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Proteomic analysis of SARS-CoV-2 particles
unveils a key role of G3BP proteins in viral
assembly
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% Check for updates

Considerable progress has been made in understanding the molecular host-
virus battle eld during SARS-CoV-2 infection. Nevertheless, the assembly and
egress of newly formed virions are less understood. To identify host proteins
involved in viral morphogenesis, we cha racterize the proteome of SARS-CoV-2
virions produced from A549-ACE2 and Calu-3 cells, isolated via ultra-
centrifugation on sucrose cushion or by ACE-2 af  nity capture. Bioinformatic
analysis unveils 92 SARS-CoV-2 virion-associated host f actors, providing a
valuable resource to better understand the molecular environment of virion
production. We reveal that G3BP1 and G3BP2 (G3BP1/2), two major stress
granule nucleators, are e mbedded within virions and unexpectedly favor vir-
ion production. Furthermore, we show that G3BP1/2 participate in the for-
mation of cytoplasmic membrane vesicle s, that are likely virion assembly sites,
consistent with a proviral role of G3BP1 /2 in SARS-CoV-2 dissemination. Alto-
gether,these ndings provide newinsightsinto  host factors required for SARS-
CoV-2 assembly with potential implicati ons for future therapeutic targeting.

The Severe Acute Respiratory Syndrome Coronavirus 2 (SARS-CoV-2) After SARS-CoV-2 entry into host cells, viral genomic RNA (gRNA)
is the causal agent of the Coronavirus Disease 2019 (COVID-19) pan- s directly translated in the cytoplasm into two large polyproteins that
demic that emerged in late 2019 . Impressively, rapidly developed anti- are subsequently cleaved to generate non-structural proteins (nsps).
COVID-19 vaccines have limited the evolution of symptoms towards These nsps assemble and recruit host cell proteins to form a replica-
severe pathologies. However, there is currently no prophylactic tion and transcription complex, localized in a virus-induced network
treatment available, and a growing number of studies suggest that the composed of double-membrane vesicles (DMVs) *°. Within DMVs, the
virus can persist in certain tissues in some patients over a long period RNA-dependent RNA polymerase uses gRNA as a template for synth-
of time, possibly contributing to long-COVID 2. To control the emer- esis, via negative-strand intermediates, of both progeny genomic RNA
gence of more contagious strains, a better understanding of the (gRNA) and subgenomic RNAs (sgRNAs). Newly synthetized RNAs are
molecular mechanisms involved in SARS-CoV-2 replication is needed. then exported through transmembrane pores of DMVs to be
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subsequently used for translation of viral proteins. The gRNA is also
packaged into new viral particles °. The viral N protein plays a strategic
role in genome packaging by assembling as a succession of ribonu-
cleoproteins (RNPs) along the genomic RNA in a bead on a string
conformation *’. Interestingly, N can phase separate in the presence of
RNA and it was proposed that liquid-liquid phase separation may favor
the condensation of viral RNPs and the packaging of the unusually
large SARS-CoV-2 gRNA into virions®™, Viral RNPs are then recruited
by the M protein and assemble with the other structural proteins at
modi ed cellular membranes derived from the endoplasmic reticulum
(ER), the Golgi, the reticulum Golgi intermediate compartment
(ERGIC), and in surrounding single membrane vesicles (SMVs). Finally,
newly formed virions are released into SMVs and exported to the
plasma membrane 714

Like other RNA viruses, the SARS-CoV-2 genome encodes a limited
number of viral proteins and relies heavily on cellular machinery for
production of virions and subsequent infection  ***". To delineate host-
virus interactions taking place during viral replication, numerous
large-scale screens have been performed. Examination of the effect of
SARS-CoV-2 infection on the cellular proteome revealed that the virus
reshapes expression of cell host factors to accommodate and optimize
its replication '°. Genome-wide CRISPR-Cas9 screens were conducted
to recover host factors involved in the resistance (antiviral), or sensi-
tization (pro-viral) of cells to the cytopathic effect of SARS-CoV-2 2,
Surprisingly, minimum overlap in hit identi cation was obtained
across these studies. Furthermore, identi ed proteins were mainly
involved in early steps of viral replication, and the late stages of viral
particle assembly and release were less well explored. Examination of
host factors interacting with viral proteins 2%, as well as with viral
RNAS*~¢ also highlighted that hundreds of factors, including numer-
ous RNA binding proteins (RBP) ar e involved in the virus-host cell
battle eld®*. Nevertheless, detailed mechanistic understanding of
these interplays at late stages of infection remains limited and none of
the above studies speci cally interrogated factors involved in gRNA
packaging, particle assembly and egress %",

As for most enveloped viruses, host encoded proteins are sus-
ceptible to be packaged within SARS-CoV-2 virions during viral
morphogenesis *. With the underlying idea that host proteins impor-
tant for viral particle assembly are likely required at the assembly site
and may be incorporated into virions during this process, we set out to
identify cellular factors associated with SARS-CoV-2 virions. Through
two complementary approaches, we isolated virions produced from
two pulmonary epithelial cell lines. Liquid chromatography-coupled
mass spectrometry (LC-MS) analyses resulted in the identi  cation of
356 putative host factors associated with SARS-CoV-2 virions. In par-
ticular, we highlighted the presence of a set of RBPs that can localize to
cytoplasmic membraneless structures called stress granules (SGs).
G3BP1 and G3BP2 (G3BP1/2), two GTPase-activating protein (SH3
domain) binding proteins, play a central role in SG formation and
maintenance ****. In view of their incorporation into SARS-CoV-2 vir-
ions, we assessed the contribution of G3BP1/2 to different steps of viral
replication. Our study uncovers an unexpected role of G3BP1/2 in the
formation of cytoplasmic membrane structures that concentrate N, S,

M proteins and gRNA to promote production of infectious SARS-CoV-2
virions.

Results

Capturing proteins associated with SARS-CoV-2 virions

To identify host cell proteins potentially present in extracellular SARS-
CoV-2 virions, viral particles were produced from two lung epithelial
cellmodels, A549 cells overexpressing ACE2 receptor (A549-ACE2) and
Calu-3 cells that naturally express ACE2 receptor and TMPRSS2. Fol-
lowing infection with the D614G SARS-CoV-2 strain *, culture super-
natants were collected between 40 and 48 h post-infection (hpi),
before cells exhibited any visible virus-induced cytopathic effects, and

pelleted over a 20% sucrose cushion. An ultra Itration step was
included to further eliminate contaminating proteins coming from
lysed cells and the culture media. As a control, supernatants of mock-
infected cells were similarly ultracentrifuged and contents of both
preparations were compared (Fig. 1a).

Western blot and gPCR analysis showed that the viral structural
proteins N, M, cleaved (S2) and uncleaved (S0) spike glycoproteins, as
well as viral gRNA were exclusively detected in virion preparations
(Fig. 1b, c and Supplementary Fig. 1a). Moreover, viral subgenomic N
RNA (N sgRNA), that is highly expressed in infected cells was not
detected by qPCR, indicating limited cellular contaminations of viral
preparations (Supplementary Fig. 1b). We also checked the infectivity
of isolated viruses using plaque assay (Fig. 1d), and con rmed by
transmission electron microscopy a large enrichment of intact single
and clustered virions with an 80 to 100 nm diameter and with typical
corona-like features (Fig. 1e)*.

Ultracentrifuged supernatants from mock- and SARS-CoV-2-
infected cells were then subjected to LC-MS analysis. The resulting
peptides were used to interrogate the SARS-CoV-2 database that
includes all viral proteins. N, S and M proteins were highly enriched in
isolated virions from both cell lines, as compared to supernatants of
mock-infected cells (Fig. 1f, g, blue dots). Given its small size (8 kDa), E
protein only yielded 1 —3 tryptic peptides and was not detected in the
viral preparations. ORF7a, a SARS-CoV-2 accessory protein likely
involved in counteracting virion retention by BST2, was enriched,
although to a lesser extent than the structural proteins ~ ** (Fig. 1b, f (blue
dot), Supplementary Fig. 1a, c). Importantly, other nsps were not
detected, even those that are more highly expressed in cells than S
proteins, such as nsp3, consistent with little or no contaminant of
cellular components in puri  ed virion preparations (Fig. 1b, Supple-
mentary Fig. 1a, ¢ and Supplementary Data 1) “°.

To identify host factors associated with virion, LC-MS data was
then used to query a human protein database. In total, 358 cellular
factorswereidenti ed in atleast 3 biological replicates in preparations
from non-infected and infected A549-ACE2 cells (Fig. 1f) of which 284
proteins were statistically enriched in SARS-CoV-2 preparations com-
pared to mock-infected controls with a fold change FC 1.5 (adjusted
p 0.05) (in orange, Fig. 1f, Supplementary Data 1). Preparations from
Calu-3 cells identi ed 943 host factors from 3 biological replicates
(Fig. 1g). However, a signi cant overlap in protein identi  cation was
observed between preparation from non-infected and infected cells.
This could be attributed to greater extracellular vesicles and/or mucus
production inherent to Calu-3 cells ', leading to a higher background
as compared to A549-ACE2 samples. Nonetheless, 120 proteins were
statistically enriched in virions ( p 0.05, FC 1.5). This included 48
proteins that overlap with proteins identi ed in virions produced from
A549-ACE2 cells, underscoring their signi cance in shaping the com-
position of SARS-CoV-2 virions (Fig. 1g). Overall, a set of 356 human
proteins were identi ed as virion-associated factors from both cell
lines (Supplementary Data 1).

Cellular factors identi  ed with SARS-CoV-2 virions interact with
each other and with viral structu  ral proteins and/or viral RNA in
infected cells

To examine the possible connectivity of SARS-COV-2 virion-associated
factors, we rst built a protein-protein association network based on
known interactions within cells using STRING software “°. Virion-
associated factors derived from A549-ACE2 cells are represented by
ellipses, those from Calu-3 cells by diamonds and those common to
both cell lines by polygons (Fig. 2a). Eighty-three percent (297/356) of
virion-associated proteins belonge d to a highly reticulated network,
each protein interacting on average with 12.1 neighbors, which is
higher than a random distribution within a control network of the
same size (p < 1 x 169 (Fig. 2a). Even after removing ribosomal factors
from the analysis, which may arti cially increase the number of
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