNA used for transfection (N, M-IRES-E, T20) was 1 pg for each

well. C) Neutralization curves of S variants against antibody MM43 (SinoBiological). IC50 from

each shown in Fig. 3D.
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Supplementary Figure 5

Transfected cell lysate
s\

> O ov
v \\Q Q\q‘)

X
> »
& &L ¢

& &

» & A N
& @ 4

N .
FF S

25— — — —— — — S ———— — — - o

35-

48-
35| — — — w= aGAPDH

Fig. S5. Expression levels of N mutants. Western blot of lysates from packaging cells
transfected with N mutations stained using anti-N antibody (top) and anti-GAPDH antibody
(bottom). Expression levels are similar between mutants and do not correlate with induced

luminescence from SC2-VLPs made from these mutants.
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Table S1. Nucleotide start and end positions of sequences T1-T28 and PS1-PS9 relative to

the Wuhan Hu-1 reference genome.

Sequence Start position | End position
name
T1 18 1932
T 1172 3179
T3 2070 4075
T4 2936 5010
T5 4054 6038
T6 5004 7020
T7 6018 8009
T8 6996 8898
T9 8006 10043
T10 9101 11072
T11 10013 12088
T12 11001 13055
T13 12074 14137
T14 13028 15133
T15 14010 16085
T16 16011 18186
T17 17068 19115
T18 18020 20047
T19 19018 20955
T20 20080 22222
T21 20912 22873
T22 22016 24166
T23 23050 25077
T24 24038 26169
T25 25056 27130
T26 25906 28096
T27 27029 29125
128 27987 29727
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PS1 20912 22221
PS2 20080 20954
PS3 19018 20046
PS4 19018 22221
PS5 20080 22872
PS6 20654 21171
PS7 20654 21920
PS8 19785 20348
PS9 20080 21171
PS10 22016 22872
PS11 20231 21171
PS12 20352 21171
PS13 20468 21171

Table S2. CoV-2 S mutations and variants screened relative to Wuhan Hu-1 reference

genome.
Label Mutations
WT+D614G D614G

del69,70, del144, D614G, N501Y, A570D, P681H, T716],
S982A, D1118H

Beta (B.1.351) K417N, E484K, N501Y, D614G

L13F, T20N, P26S, D138Y,
Gamma (P.1) R190S,K417T,E484K,N501Y,D614G,H655Y,T10271,
V1176F

Alpha (B.1.1.7)

(gplsjcz)r;) S131, W152C, L452R, D614G
N439K N439K, D614G
P681H D614G, P681H
K417N K417N, D614G
L452R L452R, D614G
W152C W152C, D614G

S131 S131, D614G
T20N T20N, D614G
DI1118H D614G, D1118H
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S477N S477N, D614G
P26S P26S, D614G

Table S3. CoV-2 N mutations and variants screened relative to Wuhan Hu-1 reference

genome.
Label Mutations
WT
D3L D3L
P13L P13L
PS8OR PS8OR
A119S A119S
P199L P199L
S202R S202R
R203K R203K
R203M R203M
G204R G204R
T2051 T2051
M2341 M2341
S235F S235F
D377Y D377Y
Alpha D3L. R203K., G204R. S235F
Gamma (P.1) P8OR. R203K. G204R
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