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SARS-CoV-2, like other coronaviruses, buil membrane-bound replication organelle
(RO) to enable RNA replication!. The SA RO is composed of double membrane
vesicles (DMVs) tethered to the e ic reticulum (ER) by thin membrane
connectorsz?, but the viral proteins and t factors involved are currently unknown.

Here we identify the viral non-s
RO. NSP3 and NSP4 generatedthe D
amphipathic helix, zipp

turaljproteins (NSPs) that generate the SARS-CoV-2
Vs while NSP6, through oligomerization and an

NSP6ASGF mutant, whi independently in the o, B, 7, n, 1, and A variants of SARS-
CoV-2, behaves as a&‘f nction mutant with a higher ER-zippering activity. We
identified three m@in roles*for NSP6: to act as a filter in RO-ER communication allowing
lipid flow but gestrieting access of ER luminal proteins to the DMVs, to position and
organize D s, and to mediate contact with lipid droplets (LDs) via the LD-
tethering/€omplex DFCP1-Rab18. NSP6 thus acts as an organizer of DMV clusters and can
el
f

provide tive track to refurbish them with LD-derived lipids. Importantly, both
properly ed NSP6 connectors and LDs are required for SARS-CoV-2 replication. Our

i ncovering the biological activity of NSP6 of SARS-CoV-2 and of other
ondviruses, have the potential to fuel the search for broad antiviral agents.

RS-CoV-2 extensively rearranges host cellular membranes into ROs that provide a
microenvironment conducive to RNA synthesis and protection from host sensor/defense
systems12, The 16 viral NSPs, released from polyproteins ppla and pplab by two viral
proteases, include 13 cytosolic proteins, involved in RNA replication, and three trans-
membrane proteins, NSP3, NSP4 and NSP6. Studies on other coronaviruses suggest that NSP3

and NSP4, with a hitherto undefined contribution of NSP6, are responsible for generating the
ROs3-6. Despite significant advances in understanding the ultrastructure of the SARS-CoV-2
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47 RO2%78 mechanistic insights into its biogenesis are in their infancy. In particular, there is no
48 information on the role of NSP6 in this process. Of interest, six SARS-CoV-2 “variants of concern”
49 (VoC) (o, B, v, M, 1% and A10) share a three amino acid deletion in NSP6 (SGF), in addition to the
50 more noted mutations in the spike protein, adding further impetus to explore the role of NSP6
51 in RO biogenesis and SARS-CoV-2 replication.

53 NSP6 induces ER zippering
54 We tagged SARS-CoV-2 NSP6 at either the N- or C-terminus. C-tagged NSP6 showed a diff
55 ER distribution (Fig. 1a, Extended Data Fig. 1a), as reported for NSP6 from oth \
ta
h

56 coronaviruses311. Conversely, N-tagged NSP6, expressed at a comparable level and

57 NSP6 elicited the formation of roundish structures (Fig. 1a, Extended Data Fig. 18;c se
58 structures, which we refer to as the NSP6-compartment, did not colocalize wi al,
59 lysosomal or autophagosomal markers (Extended Data Fig. 1d) but coloc he ER-
60 reporter protein Cb5 (the C-terminal tail of cytochrome-b5)12 (Fig. 1a, Ex ta Fig. 1a).

61 This appears to be a general feature of coronavirus NSP6 since N- but Hgt C-tagged avian
62 infectious bronchitis virus (IBV) NSP6 also formed roundish strugttires colocalizing with Cb5
63 (Extended Data Fig. 1e).

64 Immuno-electron microscopy (IEM) showed that NSP6 \Wx y concentrated on ER
65 cisternae whose delimiting membranes were tightly juxtaposed ing a barely visible lumen
66 (Fig. 1b, Extended Data Fig. 1f, g). These structur ich we refer to as zippered ER by
67 analogy with those reported for other viruses*¢fwereNstrikingly reminiscent of the “ER-
68 connectors” observed in SARS-CoV-2 infected gells2. The zippered ER structures were either
69 linear or, more often, circular structures that: ted the neighboring cytoplasm (Fig. 1c,
70 d). Clear connections between these Zippﬁd tructures and regular ER were visible by EM

71 and EM tomography (Fig. 1c, Extended D . 1h-j, Supplementary Video 1). Correlative
72  light-electron microscopy (CLEM)demonstsated that the roundish or elongated NSP6 spots
73 visualized by IF corresponded, @ ively, to the circular or linear zippered ER profiles
74 observed by EM (Fig. 1e-g) etgofinection to the regular ER can be traced (Fig. 1h). The

75 NSP6-containing structigs eregmot freely accessible to ER luminal proteins (such as
rt

76 calreticulin and the E e”GFP-KDEL) or to ER membrane proteins with bulky luminal
77 domains (such as ERGIC53 ahd ATF6) but were accessible to ER membrane proteins such as
78 VAP-A, Atlastin DEL receptor that possess no or very small luminal tracts (Fig. 1i-K,
79 Extended D @ a-d). We validated the continuity between the NSP6-compartment and

81 Upon bl oth VAP-A and Cb5 reentered the NSP6-compartment, although with slower
82 Kkinetics co red with “regular” ER. The NSP6-compartment was accessible to phospholipids,

83 DIPY-C12-HPC, whose fluorescence also recovered after bleaching (Fig. 1K,
8 d Data Fig. 2f, Supplementary Video 4). NSP6 itself, however, showed limited FRAP
5 (Fig’ 1j, k, Extended Data Fig. 2e, f) probably because it is engaged in stable protein

mplexes.
Q Our results indicate that NSP6 drives the formation of a zippered double-membrane
8 compartment that maintains continuity with the ER but largely excludes ER luminal proteins.

89

90 NSP6 homodimers zipper ER membranes



91

92

93

94

95

96

97

98

99
100
101
102
103
104
105
106
107
108
109
110
111
112
113
114
115
116
117
118
119
120
121
122
123
124
125
126

G
2
v 133
134
135

136

The structure of NSP6 has not been solved and different topologies have been predicted. The N
and C termini of NSP6 must face the cytosol since they are processed by the cytosolic NSP5
protease. Indeed, N- or C-tagged NSP6 was readily detectable by antibodies upon plasma
membrane permeabilization (Extended Data Fig. 3a). Based on these data, topology
predictions using the CCTOP server?!3, and biochemical analyses of other coronaviruses'#15, we
assigned six TMDs to NSP6 and envisaged that the seventh predicted TMD, which is an
amphipathic helix (AH)1¢, does not cross, but remains associated with, the membrane (Fig. 2a,

Extended Data Fig. 3b).
Truncating the C terminal part of NSP6 including the AH (NSP6 1-157) (Fig. 2a)

introducing two mutations that abrogate its amphiphilic propertiesi¢ (NSP6 F220Q /#2

(Extended Data Fig. 3b) caused NSP6 to distribute diffusely in the ER (Fig. 2b, Ext Data
Fig. 3¢, d). However, while necessary the AH is not sufficient to induce ER re 111 nce
the C-terminal domain, which includes AH (NSP6-C80, see below), was unab it. We
found that homodimerization of NSP6 is also required. FRET measu tsand the co-

immunoprecipitation of GFP-NSP6 co-expressed with mCherry-NSP6 or HA-NSP6 indicated
that NSP6 undergoes homodimerization (Fig. 2¢, d, Extended D ig. 3e, f). Dimerization
involves aa 1-157 since NSP6 1-157 was massively recruited a ined in the NSP6-
compartment when co-expressed with the full length NSP6 w ndeed, both FRET and
co-IP experiments (Fig. 2c, Extended Data Fig. 3g, h) confir at NSP6 1-157 and NSP6
interact, indicating that NSP6 1-157 maintains the ho erization interface(s).

Together, these data indicate that both the C-tegfiinal AH and NSP6 homodimerization (via
N1-157) are required to generate the NSP6-co rtment.

K22, a small molecule that interferes wi
different potency, has been hypothesize ta
229E have mutations in NSP617. We foun
NSP6 structures and NSP6 retendi
Additionally, 37% of K22-trea
(Extended Data Fig. 4a, c).

lication of several coronaviruses with
t NSP6 since K22-resistant strains of HCoV-
2 (at 40 pM) reduced the number of regular
on in\these structures (Extended Data Fig. 4a, b).

5 presented elongated perinuclear NSP6 structures
M (Extended Data Fig. 4d-f) and EM (Extended Data

Fig. 4g-j) showed that th ctuges corresponded to extensive zippered areas of the nuclear
envelope. Thus, impai rmation of the NSP6-compartment induced by K22 may be due in
part to a shift in 6 zippering activity towards the nuclear envelope, apparently an

unfavourable si mation (https://www.ebi.ac.uk/empiar/EMPIAR-10490/).

NSP6AS asthigher ER zippering activity

Six SAR -2J/0Cs (0, B, v, N, L, A) have a three amino acid deletion (SGF, positions 106-108)

in the pre d second and longest NSP6 luminal loop. Phylogenetic analysis of SARS-CoV-2
‘Vtrainlg showed that the deletion emerged independently in these lineages (Fig. 2e,

127 n

128 uggesting that it conveys a selective advantage.

]@ e found that, compared with the Wuhan-HU-1 NSP6 (from here on, the reference NSP6),
1

P6ASGF is more proficient in inducing the NSP6-compartment: the kinetics of formation
were faster (Fig. 2g, h, Extended Data 5a), the NSP6ASGF-compartments were more
numerous and larger (Fig. 2h), and NSP6ASGF was more enriched in these compartments (Fig.
2h). These differences were not due to different protein levels or half-lives (Extended Data
Fig. 5b, c), but to higher propensity of NSP6ASGF to homo-oligomerize as indicated by its
higher resistance to detergent extraction (Extended Data Fig. 5d), more efficient co-IP
(Extended Data Fig. 5e) and lower mobility (in FLIP and FRAP experiments) compared to the
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reference NSP6 (Extended Data Fig. 5f-h). NSP6ASGF was slightly less sensitive to K22 than
the reference NSP6 (Extended Data Fig. 5g-i). Finally, EM, IEM and CLEM showed that
NSP6ASGF promoted the formation of both linear and circular zippered membrane
compartments (Fig. 2i, j, Extended Data Fig. 5j-1), like NSP6, but it was more highly associated
with zippered membrane domains and was depleted from the regular ER (Fig. 2j, k). This was
paralleled by an increase in the ER surface area occupied by zippered domains (Fig. 21).

The higher ER-zippering activity of NSP6ASGF was also evident comparing the putative
precursor of NSP6, i.e. NSP6-7 and NSP6ASGF-NSP7. During viral infection NSP6 is genera
via polyprotein cleavage by NSP51. Consistent with NSP6 forming the NSP6—c0mpartmeQ
if its C-terminus is “free”, NSP6-NSP7 showed a diffuse ER distribution (Extended Data
5m, n) and also a partial Golgi localization suggesting that the precursor might vis@gi
before the cleavage unleashes its ER-zippering activity. By contrast, NSP6 N was

mainly retained in the ER and was able to form small roundish structures e ore Cleavage
(Extended Data Fig. 5m, n).

NSP6 connects DMVs with the ER
Given the similarity of NSP6-induced zippered ER with “ER-connect@rs#between the ER and

DMVs in SARS-CoV-2 infected cells?, we explored the relationshijp,between NSP6 and the DMVs.
When expressed alone, NSP3 and NSP4 exhibited a diffusefER di tion (Extended Data Fig.

6a), but when co-expressed, and in agreement with r s19.20, they fully colocalized in
punctate structures (Extended Data Fig. 6b, c). A EMYevel these corresponded to clusters
of vesicles, having a diameter of 50-100 nm a urrépnded by two membranes (i.e. DMVs)
with a visible intermembrane space (Extend ig. 6d, e).

Thus, NSP3/NSP4 and NSP6 are individually‘able to reproduce the two main features of the
SARS-CoV-2 RO, DMVs and the connectors ctively.

The combined expression of alLghiee membrane NSPs (Extended Data Fig. 6f, g) revealed
NSP3/4-positive puncta in clos @ to but not overlapping the NSP6-compartment (Fig.
3a). Importantly, a similayfsegregation of NSP6- and NSP3-positive domains was also
detectable in Calu-3 cells jfife h an early lineage or the y variant of SARS-CoV-2 (Fig. 3b).
CLEM revealed that t P3/4 puncta corresponded to clusters of DMVs while the NSP6
to tracts of zippered ER that remained distinct from but were often
e DMVs (Fig. 3¢, d). [EM showed groups of NSP3/NSP4-positive DMVs
ositive zippered ER membranes (Fig. 3e). Tomographic analysis of
-expressing cells revealed that DMVs were organized in “grape-like” clusters,
reciprocal connections (Fig. 3f, g). Long tracts of zippered ER formed
ctionsBetween the DMV clusters and the ER proper (Fig. 3f, g, Supplementary Videos
Mrly to those observed in SARS-CoV-2 infected cells2. Thus, we inferred that NSP6
msgthe zippered connectors that guarantee full membrane, but restricted luminal, continuity
ith the ER.

We then asked how NSP3/NSP4-induced DMVs might be affected by NSP6. The NSP3 /NSP4
puncta were more numerous and more homogeneously distributed throughout the cytoplasm
in NSP3/NSP4/NSP6 (both reference and NSP6ASGF) than in NSP3/NSP4-expressing cells (Fig.
3h) suggesting that NSP6 might provide a cue for the positioning and organization of DMVs
(Fig. 3a, c).

EM tomography revealed that in the absence of NSP6, DMV connections with the ER were
short and tubular with a clearly detectable lumen (Fig. 3i-m; Extended Data Fig. 6h

4
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Supplementary Videos 8-10). By contrast, in the presence of NSP6, DMV clusters were
connected with the ER through much longer sheet-like zippered domains (Fig. 3f, g, k, 1, m;
Extended Data Fig. 6h, Supplementary Videos 5-7). The number of DMVs per connection
was also different: an average of ~3 DMVs per tubular connection without NSP6 and of ~15
DMVs per zippered connection with NSP6 (Fig. 3m). In addition, the DMVs shape was more
regular (Fig. 3m), their size more uniform (Extended Data Fig. 6i-k) and their packing inside
each cluster was denser in the presence of NSP6 (Fig. 3f, g, i, j; Extended Data Fig. 61-n).
These data indicate that the co-expressed NSP3/NSP4 /NSP6 reproduce RO-like structu
(ROLS) and that NSP6 organizes DMV clusters. e\
We then assessed whether conditions that negatively or positively affect the ER-zi

less regular shape (Extended Data Fig. 7e, f) that lost zippered co
tubular connections to the ER (Extended Data Fig. 7d-f). Thus,
the ability of NSP6 to form zippered connections and to prom
DMVs. Corroborating these results, we found that K22, atf{the vely high) concentrations
that interfere with the biogenesis of ROLS (i.e. 40 n nofat lower ones?!, inhibited the
replication of SARS-CoV-2 (Extended Data Fig. 7 \

As for the SGF deletion, we found that NSP6 al nhances and organizes the formation
of NSP3/NSP4 puncta (Fig. 3h) but that eac ster contains a higher number of DMVs

that are more homogeneous in terms of aswell as exhibiting a more developed system of
zippered connections compared to the rs% NSP6 (Fig. 3n, o, Extended Data Fig. 8a-e,

Supplementary Videos 11, 12).
Finally, we analysed the zippefe

ectors in Calu-3 cells infected with an early lineage or

mpartment, associated with roundish cytoplasmic structures. These were negative for
somal, Golgi, or mitochondrial markers, but turned out to be lipid droplets (LDs)

xtended Data Fig. 9a, b). This association is due to the AH since a mutated NSP6-C80 (C80
F220Q/T222W) which lost the amphiphilic properties of its AH failed to associate with LDs and
exhibited a diffuse distribution (Extended Data Fig. 9¢).

Importantly, and in agreement with recent results?4, we found that 40% of the viral
replication areas labelled by dsRNA and NSP6 are associated with LDs (Extended Data Fig. 9d)
and that LDs are required for SARS-CoV-2 replication in Calu-3 cells since A922500, a DGAT-1



228
229
230
231
232
233
234
235
236
237
238
239
240
241
242
243
244
245
246
247
248
249
250
251
252
253
254
255
256
257
258
259
260
261
262
263
264

NN N
(e)]
Vo] (e)]

?“ 270
271

272
273

inhibitor, inhibited LD biogenesis and significantly reduced the viral load (Extended Data Fig.
9e).

We found that LDs are also in close proximity to ROLS in cells co-expressing
NSP3/NSP4/NSP6, mimicking the situation of infected cells, but not in cells expressing only
NSP3/NSP4 (Fig. 4a, b, Extended Data Fig. 9f, g). By contrast, LDs were found very close to
NSP6 structures in cells expressing NSP6 alone (Fig. 4a, b, Extended Data Fig. 9g). These data
indicate that NSP6 mediates the association of LDs with ROLS.

We investigated the involvement of molecular complexes known to tether LDs to the ER25;
and found that DFCP1 (Fig. 4c) and Rab18 (Extended Data Fig. 9h) were associated with RO
In particular, DFCP1 was recruited by NSP6 but not by NSP3/NSP4 (Fig. 4d, Exten
Fig. 9i). We found that the two proteins interact as shown by the intense FRET sign
in cells expressing GFP-NSP6 and mCherry-DFCP1 (Fig. 4e) and by the ability o
down NSP6 from lysates of cells expressing HA-NSP6 (Extended Data Fig. 9j).
domain of NSP6 mediates DFCP1 recruitment since NSP6 1-157 was unga 4@ > reeruit DFCP1
(Extended Data Fig. 10a). A DFCP1 mutant (DFCP1A1-416) lacking the N-téminal domain but
including the ER-targeting domain and the two FYVE domains? ill recruited by NSP6
(Extended Data Fig. 10b), as is the FYVE domain mutant C654S nable to bind PI3P
(but not the single point mutant W543A in the ER domain W Data Fig. 10b). Thus,
unlike recruitment to the omegasome (the site of autoph me formation)2?, DFCP1
recruitment to the ROLS is PI3P-independent. In ,Sinhibition of PI3P generation, by
wortmannin or SAR405, did not affect DFCP ecr ent to the NSP6-compartment
(Extended Data Fig. 10c). Notably, SAR405 did notNimpair NSP6-compartment formation,

arguing against a role for PI3P in this proc ting an autophagy-independent role of
DFCP1 recruitment by NSP6, the auto 0 e number in cells expressing NSP6 was
comparable to that of non-transfected cell ded Data Fig. 10d).

Importantly, we found that LDsgage consumed during ROLS formation in cells expressing
NSP3/NSP4/NSP6 but not NSP3 @ Fig. 4f) and that a fluorescent fatty acid incorporated
into LDs30 shows more effigi tramsfer to NSP3/NSP4 structures in the presence of NSP6
(Extended Data Fig. 10e; i t with a role for NSP6 in channeling LD-derived lipids to
the ROLS. Of note, N&)e ent consumption of LDs and ROLS formation were both
inhibited by DFCP1s (Fig.*4f, g, Extended Data Fig. 10f). Finally, and in line with recent
reports1®, DFCE

availability of @

Conc n

SARS¥CoV-2 RO is made of DMVs and connectors%8 whose molecular determinants we
m are constituted by NSP3/NSP4 and NSP6, respectively. The NSP6 connectors are
cts of zippered ER that are not accessible to luminal ER proteins or ER membrane proteins
i ulky luminal domains but are freely accessible to lipids (Extended Data Fig. 11). In
dition to linking the DMVs to the ER, the connectors mediate the association of ROs with LDs
(Extended Data Fig. 11); this is likely to be a dynamic association (as at any given time 40% of
ROs is associated with LDs) that may provide fatty acids to fuel DMV growth. These features are
perfectly suited to refurbish the DMVs with lipids synthesized in the ER but to exclude

“undesired” ER proteins.
We found that NSP6 zippers the ER membrane via homodimerization and that NSP6ASGF
(thatunderwent convergent evolutionin o, B, ¥, 1, 1, A VoCs) has a higher ER zippering activity.

6

etion also inhibited SARS-CoV-2 replication, confirming that the
uired to sustain viral replication (Extended Data Fig. 10g, h).
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Interestingly, the recent and highly infectious o BA.2 variant also bears the NSP6ASGF
deletion18. The deletion falls in the second and longest luminal loop of NSP6, hosting a
consensus O-glycosylation motif (LSGF: 105-108), which could act as a spacer that forms
luminal bridges. Thus, SGF deletion could convey higher zippering activity by either shortening
the “spacer” and/or preventing its O-glycosylation.

Our findings on NSP6 and its key role in RO biogenesis provide a testable target that is easily
amenable to screens for anti-viral agents with applicability across a wide range of

coronaviruses. \
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3@ e 1. NSP6 induces ER zippering
3 )

Hela cells expressing YFP-Cb5 alone or co-expressing C- or N-terminally FLAG-tagged NSP6,

@ or untagged NSP6. Insets, enlarged merge of boxed areas. Arrowheads, NSP6-compartments.
1

?\

Dashed lines, cell boundaries. b, IEM (anti-HA immunolabelling) and ¢, EM of HeLa cells
362 expressing HA-NSP6. White arrowheads, linear and black arrowhead, circular zippered ER
363 membranes. Regular ER, green. Black arrows, continuity between zippered and regular ER
364 membranes. The average size of circular NSP6-positive ER structures is 623 * 231 nm. d,
365 Morphometric analysis of NSP6-expressing cells. % ER surface associated with regular
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408
409
410
411

cisternae or zippered domains. Mean * SD, N=3, n = 60. e-h, Immuno-CLEM analysis of the
NSP6-compartments. e, Fluoromicrograph of HA-NSP6 and f, enlargement with NSP6-labelled
structures 1-7 that were identified on EM serial sections (g, left panel), and correspondence of
NSP6 fluorescent spots with NSP6 circular and linear ER-zippered membranes (g, right panel).
h, Serial sections of structure 6 in (g). Black arrow, NSP6-positive linear zippered membrane
connection with ER cisternae. White arrow, NSP6-positive circular zippered structure. i, HeLa
cells co-expressing NSP6 with CLRT or ATL2 as indicated. Insets, enlarged merge of boxed
areas. Arrowheads indicate co-localization. j, k, FRAP analysis of GFP-VAP-A and mCher
NSP6 co-expressing cells. j, NSP6-compartments (boxed) were photobleached and t
fluorescence recovery monitored. Small panels are representative frames showinggti i
seconds after the bleach (see Supplementary Video 2). k, Quantitative FRAP analysisfof the

reporters in (j) and in Extended Data Fig. 2e, f. VAP-A ER, FRAP of VAP-A in “re@é’” eas.
nm;

Fluorescence intensity is expressed as a percentage of the value measured hich is
normalized to 100%. Mean #* SD, N=3, n=45. Scale bars, a, i,j, 10 um; b, ¢ e, 4 um; f,
g 1.1um.

Figure 2. ER zippering requires NSP6 homodimerization and{is gfiore efficient with

NSP6ASGF y

a, Predicted secondary structure of NSP6. The ASGF delefion a uncation site (at 157) are
indicated. b, HeLa cells expressing Myc-NSP6 (inset) -NSP6-1-157. The fraction of
NSP6-1-157 associated with NSP6 structures is gfidicat Mean + SD, N=3, n=74. ¢, Cells
expressing GFP-NSP6 alone or together with erryaNSP6. Graph, FRET measurements in
cells co-expressing mCherry-NSP6 with th GFP-tagged protein. Mean * SD, N=3,
n=20. d, Immunoprecipitation and We t (WB) from GFP-NSP6 and HA-NSP6 co-
expressing cells, representative of fou%endent experiments. e, Radial layout of a
phylogenetic tree of 3,508 SARS-Cg genomes. VoCs are indicated and the percentage of each

@

Specificity of each VoC. Arrows, appearance of the ASGF

genome carrying ASGF is reporté branches highlight the appearance of the deletion. f,

Mutations involved in bran

and mutations in S protejf’ g, e course analysis of stably-expressing FLAG-NSP6 or FLAG-
NSP6ASGF cells induc doxycycline. g, Fluoro-micrographs at 3 hrs. h, quantification of
the structures sho and Extended Data Fig. 5a, N=3, n=90. Left graph, number and size
of NSP6-positi rugtures. Right graph, NSP6 in structures as percentage of total NSP6 in the
cell.i,EM a ti-HA immunolabelling) of HA-NSP6ASGF-expressing HeLa cells. White
and bl r eads, linear and circular zippered-ER structures. Green, regular ER
membranes§. orphometric analysis of IEM images. Quantification of gold particles at
zippeged ER (% of total ER-associated-particles). 1, The surface area of zippered-ER normalized
e I number of gold particles. For k, 1, N=3, n=19. Scale bars, b, ¢, g, 10 um; i, j, 250 nm.
illed Mann-Whitney test, ¢ or unpaired two-tailed t-test, k, 1, one-way ANOVA with
Key’s post-hoc test, h. ns, not significant.

Figure 3. NSP6-zippered membranes connect NSP3 /NSP4-DMVs to the ER

a, Calu-3 cells expressing HA-NSP3/FLAG-NSP6/mCherry-NSP4. Enlargement of boxed area

shows HA/FLAG-immunolabelling. b, Calu-3 cells infected with early lineage and y-variant

SARS-CoV-2. Values represent mean NSP3- and NSP6-structure distances in nm. N=10 cells,

n=2,233 structures. ¢, d, CLEM. Fluoromicrograph (c) and EM serial-sections (d) of HA-

NSP3/mCherry-NSP4/GFP-NSP6-expressing cell. Arrowheads, NSP3/NSP4 colocalization,
9
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arrows NSP6-compartments. Black arrow, NSP6-compartment connection with NSP3 /NSP4-
DMVs. e, IEM showing NSP3 (anti-HA, white arrowheads) and NSP6 (anti-GFP, white arrows).
f, Tomogram and g, 3D-reconstruction showing connections of zippered-ER to DMVs (white

arrow and arrowhead) and to regular-ER (black arrow) (Supplementary Videos 5,6). h,
Number and distribution of NSP4-puncta in cells expressing the indicated NSPs. Mean * SD,
N=3,n=30. Box plot represents 25t to 75th percentile of the data (centre line: median; whiskers:
minima and maxima). i, Tomograms and j, 3D-reconstruction showing multiple short DMV-ER @

tubular connections (white arrows) in NSP3/NSP4-expressing cell (Supplementary Video
9). k, Tomograms from NSP3/NSP4 and NSP3/NSP4/NSP6-expressing cells showing D%

connections (arrows). 1, Intensity profiles along the red lines in (k). m, Morphoptet

NSP3/NSP4- or NSP3/NSP4/NSP6-expressing cells. n, Tomogram and o, 3D-recon on of
a NSP3/NSP4/NSP6ASGF-expressing cell showing numerous zippered-ER do C ted
to DMVs (white arrows) and to regular ER (black arrow) (Supplementary Vi v12). p,
Tomograms showing zippered-ER connections (arrows) to DMVs in Cal Is Thfected with

SARS-CoV-2 early lineage and yvariant (Supplementary Videos 13, 14). q, Bength of zippered-
ER connected to DMVs in infected cells, N=10, n=20, and from ea ineage* (Bavpat1/2020)
data in EMPIAR 10490 (29 tomograms). Scale bars, a-b, 10 pm; ¢, 2 uif; d, 470 nm; e, p, 200 nm;

f g 1i,j,n, 0, 160 nm; k, 100 nm. One-way ANOVA with Tukey’s (h, left panel) or Emmeans post-
hoc test (h, right panel), unpaired two-tailed t-test, m, q. v@l ficant.

Figure 4. NSP6 mediates the recruitment of LD theRO via DFCP1

a, HeLa cells expressing the indicated NSPs stained With Bodipy-488 for LD (green). Insets,

enlargement of boxed area; arrowheads, LDs 4@ OLS (left panel) or to NSP6 (right panel).
Lower panels, green circles delineate thYOSI pn of LDs. b, Distance of LDs from NSP4 and

[
To R

NSP6-puncta measured in whole cell in ce essing the indicated NSPs (see Methods). LD
to NSP4-puncta, N=3, n=1,692 in NSP4-, n=2,971 in NSP3/NSP4/NSP6-expressing cells.
LD to NSP6-puncta, N=3, n=3,23 6-,n=2,563 in NSP3-4-6-expressing cells. ¢, HeLa cells
expressing GFP-DFCP1 al r mCherry-NSP4/HA-NSP3/FLAG-NSP6 or d, with

mCherry-NSP6. Arrowheads, signal in the NSP6-compartment. In d, the percentage of
colocalization betwee%l nd NSP6 is indicated, Mean * SD. e, FLIM-FRET analysis
showing average lifetime in HeLa cells expressing GFP-NSP6 with mCherry or with
mCherry-DFCP %, N=3, n=15. f, LD staining (Bodipy-488, green) of CTRL (Mock-
transfected)@ 1-KD cells expressing mCherry-NSP4/HA-NSP3, mCherry-NSP4 /HA-
N

NSP3/FLAG- or non-transfected (NT). Insets, mCherry-NSP4 fluorescence (red) and anti-
QOW

FLAG im ining (blue). Graph, quantification of LD area in cells. Values are normalized

to the NT-celi€'in either the CTRL or DFCP1-KD condition. The significance of LD area reduction

0 1-KD and Mock treatment was assessed as described in Methods. N=3, n=90. g,

of NSP4-puncta/cell in mCherry-NSP4/HA-NSP3/FLAG-NSP6-transfected cells

ithout (CTRL) or with DFCP1-KD. N=3, CTRL n =66, DFCP1-KD n=71. Scale bars, a, ¢, d, f, 10

. Kruskal-Wallis test with Wilcoxon post-hoc and Bonferroni correction, b, unpaired two-

tailed t-test, e, Wilcoxon test, f, unpaired two-tailed Mann-Whitney test, g. Box plots in b, fand

grepresent 25t to 75t percentile of the data with median (centre line) and minima and maxima
(whiskers).
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456

457 METHODS

458

459 Reagents and antibodies

460 The following antibodies were used: mouse monoclonal anti-HA (BioLegend, 901503, dilution

461 1:600 for IF and 1:1500 for WB), rabbit polyclonal anti-HA (Sigma-Aldrich, H6908, dilution

462 1:200 for IF), goat polyclonal anti-HA (Bethyl, A190-1384, dilution 1:600 for IF), rabbit

463 polyclonal anti-actin (Sigma-Aldrich, A2066, dilution 1:10000 for WB), rabbit polyclonal a

464 NSP6 (ProSci Inc, 9177, dilution 1:200 for IF and 1:1000 for WB), sheep anti-NSP3 (T

465 University of Dundee, DA126, dilution 1:100 for IF and 1:1000 for WB), rabbit p

466 ADRP/Perilipin 2 (Proteintech, 15294-1-AP, dilution 1:200), rabbit monoclonal

467 (Cell Signaling, 38419, dilution 1:1000 for WB), mouse monoclonal anti-FLAG

468 F1804, dilution 1:400 for IF and 1:1500 for IF), goat polyclonal anti-FLAG (Bet -101A,

469 dilution 1:200 for IF), mouse monoclonal anti-c-Myc (Santa Cruz, sc-40, n 00 for IF),

470 mouse monoclonal anti-GAPDH (Santa Cruz, sc-32233, dilution 1:1000§for WB), mouse

471 monoclonal anti-LAMP1 (Hybridoma Bank, #H4A3, dilution 1:200#forJF), rabbit monoclonal

472 anti-EEA1 (BD Biosciences, #610456, dilution 1:1000 for IF), she human anti-TGN46

473 (BioRad #AHPS500GT, dilution 1:750 for IF), rabbit polyclw GFP (Abcam, ab6556,

474  dilution 1:250 for IF), mouse monoclonal anti-GFP (Santd Cru 996, dilution 1:2000 for
diltition 1:2000 for WB), mouse

1: for IF and 1:1000 for WB), rabbit

C
' P1

475 WB), mouse monoclonal anti-mCherry (Abcam, ab1
476 monoclonal anti-V5 (ThermoFisher R960-25, diluti

477 polyclonal anti-LC3 (Novus Biologicals, NB100- tion 1:200 for IF), mouse monoclonal
478 anti-dsRNA (Scicons, 10010500, dilution 1: , DAPI (Sigma-Aldrich, D9542, dilution
479 1:10000 for IF), rabbit 1.4 nm gold-conj Fab' fragment (Nanoprobes, 2004, dilution
480 1:50), mouse 1.4 nm gold-conjugated Fa ent (Nanoprobes, 2002, dilution 1:50) and

481 Alexa Fluor®-546 FluoroNanogold&santi-mpuse Fab’ (7402, dilution 1:50). Alexa Fluor-488-

482 568-647 (Invitrogen, diluted 14 orseradish peroxidase (HRP)-conjugated goat anti-

483 mouse or anti-rabbit IgGgantibady” (1:8,000, Merck Millipore, 401215 and 401315,

484 respectively). Anti-GM1 0¢for IF) and anti-VAPA (1:300 for IF) were produced in our
l&c

485 laboratory as previous ribéd3132

486 BODIPY™ 493/50 4-Diftuoro-1,3,5,7,8-Pentamethyl-4-Bora-3a,4a-Diaza-s-Indacene), (-
487 BODIPY™ FL_.H 1 (2-(4,4-Difluoro-5,7-Dimethyl-4-Bora-3a,4a-Diaza-s-Indacene-3-
488 Dodecanoyl) decanoyl-sn-Glycero-3 Phosphocholine) and BODIPY 558/568-DA-Ci2
-Thienyl)-4-Bora-3a,4a-Diaza-s-Indacene-3-Dodecanoic Acid were
ermoFisher (D3922,D3792 and D3835, respectively). Oil Red O solution was

489 (4,4-Diflugro-
490 purchas 0
491 pur*ased om Merck (102419). K22 (N-[(1Z)-1-1[[4-(4brompehnyl)-4-hydroxy1-

492 eri carbonyl]-2-phenylethenyl]-benzamide) was purchased from Cayman Chemical,
49 DGAT-1 inhibitor A922500 (A1737), Wortmannin (3144), delipidated serum (S5394), and
4 cycline hydrochloride (8D3447) from Sigma-Aldrich, and the VPS34 specific inhibitor
R405 from MedChemExpress (HY-12481). Puromycin dihydrochloride was purchased from
@ Calbiochem (540411). For 3°S-methionine/cysteine labelling, the EasyTag protein labelling mix
7 (772007MC) was purchased from PerkinElmer. Unless otherwise stated, all other chemicals

498 were purchased from Sigma-Aldrich.

500 Plasmid constructs
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501 All NSP constructs were made with the Gateway system (ThermoFisher) using a modified

502 pCDNA3.1 vector (containing a HA, FLAG, MYC, GFP or mCherry tag) for amino-terminal

503 tagging, a modified pCDNA5/FRT/TO vector (containing 3XFLAG) for carboxy-terminal

504 tagging, unmodified pCDNA5/FRT/TO to clone untagged NSP6, and pLTD-FLAG or pLTD-HA

505 for stable doxycycline-inducible NSP6-expressing cell lines. All Gateway vectors were kindly

506 provided by Paolo Grumati (TIGEM, Naples). The donor plasmids were pDONR207 SARS-CoV-

507 2 NSP3, pDONR223 SARS-CoV-2 NSP4, and pDONR223 SARS-CoV-2 NSP6 from Wuhan-HU-1

508 SARS-CoV-2 (gifts from Fritz Roth, Addgene plasmids #141257, #141258, and #1412

509 respectively)33. For carboxy-terminal tagging of NSP6, the stop codon was removed using t \

510 oligo pairs NSP6 ns(+)/NSP6 ns(-) (Supplementary Table 2) with the Agilent QuikChange®ki
<

511 The Agilent QuikChange kit and the oligos described in Supplementary Table 2 wéke @Sed to

512 make the following NSP6 N-terminally-tagged mutant constructs: NSP6-1-157 s 1-

513 157); NSP6-C80 (amino acids 211-290); the mutants in the amphiphilic NSP6-
514 F220Q/T222W and NSP6-C80-F220Q/T222W; and the VoC mutant c SP6-ASGF,
515 NSP6-ASGF/NSP7.

516 The NSP6-NSP7 sequence was synthesized with flanking attB ces by ThermoFisher
517 (Supplementary Table 1), a V5 tag was added to NSP7 by PCR, an plicon was cloned
518 into the Gateway vector pDONR223 and recombined wj ination vector pCDNA3.1

519 containing HA to produce pHA-NSP6-NSP7-V5.

520 The IBV (avian infectious bronchitis virus, strain P§ sequence (corresponding to

521 Uniprot POC6Y3 from position 3089 to 3381), opti d folkhuman expression and synthesized
pp

522 with flanking attB sequences by ThermoFisher, entary Table 1), was cloned into the

523 Gateway vector pPDONR223 and recombine -containing Gateway destination vectors
524 at the amino or carboxy terminus. Olig S BV ns (+)/NSP6-IBV ns (-) (Supplementary
525 Table 2) were used to remove the stop co the carboxy terminal-tagged construct.

526 mCherry-DFCP1 was a gift from DsHyung Kim (Addgene plasmid #86746). pEGFP-ATF6 was
527 a gift from Ron Prywes (Ad @ smid #32955). mCherry-Calreticulin-N-16 (Michael
528 Davidson, Addgene plasmid OhPLlenti-X1-Neo-GFP-ATL2 (Jacob Corn, Addgene plasmid
529 #109020), pEGFPC-DFCRA®, UBY-N1-KDEL were kindly provided by Paolo Grumati
530 (TIGEM, Naples). pEGFP-Rab18 Was a gift from Marci Scidmore (Addgene plasmid #4955).
531 The Agilent QuikC kit and the oligos described in Supplementary Table 2 were used to
532 make the followi herry-DFCP1 mutant constructs: DFCP1-A1-416 (lacking the amino
533 terminus); 43A (point mutation in the ER domain); DFCP1-C654S/C770S
534 (mutatiop$’in the double FYVE domain unable to bind PI3P).
535 GST-tag FG@P1 was constructed by amplifying the coding sequence from mCherry-DFCP1
536 withiyoligos B¥CP1-p223(+)/DFCP1-p223(-) and cloning into the Gateway vector pDONR223
537 dwlently into the Gateway vector pET60.
53 FBE3-Cb5, constructed as described!?2using YFP instead of mCherry, and pEGFP-VAPA were
9 ade in our laboratory. pEGFP-ERGIC53 and p-KDELR-EGFP were kind gifts from Alberto Luini

BC-CNR, Naples).
5 BP clonase and LR clonase for Gateway cloning were purchased from ThermoFisher. All other
2 reagents for molecular biology were purchased from New England Biolabs.

544 Cell culture, transfection, and RNA interference
545 HeLa cells were obtained from ATCC and cultured as previously described!2.
546 Calu-3 cells (human lung adenocarcinoma), a kind gift from Louis ]. Galietta (TIGEM, Naples),
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were cultured in DMEM F-12 (Gibco), supplemented with 10% Fetal Bovine Serum (Euroclone)
100 IU ml-? penicillin and 100 pg ml-! streptomycin (Thermo Fisher Scientific) and 2 mM L-
Glutamine (Thermo Fisher Scientific) in a humidified incubator at 37 °C and 5% COz. Cell lines
were routinely tested for mycoplasma (Biological Industries). Cells were transfected with
plasmids using either TransIT-LT1 (Mirus Bio LLC) for HeLa cells or Lipofectamine® LTX and
PLUS™ Reagent (Thermo Fisher Scientific) for Calu-3 according to the manufacturer’s
instructions. Expression was maintained for 16-24 h before processing unless otherwise stated.

For RNA interference, HeLa and Calu-3 cells were mock-treated or treated with DFCP1 siR \
t

(50 nM) for 96 h using Lipofectamine™ RNAIMAX (Thermo Fisher Scientific) for dir
transfection. siRNA sequences used in this study are listed in Supplementary Table 2.

To generate stably expressing clones, HeLa cells were transfected with t pLTD-
FLAG-NSP6, pLTD-FLAG-NSP6ASGF, pLTD-HA-NSP6, or pLTD-HA-NSP6A cted with
complete medium containing 3ug ml-! puromycin (Calbiochem).

Generation of HeLa FLAG-NSP6 and HA-NSP6 doxycycline-inducible stab@%
d sele

ingle ‘€ell cultures were

isolated from the mixed populations and protein expression was p and induced with 1ug
ml-1 doxycycline (Sigma-Aldrich) at different time points, as indi
processed by immunofluorescence analysis. All the cell li ene

authenticated through western blot and immunofluorescence.

SARS-CoV-2 infection and assays &\
death

SARS-CoV-2 infection, virus titration and ce
dehydrogenase (LDH) were performed as € QQ

experiments, Calu-3 cells were seeded o erships, left untreated or pre-treated for 2 h with
K22 or with the DGAT-1 inhibitor A92‘2‘%different concentrations, as indicated in the

after treatment with either K22 or A922500 were

Samples were then
ed in this study were

Figures. Cell number and cell viaility

assessed by crystal violet staini @ orphology analysis, or LDH assay. No cytostatic or
cytotoxic effect of the drugs @p’ed at the concentrations used. For immunofluorescence
experiments and drug t alu-3 cells were seeded on coverslips and infected with
SARS-CoV-2 early lin€age, (SARS-CoV-2/human/BRA/R]J01/2020, GenBank accession no.
MT710714) ata M 0.01%for 48h. Infected cells were fixed with 3.7% formaldehyde and
processed for i uorescence as described?*. For comparative analyses of NSP3-NSP6
proximity, ¢ milarly infected with early lineage and 7y variant (hCoV-19/Brazil/AM-
020, GISAID ID: EPI_ISL_1060902) at a MOI of 0.01 for 48h.

nts, Calu-3 cells were infected with early lineage B.1 (hCoV-19/Italy/CAM-
6/2020, GISAID ID: EPI_ISL_493333) or yvariant (hCoV-19/Italy/CAM-IZSM-
54/2021, GISAID ID: EPIISL_2933105) SARS-CoV-2 strains at 10 MOI for 24 h.
S#€0V-2 infected Calu-3 cells were processed for EM as described below. All procedures

5
ﬁla ed to virus culture were handled at a biosafety level 3 (BSL3) multiuser facility, according

5

590
5901
592

WHO guidelines.

Drug treatments

FLAG-NSP6 and mCherry-DFCP1 transfected cells were treated with either 100 nM
Wortmannin or 1 uM VPS34 inhibitor SAR405 for 3 h, then processed for immunofluorescence.
For K22 treatment, cells were transfected and after 30 min DMSO or 40 uM K22 were added.
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593 Recombinant proteins and pull-down/Co-IP experiments

594 All recombinant proteins were purified from E. coli Rosetta DE3 cells (Merck).
595 GST-tagged DFCP1 from plasmid pET60 and GST alone from plasmid GEX-4T2 (GE Healthcare)
596 were expressed as described34. For pull-down experiments, 3 mg of cellular lysates from HA-
597 NSP6 transfected HeLa cells were incubated with GST-DFCP1 or GST alone (0.1 uM) overnight
598 at4°Cin 950 pl binding buffer (25 mM Tris pH 7.4, 150 mM NaCl, 0.1% Triton X-100, 0.1% NP-
599 40,1 mM EDTA and protease inhibitors). Glutathione-beads were added, incubated for 1 h at
600 4°C, washed four times with incubation buffer and twice with a similar buffer with
601 detergents, eluted, and analysed by SDS-PAGE. ‘\
602 For Co-IP experiments, 1.7 mg of cellular lysate from cells mock-transfected or co-tr

603 with HA-NSP6 together with GFP-NSP6, FLAG-NSP6, GFP-ERGIC53, GFP-Atlasti GEP-

604 NSP6-1-157, or co-transfected with HA-NSP6ASGF and GFP-NSP6ASGF, were j ith
605 appropriate antibody-conjugated beads (HA, FLAG and GFP). After overnighti at4°C
606 in 750 pl binding buffer, samples were washed five times with binding b a nce with a
607 similar buffer without detergents, eluted, and analysed by SDS-PAGE. "o evaluate Co-IP
608 efficiency a total of three independent experiments was analysed. -immunoprecipitated
609 GFP-NSP6 signal was divided by the GFP-NSP6 signal in the Input a alized by the signal
610 of the immunoprecipitated primary antigen (HA). Co-IP efficj wag,reported as Mean £ SEM
611 of co-immunoprecipitated GFP-NSP6ASGF compared to GEP-NSR6!

612

613 Detergent extraction \

614 HelLa cells transfected with FLAG-NSP6, NSP6- G, ORFLAG-NSP6ASGF were lysed in buffer
615 (25mM Tris pH 7.4, 150 mM NaCl, 1 mM ith protease and phosphatase inhibitor

616 cocktails) containing increasing conce ti of Triton X-100 and NP-40 (1:1) and
617 centrifuged at 13,200 rpm, 10 min. The%as resuspended in the same volume as the
bi

618 supernatant and equal volumes ubjeeted to Western blot analysis using an anti-FLAG
619 antibody.

620

621 Metabolic radiolabelin

622 For metabolic labeling -type HeLa cells or the pLTD-HA-NSP6 or pLTD-HA-NSP6-ASGF

623 stable cell lines we ced with doxycycline (1ug ml-1) for 13 h, incubated for 30 min with
624 methionine/cystei ee medium (21013024, Gibco), and then incubated for 1 h at 37 °C with
625 50 pCi ml-1 iohine/cysteine (PerkinElmer) in the same medium. The cells were then
626 washed 3ffti ith complete medium and further incubated for different times at 37 °C in

627 complete . Doxycycline (1ug ml-1) was included in all media. Following cell lysis,

628 p w immunoprecipitated with anti-HA affinity beads, and analysed by SDS-PAGE gel
629 4lutera raphy (using a Typhoon Imager, Image QuantTool, GE healthcare) of the
6 1 oprecipitates to measure protein stability followed by immunoblot using anti-HA to
@easure total protein levels.

63

6 Western blot analysis

34 Western blot analysis and densitometry were performed as previously described34. Samples
635 containing NSP6 were mixed with sample buffer (100 mM Tris pH 6.8, 25% glycerol, 2% SDS,
636 0.01% bromophenol blue, 10% 2-mercaptoethanol), but were not boiled before loading.
637
638 Immunofluorescence analysis
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Immunofluorescence analysis was performed as previously described!2.

Digitonin/Triton-X-100 permeabilization

HelLa cells transfected with FLAG-NSP6 or NSP6-FLAG were grown on coverslips and fixed with

4% PFA for 10 min, washed three times with Buffer A (20 mM PIPES pH 6.8, 137 mM NaCl, 2.7

mM KCl) and permeabilized with 20 pM digitonin (Calbiochem) diluted in Buffer A for 5 min.

Coverslips were blocked for 30 min with blocking solution (5% FBS [vol/vol] and 50 mM NHa4Cl

in Buffer A) without any additional permeabilizing agent and incubated with primary anti-FL \
t

and anti-TGN46 antibodies diluted in blocking solution. The TGN46 antibody was raised again
aluminal portion of the protein that is thus not accessible upon digitonin permeabilizati
represents a control that only the plasma membrane has been permeabilized. Cov
washed with Buffer A and incubated with fluorochrome-conjugated secon

(Alexa Fluor 488 for FLAG and Alexa Fluor 568 for TGN46 in Buffer A) fo . After
incubation, cells were fixed with 2% PFA for 5 min and washed once wit 4Clin PBS.
Coverslips were subsequently permeabilized with 0.1% Triton-X-10 for 5 min. Cells
50 mM NH4Cl in PBS)

Fluor 405 for FLAG and Alexa Fluor 633 for TGN46 in P
becomes accessible to the primary antibody under
permeability and identifying luminal epitopes.

t RT. The TGN46 epitope
ditions, confirming selective

Lipid droplet staining and assays
LDs were stained by adding 0.5 ptM BORIPY /503 (ThermoFisher) to the fluorochrome-
conjugated secondary antibody mix f min after fixation and processed as for
immunofluorescence analysis.
To monitor lipid transfer from L DMVs we followed the protocol described in Rambold et
al.3%. Briefly, BODIPY 558/5 a final concentration of 1 uM was added for 16 h to the
culture medium of He S nsfected with GFP-NSP4/HA-NSP3 or GFP-NSP4/HA-
Kg
fo

NSP3/FLAG-NSP6. Ce e then washed and incubated with DMEM supplemented with

delipidated serum ( r ah additional 6 h. Coverslips were fixed and processed as described
above. NSP4 pungcta e Identified by using the Analyze particles tool of Fiji (Image]) software,
and the flu eVmean intensity of Bodipy-DA-Ci2 for each particle was determined.

P

Particles @ith Values equal or higher than a similar area of the ER were defined as “positive”
particles? percentage of NSP4 Bodipy-DA-Ci2 positive particles was calculated for each cell.

<&

nfo icroscopy and image analyses
s were imaged using a Plan-Apochromat 100x/1.4 oil objective on a Zeiss LSM800 or
80 confocal system equipped with an AiryScan module and controlled by the Zen blue
ftware. Fluorescence images presented are representative of images collected from at least
three independent experiments, unless otherwise stated (see “Statistics and Reproducibility”
section for further details). The images used for phenotype quantification were acquired with
the same parameters (i.e. digital gain, laser power, magnification) and processed with Fiji
(Image]; National Institutes of Health) software. Brightness and contrast were adjusted with
Adobe Photoshop, and Figure panels were assembled with Adobe Illustrator.
Structure quantification: number and area

¢
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685 NSP6, NSP4, LC3 and LD structures were analysed using the Analyze particle function to
686 determine their number per cell. For each experiment, images were acquired below saturation
687 limit and the same threshold was chosen and applied to all of them. For the calculation of the
688 size of the structures the Analyze particle function was used, setting “Area” as measurement.
689 NSP4 puncta distribution

690 To calculate the distribution of NSP4 puncta in each cell, the Analyze particle function was used,
691 considering a particle size between 0.1 and infinity and choosing the center of mass as reference
692 for measurement. X and Y coordinates for each NSP4 puncta were obtained and plotted. A fo
693 quadrant subdivision was applied to the images using XY coordinates of the centre of mass \
694 the axis origin. The relative abundance of the NSP4 puncta for each quadrant is expregse

695 percentage of the total identified structures for each cell.

696 Relative distribution of the NSP6 protein

697 To measure the cellular distribution of NSP6 fluorescence, the integrated SP6 in
698 NSP6 structures was calculated over the integrated density of total NSP6 4 whele cell.

699 Cells with comparable levels total integrated fluorescence intensity were analyzed for each time

700 point. Results were expressed as percentage of the fluorescent NSPg'signal present in the NSP6
701 structures over the total fluorescence.

702  Recruitment on NSP6 structures V

703  The fraction of VAP-A or NSP6 1-157 associated with NSR6-positi%€ structures was measured
704  as the ratio between the integrated density of each in o' the NSP6 structures and the
705 integrated density in the whole cell.

706  Co-localization between NSP6 and DFCP1

707 Co-localization between NSP6 and WT or FCP1 was calculated using the JACoP

708 plugin3>.
709 Distance between particles
710 The relative distance between objects has been determined with DiAna plugin36. Briefly,

711 channels were thresholded and§ egmented. For LD distance from NSP4 and NSP6 in
712 transfected cells shown in Fig. 4b, Bdg€-Edge distances between particles were measured cin
713  the whole cell and expres unit of images acquired with scale of 24 pixel/mm (1 pixel
714  unit= 24 pixels). No va&elr xcluded. In addition, for selected images including the one in
715 Fig. 4a we applied Shuffle function3¢ as shown in Extended Data Fig. 9f. Briefly, this
716 function redistribut e Objects in a channel in a random manner; then the distances between
717 objects of theg ed channel to the closest object in the second channel from the original
718 image arggmeasured. The distribution of these distances is represented as the mean (red line)
719 flanked %jyconfidence intervals (green lines). The distribution of the distances measured
720 betwgeen th&ébjects in the two channels from the original images is plotted (blue line). If this
721 st‘M falls outside the confidence interval of the distance obtained for shuffled images,
72 digtance is considered as statistically significant (p<0.05).
723 e proximity between LDs and dsRNA or NSP6 in Extended Data Fig. 9d, and the proximity

7 tween dsRNA and NSP6 in Extended Fig. 7i, in infected cells, the Edge-Edge distance was
C
6

analyzed and structures closer than 250 nm (in all directions) were considered as associated
structures. To calculate the distance between NSP3-NSP6 positive structures in infected cells in
727 Fig. 3b both centre-centre and edge-edge distances were measured.
728 NSP6 fluorescence intensity measurements
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HeLa cells expressing FLAG-tagged NSP6 were fixed and processed for immunofluorescence.
Cells with similar expression were acquired using the same parameters and processed with the
Fiji (Image]) software. The integrated density of each cell was measured.

Electron microscopy

For pre-embedding immuno-electron microscopy (IEM) the cells were fixed, permeabilized and

labeled as described previously3’. Briefly, the cells were fixed with a mixture of 4%
paraformaldehyde (PFA) and 0.05% glutaraldehyde (GA) prepared in 0.2 M HEPES buffer

10 min (RT) and then with 4% PFA alone for 30 min (RT), followed by incubation wi
blocking/permeabilizing solution (0.5% bovine serum albumin (BSA), 0.1% saponi

NH4Cl in PBS) for 30 min.

Cells were incubated with a primary anti-HA monoclonal antibody (1:600, Bio ifuted
in blocking/permeabilizing solution overnight and then a secondary anti-mg dy (1.4
nm gold-conjugated Fab' fragment diluted 1:50, Nanoprobes) was @ 2 h. The
GoldEnhance™ EM kit (from Nanoprobes) was used to enhance ultrasmall®gold particles. For
double labelling of cells expressing HA-NSP3, mCherry-NSP4 and G P6, enhancement with
the anti-HA antibody was performed for 3 min and then a primary P polyclonal rabbit
antibody (1:250, Abcam) was added and processed as abovw secondary anti-rabbit
antibody (1.4 nm gold-conjugated Fab' fragment diluted 1460, N obes) for 2 h, followed by
gold enhancement for an additional 3 min. The lo hagcement time for the anti-HA
detection causes the formation of larger gold papficles {glusters) with irregular shape that
distinguishes HA-NSP3 from the smaller GFP-N sighals in doubly-transfected cells.

For conventional EM the cells were fixed wi prepared in 0.2 M HEPES buffer for 30

min (RT).
Cells prepared for IEM or conventional EM raped, pelleted, post-fixed in 0sO4 and uranyl
acetate, dehydrated, embedded in_Epon and polymerized at 60 °C for 72 h. For each sample,

thin sections were cut using a '@ UC7 ultramicrotome (Leica Microsystems, Vienna,
Austria). EM images weredcquired#from thin sections using a FEI Tecnai-12 electron
microscope (FEI, Eindhoyén, Wé€theflands) equipped with a VELETTA CCD digital camera (Soft
Imaging Systems GmbH,NMunster, Germany). Morphometric analysis of the structures of

interest was perfor usin@iTEM software (Olympus SYS, Germany).

with H mCherry-NSP4/GFP-NSP6 or HA-NSP3/mCherry-NSP4/Myc-NSP6 where

indieated. sfected cells were treated or not with 40 pM K22 30 min post-transfection. After

ecni xpression, cells were fixed as for IEM and then labelled with an anti-HA antibody

() by detection with a secondary Alexa Fluor®-546 FluoroNanogold™-anti-mouse Fab’.

tructures of interest carrying different proteins were visualized by confocal microscopy

ing a Zeiss LSM800 station and fluorescent images were recorded. Then the cells were post-

fixed, dehydrated, embedded in EPON and polymerized as described above. Serial 60 nm

sections were cut and analysed using a FEI Tecnai-12 electron microscope. The same cell and

structures of interest obtained by confocal microscopy were identified on EM images using Zen
Connect software (Zeiss).

Correlative- @ tron Microscopy (CLEM)
HelLa cell?er ansfected with either HA-NSP6 or HA-NSP6ASGF or they were co-transfected
d

Electron tomography
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250 nm-thick Epon sections were collected on formwar carbon-coated slot grids and analysed
using a Tecnai G2 Spirit BioTwin electron microscope (FEI) equipped with an automated
tomography stage. The single tilt series of images were acquired in a range of - 65° to + 65° (at
1° intervals) using Xplore 3D - TEM Tomography software (FEI) at 40,000X magnification
unless otherwise stated. Tilt series were used with the open source IMOD software to generate
tomograms. At least 10 tomograms were analysed per experimental condition. For 3D
reconstruction, the surfaces of DMVs and surrounding ER membranes were rendered using the
IMOD software.

FLIM-measurements, FRAP and FLIP analysis A

FLIM-FRET analysis of GFP-NSP6 alone and in combination with mCherry-NSP6, Yy, Or
mCherry-DFCP1, and of mCherry-NSP6 with GFP-NSP6 1-157, GFP-ERGIC, an a n2,
was performed as previously describedl?. FLIM data analysis was p using
SymPhoTime 64 (Picoquant). For live cell imaging of the NSP6 structures @ , e plated in

glass-bottomed dishes (MatTek), transfected with the fluorescently-tagged¥protein constructs
or incubated with -BODIPYTM FL C12-HPC (1 pM) for 16 h, and imaged with an LSM800
microscope (Zeiss) fitted with 488 and 561 nm argon laser lines, u x PlanApochromat
NA 1.4 DIC oil immersion objective. During imaging, cells intained in complete
culture medium in a humidified atmosphere at 37 €. Fl cence images presented
are representative of cells imaged in at least threé, independent experiments and were
processed with FIJI (Image]; National Institutes of Mftware.

FRAP experiments and time-lapse laser-scanping confocal microscopy were performed as
described!2. Briefly, a single NSP6 structu cquired 5 frames before bleaching (6
sec/frame). Bleaching was performed with 100% power of the 488 laser for 10 iterations.
Recovery was monitored for 600 second e bleaching event. At least 30 independent
structures were analysed for each cenditionin three different experiments. Data were exported
using Zen software (Zeiss) and cd for bleaching by dividing the fluorescence intensity of
the bleached area by that of atunbl@aghed area. Bleaching was minimal during the time course

of recovery (between K‘ e bleaching exceeded 10%, the recovery sequences were
6

discarded.

Quantification of G SP d GFP-NSP6ASGF dissociation from membranes was measured
S

in living cells fl nce loss in photo-bleaching (FLIP). FLIP was performed in cells
expressing e -tagged protein by bleaching iteratively (100 times, with intervals of 6 sec
between es)the GFP-associated fluorescence in the entire cell area except for a region of
interest ntaining NSP6 structures. The ROI usually accounted for 10-15% of the total
cellarea. Thefrelative fluorescence intensity of single structures expressed as a percentage of

Mg fluorescence was plotted as mean values + SD. A slowdown of the FLIP-induced

a rves of GFP-NSP6ASGF from the structures was observed indicating an increase in
-NSP6ASGF association with membranes.

EM quantification

The percentage of normal and zippered ER (or NE) surface was quantified in random thin
sections from pellets of NSP6-transfected HeLa cells using morphometric grids with the iTEM
software (Olympus-SIS, Germany). Quantification of gold particles in thin sections from HeLa
cells expressing HA-NSP6 or HA-NSP6ASGF and immuno-gold labelled for HA was performed
with the touch count tool of the iTEM software. This quantification was further used as a
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measure of HA-NSP6 or HA-NSP6ASGF expression in each analysed cell to normalize surface
area of zippered ER for the expression level of corresponding HA-tagged NSP6 protein. To
assess the impact of NSP6 or NSP6ASGF on the organization of DMVs, tomograms of DMV
clusters were used to quantify the following parameters: DMV diameter, shape factor (ratio
between long and short axes), density (number per DMV cluster area), length of ER-DMV
connections, number of DMVs per connection and overall number of ER-DMV connections per
DMV cluster. DMV cluster was defined as a group of DMVs whose distance from the nearest
neighbour does not exceed 2 average DMV diameters. All measurements in tomograms w

done with the 3D Manager plugin of the open source Fiji software. The same tools were used

quantify the length of zippered DMV connectors in tomograms from Calu-3 cells infe i
the early lineage B.1 or y variant of SARS-CoV-2.

NSP6 protein topology

NSP6 topology modelling was performed using the Constrained su$ TOPology
prediction server (CCTOP, Institute of Enzymology, Budapest, Hungary)¥The amphipathic
features of the alpha helix were determined using HELIQUEST (htt liquest.ipmc.cnrs.fr)16
and the mutations were introduced following the Genetic Algorithm odule. Images and
cartoons shown in Fig. 2a and Extended Data Fig. 11 were crea ioRender.com.

Phylogenetic analysis C)
analysis of SARS-CoV g

The phylogenetic mes deposited on  GISAID

(https://www.gisaid.org/) was performed on t 08,508 representative genomes sampled
from December 2019 to Jul 1, provided by Nextstrainl8
(https://nextstrain.org/ncov/global). Thespercentages of genomes carrying the SGF deletion in
the NSP6 protein were evaluated on samp osited on GISAID up to July 16th 2021.

Statistics and Reproducibili
Statistical analyses were p

ing GraphPad Prism7 (GraphPad Software Inc) or R
computing (rstatix R package).

software environment fogét
To test the normal disfribution¥f the data and the homogeneity of variance across groups,
Shapiro-Wilk test Levene’s test were used on the ANOVA residuals. When measured

variables were nerm tributed, statistical significance of difference in measured variables
between con nd theated groups was determined by t-test or analysis of variance (ANOVA)
followed opriate multiple comparison post-hoc tests depending on the experiment.
When reg variables were not normally distributed, non-parametric Mann-Whitney or

Kruskal-W tests were performed followed by appropriate multiple comparison post-hoc
stwding on the experiment.
hegexperiments for which statistics was derived, were performed three times with similar
I s; N indicates the number of experiments and n the number of total measurements or
servations. All the replicates performed were biological and not technical.
Detailed information for each experiment of the study are provided below.
Experiments shown in Extended Data Fig. 13, 1e, 3h, 6a, 9c were repeated twice.
Experiments shown in Fig. 1b, 1c, 1g, 1h, 1i, 2i, 2j, 3d, 3e, 3f, 3i, 3n, 4c and Extended Data Figure
1f, 1g, 1h, 1i, 1j, 2a, 2b, 2¢, 3a, 3d, 4c, 4d, 4e, 4f, 4g 4h, 4i, 5k, 5], 6d, 6e, 6i, 6j, 61, 6m, 7c, 7d, 7e,
8a, 8b, 8f, 8g, 8h, 93, 9b, 9f, 9g, 9h, 10a, 10b were repeated three times.
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Experiments shown in Extended Data Figure 1c, 1d, 2d, 2e, 5c, 5m, 6¢, 6f were repeated four
times. Experiments shown in Figure 1a, 3a, 4d and Extended Data Figure 6g, 9i, 10c were
repeated five times. Experiments shown in Extended Data Figure 5b was repeated six times.
Experiments shown in Figure 1e, 1f, 3c and Extended Data Figure 5j, 6b were repeated ten
times.

Reporting summary

Further information on research design is available in the Nature Research Reporting Summa \
linked to this paper.

Data availability @
Full scans for all western blots and autoradiographs are provided in Supple . 1. The
nucleotide sequence of synthetic IBV NSP6 and NSP6/NSP7 used i y are in
Supplementary Table 1. The oligonucleotides, siRNAs and primers used i#this study are in
Supplementary Table 2. Source data for each figure are provided ingthe sorresponding "Source

Data" files. Raw data supporting the findings of this study are depo Zenodo and will be
publicly available at 10.5281/zenodo0.5929088 (upon publicaw EM data, including tilt
y.

series and reconstructed 3D tomograms were deposited indkMD EMPIAR public databases
with EMD-14179 and EMPIAR-10935 accession code Kcti
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Extended data Figure legends

Extended Data Fig. 1. NSP6 requires a free C-terminus to exert its membrane deforming

activity

a, Fluoromicrographs of Calu-3 cells expressing YFP-Cb5 alone (leftmost panels) or in
combination with C-terminally or N-terminally FLAG-tagged NSP6, or untagged NSP6 (NSP6),

as indicated, and immunostained with anti-FLAG antibody (red). b, Expression analysis of @

NSP6-FLAG (C-term) or FLAG-NSP6 (N-term) in transfected HeLa cells. Left, representati
fluorescence micrographs (anti-FLAG antibody). Right, fluorescence intensity measuremenE.

Single values are plotted, Means * SEM are indicated. N=3, n=69 cells. ns, not significat.

tailed unpaired t-test with Welch's correction. Lower panel, Western blot of tofal grotein
lysates using an anti-FLAG antibody; actin was used as a loading control. NT, ra ted
cells. ¢, Western blot of HeLa cells expressing HA-NSP6 or untagged NSP6, d Q&\g anti-
HA or anti-NSP6 antibody, as indicated. NT, non-transfected cells. d, HeLa ansfected with
FLAG-NSP6 immunostained with anti-FLAG, anti-LAMP1, anti-EEA1 or anti¥L.C3 antibodies. e,

nuclear envelope is indicated by a white arro plementary Video 1). i, Routine EM of

apposition of limiting membranes of an erna (asterisk) that then continues into the
zippered ER domain (arrowhead esté@rn blots in b and c are representative of three
independent experiments each. Sga ars,a,b,d, e, 10 um; f, g, 100 nm; h, 230 nm; i, 200 nm;
j, 100 nm.

a Hela cell expressing HA-NSP6 and jﬁag ication of boxed area. The arrow indicates

Extended Data Fig. Zﬁ\l 6-compartment is accessible to ER-membrane-proteins

with small lumina ains but not to membrane-proteins with large luminal domains
a, Fluoromicro h La cells expressing CLRT-mCherry alone (left panel) or with GFP-
NSP6 (right luoromicrographs of HeLa cells expressing GFP-ATF6 or GFP-KDEL or

GFP-ERGI€53 ne (left panel) or with mCherry-NSP6 (middle and right panels). c,
Fluoromiegdgraphs of HeLa cells expressing GFP-ATL2 alone (left panel), or with mCherry-
NSPg, (midd¥¢ panel), or expressing GFP-VAP-A (right panel). d, HeLa cells expressing GFP-
e (left panel) or with mCherry-NSP6 (middle and right panels). Small panels in (b-
gements of boxed areas, arrowheads indicate co-localization in (d). e, Representative
es of Hela cells expressing YFP-Cb5 alone or with mCherry-NSP6, as indicated. For FRAP
alysis, individual NSP6-compartments (boxed) were photobleached and the fluorescence
recovery was monitored. The small panels are representative frames (from a total of 100)
showing time in seconds after the bleach (see Supplementary Video 3). See Fig. 1k for FRAP
measurements. f, Representative images from FRAP experiments of Hela cells incubated with
Bodipy C12-HPC (PC), without or with mCherry-NSP6 transfection, as indicated. Individual
NSP6-compartments (boxed) were photobleached and the fluorescence recovery was
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monitored. The small panels are representative frames (from a total of 100) showing time in
seconds after the bleach (see Supplementary Videos 2, 3). Scale bars, 10 um.

Extended Data Fig. 3. NSP6 undergoes homodimerization through the 1-157 region

a, Hela cells expressing C-terminal or N-terminal FLAG-tagged NSP6 immunostained with anti-
FLAG antibody and an antibody against a luminal epitope of TGN46 after permeabilization with
digitonin and subsequently with Triton-X-100 (see Methods). b, Model of the amphipathic helix
of NSP6 (left panel) according to HELIQUEST (see Methods). Apolar residues are in yell
polar residues and glycine have been given different colours. The arrow indicates t

hydrophobic moment (uH = 0.409). Numbers indicate amino acid positions of the NSPeprotei

Right panel, model of the F220Q/T222W NSP6 mutant helix (uH = 0.191). Mutati that
abolish the amphipathic character of the helix are in red. ¢, HeLa cells untransfe le el)
or expressing Myc-NSP6 were immuno-stained for VAP-A or for Myc. Insets sh %C-NSP6
signal. The number indicates the fraction of VAP-A associated with the "@ ruckures. Mean
+ SD, N=3, n=74. d, HeLa cells expressing GFP-NSP6 F220Q/T222W mutantig, f, g, Cell lysates
(input) and immunoprecipitates (IP, with anti-HA or anti-FLAG ibgdies) from HeLa cells,
untransfected or expressing the indicated NSPs were analysed by blot with anti-HA,
anti-FLAG or anti-GFP antibodies as appropriate. Image resentative of three

independent experiments. h, Fluoromicrographs of Hel& cell ressing GFP-NSP6 1-157
alone or with mCherry-NSP6. Scale bar, a, ¢, d, h, 10 1

Extended Data Fig. 4. K22 interferes with theformation of the NSP6-compartment

a, Stably transfected FLAG-NSP6 clone induc xycycline and treated with DMSO or K22
for 24 h. K22 reduced the number of NSPésstructures and resulted in elongated structures in a
percentage of the cells (right panel, num ells exhibiting these structures. Mean * SD).

The number of NSP6 structures in DMSO andK22-treated cells is plotted as single values. Mean
+ SEM, N=3, n=90. Two-tailed dipaired t-test with Welch’s correction. b, FRAP analysis of
mCherry-NSP6-structures ed) lls treated with DMSO or K22. The small panels show

time in seconds after the #leagh. ph, FRAP curves expressed as a % of time 0. Means + SD,
N=3, n=45 structures. €, |s expressing GFP-VAP-A alone (as a control) or with FLAG-NSP6,
\

treated with K .d, Fluoromicrograph showing NSP6 (anti-HA immunostaining with
Alexa Fluor®g Nanogold secondary antibody) in elongated structures (arrows 1, 2)
close to th€'n
1 and 2 iadiCateyoverlap of the fluorescent and immuno-gold signals in the elongated zippered
dontains o nuclear envelope (NE). f, Serial sections of the structure indicated by arrow 1 in
hite arrows: NSP6-zippered domains of the NE, black arrows: regular NE. Insets,
ation of boxed areas showing regular NE (arrowheads: nuclear pore). g, h. EM showing
ar (black arrows) and zippered (white arrows) NE domains in cells expressing HA-NSP6
eated with DMSO (g) or K22 (h). i, A cell not expressing NSP6 treated with K22 shows regular
NE (black arrows). Insets in g-i, magnification of boxed areas showing regular NE (arrowheads:
nuclear pores). j, Morphometric analysis of zippered NE surface in control and K22-treated cells
expressing HA-NSP6. Single values are plotted, Medians are indicated, n = 20 cells, two-tailed
unpaired t-test. Scale bars, a-c, 10 pym; d, 7.5 pm; e, 3.8 um; f, 750 nm, inset 200 nm; g-i, 1 pm,
insets 200 nm.

treated with DMS ith"K22 for 16 h. d-f, Inmuno-CLEM of HA-NSP6 expressing cells
0
O

23

&



1031 Extended Data Fig. 5. NSPASGF is more prone to homodimerization and/or
1032 oligomerization than the reference NSP6

1033 a, Fluoromicrographs of stably-expressing FLAG-NSP6 or FLAG-NSP6ASGF cells induced with
1034 doxycycline at the indicated times. b, Levels of HA-NSP6 and HA-NSP6ASGF clones induced
1035 overnight with doxycycline analyzed by Western blot with anti-HA antibody. GAPDH was used
1036 asloading control. ¢, Doxycycline-induced HeLa clones expressing HA-NSP6 or HA-NSP6ASGF,
1037 or parental (CTRL) cells, were radiolabelled for 1 h with 35S-methionine/cysteine and chased
1038 for the indicated times. Samples were immunoprecipitated and analyzed by SDS-PAGE e\
1039 autoradiography (top panels) and by Western blot (bottom panels). The estimated half—'f%
1040 HA-NSP6 and HA-NSP6ASGF was 5 h. d, Western blot of supernatant (S) and pellet (P) of lys

1041 (at increasing Triton-X100/NP-40 concentrations) of cells expressing NSP6-FLAG,

1042 or FLAG-NSP6ASGF (see Methods). Numbers indicate the percentage of
1043 supernatant. e, Cell lysates (input) of cells expressing GFP-NSP6 with
1044 NSP6ASGF with HA-NSP6ASGF, were immunoprecipitated (IP) with a
1045 analyzed by Western blot with anti-HA and anti-GFP antibodiesgThe graph shows co-IP
1046 efficiency of NSP6ASGF relative to NSP6, which was set as 1 (see Meth@ds). Mean + SEM, n= 3
1047 samples examined over three independent experiments. Two-tal npaired t-test with
1048 Welch’s correction. f, Fluorescence Loss in Photobleachin »lysis of cells expressing
1049 GFP-NSP6 or GFP-NSP6ASGF. Left panels, before bleaching. Right panels, after bleaching.
1050 Dashed lines indicate the areas where iterative bl c\) applied. Graph: quantitative
1051 analysis of FLIP (see Methods). Values are expr as apercentage of time 0, Means * SD,
r experiment. The calculated FLIP half-life
F 103.8 sec + 27.6. g, FRAP analysis of

1052 three independent experiments, n = 10-12 ¢
1053 for GFP-NSP6 is 70.5 sec + 12.6 and for GFP-
1054 GFP-NSP6ASGF-expressing cells treated SO or K22 for 16 h after bleaching of the
1055 individual NSP6ASGF-compartments (box€d). The small panels are representative frames
1056 (from a total of 100) at differe (in"seconds) after the bleach. h, Quantitative FRAP
1057 analysis of the experiment i escence intensity is expressed as a percentage of the
1058 value measured at time 0 ized to 100%). Means * SD, three independent experiments,
1059 n=45 structures. i, Dox lin uced clone expressing FLAG-NSP6ASGF treated with DMSO
1060 or K22 for 24 h. Number SP6 structures (middle panel) and cells with elongated NSP6

1061 structures (right pa uced by K22. The number indicates the percentage (Mean * SD) of
1062 gated structures. Single values are plotted, Means + SEM are indicated,
1063 unpaired t-test with Welch’s correction. j-l. Immuno-CLEM of cells
1064 P6ASGF. j, Fluoromicrograph (anti-HA immunostaining) of the NSP6-
1065 , Magnification of the box in (j) (inset) and IEM, where arrows 1-4 indicate
1066 e fluorescent and immuno-gold signals in the zippered NSP6-positive-structures.
1067 ification of the structure indicated by arrow 1. m, Fluoromicrographs of cells expressing
10 SP6/NSP7-V5 or FLAG-NSP6ASGF/NSP7-V5 immunostained with anti-FLAG (green),
ti-V5 (white insets) and anti-GM 130 antibodies (red insets). Bottom panels, merge of FLAG-
10 SP6 and GM130. n, Western blot of cell lysates from non-transfected (NT) and HA-
NSP6/NSP7-V5 or HA-NSP6ASGF/NSP7-V5 expressing HeLa cells. Western blot images are
1072 representative of three independent experiments. Scale bars, a, f, g, i, m, 10 um; j, 3.7 um; K,
1073 480 nm; 1, 250 nm.
1074
1075
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1076 Extended data Fig. 6. NSP6 organizes the DMVs induced by NSP3-NSP4.

1077 a, Fluoromicrographs of HeLa cells expressing YFP-Cb5 with HA-NSP3 (anti-HA
1078 immunostaining) or mCherry-NSP4. Insets, merge with YFP-Cb5. b, Fluoromicrographs of HeLa
1079 cells expressing HA-NSP3 and mCherry-NSP4. Insets, enlargement of boxed area. Arrowheads,
1080 NSP3/NSP4-positive structures. Dashed lines delineate cell boundaries. ¢, Western blot (WB)
1081 of total lysates from HeLa cells expressing HA-NSP3, mCherry-NSP4, FLAG-NSP6, or GFP as
1082 indicated. Actin was used as loading control. d, IEM and e, routine EM of HeLa cells co-
1083 transfected with HA-NSP3 and mCherry-NSP4. Anti-HA labelling in (d) shows gold partic

1084 decorating DMVs, indicated by asterisks. Black arrows, ER. Inset, magnification of boxed ar E\
1085 White arrows in d and e show double membranes. The average DMV size is 92 *

1086 Western blot of total lysates from HeLa cells expressing HA-NSP3, mCherry-NSP4, opfFLAG-
1087 NSP6 as indicated. Actin was used as loading control. g, Individual fluoromicro alu-
1088 3 cell co-transfected with FLAG-NSP6, HA-NSP3, and mCherry-NSP4. h,
1089 tubular or zippered connections in NSP3/NSP4 or in NSP3/NSP4/N 6 sing cells,
1090 respectively. Single values are plotted. Medians are shown (n = 14 _connégtions), two-tailed
1091 unpaired t-test. i, Tomographic slice of a HeLa cell expressing HANSB3 /mCherry-NSP4 or j,
1092 HA-NSP3/mCherry-NSP4/FLAG-NSP6, showing DMV clusters with round DMVs (white
1093 arrows) and large and elongated DMVs (black arrows). k y histograms of DMV
1094 diameter measured from tomograms of cells expressing (average diameter 80.87
1095 nm)or NSP3/NSP4/NSP6 (average diameter 67.50 n metric Kolmogorov-Smirnov
1096 (KS) test. n2135 vesicles. 1, Tomographic sli ela cells transfected with HA-
1097 NSP3/mCherry-NSP4 or m, HA-NSP3/mCherry, AG-NSP6, with arrows indicating the

1098 edges of the DMV clusters. n, DMV densitie culated in tomograms as the number of
1099 vesicles per pm? in an area occupied by a®MYV €Gluster. n = 8 clusters; Single values are plotted,
1100 Medians are shown, two-tailed unpaired t -Scale bars, a, b, g, 10 um; i, j, 1, m, 180 nm.

1101

1102 Extended Data Fig. 7. K22 im
1103 and has anti-SARS-CoV-2 i

ability of NSP6 to organize the NSP3/NSP4 puncta

P3 and mCherry-NSP4 for 5 h were further transfected or

1104 a, HeLa cells transfected wit
1105 not with FLAG-NSP6 a ated®with DMSO or K22 (40 uM, 16 h) followed by immunostaining
1106 as indicated. b, Quéngtification of the number of NSP4 puncta/cell in (a). N=3, n=60. Single

1107 valuesare plottgd. T edian value is shown. One-way ANOVA test with Tukey’s post-hoc. ns,

1108 not significa LEM analysis of K22-treated cells. ¢, Fluoromicrograph of HeLa cell

1109 expressi A-NSP3, mCherry-NSP4 and Myc-NSP6. Inset corresponds to the boxed area and

1110 shows NSP4 positive structures (arrows) close to the NSP6 compartment (arrowhead).

1111 d, erlap fluorescent image (inset in c¢) with EM image. The NSP6-compartment

1112 % s to a circular zippered ER structure (arrowhead) close to but not connected with
N

111 3/NSP4 puncta that correspond to DMVs (arrows). The empty arrow indicates a tubular
1144 ection of a DMV to the regular ER (magnified in the inset). e, Ultrastructure of DMV clusters

1 K22-treated cells expressing HA-NSP3, mCherry-NSP4 and Myc-NSP6. Serial sections show a
11 DMV cluster with irregular elongated DMVs (black arrows). The empty arrow indicates a

1118 untreated (NT) and K22-treated cells to quantify the number of DMVs per cluster, DMV shape
1119 factor, and the number of tubular or zippered connections per DMV cluster. Single values are
1120 plotted, Medians are shown, n = at least 8 clusters or 70 DMVs, two-tailed unpaired t-test. g, h,
1121  Antiviral activity of K22. Effects of K22 on cell death measured by LDH (g) or on viral replication

v 7 tubular connection of a DMV with regular ER. f, Morphometric analysis of serial sections from
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(h) in SARS-CoV-2 infected Calu-3 cells. Mean + SEM, N=3, one-way ANOVA. i, Calu-3 cells
infected with SARS-CoV-2 without (left panels) or with (right panel) K22 treatment. Cells were
immunostained for dsRNA and NSP6. Nuclei were stained with DAPIL. An enlargement of the
boxed area shows NSP6 labelling (arrowheads) in the proximity of replication areas labelled by
dsRNA. Graph, NSP6 structures within a distance of 250 nm from dsRNA spots, and dsRNA spots
within a distance of 250 nm from NSP6 structures were counted and expressed as a percentage
of total. Mean * SEM, 15 cells analyzed, n=729 NSP6 structures, n=901 dsRNA spots. Scale bar,

a, 10 um; ¢, 4.4um; d, 370 nm; e, 320nm; i, 20 um. A\

Extended data Fig. 8. NSP6ASGF is more proficient in zippering the ER.

a, Tomographic slice of a HeLa cell expressing HA-NSP3/mCherry-NSP4 /FLAG- oy b,
expressing HA-NSP3/mCherry-NSP4/FLAG-NSP6ASGF. Arrows indicate e ER
connectors directed towards DMV clusters. ¢, Quantification of the num ppered
connections per DMV cluster and d, number of DMVs per cluster. Sing es‘are plotted,
Medians are shown. NSP3/NSP4/NSP6, N=7 cells, n=8 DMV clusters;, NSP3%NSP4/NSP6ASGF,
N=8 cells, n=9 DMV clusters. Two-tailed unpaired t-test. e, Freglieney histograms of DMV
diameter measured from tomograms of cells expressing NSP3/NSP (average diameter
67.50 nm) or NSP3/NSP4/NSP6ASGF (average diameter 6851 nm). The histograms were
analyzed using non-parametric Kolmogorov-Smirnov (KS) tegt.™1 = 123 vesicles. f, Serial
tomographic slices from Calu-3 cells infected with 10 f aft early lineage SARS-CoV-2 for
24 h. White arrows indicate a zippered connector that lin R (black arrows) to two DMVs (1
and 2). g, h, Serial tomographic slices from Cal ellsfafected with the yvariant of SARS-CoV-

2. White arrows indicate zippered connector art from the ER (black arrows) and then
branch (red arrow) towards two DMV ( in (g) and link the ER to a DMV (1) in h. White
arrowheads indicate connectors that link 0 DMV3 in (g) and DMV1 to DMV3 in (h). Scale

bars,a, b 140 nm; f-h 200 nm.

Extended Data Fig. 9. Rab18'is e ed to ROLS by NSP6.

a, Fluoromicrographs of MeLa(Cellgexpressing FLAG-NSP6-C80 (i.e. the last 80 amino acids of
NSP6. Anti-FLAG antibéd d staining for LDs using Bodipy-C12. Insets, enlargement of boxed
areas. Arrowhead ocalizing structures. b, FLAG-NSP6-C80 associates with roundish
structures thatsta Bodipy-488 and with ADRP (perilipin 2). ¢, NSP6-C80 mutated in
residues that é@ at@® the amphiphilic properties of the AH fail to associate with LDs. Cells
ined with anti-FLAG Ab (green) and with Bodipy-DA-C12 (red). d, Calu-3 cells

ti-NSP6 antibodies. Blue, nuclear DAPI staining. Graph, quantification of the

iatigh of NSP6 or dsRNA positive structures with LDs, expressed as a percentage of the
mber of NSP6 or dsRNA structures per cell. Mean + SEM, N=12, n=1,377 and n=861 for
A and NSP6, respectively. e, Calu-3 cells infected or not with SARS-CoV-2, with or without
e DGAT-1 inhibitor A922500, were analyzed for LDs using Oil Red O staining (measurement
of the fluorescent area of LDs- left graph) or for viral titres?2 (right graph). Two-tailed unpaired
t-test with Welch'’s correction (left graph); one-way ANOVA followed by Tukey’s post-hoc test
(right graph). f, Graph obtained applying the function Shuffle (see Methods) for the “NSP6
objects” and “LD objects” in the NSP3/NSP4/NSP6 transfected cell in Fig. 4a, showing that the
measured distances (blue line) are significantly different from mean random distances (red
line) flanked by 95% confidence intervals (green lines). g, Fluoromicrographs of Calu-3 cells
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1168 expressing mCherry-NSP4, HA-NSP3, and FLAG-NSP6 (left panel), or mCherry-NSP4 and HA-
1169 NSP3 (middle panel), or FLAG-NSP6 (right panel). Cells were immunostained with anti-FLAG
1170 Ab (blue). mCherry fluorescence was used as a read-out for mCherry-NSP4/HA-NSP3
1171 structures. LDs were detected using Bodipy-488 (green). Inset, enlargement of boxed area.
1172 Arrowheads indicate LDs close to the NSP6 compartment and in proximity to the RO. h, Cells
1173 expressing GFP-Rab18 alone or with FLAG-NSP6 (anti-FLAG immunostaining). Insets,
1174 arrowheads show co-localization of Rab18 with the NSP6-compartment. i, Individual
1175 fluoromicrographs and merge of cells co-expressing GFP-DFCP1, mCherry-NSP4 and HA-NS
1176 (anti-HA immunostaining). j, In vitro pull-down assays using total cell lysates (input) from He
1177  cells expressing HA-NSP6 incubated with GST-DFCP1 or GST alone. Upper panel, Pongea

1178 staining; bottom panel, Western blot with anti-HA antibody. Images are representatiye gfthree
1179 independent experiments. Scale bars, a-c, g-i, 10 um; d, 20 um.

1181 Extended Data Fig. 10. The C-terminal domain of NSP6 is involved i eChuitment of
1182 DFCP1 in a PI3P-independent manner.

1183 a, Fluoromicrographs of cells co-expressing GFP-DFCP1 and FLAGANSPé 1-157. b, Fluorescent
1184 images of HeLa cells transfected with the indicated DFCP1 mutant${al or in combination
1185 with NSP6 (as indicated). A schematic representation of DFW ts is reported on top.
1186 Arrowheads, DFCP1 signal in the NSP6-compartment. Ingets, e ed merge of boxed areas.
1187 Numbers indicate the percentage of colocalization betWeen,DFGP1 mutants and NSP6. Mean *
1188 SD (see Methods). ¢, Fluorescent micrographs of gélls expgessing mCherry-DFCP1 and FLAG-
1189 NSP6 treated with SAR405 or with wegtmamhin. Anti-FLAG immunostaining. d,
1190 Fluoromicrograph showing LC3 staining in o @
1191 FLAG-NSP6 expressing HeLa cells. Inset,gti FRAG immunostaining. Graph, quantification of

ected and one non-transfected cell from

1192 LC3 puncta in non-transfected (CTRL) an transfected cells (number of LC3 spots/cell).
1193 Means + SEM. n=74 cells examinedseyer thrge independent experiments. Two-tailed unpaired
1194  t-test with Welch'’s correction. Significant. e, HeLa cells expressing HA-NSP3 and GFP-
1195 NSP4, or HA-NSP3, GFP-NSP4"a -NSP6, were loaded with Bodipy-DA-C12 and washed
1196 out for 6 h (see Methods)! edgfellow lines, LDs; dotted white lines, NSP4 puncta. Graph,
Kﬁ
e

1197 quantification of the pefc ge'of NSP4 puncta positive for Bodipy-DA-C12. Single values are
1198 plotted, Means + S indicated, N=3, n=90, two-tailed Mann-Whitney test. f, Western blot
E%)ck—treated (CTRL) and DFCP1-KD cells. Actin was used as loading

hows the level of DFCP1 protein expressed as percentage of control (set at

1203 CoV4Z-infe Calu-3 cells detected with an anti-DFCP1 antibody. GAPDH was used as loading

1204 ntro graph shows the level of DFCP1 KD expressed as percentage of control (set at 100).
120 an #SEM. N =3, two-tailed unpaired t-test with Welch’s correction. h, Quantification of viral
1206 i in SARS-CoV-2-infected Calu-3 cells untreated (-), transfected with scramble siRNA

2 TRL) or DFCP1 siRNA (DFCP1-KD). Mean + SEM, N = 7, two-tailed unpaired t-test with
12 Welch’s correction. Scale bar a-e, 10 um. Western blot images are representative of three

9 independent experiments.
v1210
1211 Extended Data Fig. 11. Working model for the role of NSP6 in RO biogenesis. NSP6-
1212 induced zippered connectors are cues and organizers for NSP3/NSP4-induced DMV formation

1213 acting as selective communication tracks with the ER (largely excluding luminal ER proteins).
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1214 In addition, the connectors might also act as fast-tracks to refurbish the actively growing
1215 subpopulation of DMVs with lipids derived from LDs.
1216
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Statistics

For all statistical analyses, confirm that the following items are present in the figure legend, table legend, main text, or Methods section.
Confirmed

The exact sample size (n) for each experimental group/condition, given as a discrete number and unit of measurement

A statement on whether measurements were taken from distinct samples or whether the same sample was measured repeatedly

The statistical test(s) used AND whether they are one- or two-sided
Only common tests should be described solely by name; describe more complex techniques in the Methods section.

A description of all covariates tested

XX X XX

A description of any assumptions or corrections, such as tests of normality and adjustment for multiple comparisons

A full description of the statistical parameters including central tendency (e.g. means) or other basic estimates (e.g. regression coefficient)
AND variation (e.g. standard deviation) or associated estimates of uncertainty (e.g. confidence intervals)

For null hypothesis testing, the test statistic (e.g. F, t, r) with confidence intervals, effect sizes, degrees of freedom and P value noted
Give P values as exact values whenever suitable.

X

For Bayesian analysis, information on the choice of priors and Markov chain Monte Carlo settings

For hierarchical and complex designs, identification of the appropriate level for tests and full reporting of outcomes

XXX O O000005%
X

NN

Estimates of effect sizes (e.g. Cohen's d, Pearson's r), indicating how they were calculated

Our web collection on statistics for biologists contains articles on many of the points above.

Software and code

Policy information about availability of computer code

Data collection  Fluorescence micrographs were collected using Zeiss LSM800, LSM880 or LSM710 confocal system (Zeiss, Germany) equipped with an
Electronically Switchable Illumination and Detection (ESID) module and an AiryScan module (for LSM880) and controlled by Zen blue software
for LSM800 and LSM880 (v.2.6) and Zen 2012 for LSM 710. EM images were acquired using a FEI Tecnai-12 electron microscope (FEl,
Eindhoven, Netherlands) equipped with a VELETTA CCD digital camera (Soft Imaging Systems GmbH, Munster, Germany). Morphometric
analysis was performed using iTEM software (Olympus SYS, Germany, v.5.2). For electron tomography a Tecnai G2 Spirit BioTwin electron
microscope (FEI) was used. For CLEM experiments, cells and structures of interest obtained by confocal microscopy were identified on EM
images using Zen Connect software (Zeiss v.3.0).

Data analysis Fluorescence images were processed with Fiji (ImageJ v.1.51j8). Brightness and contrast were adjusted with Adobe Photoshop (v.25.4), figure
panels were assembled with Adobe Illustrator (v.25.4). 3D reconstructions were rendered using IMOD software (v.4.7.15). FLIM data analysis
used SymPhoTime 64 (Picoquant v.2.1.3764). Statistical analyses were performed using GraphPad Prism7 (GraphPad Software Inc v.7.0a) or R
software environment for statistical computing (rstatix R package v.4.1.1).

For manuscripts utilizing custom algorithms or software that are central to the research but not yet described in published literature, software must be made available to editors and
reviewers. We strongly encourage code deposition in a community repository (e.g. GitHub). See the Nature Research guidelines for submitting code & software for further information.
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Data

Policy information about availability of data
All manuscripts must include a data availability statement. This statement should provide the following information, where applicable:

- Accession codes, unique identifiers, or web links for publicly available datasets
- Alist of figures that have associated raw data
- A description of any restrictions on data availability

Full scans for all western blots and autoradiographs are provided in Supplementary Fig. 1. The nucleotide sequence of synthetic IBV NSP6 and NSP6/NSP7 used in
this study are in Supplementary Table 1. The oligonucleotides, siRNAs and primers used in this study are in Supplementary Table 2. Source data for each figure are
provided in the corresponding "Source Data" files. Raw data supporting the findings of this study are deposited in Zenodo and will be publicly available at 10.5281/
zen0do.5929088 (upon publication). Raw EM data, including tilt series and reconstructed 3D tomograms were deposited in EMDB and EMPIAR public databases
with EMD-14179 and EMPIAR-10935 accession codes respectively.

SARS-CoV-2 genome data was retrieved from https://www.gisaid.org/; In detail:

SARS-CoV-2 early lineage (SARS-CoV-2/human/BRA/RJ01/2020, GenBank accession no. MT710714); SARS-CoV-2 early lineage (hCoV-19/Brazil/AM-L70-71-
CD1739/2020); SARS-CoV-2 gamma variant (GISAID ID: EPI_ISL_1060902); SARS-CoV-2 early lineage B.1 (hCoV-19/Italy/CAM-INMI-32803-66/2020, GISAID ID:
EPI_ISL_493333); SARS-CoV-2 gamma variant (hCoV-19/Italy/CAM-1ZSM-RD020483D54/2021, GISAID ID: EPI_ISL_2933105).

Phylogenetic analysis was performed using Nextstrain (https://nextstrain.org/ncov/global).

NSP6 topology modelling was performed using the Constrained Consensus TOPology prediction server (CCTOP, Institute of Enzymology, Budapest, Hungary). The
amphipathic features of the alpha helix were determined using HELIQUEST (http://heliquest.ipmc.cnrs.fr). Images and cartoons were created with BioRender.com.

Field-specific reporting

Please select the one below that is the best fit for your research. If you are not sure, read the appropriate sections before making your selection.

[X Life sciences [ ] Behavioural & social sciences [ | Ecological, evolutionary & environmental sciences

For a reference copy of the document with all sections, see nature.com/documents/nr-reporting-summary-flat.pdf

Life sciences study design

All studies must disclose on these points even when the disclosure is negative.

Sample size No sample size calculation was done. Experiments were repeated at least three times with similar results and sample size was chosen based
on the consistency and significance of measured differences between groups and or conditions.
More information are provided in the section “Statistics and Reproducibility” in the Methods section.

Data exclusions  No data exclusions.

Replication Each experiment in the manuscript was repeated at least three times (unless otherwise stated) under standard and clearly defined conditions;
all attempts at replication were successful. Detailed information are provided in “Statistics and Reproducibility” in the Methods section.

Randomization Images were selected randomly and analyzed equally, no sub-sampling so no randomization was necessary.

Blinding Blinding was not relevant for the experiments done given the nature of the reagents (chemicals, plasmids, siRNAs).

Reporting for specific materials, systems and methods

We require information from authors about some types of materials, experimental systems and methods used in many studies. Here, indicate whether each material,
system or method listed is relevant to your study. If you are not sure if a list item applies to your research, read the appropriate section before selecting a response.

Materials & experimental systems Methods
Involved in the study n/a | Involved in the study
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Antibodies

Antibodies used

Validation

Antibodies used: The following antibodies were used: mouse monoclonal anti-HA (BioLegend, 901503, clone 16B12- dilution 1:600
for IF and 1:1500 for WB), rabbit polyclonal anti-HA (Sigma-Aldrich, H6908- dilution 1:200 for IF), goat polyclonal anti-HA (Bethyl,
A190-138A- dilution 1:600 for IF), rabbit polyclonal anti-actin (Sigma-Aldrich, A2066- dilution 1:10000 for WB), rabbit polyclonal anti-
NSP6 (ProSci Inc, 9177- dilution 1:200 for IF and 1:1000 for WB), sheep anti-NSP3 (The University of Dundee, DA126- dilution 1:100
for IF and 1:1000 for WB), rabbit polyclonal ADRP/Perilipin 2 (Proteintech, 15294-1-AP- dilution 1:200), rabbit monoclonal anti-DFCP1
(Cell Signaling, 38419, clone E9Q1S- dilution 1:1000 for WB), mouse monoclonal anti-FLAG (Sigma-Aldrich, F1804, clone M2- dilution
1:400 for IF and 1:1500 for IF), goat polyclonal anti-FLAG (Bethyl, A190-101A - dilution 1:200 for IF), mouse monoclonal anti-c-Myc
(Santa Crugz, sc-40, clone 9E10- dilution 1:200 for IF), mouse monoclonal anti-GAPDH (Santa Cruz, sc-32233, clone 6C5- dilution
1:1000 for WB), mouse monoclonal anti-LAMP1 (Hybridoma Bank, H4A3, clone H4A3-, dilution 1:200 for IF), rabbit monoclonal anti-
EEA1 (BD Biosciences, 610456, clone 14- dilution 1:1000 for IF), sheep anti human anti-TGN46 (BioRad, AHP500GT- dilution 1:750 for
IF), rabbit polyclonal anti-GFP {Abcam, ab6556- dilution 1:250 for IF), mouse monoclonal anti-GFP (Santa Cruz, sc-9996, clone B-2-
dilution 1:2000 for WB), mouse monoclonal anti-mCherry (Abcam, ab125096, clone 1C51- dilution 1:2000 for WB), mouse
monoclonal anti-V5 (ThermoFisher R960-25- dilution 1:200 for IF and 1:1000 for WB), rabbit polyclonal anti-LC3 (Novus Biologicals,
NB100-2220- dilution 1:200 for IF), mouse monoclonal anti-dsRNA (Scicons, 10010500, clone J2- dilution 1:10 for IF), DAPI (Sigma-
Aldrich, D9542- dilution 1:10000 for IF), rabbit 1.4 nm gold-conjugated Fab' fragment (Nanoprobes, 2004- dilution 1:50), mouse 1.4
nm gold-conjugated Fab' fragment (Nanoprobes, 2002- dilution 1:50) and Alexa Fluor®-546 FluoroNanogold™-anti-mouse Fab’ (7402-
dilution 1:50). Anti-GM130 (dilution 1:1000) and anti-VAPA (dilution 1:300) were produced in our laboratory as previously described
Ref.34,35.

Most of the antibodies used in the study were bought from commercial vendors and were validated by the manufacturers and/ or
other studies. Some of the antibodies were further validated using KO/knocked-down cell lines. See individual antibody's web page
(link shown below) on the manufacture's website for validation and relevant citations:

-mouse monoclonal anti-HA (BioLegend, 901503, clone 16B12): https://www.biolegend.com/en-us/products/purified-anti-ha-11-
epitope-tag-antibody-11374?Clone=16B12

-rabbit polyclonal anti-HA (Sigma-Aldrich, H6908): https://www.sigmaaldrich.com/IT/it/product/sigma/h6908

-goat polyclonal anti-HA (Bethyl, A190-138A): https://www.fortislife.com/products/primary-antibodies/goat-anti-ha-tag-antibody-
fitc-conjugated/A190-138F

-rabbit polyclonal anti-actin (Sigma-Aldrich, A2066): https://www.sigmaaldrich.com/IT/it/product/sigma/a2066?
gclid=CjwKCAIA3L6PBhBVEIWAINIIINISU74wv3ABY-kmOZ5qMcIbU2LV-)_Cja5GC8IDjpF6-pexA_9cUBoCyHkQAVD BwE

-rabbit polyclonal ADRP/Perilipin 2 (Proteintech, 15294-1-AP):
https://www.ptglab.com/products/ADRP-Antibody-15294-1-AP.htm

-rabbit monoclonal anti-DFCP1 (Cell Signaling, 38419, clone E9Q1S):
https://www.cellsignal.com/products/primary-antibodies/dfcp1-e9qls-rabbit-mab/38419

-mouse monoclonal anti-FLAG (Sigma-Aldrich, F1804, clone M2): https://www.sigmaaldrich.com/IT/it/product/sigma/f1804

-goat polyclonal anti-FLAG (Bethyl, A190-101A): https://www.thermofisher.com/antibody/product/ECS-DYKDDDDK-Tag-Antibody-
Polyclonal/A190-101A

-mouse monoclonal anti-c-Myc (Santa Cruz, sc-40, clone 9E10): https://www.scbt.com/p/c-myc-antibody-9e107?
gclid=CjOKCQIA_80PBhDtARISAKQuOgZwuTcl4rrpilEY2ea3C5¢jM1b3Vx--CDVU7-BMVWEPA2IxzXfdliwaApamEALw_wcB

-mouse monoclonal anti-GAPDH (Santa Cruz, sc-32233, clone 6C5): https://www.scbt.com/it/p/gapdh-antibody-6¢5

-mouse monoclonal anti-LAMP1 (Hybridoma Bank, H4A3, clone H4A3): https://dshb.biology.uiowa.edu/H4A3

- rabbit monoclonal anti-EEA1 (BD Biosciences, 610456, clone 14): https://www.bdbiosciences.com/en-us/products/reagents/
microscopy-imaging-reagents/immunofluorescence-reagents/purified-mouse-anti-eeal.610456

-sheep anti human anti-TGN46 (BioRad, AHP500GT):
https://www.bio-rad-antibodies.com/polyclonal/human-tgn46-antibody-ahp500.htmI?f=purified

-rabbit polyclonal anti-GFP (Abcam, ab6556):

https://www.abcam.com/gfp-antibody-ab6556.html

-mouse monoclonal anti-GFP (Santa Cruz, sc-9996, clone B-2):

https://www.scbt.com/it/p/gfp-antibody-b-2

-mouse monoclonal anti-mCherry (Abcam, ab125096, clone 1C51):
https://www.abcam.com/mcherry-antibody-1c51-ab125096.html

-mouse monoclonal anti-V5 (ThermoFisher R960-25):
https://www.thermofisher.com/antibody/product/V5-Tag-Antibody-Monoclonal/R960-25

-rabbit polyclonal anti-LC3 (Novus Biologicals, NB100-2220):

https://www.novusbio.com/products/lc3b-antibody_nb100-2220

-mouse monoclonal anti-dsRNA (Scicons, 10010500, clone J2):

https://www.labome.com/product/SCICONS/10010500.html

-DAPI (Sigma-Aldrich, D9542):

https://www.sigmaaldrich.com/IT/it/search/d95427?
focus=products&page=1&perPage=308&sort=relevance&term=D9542&type=product_name

-rabbit polyclonal anti-NSP6 (ProSci Inc, 9177): https://www.prosci-inc.com/sars-cov-2-covid-19-nsp6-antibody-9177.html, this
antibody was validated in this study through western blot and immunofluorescence experiment. (Extended Data Fig. 1c for WB, and
Figure 3b for IF)

-sheep anti-NSP3 (The University of Dundee, DA126): https://mrcppureagents.dundee.ac.uk/reagents-view-antibodies/703270, this
antibody was validated in this study through western blot and immunofluorescence (Extended Data Fig. 6¢ for WB, and Figure 3b for
IF).

Anti-GM130 and anti-VAPA were validated in Marra et al. see ref 34, and Jansen et al. see ref 35.
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Eukaryotic cell lines

Policy information about cell lines

Cell line source(s) Cell line sources: Hela cells were obtained from ATCC; Calu-3 cells (human lung adenocarcinoma) were a kind gift from Louis
J. Galietta (TIGEM, Naples), originally purchased from ATCC. Hela stably expressing inducible HA-NSP6/FLAG-NSP6/HA-
NSP6ASGF/FLAG-NSP6ASGF were generated in this study.

Authentication All stable cell lines were authenticated by WB or IF. Commercial cell lines were purchased recently from ATCC and validated
by morphological analysis.

Mycoplasma contamination Mycoplasma contamination: Cell lines were routinely tested negative for mycoplasma.

Commonly misidentified lines  No commonly misidentified lines were used.
(See ICLAC register)
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