N

N

>*o *Q 2 T Qi2BM M22/bi B +vH;Hv+2 QHDb iC
2M/QTH bKB+ "2iB+mHmMK K2K# M2

HBH DD DB-E Hi?QmK "2M J6# “2F-"2"i" M/ "QbQM

K : bb K @/B ;:M2-J : HB"H m/- 6" MIQBb S2MBM- 1
.m+Qb-6" MIQBb@GQ[+ *Qbb2i- 2i HX

hQ +Bi2 i?Bb p2° bBQM,

. HBH DD DB-E Hi?QmK "2M J6# “2F-"2"i" M/ "QbQM-JQ?v2//BM2 PK
2i HXX >*0 *Q 2 T°Qi2BM M22/b i'B +VH;HV+2 ' QHb iQ 7QH/ QMiQ i?2
h™ {+- kykk- kj URV- TTXej@3yX RYyXRRRRfi® XRk3k8 X ? H@Yj9Re 98«

> G A/, ? H@yj9Re98d
2iiTh,ff?2 HXbQ #QMM2@ mMMBp2 ' bBi2X7 f? H@VY]!
am#KBii2/ QM 8 LQp kykR

> G Bb KmHiB@/Bb+BTHBM v GOT24WB p2 Dmbp2 "i2 THm B/BbBIBTHBN
"+?Bp2 7Q i?72 /2TQbBi M/ /Bbb2KIBEBMBR MNQ@T™+B2® " H /BzmbBQM /2 /
2MiB}+ "2b2 "+?2 /Q+mK2Mib- r?2i?@+B2MMiB}2mM2b#/@ MBp2 m "2+?22 +?22- T
HBb?2/ Q° MQiX h?2 /IQ+mK2Mib MK VW+RK2Z2EF IQKHBbb2K2Mib /62Mb2B;M
i2 +?BM; M/ "2b2 "+? BMbiBimiBQWER BM?8 7M#M2I @b Qm (i~ M;2 b- /2b H
#Q /-Q 7 QK Tm#HB+ Q T ' Bp i2T2HRAB+B @2MT2BIpXib X


https://hal.sorbonne-universite.fr/hal-03416457v1
https://hal.archives-ouvertes.fr

© 00 N O 0o A WO N P

W WWWRNRNNNNNMNNNNNRRRRRRERPR R R
W NP OOWONOURMWNRO®OOONO O DM WNIRLR O

HCV Core protein needs t riacylglycerol s to fold onto the

endoplasmic reticulum membrane

Dalila Ajjajit .DOWKRXP % H, @efriiti Basbhi Mohyeddine Omrane!, Ama Gassama-
Diagne®#, Magali Blaud®, Francois Penin®, Elise Diaz’, Bertrand Ducos!’, Francois-Loic
Cosset?, Abdou Rachid Thiam?!

! ' DERUDWRLUH GH 3K\VLTXH GH OfYeFROH 1RUPDOH 6XSpULHXU
Sorbonne Université, Université de Paris, F-75005 Paris, France

2 CIRI Centre International de Recherche en Infectiologie, Univ Lyon, Université Claude
%HUQDUG /\RQ ,QVHUP 8 &156 805 (16 /\RQ DOOpH G
3 INSERM, Unité 1193, Villejuif F-94800, France

4 Université Paris-Sud, UMR-S 1193, Villejuif F-94800, France

5 Université de Paris, CiTCoM, CNRS, F-75006 Paris, France

¢ Institut de Biologie et Chimie des Protéines, Bases Moléculaires et Structurales des

Systémes Infectieux, UMR 5086, CNRS, Labex Ecofect, University of Lyon, Lyon, France

" High Throughput qPCR core facility of the ENS, IBENS, PSL research University, F-75005

Paris, France

*Correspondence to :

Abdou Rachid Thiam
Laboratoire de Physique,
Ecole Normale Supérieure,
PSL Research University,
75005 Paris Cedex 05, France

thiam@ens.fr


mailto:thiam@ens.fr

34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53

Abstract .

Lipid droplets (LDs) are involved in viral infections, but exactly how remains unclear. Here, we
study the hepatitis C virus (HCV) whose Core capsid protein binds to LDs but is also involved
in the assembly of virions at the endoplasmic reticulum (ER) bilayer. We found that the
amphipathic helix-containing domain of Core, D2, senses triglycerides (TGs) rather than LDs
per se. In the absence of LDs, D2 can bind to the ER membrane but only if TG molecules are
present in the bilayer. Accordingly, the pharmacological inhibition of the diacylglycerol O-
acyltransferase enzymes, mediating TG synthesis in the ER, inhibits D2 association with the
bilayer. We found that TG molecules enable D2 to fold into alpha helices. Sequence analysis
reveals that D2 resembles the apoE lipid-binding region. Our data support that TG in LDs
promotes the folding of Core, which subsequently relocalizes to contiguous ER regions. During
this motion, Core may carry TG molecules to these regions where HCV lipoviroparticles likely
assemble. Consistent with this model, the inhibition of Arf1/COPI, which decreases LD surface
accessibility to proteins and ER-LD material exchange, severely impedes the assembly of
virions. Altogether, our data uncover a critical function of TG in the folding of Core and HCV
replication and reveals, more broadly, how TG accumulation in the ER may provoke the

binding of soluble amphipathic helix-containing proteins to the ER bilayer.
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Introduction
Lipid droplets (LDs) regulate intracellular lipid storage and secretion via lipoproteins [1].

Pathogens or viruses often hijack these functions to replicate [1 #]. Indeed, viral infections
often correlate with accentuated LD biogenesis or catabolism [1]: this is the case with many
flaviviruses such as Dengue or Zika [5 9], hepacivirus such as hepatitis C (HCV) [10 #.3],
enteroviruses such as polioviruses, herpes simplex virus type 1 (HSV-1) [8,14], or the severe
acute respiratory syndrome coronavirus 2 [15,16]. How viruses interfere with the LD lifecycle

is poorly understood.

LDs resemble lipoproteins or chylomicrons: they have a neutral lipid core composed of
triacylglycerols (TG) and sterol esters, surrounded by a phospholipid monolayer containing
proteins [17]. Many proteins associated with LDs have binding motifs found in apolipoproteins
[18], such as amphipathic helices (AHS). Like lipoproteins, LD biogenesis occurs in the
endoplasmic reticulum (ER) bilayer, yet, via a different mechanism [19]. Most LDs emerge into
the cytosol [17,20] while lipoproteins assemble in the ER lumen [19].

The LD lifecycle starts with the synthesis of neutral lipids. For example, diacylglycerol O-
acyltransferase 1 and 2 (DGAT1,2) generates TG, which is released in the hydrophobic core
of the ER bilayer [21]. TGs are then freely mobile [22] but can condense to nucleate an LD that
buds off into the cytosol and likely detaches from the bilayer [23]. At this stage, individual TGs
may remain in the bilayer but at a concentration below the critical condensation concentration
[24]. The cytosolic LD is tethered to the ER membrane by several factors such as Rabl18
[25,26]. Following the action of the Arf1/COPI machinery, a subset of mature LDs reconnects
to the ER, and the organelles may subsequently exchange lipids and proteins [23,27 1229].
Finally, LD catabolism happens by the hydrolysis of TG by lipases such as adipose triglyceride
lipase ATGL or lipophagy [30]. Fatty acids released during these processes are used for
energy or making membranes or are re-esterified by DGAT1 to prevent lipotoxicity [31 #33].
HCV viral proteins interfere with each of these steps of the LD lifecycle to promote efficient

virus replication and secretion [11,12,34].

HCV remains a significant cause of chronic hepatitis, liver cirrhosis, and hepatocellular
carcinoma [10]. It has a positive single-stranded RNA of 9.6 kb encoding a polyprotein
precursor of ~3,000 amino acids. In infected liver cells, the polyprotein is processed by several
viral and cellular proteases into ten proteins [35,36]: structural proteins (Core, E1, E2), which
represent the major constituents of the viral particle, and non-structural proteins (p7, NS2,
NS3, NS4A, NS4B, NS5A, NS5B). Among these, the Core protein of the capsid and NS5A
localize to the LDs' surface using AH motifs [37,38]. For the JFH1 HCV, the binding of Core to
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LDs is critical for the production of HCV virions [39,40], RIWHQ UHIHUUHG WR DV pOLSHK
harboring neutral lipids as well as apolipoprotein B or E [37,41]. The exact functions of LDs in
the assembly and secretion of HCV virions are still elusive.

Core is a 191 amino acid-long peptide harboring (Figure 1A) an N-terminal hydrophilic D1
domain, a D2 domain of 42 amino acids containing two AHs bridged by a small disordered
loop (Figure 1B), and a transmembrane D3 domain of 20 amino acids at the C-terminal, serving
as a signal peptide [35,42]. This immature form of Core is anchored to the ER bilayer by D3.
Cleavage of D3 by the cellular Signal Peptide Peptidase (SPP) yields mature Core, made by
D1D2 (Figure 1A), which localizes to LDs by D2 [10]. Intriguingly, D1D2 needs to associate
with the ER membrane to participate in the virion V §ssembly [43 #5]. It is unknown if D1D2
binds directly to the ER and/or traffics between LDs to the ER bilayer to assemble virions. We

sought to address this question in this paper.
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Results

Mature Core and D2 preferentially bind to LDs over the ER bilayer .

Core is translated at the N-terminus of the viral polyprotein and released after two successive
cleavages by cellular proteases. The first cleavage generates an immature Core, D1D2D3
(Figure 1A). The second cleavage, just before D3, releases mature Core D1D2 (hereafter
Core) from the ER bilayer. D1D2 binds to LDs by the AHs of D2 (Figure 1B) [38,39,42].

To investigate the localization of Core to LDs vs. ER, we used the hepatocarcinoma Huh7
model cell line and co-expressed mCherry-sec613, an ER marker, with JFH1-D1D2D3. Next,
the cells were fed with oleic acid (OA) for 24hr to induce LDs, then fixed and immunostained
(IF) for Core. Core was on all LDs as previously shown [3,39,46] but did not display a
noticeable ER localization (Figure 1C). This observation indicates that cleavage at D3
occurred, and Core, i.e., D1D2, was released but incapable of binding to the ER bilayer, at

least not as efficiently as to LDs.

To confirm Core localization, we expressed D1D2 directly instead of D1D2D3 but could not
detect any protein signal by IF. D1D2 is highly prone to proteasomal degradation [47]. When
we treated the cells with the protease inhibitor MG132, before D1D2 overexpression, we found
by IF that D1D2 was in the nucleus (Figure 1D, Figure S1A). Such nuclear localization is
mediated by interaction with the importin-PA28 complex and signatures & R U lde€fxadation

[47]. Indeed, several nuclear localization signals were previously identified in D1 [48].

Together, the above results support the model that when cleavage happens at D3, a fraction
of Core, which is soluble, is stabilized by LDs and escapes degradation into the nucleus. The
discrepant localization of Core upon the expression of D1D2D3 and D1D2 likely pertains to
kinetics reasons. In D1D2, the protein is directly released in the cytosol and imported to the
nucleus. In D1D2D3, a fraction of Core could also be released and imported to the nucleus.
However, the initial docking of the protein to the ER bilayer, close to LDs, may facilitate its

rapid binding and stabilization to LDs.

To get more insights into &RUH YV ORFDOL]D WP migdthgl tRé-nididduGmport
signals present in D1. eGFP-D2 displayed a localization similar to Core: it was cytosolic,
localized to all LDs but not to the ER bilayer (Figure 1E, Figure S1B). This observation was
confirmed in HelLa cells, which have fewer or no LDs in non-fed conditions: eGFP-D2 was
soluble and sometimes presented aggregates; in OA feeding, it was on LDs and did not show

a noticeable ER signal (Figure S1C).
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Finally, to better visualize the ER membrane and know whether D2 binds to it, we added a
hypotonic culture medium to the cells (Figure 1F) to induce the formation of Giant intracellular
ER vesicles (GERVs) [22,49,50], offering a higher spatial resolution (Figure 1F). We
transfected the Huh7 cells with eGFP-D2 and ER-BFP, marking the ER lumen, and induced
intracellular GERVs (Figure 1G, Figure S1D). We found a clear D2 signal around LDs but not
on the surface of the intracellular GERVs, agreeing with our above findings that D2, and likely
Core, cannot directly bind to the ER membrane. Contrasting with this behavior, when we
repeated the experiment with eGFP-Plinl, we found a signal on both intracellular GERVs and
LDs [51] (Figure 1H, Figure S1E), albeit a higher signal was on the latter.

D2 preferentially folds onto droplets deficient in phospholipids

We used a reductionist approach to validate our findings. Within a single glass chamber, we
added both TG-in-buffer droplets and giant unilamellar vesicles (GUVs) made of dioleoyl
phosphatidylcholine (DOPC) and dioleoyl phosphatidylethanolamine (DOPE), at a ratio of
70/30. We then injected purified JFH1-eGFP-D2 and found its exclusive recruitment to the
droplets, not the GUV bilayers (Figure 2A,2C). This behavior contrasted with the rhodamine-
tagged AH of NS5A-HCV that was efficiently bound to both droplets and bilayers (Figure
2B,2C). The less-selective binding of the NS5A-AH likely pertains to its multiple bulky
hydrophobic residues [52], compared with D2 (Figure S2A).

To confirm that the folding of D2 AHs mediated the binding to the TG/buffer interface, we used
circular dichroism to determine the presence of alpha-helices. We prepared TG-in-buffer
droplets by bath sonication in the presence of 0.1 DOPC in TG (w/w to TG); in parallel, we
prepared DOPC liposomes by ultra-power sonication, yielding nanometric vesicles. We then
used a synthesized J6-D2 peptide and performed circular dichroism experiments with both
solutions. No alpha helix signal was noticed when the peptide was alone in the buffer (Figure
2D,2E). Alpha-helices § V L A@pBated in the presence of droplets (Figure 2D) unless these
were highly covered with phospholipids (Figure S2B).

In contrast, alpha-helices were barely detectable with liposomes, independently of liposome
size (Figure 2E, S2C). This data supports that D2 folds better when TG is exposed, which
agrees with the above in vitro and cellular studies. Photobleaching experiment of D2 on the
TG-in-buffer droplets showed a slow recovery, indicating that D2 firmly folds onto this interface
(Figure 2F, Figure S2D).

Since by circular dichroism we found that the phospholipid level influenced D2 folding (Figure
2D, S2B), we probed by fluorescence how the monolayer phospholipid density impacts D2
binding to the model LDs. We made artificial TG-in-buffer droplets covered by different DOPC
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levels, reported by the rhodamine-DOPE (Rhod-PE) used at 1% (w/w to DOPC) and serving
as a phospholipid marker (Figure 2G, S2E). The droplets were then introduced in a chamber,
and purified JFH1-eGFP-D2 was added. We observed a non-uniform signal distribution
between droplets (Figure 2H). D2 associated better with droplets containing less DOPC,
providing more access to TG (Figure S2E, S2F, Figure 21). This restriction of binding by DOPC
was more drastic on D2 than the AH of Caveolinl [53]. Therefore, the LD phospholipid
coverage can finely tune D2 binding; a tight cover will prevent D2 binding despite its strong
association with bare TG/water interface (Figure 2I), agreeing with the circular dichroism
results (Figure S2B).

Taken together, our results indicate that Core can bind alone to LDs and not to the ER bilayer.
The AHs of D2 fold and remain firmly attached to TG/agueous interfaces, and this binding

capacity is dependent on the phospholipid monolayer density.

D2 competes off P erilipin 3 and not 2 for associating with LDs

Like phospholipids, proteins on LDs can also have a barrier function and prevent the non-
specific recruitment of proteins [54,55]. In the Huh7.5 liver cells, perilipin (Plin) 2 and 3 are the
most abundant LD protein coats and Plinl is not expressed [56]. When these cells were
transfected with mCherry-Plin1-3, the proteins perfectly localized to the LD surface (Figure
S3A). To test whether they interfere with D2 binding, we did a competition assay wherein JFH1-
eGFP-D2 is co-expressed with the mCherry-Plins [51,55]. After 24h of co-transfection and OA
supply, the cells were visualized under the same imaging settings (Figure 3A). We took cells
presenting similar D2 and Plin levels based on their bulk signals. Then, we determined the
protein fluorescence intensity on the LDs and subtracted the surrounding background signal.
The highest protein signal was then set to 1, to compare better the relative recruitment of D2

vs. Plins.

We found that D2 almost systematically excluded Plin3 from the LDs' surface under our
working conditions (Figure 3A-C) (24hr after OA loading); this exclusion was neat on nuclear
LDs (Figure 3A, arrowheads), presenting fewer LDs and a lower PIlin3 background. D2
colocalized with Plin2 on LDs, and there was no noticeable exclusion between the two proteins
(Figure 3A-C), even on nuclear LDs (Figure 3A, arrowhead). Finally, Plinl, which is absent in
the liver and has a higher binding affinity to LDs than Plin2,3 [51], greatly displaced D2 from
LDs (Figure 3A-C). This binding exclusion of Plinl was validated in vitro by the eviction of D2
by Plinl from shrinking TG-buffer interfaces (Figure S3B, S3C) [55]. This observation was also
true for JFH1-Core, which was displaced from LDs by Plin1 (Figure S3D).
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D2 firmly bound the bare TG/buffer interface in vitro (Figure 2F, Figure S2D). To get insights
into its binding stability to LDs, we performed photobleaching experiments. We found different
recovery kinetics between LDs from different cells highly expressing D2 (Figure 3D, S3E): the
majority of LDs had a rapid characteristic recovery time (<20sec), and few LDs recovered more
slowly (> 20sec) (Figure 3E). eGFP is soluble, bigger than D2, and could provoke the rapid
fall-off of D2. To rule this out, we designed constructs where eGFP is bridged to D2 by flexible
glycine linkers, eGFP-GGGGS-D2 and eGFP-(GGGGS),-D2. These proteins displayed similar
behavior to eGFP-D2, i.e., cytosolic and recovered rapidly on most LDs (Figure S3F, S3G).
This observation supports that eGFP was not responsible for the rapid dissociation of D2 from
LDs. Lastly, even within a single cell, D2 showed different recovery rates between LDs (Figure

3F, Movie), indicating that an LD subset provides a more stable binding to D2.

In conclusion, the above data support that Core can alter the proteome of LDs and, possibly,
LD functions. Strongly LD-associating proteins can compete and prevent D2 from accessing

TG. Finally, a subpopulation of LDs more than others appears to better stabilize D2.

Arfl/COPI inhibition decreases Core recruitment to LDs and lipoviroparticles

Our above findings show that the surface coverage level of LDs modulates the binding of
Core/D2, which more stably occurred on an LD subset. Interestingly, the Arf1/COPI machinery,
involved in the budding of vesicles from the Golgi apparatus for retrograde cargo trafficking,
acts also on an LD subpopulation; it modulates the surface accessibility of these LDs to
proteins [23,27]. For instance, the inhibition of Arf1/COPI impedes the binding to LDs of ATGL
[57,58], GPAT4 [23], Plin2 or ADRP, but not Plin3 or TIP47 [57]. Thus, we probed whether
Arf1/COPI inhibition prevents Core binding to LDs.

To block Arf1/COPI action, we used Brefeldin A (BFA), which inhibits the activity of the guanine
exchange factor of Arfl, GBF1, and the assembly of the machinery. We loaded Huh7 cells with
OA for 24hr to increase LDs, treated them with BFA, and transfected them with Core-D1D2D3
before imaging, after 24hr. Compared to control cells, BFA decreased Core association with
LDs and promoted localization to the nucleus (Figure 4A-B, S4A), reminiscent of D1D2
localization when directly expressed (Figure 1D). This nuclear localization probably arose from
the redirection of Core from LDs or the ER to the nucleus where it is degraded [47]. We also
observed another phenotype where some LDs had a complete Core signal, few others
completely lacked it, while others displayed arc signals (Figure 4A, Figure S4A-B), as similarly
seen previously [45]. Small and medium LDs, <2um in size, were more impacted than larger
ones (Figure 4C). The arc feature may reveal the onset of LD-ER or LD-Golgi contacts

excluding Core [59]; alternatively, it could be the signature of LDs that did not fully emerge into
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the cytosol [20], as seen with the appearance of apoB crescent shapes when apoB is
overexpressed in Huh7 hepatocyte cells [60]. In summary, the activity of GBF1 is necessary
for the correct binding of Core to LDs and its non-degradation.

We repeated the above experiment with D2 and obtained the same phenotype (Figure 4D).
Within a single cell, D2 was on an LD subset, or displayed arc features, or was utterly absent
from LDs. The arc and ring signals of D2 recovered very rapidly following photobleaching,
showing that such signals did not correspond to a firm binding to the LDs (Figure S4C). We
also observed other phenotypes wherein D2 is absent from LDs and, instead, formed puncta
in the cytosol. This phenotype is also reminiscent of mature Core's nuclear localization in BFA
treatment (Figure 4A, S4A). Indeed, since D2 lacks D1, it could not be targeted to the nucleus
for degradation but was prone to aggregation. As D2 is a basic soluble peptide, unlikely to
possess any biological function, the above observations support that BFA treatment decreased

the LD surface accessibility to proteins.

Since BFA principally interferes with GBF1, which activates Arfl, we decided to target the
COPI coatomers. We used siRNAs against the BCOP subunit. We transfected JFH1-Core in
Huh7 cells pre-treated with the siRNAs for 24hr (Figure 4E, Figure S4D-E). The impact of the
siRNA treatment was noticeable through the loss of the compactness of the Golgi, which was
more fragmented (Figure S4F). Similar to previously shown, the reduction of EZOPI decreased
the levels of Core [61] (and also ADRP [57]) (Figure S4E) but, consistent with our hypothesis,
it led to impaired binding of Core to LDs and yielded phenotypes similar to BFA (Figure 4E-
F,S4D-F) [45].

Since we found that Arf1/COPI inhibition decreased Core association with LDs, we wondered
how this would impact the production of lipoviral particles. We infected Huh7 cells with Jcl
HCV chimera and analyzed Core localization by IF, with or without OA addition (Figure S4G).
Core was barely found around LDs in the absence of OA (Figure S4H). Instead, LDs were
more extensive when OA was added and they had a clear Core signal at their surface (Figure
S4H). This observation suggests that when more TGs are made, Core has higher chances to
interact with LDs. Under the same infection and OA feeding conditions, if Plinl, in contrast to
Plin2 or 3, was overexpressed to mask the LD surface, Jc1-Core binding to LDs was drastically
diminished (Figure S4l); this result agrees with our previous competition experiments (Figure
3B).

Next, we analyzed the intracellular and extracellular lipoviral particles made at 24h post-

infection. Shortly after infection, without OA, the infectious virions were mainly found



290 intracellularly (300 FFU/mL versus less than 100 FFU/mL for the extracellular infectious
291 virions) (Figure S4J). On the opposite, in OA-treated cells, the amount of intracellular infectious
292 particles was negligible (less than 20FFU/mL) compared with the extracellular one (500
293 FFU/mL) (Figure S4J). This data indicates that secretion of HCV particles was highly
294  stimulated when TG biosynthesis is stimulated by OA addition. It highlights the importance of
295 TG for an efficient virion secretion.

296

297  Finally, we determined the impact of Arf1/COPI in the OA feeding condition. At eight hours
298 post-infection, cells were treated with BFA for 16hrs and then fixed (Figure 4G). Core was
299 found predominantly on LDs' surface in control cells but much less in BFA-treated ones (Figure
300 4H). In the latter, we found a drastic reduction in the number of assembled virions, both
301 intracellularly and extracellularly, below the detection threshold, respectively, of 50 and 10
302 FFU/mL (Figure 4l). Finally, washing out BFA led to the relocalization of Core to LDs and the
303 efficient re-assembly of lipoviral particles (Figure S4K-L), confirming the crucial role of
304  Arfl/COPI in the assembly of HCV virions.

305

306  Triacylglycerols recruit D2 to the ER membrane

307 Core is required for the assembly of lipoviral particles that takes place at the ER membrane. A
308 question is how the binding of Core to LDs relates to this assembly process at the ER bilayer.
309 Our above results showed that D2 associates firmly with TG/water interfaces, on LDs.
310 However, the ER membrane, the biosynthesis site of neutral lipids, can also bear TG
311 molecules, especially when LD assembly is impaired or delayed [22,62,63]. Thus, we
312 hypothesized that the presence of TG could promote D2 binding to the ER bilayer. Such
313 ELQGLQJ ZRXOG IJXDUDQWHH &RUHTV SUHVHQFH. DoNesivokH (5 IRU
314 hypothesis, we worked with intracellular giant ER vesicles (GERVS) to gain spatial resolution
315 of the ER membrane, and TG and D2 localization [50]. We chose Cos7 cells because they
316 barely present LDs, unless they are cultured in an energy-rich media, and we can monitor TG
317 biosynthesis [22] and D2 localization (Figure 1F-H).

318

319 We transfected the cells with eGFP-D2 and induced intracellular GERVs, marked by RFP-
320 KDEL (Figure 5A, S5A-B) or BFP-ER (Figure 5B). Consistent with our data in Figure 1G, D2
321 was absent from the intracellular GERVs § V X Udrld w&b cytosolic (Figure 5A-B, Figure S5A-
322 B). Then, we fed the cells with OA, supplemented with OA-C12-BODIPY, to induce the
323  biosynthesis of fluorescent TG molecules and their accumulation into the GERVs fnembranes
324  [22]. To also report for the * (59 Vifiembrane hydrophobicity by the presence of neutral lipids,
325 we used LipidTox in the system [22] (Figure 5A, S5C). We observed an OA signal in GERVS,

326 likely fluorescent TG, which was strikingly concomitant with a clear binding of D2 (Figure 5A-

10



327 B, S5A-B). The level of D2 on the neutral lipid-rich intracellular GERVs increased with the
328 LipidTox signal (Figure 5C, S5C). These results strongly agree with our model that the binding
329 of D2 to GERVs is promoted by the biosynthesis and accumulation of TG in the bilayer (Figure
330 5D).

331

332 ToenVXUH WKDW WKH ORFDOL]JDWLRQ RI ' WR W Kddcuni@&grf PHPEUD
333 within the bilayer (Figure 5D), we repeated the experiment but with pre-treating the cells with
334 DGATL,2 inhibitors to block TG synthesis (Figure S5D-G). Under this condition, when the
335 intracellular GERVs were fed with OA, as previously, the LipidTox GERV signal was barely
336 visible and the binding of D2 to the GERVs was severely impaired (Figure 5E-F, Figure S5E-
337 G). This data also support that the presence of TG in the ER bilayer mediated the recruitment
338 of D2 to the GERV bilayers.

339

340 Next, we did photobleaching experiments of D2 on GERVs containing TG. On randomly picked
341 GERVs from different cells, the D2 recovery rate was lower than on cellular LDs (Figure 5G-
342 H, S5I), but it was still faster than on bare TG/buffer interfaces (Figure 2F). We interpret this
343 data as if the protein coverage of the GERVs was sparser than on LDs, possibly due of the
344  swelling process. As a consequence, TG was more exposed and accessible to D2 on these
345 GERVs. Consistent with this interpretation, when we overexpressed mCherry-sec61i, an
346 integral ER membrane protein, instead of mCherry-KDEL or ER-BFP, which mark the ER
347 lumen, the binding of D2 to GERVs was significantly reduced despite the OA addition (Figure
348 5I). The lower the mCherry-Sec61R on GERVSs, the higher the eGFP-D2 signal (Figure 5J,
349  Figure S5J); GERVs with higher LipidTox signals still recruited more D2 (Figure S5J). Based
350 on this observation, we concluded that mCherry-Sec613 competed off D2 from GERVs,
351 exactly as Plinl did on LDs (Figure 3B).

352

353 Altogether, these data indicate that TG molecules, independently of their organelle localization,
354  can recruit Core. They seem to stabilize the binding of Core to the ER membrane, which is a
355 necessary condition for the assembly of lipoviral particles.

356

357 D2 binds to bilayer membrane s physically connectedto TG droplets

358 Although TG molecules in GERVs favored D2 recruitment, it could be via indirect mechanisms.
359 Todirectly test our model that TG molecules infused in the ER bilayer can recruit D2, we turned
360 toin vitro reconstitution with droplet-embedded vesicles (DEVs) [64]. DEVs consist of a neutral
361 lipid droplet embedded in a giant unilamellar vesicle (GUV) [65], here made of DOPC:DOPE
362 (70: 30) and triolein (Figure 6A). We used rhodamine-PE to visualize the bilayer and monolayer

363 interfaces. Next, we added eGFP-D2 to the DEV solution and followed its localization. D2 was
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recruited to the TG droplet and not the bilayer (Figure 6A, S6A), in contrast to NS5A-AH that
bound to both (Figure S6B). A droplet monolayer has a lower phospholipid packing than a
bilayer, even though they are in contiguity [53,66]. This discrepancy might explain the exclusive
recruitment of D2 to the monolayer (Figure 6A).

When the surface tension of DEVs is increased, TG molecules partition from the droplet to the
bilayer [67,68]. We used this strategy to increase TG levels in the bilayer and determine if this
would favor D2 recruitment to the bilayer, as seen with GERVSs. After D2 bound to the droplet
of DEVs, we increased the bilayer tension by adding water to the bulk medium (Figure 6B) to
provoke the system's swelling and the delivery of TG to the bilayer [68]. In the course of
swelling, reported by the increase in the DEV radius, D2 increasingly bound to the DEV bilayer
region (Figure 6B). Thus, TG molecules released by the droplet to the bilayer likely recruited
D2. As a control, we induced the swelling of a bare GUV and we did not observe the
recruitment of D2 to the bilayer (Figure 6C), even if the latter is stretched to its maximum level.
In the DEV swelling experiment, the bilayer-localized D2 might come from the direct binding of
D2 from the bulk solution to the bilayer or the lateral diffusion of D2 from the droplet surface to

the bilayer. In the latter case, D2 could carry TG from the droplet surface to the bilayer.

Collectively, our in vitro results with DEVs and cell data with GERVSs indicate that TG molecules

in the bilayer recruit and stabilize Core/D2 to the ER membrane.

D2 has sequence similarities with apoE and  a preference for TG

Based on our above observations, we hypothesized that D2 has an affinity for TG. Since Core
assembles into lipoviral particles containing ApoE or ApoB [37,69], we asked whether D2
shares features with apolipoproteins. Sequence alignments of Core with apolipoproteins
revealed conserved regions between JFH1-Core and ApoE. Namely, we found conserved
regions between Core-D1 and ApoE (Figure S6C, S6D) and more substantial similarity
between Core-D2 and the lipid-binding domain of ApoE [18], i.e., the hydrophobic loop and
portion of their AHs involved in their association with TG/buffer interfaces (Figure 6D).
Phylogenetic tree analysis shows that D2, in contrast to the 11-mer repeats of perilipins,
clusters with apoE, apoC1, and the non-structural protein 1 of Dengue virus (Figure S6E), all
binding to TG/water interfaces. Based on this analysis, we decided to test whether D2 prefers

TG as compared with apoE.
To study the affinity of D2 for TG, we used a tensiometer approach [51,70]. We generated oil-

in-water droplets made either of TG or squalene, an intermediate neutral lipid in sterol

biosynthesis, and added the same concentration of J6-D2. Recruitment of D2 would be
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accompanied by a decrease in surface tension to an equilibrium value (Figure 6E) [51,70]. We
found a reduction of tension that was much more striking for TG, from ~34 to ~11 mN/m, than
for squalene, from ~22mN/m to ~20mN/m, indicating that D2 was barely recruited to the
squalene/buffer interface (Figure 6F, 6G). We looked at the behavior of apoE, and it decreased
TG's surface tension as efficiently as for squalene (Figure 6G, S6F). These observations
support that D2 has a higher affinity for TG than for squalene and, also, a higher capacity to
distinguish the neutral lipid/water interfaces than apoE. In contrast to D2, apoE does not only
have the lipid-binding domain but also possesses multiple AHs forming a four-helix bundle that
unzips and associates with membranes [18] (Figure S6C). These AHs might induce the strong
binding of ApoE to the neutral lipid/water interface, regardless of the neutral lipid chemistry or

composition.
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Discussion

The binding of Core to LDs facilitates the assembly of HCV viral particles. However, this
assembly occurs at the ER membrane bilayer and implicates also Core. Thus, Core protein
has to relocalize from LDs to the ER bilayer or bind directly to the latter. It is unknown how
such traffic happens.

We found that Core T /D-binding domain, D2, shares sequence similarities with the lipid-
binding part of apoE and likely has an affinity for TG. We propose that mature Core stably
binds to the surface of a subset of LDs from which it relocalizes to ER regions where virions
assemble (Figure 7A). This relocation might be assisted by other HCV viral proteins such as
p7-NS2 [46]. If LDs are absent or physically disconnected from the ER, Core may still localize
itself to the ER but would require the presence of TG in the membrane (Figure 7B). Such an
ER targeting mechanism appears so far uncommon for AH-containing proteins commonly
binding to LDs. An exception might Plin3, which may associate with the ER bilayer when
diacylglycerol levels in the membrane increases, for example, during the early steps of LD
biogenesis [71]. All these observations highlight a possible role for ER membrane-infused

neutral lipids in recruiting soluble proteins to the membrane.

Why does Core bind to LDs and not the ER, following the SPP-mediated cleavage at the D2-
D3 region? A first answer is that the free TG concentration in the ER should be low under
normal conditions, since most TGs are packaged into LDs. Thus, Core may not be able to
directly bind the ER, as we found in Figure 1,5. Since LDs are less packed with phospholipids
than the ER bilayer [53], their hydrophobic TG core is more accessible to soluble proteins and
allows the efficient folding of D2 onto LDs (Figure 2, S2). In this picture, the LD surface acts
as a protein folding partner for AHs and induces Core interfacial stabilization (Figure 7A). A
second answer is that the stable binding of Core to LDs prevents its nuclear import and
subsequent degradation (Figure 7A). In this view, LDs safeguard Core for degradation. In the
meantime, LD-bound Core serves as encapsidation machinery of the viral HCV RNA
[43,44,72 £74]. Lastly, during the assembly of HCV patrticles, Core may stably move from LDs
to the ER bilayer, through ER-LD bridges [29,75], and carry TGs from the LD to the nascent
virion assembly site (Figure 7A). In this scheme, LDs would serve as a TG seed used by Core

for the assembly of virions.

In the absence of LDs, or when LDs are disconnected from the ER, viral particles may still be
assembled but only if TG molecules are present within the ER bilayer (Figure 7B). Indeed, if
Core binds to TGs at the ER membrane, all HCV components that are required to assemble

lipovirions (i.e., E1, E2, Core, TG) would be available in the same place. Therefore, proteins
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involved in regulating TG fluxes between ER and LDs [76], such as proteins involved in LD
assembly or ER-LD connection should alter +&9 SDUWLF O H M tHe éhéehPeEaD TG
from the ER, the inability of Core to bind to the membrane and its subsequent degradation
should decrease infection (Figure 7C-D). Interestingly, DGTA1 inhibition, leading to decreased
lipogenesis, noticeably reduced virions [77]. Accordingly, we found that the inhibition of
"*$ 7V &ctivity prevented Core localization to the ER bilayer (Figure 5D)

Core displaces Plin3 from the LD surface, indicating that it may perturb the LD proteome and
liver lipid metabolism, as corroborated by several observations. Core binding spatially
redistributes LDs by highjacking microtubules and dynein [78] and, thereupon, interferes with
lipid metabolism [79,80]. Core binding to LDs is inhibitory for the lipolytic activity of ATGL [81]
and, hence, increases cellular TG levels, a favorable condition for the binding of Core and
virion assembly (Figure 4H-I, S4H,S4J). Also, Core interferes with other proteins involved in
TG synthesis and packaging into LDs or degradation. An example is its interaction with DGAT1
[77]. It may modulate DGATL1 activity to ensure the presence of TG in the ER or directly bind
to DGAT1-released TGs [21]. Likewise, Rab18, an essential cellular component of LD
assembly, is also used by Core for targeting membranes [82]. Finally, HCV also highjacks the
lipophagy pathway [9,83], which, through re-esterification of fatty acids into TG in the ER
[31,32], may favor for Core recruitment to the ER membrane. These examples illustrate how
HCV may interfere with TG metabolism and packaging to grease the ER membrane for the
stable binding of Core and the efficient assembly of virions.

Arfl/COPI keeps the surface of LD accessible to proteins [23]; its inhibition prevents the
relocalization of proteins from the ER, or the cytosol, to the surface of LDs [23,57,58].
Accordingly, Arf1/COPI inhibition reduced Core binding to LDs (Figure 4A-E). Consequently,
we more often found Core in the nucleus where it is degraded (Figure 7). The occurrence of
this degradation may explain the decreased Core levels upon Arf1/COPI inhibition (Figure
S4E). Arfl/COPI also favors LD-ER physical contiguity [23,27]; its inhibition prevents the
exchange of proteins between the two organelles [23]. Therefore, in addition to reducing Core
association with LDs, Arf1/COPI inhibition may prevent the relocation of Core from the surface
of LDs to the ER membrane. Hence, even though the RNA levels of Core is decreased by
Arf1/COPI inhibition [61], the inability of the protein to efficiently access TG in LDs and the ER
membrane likely accounts for the severe decrease in the number of assembled virions (Figure
4H-1). It is interesting to quote that Arf1/COPI inhibition also prevents the association of the
Dengue virus capsid proteins with LDs [84]. Therefore, our findings may represent a general
principle by which the LD surface and ER-LD contacts serve as a folding hub for some viral

proteins, which may sense and use TG to promote viral assembly.
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In conclusion, our results offer a crucial picture of molecular mechanisms governing the cellular

localization of HCV Core protein. They provide a complementary avenue for developing drugs

against HCV and related viruses by preventing viral proteins from modulating and accessing

TG in LDs or the ER membrane.
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746

747  Figure 1: Core/D2 binding to the ER bilayer vs. LDs

748 (A) lllustration of immature Core anchorage to the ER bilayer by its D3 transmembrane domain.
749 Cleavage at D3 releases mature Core. (B) HeliQuest Representationtebthenphipathic helices
750 (AHs) of D2 linked by a hydrophobic loop. (C}egquession of mkerry-sec613 with Core,
751 immunolabeled by an Atto488 Antibody in Huh7 cells. Scale bar, 1@irtieft)Expression of JFH1
752 Core leads to Core binding to LDs, on the lgfght) OverexpressedFHiID1D2localizesto the
753 nuclausX * o EU ii -exprEssioneof InCherrgec61l3 with eGFB2 in Huh7 cells. Right
754 panel: quantification of thesignal of each proteinby the LD/ER sigdaratio, n=10 cellsfrom 2
755 independent experiments. Scale bar, 10um. (F) Principle for the ggoerof giantintracellularER
756  vesicles (GERVs) by submitting a Cos7 cell to a hypotonic mediuBER®)n Huh7 cell transfected
757 do not recruiteGFPD2 GERVareindicated by the lurmal ERprotein KDELtaggedwith mRFP. Scale

758 EU ii ..eGRPPINtbinds toGERYin Cos7. GERMreindicated by the lurmal ERprotein KDEL
759 taggedwith uZ&W X ~ o EU ii ...uX
760

761  Figure 2D2 better folds and associates with phospholipid artificial LDs.

762 (A) Triolein droplets and giant unilamellar vesicles (GUVs) are injected tinéo sameobservation
763 chamber and eGFB2 was added. D2 bound to the triolein dropletgtop) and not to the GUVs
764  (bottom) of the chamber are showrScaléebar is 40um for the droplet panel, and 10um the GUV
765 panel. (B) Rhodamir55AAHis bound tothe droplets and bilayers of the systef€)Quantification

766 of D2 and NS5AH signals on droplets and GUVs, n>3 R@)resentative FRAP analysis of eBEP
767  on artificial triolein droplets, n>Fcale bar20um. (E)Circular dichroism (CD) spectrum of D2 in buffer
768 (green), in the presence of artificimlolein LDscovered bydioleoyl phosphatidylcholine (PC). In blue,
769 the spectrum of D2 in buffalone The two negative peaks at 210 and 230 nm are indicatiaépbf

770 helices (F) D2 CD spectrum in the presence of sonicated liposomes in gre8ch@®)atic illustration
771 of generated triolein droplets covered by different PC levels reported by RhodéaPgir@hoPE)
772 signal. (H) DBoundto LDs withpoor inRIp-PE. n>3, scale bar is 2. (I) eGFB2 signal as a function
773  of the relative density of phospholipids indicated®iyoPE signallO images analyzed from triplicates.
774

775  Figure 3Protein crowdingmodulates thebinding of D2to LDs.

776  (A) Coexpression of eGFB2 with mChernperilipins 3 (Plin13) in Huh7.5 cells. D2 displaces Plin3,
777 coexists with Plin2and is displaced by Plinl. Scale bar, .if2 Arrowheads indicate nuclear lipid
778 droplets. B) Quantification of the relative bound fraction of Plins and D2 on LDs, n=5, with a dozen
779 cells analyzed for each conditiolf) (Schematic illustration of the binding level of D2 in the presence
780  of Plins(D) Two examples of FRAP experiments of eBEBn LB in Huh7.5. Insets correspond to the
781 bleached regions and are shown before, duyiagd after bleaching. FRAP quantifications are on the
782  right panel. Scale bar, 1@n. (E) Characteristicecovery rates from 23 FRAP experiments are classified
783 into three categories: inferior to 5sec, superior to 20saad between 5 and 20sec. The majority
784  presents acharacteristicrecovery rate between 5 and 20se€) FRAP of eGHP2 on different LDs
785  within the same Huh7.5 cell. Different recovery kinetics are obser8edle bar, 10um.

786

787  Figure 4Arf1/COPI regulates Core localization and infection.

788 (A) Immunofluorescence imaging of Core expressed in Huh7 in the presence or absence of Brefeldin A
789 (BFA). LDs are markég LipidTox. Yellow arrows indicate unbound L&yel white arrows show LD
790  with a partial core signal, n=10. Scale barm® (B) Histogram quantifying the frequency of the nuclear
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localization phenotype with or without BFA. (C) Quantification of the impact of BFA treatment on Core
localization per LD siz#assifiednto three categories: inferior to fim, superior to 2 pmand between

1 and 2 um. LDs inferior to 2 um are more affected in Bé#itions (D) expression of eGHB2 in

Huh7 treated or not with BFA. Yellow arrows indic@mrenegativeLDs and the white arrows show

LDs partially bound by D3 E CS}e}o] PPE P § «U VAIIX * o EU il ...uX ~ o
Huh7 previously treated withtwo different siRNAs againsBCOP. Core is revealed by
immunofluorescence, n=3. Scale bar,b. (F) Quantification of the impact of the siRNA treatment on

Core localization depending on LD si#®) Schematic illustration of the complete HCV infection

protocol on 24h in Huh7 in the presence or absence of BFA. (H) Images of cells infected with HCV. The

left panel shows the Huh7 cells infected with HCV without BFA. Core is immunolabelled,ovisible
magenta on LDs and puncta. The right panel shows cells treated with BFA. Core's siginastecally
diminished}v > «X ~ o E Quantifieadorofsthe intracellular and extracellular infectious

particles, with or without BFA treatment, in OA induction. Condition +OARFA is the same as in C.

The minimum detection limit for infectious particles is 50 and 10 FFU ¥aspectivelyfor intra- and

extraa oopo G u ] X dZ % ES] o [ (}&uU 8]}v ] (( § ]Jv & }v ]8]}ve.

Figure 51mpact of neutral lipid synthesis on the ER localization of D2.

(A) A swollen Cos7 is incubated with OA and BOBIRY to induce the synthesis dfuorescent
triacylglycerol (TGand LipidToxThe presence of TGtime bilayer of GERMavors therecruitment of
eGFPD2 eGFFD2, BodipyC12 and LipidTox signals are sho@@) Samesxperiment as in (A) with
celistransfectedwith BFPER(C) Theecruitment of D2 to GERVs increases with the LipidTox signal in
OA induction cell¢D)lllustration of D2recruitment to bilayers lacking of containing T&)D2 binding

to GERVs is decreasedtbg presence of DGAT inhibitauader OA addition (F)Quantification of the
recruitment level of D2 to GER¥ésl with OA (G) FRAP experiment of eGBR on a GERV, in the OA
loaded condition. ff) Comparison of recovery rates between LDs and GERGERVs are generated
from CosTcells that expressethCherrySec61 and have been incubated with OA. eBGERailed to
efficiently bind to the GERVS) The recruitment level of D2 to GERVSs increased with decreased Sec61
signal.

Figure 6:Triacylglycerols are determinant to D2 localization in vitro.

(A) (top) Principle ofthe droplet-embedded vesicles (DEV) preparation before eBEIs injected into

the system.The RhodPE signal reports for phospholipidsottom) eGFFD2 binds efficiently only to

the droplets and not to the bilayer of the DEV. n>5. Scale barpRuantification othe D2 signal

on the droplet vs. the bilayer region of the DEV over time is shown on the right panel. (B) Schematic
illustration of a DEV and its bilayer region. Water addition stretches the bilayer due to swelling,
delivering more TG from the droplet to the bilayer. During swelld®signal in the bilayer increases.
The increase of the bilayer area is showntloatop right (in red) R representshe DEV radiust a
giventime and R(0)s theinitial radius Quantification of D2 localization to the bilayer is shown on the
bottom right panel (in black), n=3. Scale bar, 20. (C) The swelling experimeloy adding water is
done on a bee GUV and eGHP2 does not bind. The increase of the bilayer area is showheotop

right. R representthe DEV radiuat each timeand R(0) represent$e initial radius Quantification of

D2 localization to the bilayer is shown on the bottom right@an=3. Scale bar, 2@n. (D) Sequence
alignment ofCoreD2 andapoEshows a highly conserved region corresponding toapeE reported
lipid-bindingregion. (E) Schematic illustration of an oil droplet, before and after protein addition, and
the associated decrease in surface tension meashyea tensiometer. Siland S are, respectively
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the initial surface tension of the bare oil/water interfaa@d the equilibrium tension after proteins
adsorb to the interface. (F) Evolution of the surface tension over time in the presence of D2 for
triolein/water and squalene/water interfaces. (G) The relative surface tension decrease induced by D2
andapoEadwrption to the triolein/water vs. squalene/water interfacese shown

Figure 7:Proposed model for Core cellular trafficking and conditions favorable for viral assemblies

(A) In the presence of an LD connected to the ER, Core can either fold to thd bidwe back to the

ER membrane with TG molecules or bind directly to TG in the ER. A fraction of the protein is degraded
in the nucleus. (B) In the absence ofsL.Dore can bind to the ER membraaad the assembly of

virions can occur if TG is infused in the ER bilayer. A fraction of the protsiill degraded in the
nucleus. (C) In the presence of an LD physically disconnected from the ER, Core can still bind to the LD
but the assembly of virionis decreased because dfe absence of TG in the ER bilayer. Here, most
Core will proteinwill end up being degraded in the nucleus. (D) In the absence of TG, Gapily/
degradedin the nucleus.
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Figure S1Characterization of Core/D2 cellular and in vitro localization

(A) Expression of JBore leads to Core binding to LDs, the top panel.-d1IB2 expression in MG132
treated cells, bottom panel, Core shows nuclear localization. Scale bam 1(B) Other examples of
eGFPD2 expression in Huh7 cells showing no notite&R membrane localization. Scale bar,.h0

(C) Ceexpression of mCherryec61 with eGFB2 in Hela cells reveals that D2 does not bind to the
ER. LDs are marked by LipidTox, h=2. Scale bam.1{ID) Expression of eGBR in HelLa cells where

ER isepresented by a lumen ER protein in BFP. Before swelling on the top and after swelling at the
bottom. (E) Expression of eGPInl in HelLa cell where ER is represented by a lumen ER protein in
BFP. Before swelling on the top and after swelling at the ottScale bar, 5m.

Figure S2:

(A)Helicawheel representation of the AHs of D2 (left) and NS5A (right:.dReiicled amino acids are

bulky hydrophobic residues. (B) Circular dichroism (CD) spectrum of D2 in buffer (blue), in the presence
of artificial LDs, made with dioleoyl phosphatidylchol{(C) at 1% (Left) or 0.1% (Right). The two
negative peaks at 210 and 230 nm are indicative of alpfies. (C) D2 CD spectrum in the presence

of small sonicated liposomes in 50 nm diameter range (Left) and larger liposomes formed (average
diameter of 5@ nm of average diameter). (D) FRAP of eBEBN a trioleirn-buffer droplet shows
ultra-slow recovery. The arrow depicts the bleached drop(E). Different phenotypes of D2 in the
presence of LD with different PC densities, shown separately. D2 sioedlized on droplets where
RhodPE signal is weaker. n>3, scale bar is@0(F) Another example of D2 phenotype in the presence

of a droplet mix of different PC densities.

Figure S3Characterization of D2/Core binding depending LD surface cover asition

(A) Expression afiCherryperilipins 23 (Plin13) in Huh7.5 cellAll proteins bind to LD¢B) Schematic
illustration of the competition between proteins (D2 in green and Plinl in red) at the interface of a
water-in-oil shrinking droplet. ((Representative images of the fall off of e@FPfrom the water/oil
interface during shrinkage, while mChe#finl remained stably bound. The relative fluorescence
intensity profiles in the shown plane are embedded in the images. On right panel, thejavendace

/ volume signal during compression is plotted over the compression factb(titne=0) / # (at each

time point). The experiment has been repeated three times Iifi2lges of caexpression of Core and
GFPPIinl.~ o E U (B)SerieXof-RAP experiments of eGBR on LDs in Huh7.5. These 23
FRAPs are regrouped in Figure @B.Expressed pT@GFRGGGG2 (i.e., 1 linker between eGFP
and D2) and pTGEGFRGGGGSP?2 (i.e., 2 linkers between eGFP and D2) in Huh7.5 cells bound to
LDsS o E U (G)FRAKXINn HUh7.5 pTGteGFRGGGGH)2 and pTGR2GFRGGGGSD20n
LDs.A o EU ii ...uX

Figure S4Arf1/COPI impact on Core localization.
(A) Additional examples of the two observed phenotypes of Core in Huh7 cells treated with BFA. White
and yellow arrows respectively indicate LDs having partial or no Core signal. Scale har, (B)
Yu v3](] 3]1tv }( }E o} o]l §]}vize%itivo wikhouw BFAsdr @ach LD size range,
hundreds of LDs are quantified for the different Core localization phenotypes. (C) FRAP experiment of
T (JE&uU]vP v E& <]Pv o E}uv > e« ]Jv & }v 18]}vX N o EU A ...u>
localiation of Core in cells treated with a BCOP siRNA. Scale brar,Guantification of the Core
localization depending on LD size in the control and the siRNA treatments are shown on right.
Hundreds of LDs are quantified from over twenslls. (E) Immunobléhg against COPI, Core, ADRP,
and GAPDH in the fractions of pasiclear supernatant (PNS) and LDs, treated or not with the RCOP
SiIRNA. (F) Core LD phenotypes in the presenc&€03siRNAIwo siRNAs and a mix of both are
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tested. For these experimentthe Golgi is labeled with KBIEF-P. The Golgi appears more fragmented
in the presence of the sSiRNAs compared to the control cells, where@kPEsignal is more compact
and perinuclear. The Western Blot indicating the efficiency of the siRNA is shown aoticreated
condition. Scale baf .m. (G) Schematic illustration of the complete HCV infection protocol with or
without induction of LDs, over 24 hours. (Rhages of Core in cells infected with the Jc1 strain, treated
(bottom) or not (top) with OA. Saa E U i{) lmages of cells infected with HCV Jcl and
transfected with Plinl, 2, or 3. Plin and Core signals are shown. Scale loar(H Quantification of
the intracellular and extracellular infectious particles, with or without OA incubatiQr8Z h protocol
diagram, with BFA washing at 24 h podection. (L) Quantification of the infectious particles before
adding BFA and after adding then washing BFA at 1 pg / mL.

Figure S5D2 binding to the ER

(A) eGHBD2 does not bind to the intracellular GERVSs, labeled by AfRIER., in swollen Cos7. On the

left, control condition of Cos7 before swelling and under thesgpression of eGFP2 and mRFP

KDEL. In the middle panel, D2 is absent from thR\GiE swelling condition and cytosolic. In the right
panel, under swelling and OA addition, D2 localizes on intracellular GERVs. (B) Control, swelling, and
swelling with OA addition conditions. D2 is located tor@A intracellular GERVs. (@)p) Imageof

D2 biding to LipidTexich GERV®D2 binding level to GERVs increases WithLipidTox signal. (D)
Protocol illustrating the use of DGAT1/2 inhibitors (iDGAT1/2) in Cos7 cells. Inhibitors are added, then
eGFPD2 is transfected to cells. After 24h oamsfection, live imaging is performed and the cell are
swollen, with replacing the cell culture medium with the hypotonic medium containing also the
inhibitors. The last step is OA addition. (E) In the presence of DGAT inhibitors, before swelling, D2 is
cytosolic; in the swollen condition, D2 is absent from GERVSs. In swollen condititn§A addition,

D2 is absenfrom GERVs. (F) Another protocol where the D@#dadded in the meantime of OA
addition. (G) The same results are obtained with the precégeotocol in Figure S5B. (H) Other

FRAP experiments of D2 on GERY3.h& ecruitment level of D2 to GERVSs increases with LipidTox
signal(in green) and decreases with mChe@gc61 signal (in magenta).

Figure S6Comparisons between D2 and apoE.

(A) Two examples of DEVs showing the binding of e kostly to the droplet. (B) RhadS5AAH

binds to both the droplet and the bilayer region of the DEV. (C) Display of the crystalized structure of
apoE (PDBNCBI Reference Sequence: NP_001289617.15df)ence alignment adpoE with D1

Core. (E) Phylogenetic tree comparing sequence alignments of D2, BliagdE,apoC1, DENV NS1,

and Envelope glycoprotein ASFV. In contrast to perilipins, D2 is clep@EgapoC1, and the non
structural protein 1 dthe Dengue virus. (F) Evolution of the surface tension over time in the presence
of apoE for triolein/water and squalene/water interfaces.

Movie: Example of a FRAP experiment carried on in a cell where two regions of LDs are simultaneously
bleached. eGFBP2 showed differential recovery rate between the LD subpopulations.
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946 Material & methods

947 Plasmids and peptidesThe plasmids phCMtbre JFH1 pTGeGFFD2 JFH1land mCherry

948 NS5A that express Core, [22d NS5Arespectivelywere kindly provided by our collaborator

949 Bertrand Boson (ENS Lyon). The linkers (GGBGE®GGGS)nkerswere inserted between

950 D2 and eGFP into pT@GFPD2 and pTG2GFFD2, respectively, by directed mutagenesis

951 with the following oligos: pTGEt RAGGGTETTCCGGACTCAGATCTAAG i [V %oRW

952 NA-LCECCACCEITGTACAGCTCGICCATGIT[V %0 &1t1 AGGTGGGEGGAGGATCTTCE

953 GGACTCAGATCTAAGT[V %o dti AAGATCETCEGCCACCCTIGTACAGCTAGTCCAT

954 Gi[X dZ %0 cu] » SZ S edAFRPB 13, Wére /Kihdoprovided by the team of

955 University of Cambridge Metabolic Research Laboratories. The humanrpAgteE (Sigma

956 Aldrich). Peptidel6éD2 was obtained from Frangois Penin and has the following sequence
957 NLGKVIDTLTCGFADLMGYIPLVGAPLGGAARALAHGVRVLEDGVNYATGN. For comparison, tl
958 JFHi1D2sequence isSNVGKVIDTLTCGFADLMGYIPVVGAPLSGAARAVAHGVRVLEDGVNYATGN.
959 To mark Golgi, we used the plasmid KIIEP (Dipeptidyl peptidase IV in which the
960 extracellular domain had been replaced by the GFP sequence to restrict protein localization
961 to the Golgi apparatug85]), was kindl given by Professor Christian Pous (Paud

962 University, France).

963

964 Expression constructpFkJFH1/J6/846 dg plasmid askind gift from R. Bartenschlager

965 [86]. phCMVcore JFH1 and phCMdre J6 plasmids were previously descrip&g]. phCMV

966 core FP JFH1 and phCMbsbre CS J6 were constructed by inserting a stop codon by
967 mutagenesis after the amino acid 171 of the core protein in ph@bbé¢ JFH1 and phCMV

968 core J6respectively.

969

970 Production of the recombinant peptide eERD?2.

971 TheeGFPD2 DNA sequence was cloned into pET15b (Novagen, Merck) between Ndel/BamHI
972 restriction sites. Induction of eGHP2 expression in BL21pLys (Invitrogen, Thermofischer) was
973 done at +37°C for 3h, after addition of 0.5 mM IPTG (Sigjldiach) at 0.5DO ofrgwth in LB

974 supplemented with 100ug/mL ampicillin. Bacterial were centrifuged at 5000g for 15min at
975 4°C. The pellet was resuspended in 35mL of 20mM phosphate buffer at pH = 7.4,
976 supplemented with 500mM NaCl, 10% glycerol, 1mM PMSF and 50pg/mL lysozymme (Sig
977  Aldrich, Merck) and submitted to French Press extraction at 1500 PSI (Thermofischer). After
978 centrifugation of the crude lysate at 250009, 4°C for 30min, the supernatanfilieasd on

979 0.45um and 0.20um cellulose membranes (Merck) before loading onHisiLrap HP affinity

980 column (Amersham, GE Healthcare) conditioned with extraction buffer. ProteinB& KRS

981 eluted with 250mM imidazole (Sigr#ddrich) after linear gradient from 40mM to 1M

982 imidazole in 15CV (Akta purifier Amersham, GE Healthcare). @&ftdysis of 20uL of each

983 fraction on Novex BisTrigl-12% PAGE (Life Technologies Thermofischer) revealed with
984 Coomassie blue (PageBlue, Thermofischer), fractions containing 33kDa proteins were pooled
985 anddialyzedO/N at +4°C in 20mM phosphate buffer pf.4 supplemented with 50mM NacCl,

986 10% glycerol. Théialyzedfractions were loaded on a MonoQ equilibrated with dialysis buffer
987 (Amersham, GE Healthcare) and submitted to a linear gradient from 50mM to 1M NacCl for
988 anionic exchange. The protein eGPP waseluted with 250mM NacCl, analyzed on PA&tsl

989 quantified by spectrophotometry by measuring absorbance in UV (from 190nm to 340nm) and
990 at 488nm. We obtained 1,5 mg of highly purified eEFPprotein at 23 uM.

991
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992 Antibody. Monoclonal antibodies (references 19D6, BieMerieux) of mice directed against

993 Core HCV proteins (recognize the Core D1 domain) were used to detect the location of Core
994 in the transfected cells. The secondary antibodies of donkeymaatise marked with the

995 Alexa 555 anti Monoclonal antibodid9D9D6 (provided by our employees of the ENS, Lyon,
996 references A31570, Invitrogen). These antibodies are used in immunofluorescence, diluted
997 to 1/1000. For virology experimentdlouse anticore 19D9D6 (kind gift from C. Jolivet,
998 bioMérieux, Lyon, FrangeMowiol 4088 (Fluka, Switzerland), Oleic A¢ithumin and BFA

999 (Sigma Aldrich, France), BODIPY 493/503, LipidTox DeefH&esxhst33342 (Molecular

1000 Probes Europe BV, The Netherlands) and Gamemer (Agilent, United States) were used
1001 accordingtothemap( SHE EJ[e JveSEM S]}veX

1002
1003 Cell Cultureand reagents Huh7, Huh7.5 and He. oo AE u]lvs]v ]v po
1004 u} ](] Po [* U Juu ~ D De pn% % 0 UneatSnacti&gdtddfetil bovine

1005 serum (Life Technologies), 4.5'd-glucose, 0.1 gtsodium pyruvate (Life Technologigashd

1006 1% penicillirstreptomycin (Life Technologies). The cells were cultured at 37°C under a 5%C0O2
1007 atmosphere.HeLa (human cervical carcinoma obtained from the American Type Culture
1008 Collection) cells were maintained DMEM supplenented with 10% (vol/vol) FBS, 2 mM |
1009 glutamine, penicillirtistreptomycin, 1% sodium pyruvate, and 1% nonessential amino acids.
1010 For virology experiments; uZ é X i ooe ~I]JvP P](8 (E}u X Z] « AE PGE
1011 modified minimal essentiahedium (DMEM, Invitrogen, France) supplemented with 200U/ml
1012 of penicillin, 200ug/ml of streptomycin, and 10% fetal bovine serum.

1013

1014 Transfection and cdransfection. When indicated, Huh7 or HeLa cells {80% confluence)

1015 plated into a 35 mm cebtulture MafTek dishes (with a glass coverslip at the bottom), (MatTek
1016 Corp. Ashland, MA). were exposed for 1 h to 350 uM oleic acid (OA) coupled to bovine serum
1017 albumin (BSA) (1% vol/vol) to induce LD formation, and then cells were transfected with 3 pg
1018 of plasmid DNAnl using Polyethylenimine HClI MAX (Polysciences) following the
1019 u vu( SUE E[* JveSEQU S]}veX &}1E } A% E *°]}v -JaBFB]S]}v A
1020 tagged plasmid constructs in equal concentrations {2.Ag for each one) were transfected
1021 into cells. Cks were imaged at 24 h after transfection. For virology experiméh®V core or

1022 GFPPLIN expression. HCV core or eBEMN expression plasmids were transiently expressed
1023 in Huh7.5 cells by transfection with GeneJammer transfection reagent accordingeto th
1024 u vu( SHUE E[* ]JveSEpu 3]}V H¥h7.5Edellso sebded Xinivgell plates were

1025 transfected with 2ug of DNA and 4pL of GeneJammer diluted in Optimem medium for 8h or
1026 16h. The medium was then replaceddfyesh medium for HCV core expression sasdor by

1027 amedium containing Jcat MOI=0.Zor eGFFPLIN studies, and cells were then cultured for
1028 the indicated time.

1029

1030 HCVcc production and titrationHCVcc production procedures were described previously
1031 [86]. Supernatants infectivity titers were determined as fodaeming units (FFU/ml). Serial
1032 dilutions of supernatants were used to infect Huh7.5 cells, FFUs were determined 3 days post
1033 infection by counting NS5#nmunostained foci.For determining intracellular infectivity,
1034 infected cells were washed with PBS and harvested after trypsin treatment and centrifuged
1035 for 4 min at 400xg. Cell pellets were suspended in medium and subjected to 4 cycles of freeze
1036 and thaw with liquid nitroga. Serial dilutions of this cell lysate were then used for
1037 supernatants to determine the intracellular infectivity.
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FRAP experimentd-or FRAP experiments, we bleached the signal on a cluster of drops and
monitored the increase of signal during recovefre background signal, for example, from
the cytosol, was removed from the recorded signal, which was at the end normalized by
intrinsic bleaching ohon-bleachedareas. We next used GraphPad Prism to fit the FRAP
recovery curves with a nonlinear regressiand the exponential orphase association
model. The characteristic recovery time that corresponds to the time it takes for fluorescence
intensity to reach half the maximum of the plateau level is obtained by the software.

Cellular FractionationFor purification of LDs from cells expressing fluorescently tagged LD
proteins, cells from five 150 cm dishes were harvested, washed onceanl@®BS, and lysed
using a 30G needle in 1 ml TEBDTA (240 mM, respectively) buffer containing complete
protease and phosphatase inhibitor tablets (ThermoFisher) at pH 7.5. For LD isolation, 1 ml of
cell lysates was mixed with 1 ml of 60% sucrose InEDIEA buffer sypgemented with
protease inhibitors, overlaid with 20, 10, and 0% buffered sucrose on top chwoiger in 5

ml Ultra-Clear centifuge tubes (Beckman). Gradients were centrifuged for 16 h at 100,000 x
g and 4°C, using an SW60 rotor in a BeckmanQ.&errifuge, and 300 pl was collected from

the top as the LD fraction.

Western Blot.The differentpurified cell fractions were migrated on a 10% SDS PAGE gel (cast
in the laboratory) and the bands of the gel were electtmnsferred onto a nitrocellulose
membrane (Schleicher & Schuell). The membrane was then incubated with abaaiat{MA1

080, ThemoFishe)/ ADRP (ab2355, Abcam/ COPI (ab2899, Abcam) / actin monoclonal
antibody (se47778 HRP, SantaCruz), from Abcam, followed by incubation with HRP
conjugated secondary 1gG and visualize@Byerce ECL kit (Thermofisher).

Immuno-fluorescence (IFand confocal microscopy imagingluh7 cells grown 085 mm ceH
culture MafTek dishesvere transfected with Core plasmid. 24 h paistnsfection,Cells were

fixed with 4% formaldehyde for 15 min; this was followed by three washes in phosphate
buffered saline (PBS), thepermeabilized with 0.3% Triton-200 for 10min at room
temperature. Fixed cells were then incubated for the night with -&dre atibody diluted
1/1000 in 3% BSA/PBS, washed and stained for 1h with fluorescent secondary antibedy (anti
Mouse AlexaFlueb55, Molecular Probes Europe BV, The Netherlands) in 3% BSA/PBS. LDs
were stained with 10pg/mL BODIPY 493/503 or with LipidTox Dedpa&mrding to the

U vp( SHE E[e JveSEpN 3]} veX andorneurded®n rAicsadcope slides with
WE}>}vP '}o vS]( D } u v $diatidiAdZgherdylintiole (Thermo Fisher
Scientific), and the fluorescently tagged protein localization wasrdeted using a Leica TCS
SP8 confocal microscope with a 63x immersion oil objective (1.3 NA).

GFP fluorescence was excited at 488 nm, and emission was detected between 490 and 550
nm, while Mcherryttagged protein fluorescence was excited at 588, and simis was
detected between 600 and 650 nm. LDs were detected with either BODIPY 493/502
(excitation: 502 nm; emission: 51560 nm) or LipidTox Deep Red (excitation: 558 nm;
emission: 59@700 nm).

For virology experimentHuh7.5 cells grown on uncoated 14mdrameter glass coverslips
were infected with HCVcc at MOI of 0.2. When stated, the viruses were removed 8h post
infection and replaced by media containidggmL of BFA or diluent (EtOH) for 24h. At
indicated times posinfection, cells were washed withBS, fixed with 3% paraformaldehyde
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in PBS for 15min, quenched with 50mM 4€Hand permeabilized with 0.1% Tritor1RO0 for

7min. Fixed cells were then incubated for 1h with adre antibody diluted 1/1000 in 1%
BSA/PBS, washed and stained for 1h witlortscent secondary antibody (afMiouse
AlexaFluois55, Molecular Probes Europe BV, The Netherlands) in 1% BSA/PBS. LDs were
stained with 10pg/mL BODIPY 493/503 or with LipidTox Deep Red 1/200 according to the
U vp( SuUE E[s Jve3SEpn 3]} v dthreetonesiwitE PBS, sined for nuclei with
Hoechst (Molecular Probes) for 5min when stated, waslaed mounted in Mowiol prior to

image acquisition with LSM10 confocal microscopes.

Interference RNA and inhibitor treatment-or COPI inhibition, Hilcellswere grown on35
mm celtculture MafTek dishesand were treated with siRNA (Dharmacon) complexed with
JW E& S d& ve( S]}v Z P vsS ~Y] P veU }E JvP S} SZ u vu(
24h. For siRNA experiment, two lots are used, Lotl @borj D01794004-0002), Lot2
Horizon, B01794003-0002. Thertreated cells were incubated with OA and transfected with
Core plasmid. 24 h postansfection, cells were fixedand IF protocol waspplied For
Brefeldin A inhibition, it is added 4h pesansfection and cells are imaged 20h after
inhibition. Forthe DGAT1 (Sigma ®B620110) and DGAT2 (Sigma0BB&24439)nhibitors
used in Cos7, the dilution applied was 1/1000 for a final concentration of 3udyirttie GERV
protocol (Figure 5D, S5B), theinhibitors were added when the cell medium is replacedby
hypotonic mediumand/or just before cell transfection (Figure SGiy.

Circular Dichroism COthe CD spectra were obtained on a Jelion CD6 device. The scan

speed is set at 0.2 nm / s. Theeasurements were carried out in a quartz tank 1 mm in

diameter. A blank (buffer solution) is made before each measurement and is subtracted from

the protein spectra. For each measurement, three spectra were recorded to increase the

signalto-noise ratio. Z (Jv o }v VSE S]}ve }( %o %S] * He & SA v

in 10 mM sodium phosphate buffer (pH 7.4) supplemented with 100 mM potassium chloride

<0 VvV TuDDP ofT~pu((E& o00 W<DeX dZ & *posSe E % E °* Vv

ontheb ¢]¢ }( $Z u ¢ }( v u]v} ] & ] u }(iit < pe]JvP 8Z (}&E
Z veU A18Z 4x AZ]1 Z 1+ 8Z J(( &€ v }( uloEmEv BI®Z } ((]

absorption difference, | is the optical path in cm, C is the molar conagon in mol / L and n

] 3Z vpu E }( E ] p * }(8Z v oCl % %3] X dzZ + ve]3]A]SC

= 106.

Bioinformatics

Heliquest was used for r-helix projections Www.heliguest.ipmc.cnrs.jr Hydrophobic A# are
illustrated in yellow. For D2, we use the two amiacds sequences NVGKVIDTLTCGFADLMGY and
ARAVAHGVRVLEDGVNYAWGNh representhe two AHs of D2, respectively

For data presented in FiguBD and FigurésD, EMBOSS Water pairwise sequelooal alignment

tool, https://www.ebi.ac.uk/Tools/psa/emboss_wateriwas used to study the similarity between
human APOE, APOC1, PERNHCV JFHdore, D1 and D2, Flavivirus Envelope glycoprofieom
African swine fever virus (ASFW)d Nonstructural protein N§from Dengue virus (DENV)

Shrinking experimentsin vitro experiments were performed in HKM buffer: 50 mM HEPES,
120 mM potassium acetate, and 1 mM MgCI2 (in Milkvater) at pH 7.4. To creasebuffer
in oil drops, 4 pl of a buffediluted LD fraction was mixed with 40 pl of triolein vortexing.
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About 100 dropswere formed and imaged in the field of observation. For shrinking
experiments, aqueous drops bounded by the proteins were imaged féBA@nin on glass
plates during water evaporation.

Giant Unilamellar Vesicles and Artificial Lipid Droplets Formatiot\& GUVs were
prepared by electroformation. Phospholipids and mixtures thereof in chloroform at 0.5 mM
weredried on an indium tin oxide (IT@pated glass plate. The lipid film was desiccated for 1

h. The chamber was sealed with another {T@ated glaslate. The lipids were then
rehydrated with a sucrose solution (275 mOsm). Electroformation is done using 100 Hz AC
voltage at 1.0 to 1.4 Vpp and maintained for at least 1 h. This low voltage was used to avoid
hydrolysis of water and dissolution of titamn ions glass plate. GUVs were either stored in
the chamber at 4°C overnight or directly collected with a Pasteur pipette.

To prepare thartificial lipid dropletgalLDs), 5 mL of the lipid oil solution was added to 45 mL
of HKM buffer. The mixture was doated. The diameter of the resulting droplets is a few
hundred nanometers.

Droplet- u A ¢] 0 o[ % E %nl€Bs Mdntidhedn vitro experiments were
performed in the following HKM buffer: 50 mM Hepes, 120 mM Kacetate, and 1 mM MgCI2
(in Milli-Q water) at pH 7.4 and 275£15 mOsm.@WVswere 70 % DOPC 29% Rhodamine
DOPE 1% (w/w) RhodamieOPE. GUVs were prepared by eledtnmonation. Phospholipids

and mixtures thereof in chloroform at 0.5 mM were dried on an indium tin oxide (ITO) coated
glassplate. The lipid film was desiccated for 1 h. The chamber was sealed with another ITO
coated glass plate. The lipids were then rehydrated with a sucrose solution-{&/8sm).
Electreformation is performed using 100 Hz AC voltage at 1.0 to 1.4 Vppmairdained for

at least 1 h. This low voltage was used to avoid hydrolysis of water and dissolution of the
titanium ions on the glass plate. GUVs were either stored in the chamber at 4°C overnight or
directly collected with a Pasteur pipette. To prepare #lLDs, 5 of the oil was added to 45

R of HKM buffer. The mixture was sonicated. The diameter of the resulting droplets is on the
order of a few hundred nanometers. To maR&VY GUVs were then incubated with the aLDs

for 5 min. The GU/D mixture wastten placed on a glass coverslip pretreated with 10%(w/w)
BSA and washed three times with buffer.

'1 v8 Z A +] o <[ P For@ell $\pilixg experiments, Cos7 cells were first transfected
for 24 h with the eGFB2 plasmid. The culture media was negplaced by a hypotonic
culture media (DMEM: H20, 1:20). The cells were then incubated at 37°C, 5% CO2 for 5
minutes, to induce EResicles. Foanalyzing D2 localization, cells were imaged directly after
swelling. The cells were next incubated with 400 @A conjugated to 1% (W/MWBSA in
DMEM: H20 (1:20) media at 37°C to induce triacylglycerol (TG) synthesis. Then-8ODIPY
558/568 was also added to OA (1:1000) to induce and visualize fluorescent TG localization. Z
stacks imaging of entire celllasdonebefore and 15 min after OA administrationsfacks of

the entire cell were imaged after swelling, before feeding, and 15 minutes after feeding.
mCherryKDELand ERBFPor mCherrySec613 araised as a markeof ER lumen oER
membrane respectively

GUV Swelling experimentdilliQ water was added to the bulk HKM buffer of the GUVs: 10
pL of MilliQwasadded to the 100 pL of HKM buffer.
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Interfacial tension measurements\

We used an oitlrop tensiometer (Mitsche et al., 2010; Mitsche and Small,3204eyers et

al., 2013) designed by Teclis Instruments (Tassin, France) to measure the interfacial tension
(v of lipidtwater interfaces. All experiments were conducted at 25.0 = 0.2°C in a thermostated
system and repeated at least twice.

Forthe creationof TOtWater or squalendVater interfaces (Mitsche and Small, 2011), TO or
squalene Sq drops (5 pL) were formed at the tip ehaellle submerged in 5 ml of bulk buffer.
Their surface area wag30 mm2 (diameter = 3.1 mm). The buffer was 5 mM HKM (50 mM
Hepes, 120 mM K acetate, and 1 mM Mg(@i Milli-Q water)

at pH 7.4. The T@V interface stabilized aMO = 32.0 £ 1 mN/m. The 84 interface
stabilized at\6q = 22.0 £ 1 mN/m.

Adsorption of proteins (i.e., D2, ApoE) to the interface decreages nearlyconstant value
defined as equilibrium tensiongy). D2 or ApoE peptide was added to the bulk phase to obtain
final protein concentrations of 0.1J8M and 0.014 pMrespectivelyAs peptide adsorbed to
TOtW and SdW interfaces,wwas monitoreduntil it fell to an equilibrium value ¥¢q).

Relative tension decrease was defined as the differencébgtween a pure T®ON or SgW
interface (MO = 32.0 mN/M5Q= 22.0 mN/M) and the interface at the equilibrium with

bound peptide (Relative tension decreasafO t &q)/ O and (Relative tension decrease =
BQt )/ BQ.

Quantification and statistical analysis

Fluorescent signal quantification at LD or GUV surface

To quantify the recruitment of the fluorescent protein at the surface of LDs, we used the radial
angke profile plugin of ImageJ software. This plugin measures the average signal intensity
along the perimeter of concentric circles. It results in a plot of the intensity profile of a circular
object for various positions relative to its center. We chosertteximum intensity profile as

a measurement of recruited peptide density. The same method was used to quantify the
phospholipid density covering droplets For the competition experiment, protein
concentrations on LDs were derived from the mean fluorescence measured on LDs in each
channel (Plins vs. D2, FiguBg each experimental point corresponds to the average of the
signal on 1@20 LDs. Values from 180 cells vere combined, and the SD was calculated for
statistical analysisvalues from 1520 cells were combined, and the SD was calculated for
statistical analysis.
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