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ABSTRACT As for all single-stranded, positive-sense RNA (+RNA) viruses, intracellular
RNA synthesis relies on extensive remodeling of host cell membranes that leads to the
formation of specialized structures. In the case of severe acute respiratory syndrome
coronavirus 2 (SARS-CoV-2) coronavirus causing COVID-19, endoplasmic reticulum
membranes are modified, resulting in the formation of double-membrane vesicles
(DMVs), which contain the viral dsRNA intermediate and constitute membrane-bound
replication organelles. The non-structural and transmembrane protein nsp3 is a key
player in the biogenesis of DMVs and, therefore, represents an interesting antiviral
target. However, as an integral transmembrane protein, it is challenging to express for
structural biology. The C-terminus of nsp3 encompasses all the membrane-spanning,
-interacting, and -remodeling elements. By using a cell-free expression system, we
successfully produced the C-terminal region of nsp3 (nsp3C) and reconstituted purified
nsp3C into phospholipid nanodiscs, opening the way for structural studies. Negative-
stain transmission electron microscopy revealed the presence of nsp3C oligomers very
similar to the region abutting and spanning the membrane on the cytosolic side of
DMVs in a recent subtomogram average of the SARS-CoV-2 nsp3-4 pore (1). AlphaFold-
predicted structural models fit particularly well with our experimental data and support
a pore-forming hexameric assembly. Altogether, our data give unprecedented clues to
understand the structural organization of nsp3, the principal component that shapes the
molecular pore that spans the DMVs and is required for the export of RNA in vivo.

IMPORTANCE Membrane remodeling is at the heart of intracellular replication for
single-stranded, positive-sense RNA viruses. In the case of coronaviruses, including
severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2), this leads to the
formation of a network of double-membrane vesicles (DMVs). Targeting DMV biogenesis
offers promising prospects for antiviral therapies. This requires a better understanding of
the molecular mechanisms and proteins involved. Three non-structural proteins (nsp3,
nsp4, and nsp6) direct the intracellular membrane rearrangements upon SARS-CoV-2
infection. All of them contain transmembrane helices. The nsp3 component, the largest
and multi-functional protein of the virus, plays an essential role in this process. Aiming
to understand its structural organization, we used a cell-free protein synthesis assay to
produce and reconstitute the C-terminal part of nsp3 (nsp3C) including transmembrane
domains into phospholipid nanodiscs. Our work reveals the oligomeric organization of
one key player in the biogenesis of SARS-CoV-2 DMVs, providing basis for the design of
future antiviral strategies.

KEYWORDS SARS-CoV-2, cell-free expression, nanodiscs, electron microscopy, nsp3,
coronavirus, membrane remodeling

ARS-CoV-2 (severe acute respiratory syndrome coronavirus 2) is the coronavirus
strain discovered in early December 2019 in the city of Wuhan in China (1), which
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has since plunged the world into a fearsome pandemic with over 6.9 million deaths
worldwide (January 2024). The deployment of multiple COVID-19 vaccines in record
time has resulted in the administration of more than 13 billion COVID-19 vaccine
doses worldwide, providing effective protection against severe disease and death, which
resulted in a net reduction in hospital and intensive care unit admissions. However, the
vaccines currently used are predominantly targeting the spike (S) protein of SARS-CoV-2,
the key player in the receptor recognition and in cell membrane fusion process. While
widespread vaccination coverage offers the hope of ending the pandemic, the frequency
of mutations in S glycoprotein remains a concern and may alter the efficacy of current
vaccines (2). Similarly, drugs targeting the SARS-CoV-2 main protease and polymerase
have made it to the market in record times but still have limited use to cure SARS-CoV-2
infection and/or limit its spread (3). Thus, in the long-term fight against novel emerging
variants of SARS-CoV-2, the need to extend vaccination and drug design to other targets
remains, which implies further studies to determine functions and structures of proteins
that are essential for the viral life cycle.

Like all coronaviruses, SARS-CoV-2 possesses a remarkably large RNA genome and
displays a highly conserved genomic organization (4). It is characterized by a 30 kb
single-stranded, non-segmented, polyadenylated, positive-sense RNA genome. In the
5’-region, two large ORFs (ORF1a and ORF1b) make up about two-thirds of the viral
genome, encoding the ppla and pplab polyproteins. Two protease activities encoded
by the virus (papain-like proteinase, nsp3 and 3-chymotrypsine-like protease, nsp5) allow
the cleavage of the two polyproteins into 16 mature non-structural proteins (nsp1 to
nsp16), Fig. 1A. The last third of the genome encodes the ORFs which release the four
structural proteins that include spike (S), envelope (E), membrane (M), and nucleocapsid
(N) proteins as well as several virus-specific accessory proteins, presumably involved in
the modulation of the host’s response to viral infection (5).

The non-structural proteins have a wide range of biological functions and altogether,
they interact with cellular factors to form the viral replication-transcription complex (RTC)
(8). Three non-structural and transmembrane proteins (nsp3, nsp4, and nsp6) share
membrane anchoring properties (9, 10). Replication of single-stranded, positive-sense
RNA (+RNA) viruses takes place in the cytoplasm in specialized structures called replica-
tion organelles (ROs). Infection by +RNA viruses leads to the remodeling of host cell
endomembranes to produce a diverse array of specialized structures associated with
RNA synthesis (11). These rearranged structures emerge early in the infection process,
providing an optimal and dynamic micro-environment where the entire replication
machinery concentrates and is physically protected from the host’s innate immune
system (12). Within the Nidovirales order, arteriviruses and coronaviruses constitute a
subset of +RNA viruses known for inducing double-membrane vesicles (DMVs) (13, 14).
In well-characterized betacoronaviruses such as mouse hepatitis virus (MHV), severe
acute respiratory syndrome coronavirus (SARS-CoV), middle east respiratory syndrome
coronavirus (MERS-CoV), and now SARS-CoV-2, the double-membrane vesicles are
coming from endoplasmic reticulum (ER). DMVs act as central hubs for viral RNA
synthesis (15). Many studies have reported an essential role of nsp3 and nsp4 in the
membrane remodeling process, particularly in the DMVs genesis of coronaviruses (14,
16-18) and arteriviruses (where the counterparts of coronavirus nsp3 and nsp4 are nsp2
and nsp3, respectively) (19).

With its 1945 amino acids, nsp3 is the largest protein encoded by the SARS-CoV-2
genome (>200 kDa) and plays important roles in the virus life cycle, starting from the
early stage of infection. Being a multi-domain protein with RNA-binding activity and a
papain-like protease activity (releasing itself together with nsp1 and nsp2), the nsp3
protein is a molecular hub for replication and nucleocapsid assembly (20). It interacts
with itself and with several different viral and host proteins (21, 22). In particular, a virus-
specific interaction between nsp3 and nsp4 is critical for membrane rearrangement and
DMV formation for viral genome replication, as described for MHV and SARS-CoV (16, 17).
Harboring transmembrane segments in its C-terminus, nsp3 spans the membrane (Fig.
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FIG 1 Organization of SARS-CoV-2 non-structural nsp3 protein. (A) Two open reading frames (ORF1a and ORF1b), constituting two-thirds of the SARS-CoV-2
genome, encode two viral polyproteins, ppla and pp1ab. Production of the longest (pp1ab) or shortest protein (pp1a) depends on a —1 ribosomal frameshift
event. Ppla and pplab are the precursors of 16 so-called non-structural proteins (nsps), which are produced by self-cleavage of the two precursors. The
cleavage by papain-like protease 2 (PL2”°) activity of nsp3 releases nsp1, nsp2, and nsp3 proteins, while the other nsps are released by chymotrypsine-like
cysteine-dependent protease (3CL™) of nsp5. Bottom is shown the domain organization of nsp3 in SARS-CoV-2 as well as associated functions. The nsp3C
construct (E1224-G1945) used in the present work contains a strep-tag in its N-terminus part and includes the betaSM (betacoronavirus specific marker)
superfamily domain and the transmembrane region and the CoV-Y domain. Abbreviations: Ubl1, ubiquitin-like domain 1; HVR, hyper variable region; Mac1,
Macrodomain 1; SUD, SARS-unique domain; Ubl2, ubiquitin-like domain 2; PL2"°, Papain-like protease 2; NAB, nucleic acid-binding domain; BetaSM, betacoro-
navirus-specific-marker; TM/3Ecto/AH1, transmembrane region; Y1 domain, domain with unknown function; CoV-Y, coronavirus specific unknown function.
(B) Topological organization of nsp3C. The Strep-tag (ST) is located at the N-terminus of the nsp3C construct (E1224-G1945). Both N- and C-terminal point to
the cytosol. The N-terminus starts with the betaSM region (green) followed by the TM/3Ecto/AH1 region. The two TM helices (TM1 and TM2, blue cylinders) are
separated by a luminal loop (3Ecto, orange). The colors are based on previous work reporting the mapping of transmembrane domains of SARS-CoV-2 nsps (6).
Next to TM2, a helical region (AH1) precedes the C-terminus comprising the Y domains, as reported by reference (7).
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1B). Co-expression of nsp4 and a C-terminal part of nsp3 including the transmembrane
region affects their sub-cellular localization and leads to the appearance of perinuclear
foci in which both of them concentrate (23). On the other hand, the deletion of the
transmembrane segments of nsp3 prevents the formation of DMVs (16).

The membrane topology of nsp3, previously reported in SARS-CoV and MHV, showed
that out of three predicted hydrophobic helices, only the first two would cross the lipid
bilayer (10). The so-called TM1 and TM2 helices are linked by a loop (ectodomain or
3Ecto) that extends into the luminal space of the ER, while both N- and C-terminal
parts of nsp3 are exposed on the cytoplasmic face (Fig. 1B). Other studies conducted
in MHV have concluded that the transmembrane region of nsp3 would correspond to
four membrane-spanning domains (24). The luminal loop (3Ecto domain) is important
for membrane rearrangement in SARS coronavirus (16). Interaction of nsp3 and nsp4
via their luminal loops drives the formation of cellular membrane rearrangements onto
which the RTC assembles (23). The presence of conserved cysteine residues in luminal
loops of both proteins would allow intramolecular disulfide bonds to occur and would
play an important role in bringing the opposing ER membranes together by mediating
correct folding of the luminal loops and allowing appropriate nsp3-nsp4 interactions (16,
25). Next to TM2, a helical region (AH1) is found followed by a C-terminal cytosolic region
which encompasses two Y domains, Y1 and CoV-Y (10), Fig. 1B. The crystal structure of
the CoV-Y domain of SARS-CoV-2 was recently solved revealing a V-shaped fold with
three distinct sub-domains Y2, Y3, and Y4 (7). Upstream of the TM region, there is the
betaSM region for which the function is still unknown.

While the predominant involvement of nsp3 and nsp4 in inducing MHV and SARS-
CoV membrane remodeling is now well established, it appears that other factors would
also participate (26). The nsp6 protein is the third non-structural and transmembrane
protein. It is a key determinant in autophagy functions and viral pathogenicity (27).
From a recent study, nsp6 would act as an organizer of the DMVs induced by the
nsp3-nsp4 pair, by forming (via a homo-dimerization process) a type of zipper joining
the replicative vesicles with the ER (26). The simultaneous presence of nsp6 with nsp3
and nsp4 allows the formation of organized and mature DMVs, which look very similar
to those observed in coronavirus-infected cells (14). The newly formed viral RNA is
believed to be exported from the inside of the DMVs into the cytosol through molecular
pores, which were revealed using in situ cryo-electron microscopy and tomography in
MHV-infected cells (28). The very elegant work by Wolff et al. concluded that nsp3 is an
essential component of the pore spanning the double-membrane of DMVs. A hexameric
shape was observed with six prongs pointing from the membrane on the cytosolic side
of DMVs and attributed to the N-terminal ends of six nsp3 molecules (28). This finding
was confirmed and extended very recently by electron tomograms of the SARS-CoV-2
pore, showing that the expression of nsp3-nsp4 is sufficient for DMV and pore formation,
that the pore itself, indeed, exhibits six-fold symmetry, and that the cytosolic prongs are
formed by the N-terminus of nsp3 upstream of the TM1 helix (29).

While experimental structures are now available for most soluble domains of nsp3
[summarized in references (30) and (7)], the structural organization of its C-terminus
including the transmembrane region remains to be elucidated. In this work, we have
applied an in vitro approach using a wheat-germ cell-free expression system to produce
the C-terminus part of nsp3 (residues E1224-G1945), starting at the betaSM region
and including all membrane-spanning and membrane-interacting elements (hereafter
nsp3C), Fig. T1A. With its high translation efficiency, the eukaryotic wheat germ cell-free
method (hereafter, CFES for cell-free expression system) offers an interesting alternative
to other commonly used cell-free protein expression methods (31). Furthermore, this
system has proven to be successful for the production of transmembrane proteins that
are typically difficult to express (32) and also for the production of viral polyproteins
of +RNA viruses (33). While the CFES has been used to produce a variety of accessory and
structural proteins of SARS-CoV-2 (34), it has not yet been reported for nsp3. In this work,
we used the CFES to express nsp3C and successfully reconstituted detergent-solubilized
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nsp3C into phospholipid nanodiscs for structural characterization, using negative-stain
transmission electron microscopy (TEM).

We obtained a reconstructed 3D volume consistent with the expected location of
nsp3C in the membrane on the cytosolic side of DMVs in the subtomogram average
of the SARS-CoV-2 nsp3-4 pore (29). Predicted structural models using AlphaFold2 fit
particularly well with our experimental data and further support hexameric assembly
forming a pore. We performed molecular dynamic simulations of nsp3C that showed
significant stability of the pore forming region, while the rest of the protein remained
quite flexible. Our modeling suggests the presence of four putative TM helices and
conformational changes that would be required to allow them to get closer together.
We propose here the first structural view of the hexameric organization of the TM-3Ecto-
AH1-Y1-CoV-Y region of the SARS-CoV-2 nsp3 protein.

RESULTS
Protein constructs and topology

The plasmid encoding the full-length and multi-domain nsp3 protein (1,945 residues,
220 kDa) appeared to be difficult to express using the CFES approach (data not
shown). Based on previous work (see Introduction) and secondary structure predic-
tions (not shown), we considered two C-terminal constructs encompassing all the
necessary elements for DMV formation in cells (Fig. 1A). The genes encoding these
constructs were first cloned into the pEU expression vector optimized to maximize
synthetic efficiency and translation through CFES (see Materials and Methods). The
shorter construct (residues N1404-G1945, nsp3C°) without the whole betaSM domain
was poorly expressed in the CFES (Fig. S1). The longer construct (E1224-G1945, hereafter
nsp3C) gave higher expression levels compatible with biophysical studies (see below). It
comprises the full-length betaSM domain, the TM/3Ecto/AH1 region, and the C-terminal
Y domains (Fig. 1B). The betaSM superfamily is a specific marker of nsp3 in betacor-
onaviruses, including SARS-CoV and SARS-CoV-2, and is predicted to be non-enzy-
matic with poor structure propensity. Next to the betaSM domain, the TM/3Ecto/AH1
region includes two transmembrane helices separated by a luminal loop (3Ecto) and
followed by a helical region (AH1). These domains are poorly conserved in coronaviruses
compared to the C-terminal half of the protein that encompasses the Y1 and the CoV-Y
domains (Fig. S2). The latter is made of three sub-domains Y2, Y3, and Y4 whose exact
function in the virus replication cycle remains unclear (7).

Detergent screening for the cell-free expression and production of deter-
gent-solubilized form of nsp3C

Our protocol relies on a two-step assay where the first reaction allows RNA transcription.
The produced RNA is then used as a template for protein production (31). Detergent
solubilization is the critical step in the purification of membrane proteins (35). The CFES
is particularly well adapted for the use of detergents without damaging the wheat germ
translational machinery (36). To easily and rapidly define which detergent is best suited
for nsp3C solubilization during translation, we used a rapid microscale solubilization
in 96 well plates (Fig. 2A). We analyzed expression levels in the presence of several
detergents and the amount of nsp3C expressed in a soluble state. We considered a
reasonable number of non-ionic detergents with relatively low CMC values and rather
mild denaturation properties (Table 1). They proved to be good choices for successful
expression yield and solubilization of membrane proteins in the CFES (37). Comparison
between the bands obtained for the CFS, the pellet (P), and the supernatant (Sn)
fractions with different detergents allowed us to choose the best-suited detergent for
nsp3C stabilization. GDN was very effective in improving protein yield and maintaining
the solubility of the protein, with no insoluble protein detected (Fig. 2B). Therefore,
this steroid-based amphiphile detergent was kept for subsequent purification steps (see
below). The addition of detergent after translation did not improve the yield of soluble
protein recovered (Fig. 2B).
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FIG 2 Expression of nsp3C using the wheat germ extract CFES and detergent screening. (A) After transcription of pEU-nsp3C gene and translation using

the CFES, the translation reaction was stopped with benzonase prior to centrifugation to collect the soluble fraction (Sn) and the insoluble one (pellet,

P). (B) Detergent screening. The amounts of recovered nsp3C in the different fractions (CFS, P, SN) in the absence or presence of detergent were estimated by

western-blotting using anti-Strep-Tag antibodies. The translation reaction mixture was supplemented with the following detergents: DM, DDM, LMNG, C12E8,

DiG (digitonin), GDN, and Brij (Brij58), see Table 1. The first two lanes correspond to negative control (w/o transcript) and nsp3C expression without detergent

(w/o detergent). Following translation, the CFS extract with GDN was further incubated for 3 h at room temperature with additional GDN at final concentration

of 0.02% or 0.1% to try to increase the amount of soluble nsp3C. For clarity, only the band corresponding to *'nsp3C, whose expected size is 82 kDa, is shown at

around 75 kDa and blots were cut as lanes were not always in the same order but the CFS, P and Sn fractions were analyzed on one membrane per fraction.

The C-terminal region of nsp3C encompassing the two transmembrane
domains is oligomeric in solution

For structural studies, the production of nsp3C was adapted to large-scale expression
in 6-well plates. The soluble fraction of nsp3C was incubated with Strep-Tactin resin,
and elution was performed using 2.5 mM desthiobiotine in a small volume of elution
buffer to avoid dilution of the protein (Fig. 3A and B). The E1 and E2 elution fractions
were further purified using size-exclusion chromatography on a superdex 200 increase
10/300 GL column (Fig. 3C and D). The GDN detergent concentration was lowered
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TABLE 1 Name and properties of the detergents used in the screen?

Detergents MW (g mol™) CMC mM (wt%)
DM (38) n-Decyl-B-p-maltoside 488 ~1.8 (0.087%)
DDM n-Dodecyl-B-p-maltopyranoside 511 ~0.17 (0.0087%)
MNG-3 (LMNG) (39) Maltose neopentyl glycol-3 1,005 ~0.01 (0.001%)
C12E8 Octaethylene glycol monododecyl ether 539 ~0.09 (0.0048%)
Digitonin Steroid derivative 1,229 <0.5
GDN (40) Glyco-diosgenin 473 ~0.018 (0.002%)
Brij58 Polyethylene glycol hexadecyl ether 1,124 ~0.08 (0.0048%)

“To allow comparison, the concentration used in the translation buffer was set at 0.1% for all detergents, which is higher than the recommended value (2 x CMC) for
complete solubilization of the target membrane protein.

throughout the purification process (from 0.02% to 0.01%). The SEC profile obtained for
nsp3C indicated the presence of an elution peak centered at 8.7 mL (Fig. 3C). From a SEC
run using a mixture of water-soluble calibration proteins, such a volume suggests objects
with molecular weight (MW) between 440 and 669 kDa and stokes radii (Rs) around
8 nm. Knowing that a globular protein with a MW of 82 kDa would have an approximate
stoke radius of 4 nm (41), our SEC data indicate that nsp3C is unlikely monomeric in
solution, even accounting for the associated GDN, but rather forms detergent-soluble
oligomers. We then collected the SEC fractions (F13-14) corresponding to the peak and
concentrated the protein pool about 10 times. A small aliquot was used for SDS-PAGE
and Western Blot analysis (Fig. 3D). On SDS-PAGE, a band is detected around 75 kDa,
close to the expected 82 kDa molecular weight of our nsp3C construct, keeping in mind
that the migration pattern of membrane proteins does not often match the theoretical
MW. Nsp3C was confirmed to be the major component of this band by protein identifica-
tion using LC-MS/MS (data not shown). To further analyze the size and the oligomeric
state of the protein, we performed a native polyacrylamide gel electrophoresis on a
concentrated aliquot of nsp3C solubilized in GDN. Two protein standards with known
molecular weights and diameters, ferritin (443 kDa/Rs 6.1 nm) and ovalbumin (43 kDa/Rs
2.8 nm), were used (Fig. 3E). For nsp3C sample, a band was detected on the top of the
gel, slightly above that of soluble ferritin, reinforcing the idea that the protein would
adopt an oligomeric conformation when solubilized in detergent.

To further analyze the sample quality, we next visualized the nsp3C sample using
negative-stain TEM. In the concentrated sample, the final detergent concentration was
estimated to be around 0.1%, in the range of the optimal concentration of detergent
recommended for electron microscopy studies (42). TEM images revealed the presence
of particles some 17 nm across, that form ring structures with an inner opening in their
center and a width of ~5 nm (Fig. 3F). However, at this point, although no significant
aggregation into larger particles was observed, we did not attempt 3D reconstruction
due to sample heterogeneity.

In vitro assembly of nsp3C-nanodiscs

In order to increase the homogeneity of our samples and to stabilize the proteins, we
then turned to the use of lipid nanodiscs that have become ideal systems for EM studies
of membrane proteins (43). Lipid nanodiscs (NDs) offer a good alternative to liposomes
that appear more often instable and difficult to prepare with defined size. Reconstitution
into lipid NDs of membrane proteins transiently solubilized with detergent relies on
the use of an amphipathic alpha-helical membrane scaffold protein (MSP) and addi-
tional detergent-solubilized phospholipids forming the lipid bilayer (44, 45). The general
workflow we used is summarized in Fig. 4A. Following detergent removal with adsorbant
bio-beads, the self-assembly of two MSP proteins and a fixed number of phospholipids
results in the formation of NDs whose diameter is dictated by the length of the MSP
variant used at the optimum lipid content. Indeed, the MSP needs to be large enough
in order to accommodate both the membrane protein and sufficient phospholipids
within the nanodisc (46). A key to success lies in the phospholipid:MSP ratio during
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FIG 3 Purification of nsp3C for structural studies. (A) The GDN-solubilized fraction of nsp3C (CFS extract) was first submitted to an affinity chromatography
step (Strep-Tactin in 0.02% GDN) and the detergent-solubilized protein was collected in the elution fractions (E1 and E2). The corresponding fractions were
analyzed by SDS-PAGE and either stained with Coomassie blue (A) or after western-blotting using an anti-Strep-Tag antibody (B). Fractions E1 and E2 were then
submitted to a size exclusion chromatography (Superdex200 increase 10/300 GL column) in a buffer composed of 100 mM Tris-HCI, 150 mM NaCl, 1 mM EDTA, pH
8 supplemented with GDN 0.01%. The corresponding fractions were analyzed by SDS-PAGE stained with Coomassie blue (D, left panel) and, after western-blot,
with an anti-Strep-Tag antibody (D, right panel). Fractions F13 and F14 corresponding to the nsp3C protein were pooled and concentrated. Coomassie-stained
native PAGE was performed to observe the oligomeric state of nsp3C. Soluble ferritin and ovalbumin were used as calibration proteins in the absence of
alternative membrane protein marker (E). An aliquot was deposited onto an airglow-discharged carbon-coated grid to be analyzed using negative-stain TEM.
Representative micrograph image is shown with a zoomed view illustrating the presence of spherical particles and oligomeric assemblies with a pore at their
center (F).

the self-assembly in order to obtain nanodiscs of uniform size. We used the MSP1E3D1
scaffold protein which is known to form nanodiscs of ~12-14 nm in diameter. MSP1E3D1
bearing a N-terminal 6His-tag was expressed and purified as described in reference
(47). After affinity purification, fractions were analyzed onto coomassie-stained SDS-PAGE
(data not shown).

Empty nanodiscs were prepared using theoretical MSP1E3D1:POPC molar ratio
of 2:260. Nsp3C-containing nanodiscs were first prepared with a theoretical
nsp3C:MSP1E3D1:POPC ratio of 1:2:256, albeit the nsp3C and MSP1E3D1protein
concentrations were most likely overestimated. Nanodisc samples with (ND-nsp3C) and
without (empty ND) nsp3C were injected onto a Superose 6 Increase 5/150 GL gel
filtration column pre-equilibrated in 150 mM Tris-HCI, 150 mM NaCl, 1 mM EDTA, pH
8.0. The highest peak of UV absorbance at 280 nm obtained with empty nanodiscs
(i.e., without nsp3C) corresponded to an elution volume of 1.7 mL (Fig. 4B). For nsp3C
reconstitution in lipid nanodiscs, we considered a molar ratio of nsp3C that gave a
minimal content of empty NDs within the fraction. The conserved ratio allowed us to
obtain a ND-nsp3C sample which displayed a maximal peak at an elution volume of
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FIG 4 Reconstitution of nsp3C into nanodiscs. The overall procedure used for ND-nsp3C preparation is shown in (A). For empty NDs, nsp3C was omitted.
After reconstitution into lipid ND of the concentrated nsp3C elution fractions solubilized in GDN, the supernatant was submitted to SEC chromatography on
a superose 6 Increase 10/300 GL column to separate assembled nanodiscs incorporating nsp3C (ND-nsp3C, peak 1) from empty nanodiscs (peak 2) (B). After
reconstitution, the ND-nsp3C sample was further concentrated and applied onto a 10% SDS-PAGE for protein separation. Proteins were sequentially visualized
using antibodies directed against both Strep-Tag (for nsp3C) and His-Tag (for MSP1E3D1). Purified and concentrated nsp3C, as well as purified MSP1E3D1, were
used as control (C). Expected sizes for ND-nsp3C (pentameric or hexameric forms) and for empty nanodiscs are indicated (D). TEM micrograph of ND-nsp3C (scale
bar, 20 nm) and representative particles extracted from the images. 2D class averages obtained for 446 picked particles are shown on top (E). 3D reconstructions
obtained from 8,300 particles corresponding to the most well-defined, medium-sized object are displayed in “top” view (left) and “side” view (right), filtered to
15 A, with symmetries imposed as C1 (no symmetry, gray volume) or C6 (yellow volume) (F). (G) Side view of the C6 symmetrized volume (yellow) positioned in
the subtomogram average of the C6-symmetric nsp3-4 pore (purple) (29) (top, complete view and bottom, slice view with half of the volumes removed to display
the centers of the reconstructions).
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1.2 mL corresponding to bigger objects. Indeed, the use of calibration proteins indicated
that the elution peak at 1.2 mL (peak 1) corresponded to objects with estimated MW of
approximately 670 KDa. The ND-nsp3C fraction was analyzed onto SDS-PAGE, and nsp3C
and MSP1E3D1 were visualized after western-blotting using anti-Strep tag and anti-His
tag antibodies. Both proteins were confirmed to be present in the ND-nsp3C sample (Fig.
4(Q). Taken together, these results suggest successful incorporation of nsp3C into POPC
nanodiscs, and the MW value is consistent with an hexameric assembly (Fig. 4D).

A membrane environment supports a pore organization for the C-terminal
region of nsp3

We then attempted negative-stain TEM again, this time on nanodisc-reconstituted
nsp3C. Micrographs of ND-reconstituted nsp3C negatively stained with uranyl acetate
showed no aggregation but heterogeneity in the sizes of particles on grids (Fig. 4E). Ab
initio volume generation followed by sorting of 38,807 initially picked particles into 3-6
3D classes showed that particles consistently partitioned into volumes of three different
sizes. The smaller-sized volumes are featureless and noisy and comprise most particles
(about 20,000). They likely correspond to empty nanodiscs. The larger-sized volume
comprises about 9,600 particles. The medium-sized volume is the most well-defined and
arranged as a two-layered ring of 9 nm diameter and 7 nm thickness with a central
pore (Fig. 4F). This ring reconstructed from some 8,300 particles showed features that
could indicate 6- or 5-fold rotational symmetry, or possibly a mixture thereof. The 3D
reconstruction with sixfold rotational symmetry is also shown in Fig. 4F. The volumes
match very well the expected location of nsp3Cin the very recent subtomogram average
of the nsp3-nsp4 pore (29) (Fig. 4G). Particularly, the wider layer of the ring would
comprise the betaSM domains as placed by Zimmermann et al.,, while the narrower
layer matches a more constricted region of the nsp3-nsp4 pore in the membrane on the
cytosolic side of DMVs. We used the C6 reconstruction in further analysis combining this
single-particle image analysis with molecular modeling.

Predicted structural models using AlphaFold2 software

In the early 2020s, DeepMind revolutionized the world of structural biology by announc-
ing that its AlphaFold machine-learning method system had significantly outperformed
all other methods in the biennial Critical Assessment of Protein Structure Prediction
(CASP) and by making an unprecedented number of human and SARS-CoV-2 non-mem-
brane protein structure models available to the community (48, 49).

In order to investigate the oligomeric properties of nsp3C, we used the latest
AlphaFold2 (AF2) prediction tool to compute models of nsp3C in pentameric and
hexameric oligomeric states. To do that, we first generated models of monomeric nsp3C
(E1224-G1945, 722 residues). As shown in Fig. 5A, the protein is mainly composed
of alpha-helices and some (-strand regions that are linked by disordered parts. With
the exception of a triple-stranded (-sheet predicted in the betaSM region, B-strands
were found exclusively in the Y domains. The AF2 model shows two structural blocks
predicted with two confidence levels. In fact, pLDDT (predicted Local Distance Difference
Test) values above 90 were found for the last 300 residues, indicating high prediction
confidence (50). They correspond to residues in the Y1 and CoV-Y domains. By contrast,
between positions 100 and 350, low pLDDT values (below 50) suggested potential
intrinsically disordered regions (Fig. 5B). The boundaries for the TM domains considered
here are slightly different from those proposed in previous works (6, 10, 24). Particularly,
two long helices containing TM1 and TM2 are now S$1406-V1434 and L1500-L1515,
respectively (Fig. 1B).

Bridging TM1 and TM2, the 3Ecto region is exposed toward what would be the ER
lumen and structured as a small alpha-helical domain followed by a flexible loop. The
four cysteine residues are close in space and potentially form intramolecular disulfide
bonds. Next to TM2, AH1 is composed of three hydrophobic helices.
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FIG5 Computed structure of nsp3C (full sequence, 722 residues, E1224-G1945). (A) Model of nsp3C monomer computed using AlphaFold2 machine learning.
The four conserved cysteine residues present in the 3Ecto domain of nsp3C are depicted as orange spheres. The Y domains (Y2-Y4) forming the Y-CoV shape are
indicated, following boundaries recently published (7). (B) Confidence in the prediction of five models is given by pIDDT values per residue position. Values above
90 indicate high accuracy, while pLDDT scores below 50 indicate low confidence (51).

With a model of monomeric nsp3C in hands, we then generated 3D models of
the protein with different oligomeric shapes using the AlphaFold2-Multimer software
specifically built to predict protein-protein complexes (52). The strategy was the
following: a dimer was produced first, based on the model of the monomer. Models
of pentamers and hexamers were then computed using nsp3C sequences of different
lengths. However, at this stage, the 3D models showed great structural variability in the
N-terminal region of nsp3C (E1224-A1557) due to the presence of several unstructured
parts, generating, therefore, multiple possible foldings. Thus, we first considered input
a truncated sequence of nsp3C from residues P1558 to G1945 that includes part of the
AHT1 helix and the Y1-Y4 domains in the C-terminus of nsp3.

The computed structure of this short construct with a hexameric symmetry revealed
an assembly that forms a channel with a central pore of ~20 A (Fig. 6A). The height
of the pore-like assembly is ~131 A, and the outer diameter is ~135 A. Electrostatic
potential was mapped to the surface of the hexamer model (Fig. 6B). The front view
shows that the positively charged side chains are concentrated around the pore, while
negatively charged residues are mostly distributed at the bottom of the assembly. A
90° rotated view clearly shows a crown-shaped arrangement of positive residues with
six positive patches along each unit encircling the assembly. The positive character of
the core is compatible with the passage of RNA molecules. Several arginines present
in the Y1 domain are responsible for the positive enrichment of the core and two of
them (R1613 and R1614) largely contribute to the constriction of the pore (Fig. S3).
Interestingly, the arginine residue at position 1614 is well conserved in coronaviruses,
while the arginine residue at position 1613 is replaced by a hydrophobic residue in MHV
and SARS-CoV (Fig. S2). This potentially modifies the size and/or the charge of the pore
and may affect the RNA export efficiency among coronaviruses. The protein displays a
hydrophobic distribution with a particularly hydrophobic N-terminal region (Fig. 6C). The
latter corresponds to the helical part at the end of the AH1 domain, which is exposed
in the truncated hexamer but should be internalized in a longer nsp3C construct. In
addition to this helix, each protomer of the truncated assembly encompasses the Y1
domain and the three subdomains Y2-Y4 of the CoV-Y domain (Fig. 6D, left panel).
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FIG 6 Predicted hexameric structure of nsp3C (truncated version, P1558-G1945). (A) AlphaFold2 model of the hexameric assembly. The six protomers are
highlighted with different colors. Three views (top, side, bottom) indicate dimensions of the nsp3C hexamer. (B) Surface electrostatic representation of the
hexamer model. Same orientation as in (A). Negative and positive charges are colored red and blue, respectively. (C) Hydrophobic representation of the hexamer
model. (D) Left, model of a protomer with the Y1-Y4 domains highlighted in different colors. The helical part that precedes the Y1 domain is the C-terminal
segment of the AH1 domain (pink). Right, the model (cyan) is superimposed onto the recently solved crystal structure of the CoV-Y domain (pink) (7).

The predicted structure of this region, indeed, matches the recently reported crystal
structure of the CoV-Y domain with its V-shaped fold (7), with a RMSD of 2.1 A (213
atoms superimposed). Noteworthy, the Y3 and Y4 domains superimpose onto the crystal
structure with an excellent RMSD score (1.2 A for 158 atoms), Fig. 6D, right panel. A
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FIG 7 Molecular dynamics in explicit solvent of the hexamer model of nsp3C (truncated version, P1558-G1945). (A) RMSD plot of backbone atoms throughout
the MD simulations (black, full hexameric assembly; green, top region; red, bottom region; blue, ring region). (B) Three views (side, top, and bottom) are shown
for three regions of the assembly that experience distinct dynamic behaviors (top, ring, bottom). The right panels give a view of the ring region organized around
B-strands and a view of the bottom region that relies on six horizontal helices forming a hexagonal platform.
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model of pentameric assembly was also generated (Fig. S4), displaying a pore size half
that of the hexameric model.

Molecular dynamic simulations

Molecular dynamics (MD) simulations (150 ns) in explicit solvent were performed to
examine the structural stability of the truncated hexameric assembly (residues P1558
to G1945). Starting from a minimized structure, we could observe that the global
RMSD of the hexameric structure for the backbone atoms stabilizes after about 15
ns, reaching a plateau close to 7 A (black curve, Fig. 7A). Further analysis revealed
that three regions of the hexamer displayed distinct dynamic behaviors during MD
simulation. The N-terminus showed strong fluctuations and greatest instability, reaching
final high RMSD values of 13.2 A (green curve, Fig. 7A). This N-terminal region of the
truncated hexamer contains six exposed and flexible helices (residues 11559-V1583) with
no contact between them (Fig. 7B). By contrast, the central part (83 residues, amino
acids G1585-D1667) is particularly stable during the simulation. The RMSD plot indicates
that the structure stabilizes shortly after a few ns of simulation reaching a plateau with
a RMSD value of 2.5 A (blue curve, Fig. 7A). This region corresponds to the narrowest
part of the hexamer assembly, which forms a ring of ~2 nm with little fluctuation
during molecular dynamics. Interestingly, this “ring” forming region predicted as a + 8
structure corresponds to the Y1 domain whose function was previously unknown. The
fold of this “ring” region in the hexamer would be similar to that found in pseudouridine
synthase, as assessed by the DALI server (53) and consistent with a RNA chaperone
function. Several inter-chain contacts contribute to the stability of this region (Fig. S5A).
In particular, two salt bridges are found between R1613 and E1604, and between R1602
and D1654. Noteworthy, this central region of the hexamer model falls within the highest
accuracy score of AF2 (Fig. S5B), in connection with the high conservation of the Y1
domain among members of the Nidovirales.

Finally, the C-terminal part of the structure from residues L1709 to G1945 is quite
flexible with a plateau achieved at 15 ns after which backbone RMSD fluctuations
remain around 6.3 A (red curve, Fig. 7A) a value close to that obtained for the global
structure. This “bottom” region explores a fairly wide amplitude range and exhibits
conformational fluctuations of opening and closing, like movements of flower petals. It
rests on a hexagonal platform made up of six practically horizontal helices present in
the Y2 domain (residues K1733-M1750) (Fig. 7B). In each protomer, the platform forming
helix [H23 in the crystal structure of Y2, (7)] slides along the beta hairpin of the Y1
domain. This leads to a polar contact observed between two helices coming from Y1 and
Y2 oriented perpendicularly (Q1748 in Y2 and S1648in Y1).

We then considered the full sequence of nsp3C (722 residues, amino acids E1224-
G1945) to compute structural models (Fig. 8A). To do this, we first used alpha-Fold2
(AF2) software to predict the structure adopted by the first 333 amino acids (residues
E1224 to A1557) that include the betaSM and 3Ecto domains and transmembrane
helices. Here again, several predictions were done considering various lengths and
various structural blocks. We then added this model to the structure of the truncated
nsp3C described above (P1558-G1945). The models indicated the presence of numer-
ous helices predicted with varying degrees of accuracy (Fig. 8A). Interestingly, the two
TM helices, TM1 (51406-V1434) and TM2 (L1500-L1515), described in the AF2 model
of the nsp3C monomer are located in two separate blocks that are connected by a
poorly structured sequence which corresponds to the 3Ecto domain (Fig. 8B and 9).
The computed full-length model of nsp3C hexamer model showed several long helical
structures in these two blocks (Fig. S6). We, therefore, sought to reassess the prediction
of transmembrane helices and their position in the model using the DeepTMHMM server
based on the latest deep neural networks (54). Four TM domains were predicted with
high probability (Fig. 8C; Fig. S7), with the extra TM3 and TM4 in formerly annotated AH1.
TM3 (L1523-F1540) lies immediately downstream TM2, while TM4 (residues 11559-K1577)
is a segment of a longer helical structure at the C-terminus of AH1 (11559-V1583) which
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was found to be exposed on the top of each protomer of the truncated hexamer model
(Fig. 8D).

DISCUSSION

The nsp3 protein was proposed as the major component of the molecular pore complex
spanning DMVs in MHV-infected cells (28). Six nsp3 molecules could contribute to the
crown-shaped pore architecture, with the N-terminal part of nsp3 residing in the six
branches. Whether other components are required, and which of these are essential
and sufficient to form a pore complex in coronaviruses remained to be elucidated.
During the reviewing process for the present work, a study conducted in transfected
cells expressing SARS-CoV-2 nsp3-4 proteins brought to light that nsp3 and nsp4 are
the two minimal components required to form the molecular pore spanning the DMVs
(29). The PL2P* cleavage of the nsp3-4 fusion protein is not only required to observe
formation of SARS-CoV-2 DMVs as previously proposed in MERS coronavirus (18) but also
allows assembly of the pore (29). The integrity of the pore’s crown-like structure relies on
the presence of nsp3 N-terminal domains. However, how the C-terminal region of nsp3
-encompassing the transmembrane segments- contributes to the pore organization
remains to be elucidated. Except for the 3Ecto domain that connects the TM segments
and faces the lumen of the DMVs, all nsp3 regions are expected to be on the cytoplasmic
side (20).

Our experimental data indicate that nsp3C is able to oligomerize in solution and after
reconstitution in nanodiscs our negative-stain TEM images revealed a two-layered ring in
the sample. To successfully express and reconstitute nsp3C into POPC nanodiscs, it was
necessary to consider a construct starting from the betaSM domain and extending to the
CoV-Y domain. We could readily place our EM volume of nsp3C at the bottom part of the
prongs in the subtomogram average of the nsp3-nsp4 pore published by Zimmermann
et al. (29), see Fig. 4G. The wider part of the two-layered ring would thus, correspond to
the betaSM domains.

Taking into account the presence of six nsp3 molecules in the molecular pore
complex (28, 29), we set out to model an hexameric assembly of nsp3C. To do that,
we had to play with several sequence lengths and types of oligomers to improve the
accuracy of the 3D predicted structures. The AF2 model showed a ring-like organization,
consistent with our experimental data and our data confirm the ability of nsp3C to form
oligomers with a crown-like organization. The constriction of the pore is provided by a
central a + B region (ring), which corresponds to the Y1 domain. Its great stability during
MD simulation together with its high conservation among the Nidovirales members
suggests a key role to maintain and stabilize the hexameric assembly, particularly at
the level of pore constriction. While our EM data cannot presently establish that this
organization is correct, they do show a constriction of the pore in the nsp3C oligomer
consistent with both the AlphaFold hexamer model and the experimental data of
Zimmermann et al. (29).

The membrane disposition of SARS-CoV-2 nsp3 has not been fully elucidated yet.
This task is made all the more difficult by the fact that nsp3 is involved in membrane
rearrangement with nsp4 and nsp6, and helical segments in the TM region may be
associated with membranes without spanning them. Our AF2 models of nsp3C display
two structural blocks where the two transmembrane segments, TM1 and TM2, unani-
mously proposed to span the membrane bilayer are distant and separated by the luminal
3Ecto domain. TM2, TM3, and TM4 helices would be in the same structural block (Fig. 8).
A more precise position of the four predicted TM helices in the sequence of nsp3C (Fig. 9)
was deduced from analysis of several prediction programs.

While AlphaFold has shown impressive capabilities in predicting the overall fold and
structure of proteins, the accurate prediction of transmembrane segments still remains
challenging. This difficulty arises from AlphaFold’s tendency to cluster transmembrane
helices with other hydrophobic elements. Thus, the nsp3C hexamer model must be taken
with caution as the TM1 segment is wrongly positioned (Fig. S6). The assignment of TM3

Month XXXX Volume 0 Issue 0

Journal of Virology

10.1128/jvi.01575-2315

Downloaded from https://journals.asm.org/journal/jvi on 26 March 2024 by 132.166.53.231.


https://doi.org/10.1128/jvi.01575-23

Full-Length Text

Model confidence
mmmmm high (pLDDT > 90)
g confident (pLDDT > 70)
low (50 < pLDDT < 70}
I very low (pLDDT < 50,

C D
™1

(S1406-V1434)

™1

Luminal
block1

T™M2
T™M2

(L1500-L1515) ™3 M4
(V1522-F1540) T

cytoplasmic

block2

/\Cl 583
1A~

%
>
BN
DRSS

C \\: \\~

FIG 8 Mapping of the TM segments in the AF2 model (full nsp3C sequence, E1224-G1945). (A) The model of the monomer
is shown with a color-based code according to per-residue confidence score (pLDDT). (B) View of a protomer showing the
different domains of nsp3C, including the putative transmembrane helices TM3 and TM4. (C) View of a protomer with the
location of the two transmembrane helices (TM1 and TM2). The inter-domain linker is shown in black-orange and corresponds
to the 3Ecto domain that is known to point to the luminal side. Blocks 1 and 2 should be both oriented towards the
cytoplasmic side. (D) Same view with four TM helices (TM1-TM4) predicted using the deepTMHMM algorithm (54). (E, F) The
predicted TM4 is found at the N-terminus of a long alpha-helix (11559-V1583) rich in hydrophobic residues, according to
Heliquest program (55). The flexible nature of the linker sequence (3Ecto domain) could allow the helices to be rearranged.
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FIG 9 Sequence of nsp3C with a revised domain organization (full sequence, E1224-G1945). The nsp3C sequence used in this study starts at residue E1224

(numbering corresponds to the full-length nsp3 protein). The streptavidin tag present in the N-terminal part is not taken into account. The secondary structure

elements (cylinders for helices and arrows for § strands) using AF2 program are depicted with a grid pattern. They span the betaSM (green) and AH1 domains

(light pink), the 3Ecto domain (orange), and the Y1 domain (gray). The four predicted helices TM1-TM4 according to DeepTMHMM algorithm are shown in blue.

Dark colors are chosen for a-helices and 3-strands that were reported in the crystal structure of the CoV-Y domain (7). The sub-domains Y2, Y3, and Y4 are shown

in blue, green, and magenta, respectively. Small gray spheres indicate the two arginine residues present in the ring that lead to the constriction of the pore. Small

yellow spheres indicate the asparagine residues that act as putative N-linked glycosylation sites. The vertical arrow (position P1558) indicates the sequence start

for AF2 modeling of the truncated version of nsp3C.

and TM4 in AH1 must remain tentative, as their packing against the transmembrane part
in our models could either reflect an alternate conformation of nsp3C with four TMs, as
proposed below, or be a result of the aforementioned known behavior of AlphaFold2.
Supporting the former hypothesis, the most up-to-date software for transmembrane
helix prediction does assign TM3 and TM4 as transmembrane segments. A long helical
structure (11559-V1583) which was found to be exposed on the top of each protomer of
the truncated hexamer model encompasses the predicted TM4 segment. This helix is
made up of 25 residues, 19 of which are hydrophobic (Fig. 8E). Its size and hydrophobic
nature would be sufficient to cover the 30 A hydrophobic core of a lipid bilayer (56).
There is a conserved histidine residue at the end of the helix that could play a role in
membrane insertion (57). On the basis of our models, it is very tempting to consider a
rotation around the connecting element, which would bring the four TM segments
closer together. TM helices can undergo concerted motions when a membrane protein is
at work, and they are key determinants for oligomerization and proper folding of
membrane proteins (58, 59). We suggest that nsp3 could be inserted into the lipid bilayer
by its TM1 and TM2 upon synthesis, with AH1 remaining on top of the cytosolic leaflet as
previously reported, and that nsp3 could contain four transmembrane helices when the
protein is oligomeric, with TM3 and TM4 in AH1 then spanning the membrane. The
membrane insertion of TM3 and TM4 would require reorientation of TM helices and large
conformational changes made possible by the flexible character of the 3Ecto domain.
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The betaSM domain upstream of the TM region comprises a N-terminal disordered tail
that could establish transient interactions for proper position of TM helices. Note that in
our model, the N- and C-terminus are not correctly oriented to be both exposed towards
the cytosol. Transmembrane topological changes and reorientation of TM domains at
successive steps in the formation of viral complexes have been reported in previous
studies on hepatitis B and hepatitis C virus proteins (60, 61). Concerning nsp3C, bringing
blocks 1 and 2 together would allow them to face the cytoplasmic side while exposing
the 3Ecto domain to the luminal face (Fig. 8). Putative sites for N-linked glycosylations in
the 3Ecto domain were proposed in SARS-CoV and MHV (24). Two asparagines (N1454
and N1457) are present in the 3Ecto domain of nsp3 and could constitute signals for
conformational changes (Fig. 9). At this stage, we must keep in mind that our experi-
ments were conducted with a truncated protein and without its nsp4 partner. It is not
excluded that rearrangement of the TM helical segments could occur later during DMV
formation upon interaction with other components such as nsp4. In the recent paper
conducted by Zimmermann et al., nsp4 and nsp3 were shown to be the two minimal
constituents of the SARS-CoV-2 pore (29). Therefore, implementing our experimental
approach to the study of the nsp3-nsp4 complex should provide a more comprehensive
view.

MATERIALS AND METHODS
Cell-free protein expression

Synthetic genes of, respectively, 2,208 and 1,674 bp for the long and short versions of
nsp3C were designed based on the nsp3 coding sequence from ORF1ab polyprotein
(Seq ID : PP043139.1). The nsp3 template coding sequence ranging from nucleotides
6,351 to 8,516 (long version) and 6,891-8,516 of the ORF1ab was used for synthesis to
obtain the coding region of the long and short versions of nsp3C. Start and stop codons
were added in 5" and 3’ of both sequences. A strep-tag Il coding sequence (TGGTCTCATC
CTCAATTTGAAAAA, for amino-acids sequence: WSHPQFEK) was inserted upstream both
genes surrounded by 6-12 nucleotides linkers. Both genes were subcloned (Spel-BamH|)
into a pEU-EO1 vector. Plasmids were amplified in E. coli (DH5alpha) and purified using
a maxiprep kit (Millipore) followed by a phenol/chloroform extraction. Transcription was
performed during 7 h at 37°C, and the transcription product was mixed with wheat germ
extract for cell-free translation. Translation was performed overnight at 22°C in 96-well
microplates (detergent screening) or in 6-well plates (large-scale production). We used
bilayer-based cell-free protein synthesis system (62), and GDN detergent (final concentra-
tion 0.1%) was added to both layers for direct solubilization of the protein. After protein
synthesis, the reaction was stopped by incubating the mixture with home-made purified
benzonase during 1 h at room temperature prior to centrifugation at 20,000 g during 30
min (4°C).

Detergent screening experiment

Cell free expression was tested in different detergents that were directly included to the
reaction mixture at a final concentration of 0.1%.

After centrifugation of CFS, the efficacy of protein solubilization was determined
by comparing the amount of protein in the pellet (insoluble fraction) to that of the
soluble fraction in the supernatant (Sn fraction). Analysis of protein samples was done
by coomassie brilliant blue-stained SDS-PAGE and by western blotting (see below).
Comparison between the bands obtained for the CFS, the pellet (P), the supernatant
(Sn) with the different detergents allowed to select the most favorable detergent for
protein solubilization.
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Protein purification

After incubation with benzonase and centrifugation, the obtained supernatant was
mixed with Strep-tag affinity resin (StrepTactin superflow high capacity, IBA Lifesciences)
on a wheel for 3 h. The resin was washed 5 times with 1 CV of washing buffer composed
of 100 mM Tris-HCI pH 8, 150 mM NaCl, 1 mM EDTA (W1X buffer, iba Lifesciences),
supplemented with 0.02% GDN. Elution of the strep-tagged proteins was done using
5 CV of the same buffer supplemented with 2.5 mM desthiobiotin. Elution fractions
were pooled and further purified using SEC chromatography (Superdex 200 Increase,
Cytiva) in W1X buffer with 0.01% GDN. The protein was detected on Western Blot
using anti-Strep-tag antibodies (IBA Lifesciences). Briefly, proteins were separated by
electrophoresis on 10% Tris-glycine gels and transferred onto nitrocellulose membrane
(GE Healthcare Life Sciences). Membrane blocking was performed in 10% nonfat milk
powder in PBS-T (150 mm NaCl, 50 mM Tris-HCl, pH 7.9, 0.1% Tween 20) and probed
with monoclonal anti-Strep-tag antibodies (IBA-Lifesciences). All primary antibodies
were diluted to 1:1,000 in PBS-T + 2% milk. Blots were washed three times in PBS-T
and incubated with anti-mouse IgG-HRP conjugate secondary antibodies (Promega)
(1:10,000 in PBS-T + 2% milk). Revelation was achieved using ECL Prime Western Blotting
Detection Reagent (GE Healthcare Life Sciences), and images were taken with a CCD
camera (Gbox, Syngene).

Reconstitution into nanodisc

Membrane scaffold protein MSP1E3D1 was expressed in E. coli and purified on a Ni-NTA
agarose resin according to reference (63). Lipid POPC (Avanti) was dissolved in chloro-
form and dried under steady flow of Argon followed by exposure to vacuum for 1 h and
stored at —20°C. The lipid film was resuspended in a buffer containing 10 mM Tris-HCl,
100 mM Nacl, pH 8.0. POPC solubilization was achieved by a 5-min incubation with GDN
at Rsol on ice. To our knowledge, GDN has never been fully characterized biophysically,
and the Rsol concentration was unknown. Therefore, we used Rsol value from cholate,
which is a compound chemically close to GDN. This approximation proved to work
well to fully solubilize POPC. Solubilized lipids were then added to the purified nsp3C
protein solubilized in GDN and incubated on ice for another 15 min (tube 1). MSP1E3D1
was mixed with 15 mM sodium cholate in the same buffer containing 10 mM Tris-HCl,
100 mM NaCl, pH 8.0 (tube 2). The two tubes were mixed and incubated an hour on
ice. To estimate the molar ratio, nsp3C concentration was estimated by measuring the
absorbance at 280 nm on a NanoDrop spectrophotometer (epsilon 99,710 M™' cm™).
Nanodisc self-assembly was performed upon the addition of hydrophobic Bio-beads
(Biorad) and incubation at 4°C overnight under constant stirring. Bio-beads were then
removed after a short centrifugation, and protein-containing nanodiscs were further
analyzed on a Superose6 chromatography (Superose 6 Increase 10/300 GL; Cytiva) in a
running buffer containing 25 mM Tris-HCl and 150 mM NaCl, pH 8.0.

Negative-stain transmission electron microscopy

Four microliters of a tenfold diluted suspension of freshly reconstituted nsp3c into lipid
nanodiscs was deposited onto an airglow-discharged carbon-coated grid. Excess liquid
was removed, and the grids were negatively stained with 2% (wt/vol) aqueous uranyl
acetate. Micrographs were taken on a Tecnai Spirit 12G transmission electron microscope
(ThermoFisher—former FEI) operating at 100 kV and equipped with a K2 Base 4k x 4k
camera (GATAN, Pleasanton CA, USA). EM micrographs were recorded at a magnification
of 27,500, resulting in a pixel size of 1.8 A/pixel. CryoSPARC was used for image analysis.
Four hundred forty-six particles were manually picked on five images, and a first set
of 2D classes was produced (Fig. 4E, top). From these templates, 77,037 picks were
obtained and inspected, resulting in 38,807 initial particles. Subsequent ab initio 3D
volume generation and heterogeneous 3D refinement was performed to sort particles.
Eight thousand three hundred forty-two particles from the most homogeneous 3D class
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were used to reconstruct a final low-resolution volume with C1 (no symmetry imposed),
C5 (assuming a symmetric pentameric object), or C6 (assuming symmetric hexameric)
symmetry. We could not further classify these 8,342 particles into subclasses with clear
symmetry.

Structural prediction using AlphaFold2

At the beginning of this work, we only had access to Alphafold2 (48) predictions with
the free ColabFold web interface, so our requests were limited to sequences of less than
2,000 amino acids. We first used ColabFold to build a 3D model of the C-terminal part
of nsp3 corresponding to residues ranging from E1224 to G1945. We then considered
the AlphaFold2-Multimer program to generate a dimer of the C-terminus of the protein.
From the dimer model, it was possible to build by symmetry a pentamer model. Many
requests were then performed (trimer, hexamer of full or incomplete sequence) to
obtain different 3D models with different topologies. Using our queries, we were able
to identify common surfaces of interactions between structured domains predicted with
high pLDDT values (51). Then, as the AlphaFold2-Multimer program was installed locally,
we could query for hexamer model with the last 389 amino acids corresponding to
the C-terminal sequence from residue A1557 to residues G1945. When this work was
initiated, it was not possible to obtain a good model when we requested for a hexamer
model, even with the AF2-Multimer program, corresponding to the full 722 residues of
nsp3C. Since the N-terminus of the sequence has many unstructured parts, the global
fold is not easy to predict. Indeed, the structured domains were well predicted while
the global topology was not. Thus, changing the sequence length and the number of
oligomers for a request significantly improved the accuracy of the 3D predicted models.
Our strategy was to compare many requests to define the common sequences that were
identified in the docked parts of the different models.

Manual fitting of the hexamer model to the EM density map was performed using
UCSF Chimera (64). Hovewer, while this article is being submitted, the most up-to-date
version of AlphaFold2 (2.3) was used and was able to generate a similar hexamer model
when fed with the whole nsp3C sequence.

Molecular dynamics simulations

Atom molecular dynamic was performed with the AMBER 20 package (65) and the ff99SB
force field. The hexamer model was immersed in a cubic box with boundaries extending
from the protein periphery for at least 14 A in all directions. The box was filled with
TIP3P water molecules (163,541 water molecules), and 48 counter ions ClI~ was added
to neutralize the total charge of the system. The total size of the system was 531,291
atoms. The system was then minimized using a steepest descent algorithm and used to
initiate molecular dynamic simulation. Molecular dynamic simulation was carried out at
300 K. The SHAKE algorithm was used to constrain the motion of hydrogen-containing
bonds within a 2fs time step to integrate the equations of motions. The cut off distance
for van der Waals interactions was set to 10 A, and the Ewald particle mesh was used for
long-range electrostatic interactions. Production runs of 150 ns was performed on the
equilibrated structure with the NPT ensemble using a 2fs time step. The trajectory was
analyzed with CPPTRAJ module, VMD 1.9.4 (66) and UCSF ChimeraX (67) programs.
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