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Viral generated inter-organelle contacts redirect lipid flux for 
genome replication
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Summary

Positive-stranded RNA viruses extensively remodel host cell architecture to enable viral 

replication. Here we examined the poorly understood formation of specialized membrane 

compartments which are critical sites for the synthesis of the viral genome. We show that the 

replication compartments (RCs) of enteroviruses are created through novel membrane contact sites 

that recruit host lipid droplets (LDs) to the RCs. Viral proteins tether the RCs to the LDs and 

interact with the host lipolysis machinery to enable transfer of fatty acids from LDs, thereby 

providing lipids essential for RC biogenesis. Inhibiting the formation of the membrane contact 

sites between LDs and RCs or inhibition of the lipolysis pathway disrupts RC biogenesis and 

enterovirus replication. Our data illuminate mechanistic and functional aspects of organelle 

remodeling in viral infection and establish that pharmacological targeting of contact sites linking 

viral and host compartments is a potential strategy for antiviral development.
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In Brief:

The specialized compartments where enteroviruses replicate are created through membrane 

contact sites where viral proteins tether host lipid droplets to replication compartments enabling 

the transfer of fatty acids

Introduction

Enteroviruses are common human pathogens linked to diverse medical complications, 

including diabetes, asthma, hepatitis, myocarditis, poliomyelitis and meningitis. Despite 

their small genome and limited proteome, they are adept at modulating the host cellular 

machinery to achieve rapid replication. While vaccines are available for a single type of 

enterovirus, poliovirus, the vast majority of enteroviral infections have no prophylactic or 

therapeutic treatments available. Since all enteroviruses share common mechanisms of 

replication, identification of host pathways essential for enterovirus infection could provide 

targets for pan-enteroviral treatments.

A critical step in the life cycle of enteroviruses is the replication of their positive-sense 

single-stranded RNA genome. Genome replication occurs on special host-derived membrane 

compartments, called replication compartments (RCs), which form only in infected cells. 

Within hours of infection, numerous vesicles accumulate in the cytoplasm of host cells 

(Dales et al., 1965). Viral proteins, viral RNA and host factors are recruited to these vesicles 

to participate in the synthesis of the viral genome (Richards and Ehrenfeld, 1990).
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Given that RCs are a universal feature of all enteroviral infections, blocking their formation 

may serve as a general anti-enteroviral therapeutic strategy. However, the mechanisms 

underlying the formation of RCs and their lipid sources are poorly understood. A number of 

observations suggest that the biogenesis of enterovirus RCs is a complex process that 

involves multiple membrane trafficking and lipid metabolism pathways. Previous studies 

suggest that enteroviruses hijack transport intermediates of the secretory pathway and 

modulate their lipid and protein composition to create the RCs (Hsu et al., 2010). The RCs 

are enriched in cholesterol provided by the endoplasmic reticulum (ER) and clathrin-

mediated endocytosis (Ilnytska et al., 2013; Strating et al., 2015). In addition, enterovirus 

infection increases import of fatty acids from the extracellular media for the synthesis of 

phospholipids for the RCs (Nchoutmboube et al., 2013).

To understand the biogenesis of RCs in the context of infection we focused on three 

enteroviruses that infect the gastrointestinal tract: poliovirus (PV), an important enterovirus 

model and the causing agent of poliomyelitis, coxsackievirus B3, which causes myocarditis 

and diabetes, and enterovirus 71, which causes severe neurological diseases.

Our findings uncover a key function of the host organelle lipid droplet (LD) in the formation 

of the RCs and enteroviral replication. LDs are important hubs of lipid metabolism in 

eukaryotic cells. They store lipids, which are used for energy production, membrane 

biogenesis and signaling purposes, depending on the cells’ needs (Walther and Farese, 2012; 

Zechner et al., 2012). Despite their key role in lipid metabolism, possible involvement of 

LDs in the replication of enteroviruses had not been defined.

In this study, we show that LDs are an important source of lipids for enterovirus RCs. We 

discover that three enteroviral proteins are targeted to LDs and we provide evidence that one 

of these proteins, 2C, is involved in the formation of membrane contact sites that recruit LDs 

to the RCs. These virus-generated contact sites enable channeling of essential fatty acids 

from LDs to the growing RCs. We further show that viral proteins physically interact with 

the host lipolysis machinery whose function is essential to mobilize fatty acids from LDs for 

phospholipid synthesis for the RCs. As a result, LDs serve as lipid distribution centers that 

redirect fatty acid flux for RC formation. Importantly, blocking the formation of membrane 

contact sites between LDs and RCs or inhibition of lipolysis disrupts the biogenesis of RCs 

and blocks replication of several enteroviruses. Thus, our findings uncover a potential pan-

enteroviral therapeutic strategy that relies on blocking the lipolysis pathway. In summary, 

our results reveal an important principle of spatial and functional remodeling of host cellular 

architecture by viral proteins and illuminate the mechanisms by which enteroviruses 

manipulate host cell lipid metabolism to allow viral replication.

Results

Remodeling of the LD distribution and morphology during PV replication

To examine a possible role of LDs in the life cycle of PV, the distribution and morphology of 

LDs in PV-infected HeLa cells were followed by time-course immunofluorescence (IF) 

analysis. In this analysis, LDs were labeled with the dye Bodipy493/503, which stains the 

core of LDs, and with antibodies against the TIP47 protein, which is localized to the surface 
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of LDs. We found that in mock-infected cells, LDs were distributed throughout the cell (Fig. 

1A). In contrast, at 6 hours post-infection (hpi), LDs were incorporated into the network of 

viral RCs and concentrated at the juxtanuclear area. Concurrent with this translocation, the 

number of LDs and the area occupied by LDs decreased by 40% and 30%, respectively (Fig. 

1B). In addition, the intensity of TIP47 staining on the surface of LDs decreased by 37%. 

LD number and TIP47 intensity decreased further at 8hpi, the peak time of virus particle 

formation. TIP47 protein levels remained constant during the infection (Fig. S1A), 

suggesting that displacement of TIP47 from the surface of LDs led to the decrease in its 

intensity on LDs. Because TIP47 restricts access of lipases to the LD core, removal of TIP47 

from the LD surface may increase the accessibility of lipids stored within LDs during PV 

infection.

We then examined the spatial relationships between LDs and RCs at earlier times post 

infection (Fig. 1C). Our IF analysis showed that at 4hpi, the earliest time point at which RCs 

are visible, some of the LDs were in close apposition to the RCs (arrows, zoom panel). At 

5hpi, more LDs were seen in close proximity to the RCs. Finally, at 6hpi the vast majority of 

LDs were intercalated in the network of RCs. To quantify the proximity between LDs and 

RCs during infection, we measured the percentage of LDs that were at a minimal distance 

from the RCs (less than 1 pixel which equals 154nm) in 3D reconstructions of confocal 

stacks. We found that the percentage of LDs closely apposed to the RCs increased from 33% 

at 4hpi to 54% at 5hpi and 68% at 6hpi, suggesting that LDs are recruited to close proximity 

to the RCs as infection progresses (Fig. 1D). Consistent with these changes in LD 

distribution, at 6hpi the mean distance between LDs and the nucleus decreased by 65% (Fig. 

S1B). Similar changes in LD distribution were observed in PV-infected Huh7 cells (Fig. 1E) 

indicating that this viral effect is not limited to a specific cell type.

To further illustrate the translocation of LDs during PV infection we followed LDs and the 

host protein ARF1 which was previously shown to be recruited to the viral RCs during 

infection (Belov et al., 2007) by IF analysis (Fig. 1F and Movie S1). In mock-infected cells, 

RFP-Arf1 was localized to the Golgi and LDs were in the cell periphery with limited 

interface between the two compartments. However, at 6hpi RFP-Arf1 was recruited to PV 

RCs, which surrounded LDs in the juxtanuclear region. We conclude that PV infection 

induced the recruitment of LDs to close apposition with the RCs. This recruitment was 

specific since during infection most of the mitochondria remained in the cell periphery and 

were not intercalated into the network of RCs (Fig. S1C).

PV infection induces the formation of membrane contacts between LDs and RCs

To examine the spatial relationships between LDs and RCs at higher resolution we used 

transmission electron microscopy analysis. In mock-infected HeLa cells, LDs were adjacent 

to ER tubules and mitochondria (Fig. 2A and 2B). This localization was consistent with 

previous studies showing that LDs form in the ER, and that fatty acids are delivered from 

LDs to the mitochondria for ATP production. However, the membrane architecture of PV-

infected cells at 6hpi was strikingly different from that of mock cells, with numerous 

vesicles, known as RCs, occupying the cytoplasm (Fig. 2C, 2D and S2A). In line with 

previous studies, these PV-induced vesicles were heterogeneous in their morphology: 
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electron-lucent vesicles (black arrowheads) and vesicles with electron-dense core (cyan 

arrowheads). Consistent with our IF analysis, we detected multiple regions of close 

apposition between LDs and RCs (Fig. 2E–2G and S2B). In TEM thin sections of randomly 

chosen cells, 62% of the LDs were within a distance of 30nm from at least one RC (n=189 

LDs in 14 cells) (Table S1). Among these LDs, 59% were within a distance of 30nm from 

more than one RC (Fig. S2D) and in average 10% of the LD perimeter was engaged in close 

membrane contacts with the RCs (Fig. S2E). These properties are consistent with the 

characteristics of membrane contact sites, which are defined as regions in which the 

membranes of two organelles are within a distance of 30nm, and serve to facilitate transfer 

of signals and molecules between organelles (Prinz, 2014). The close apposition between 

LDs and RCs suggested that during PV infection membrane contact sites formed between 

LDs and the RCs.

The ER morphology in PV-infected cells was also substantially changed. ER tubules were 

dilated (Fig. 2C) and some of them were connected to LDs that were simultaneously within 

a distance of 30nm from RCs (Fig. 2G, 2H and S2C), suggesting that the three organelles are 

interconnected during PV infection.

Ectopically expressed enteroviral 2BC, 2B and 2C proteins are targeted to LDs

To gain insights into the mechanisms that underlie the changes in LD morphology and 

distribution during PV infection, we examined the possibility that viral proteins (Fig. 3A) 

orchestrate these changes. For this purpose, single Strep-tagged PV proteins were 

ectopically expressed in HeLa cells and their localization to LDs was examined by IF 

analysis. This analysis showed that the intermediate protein 2BC is targeted to LDs (Fig. 

3B). Furthermore, overexpression of 2BC caused clustering of LDs and displacement of 

TIP47 from the surface of LD clusters (Fig. 3C and 3D). To confirm that the localization of 

2BC to LDs was not caused by the Strep-tag or limited to specific cell type, we also 

expressed non-tagged 2BC in HeLa cells (Fig. S3A), and 2BC-Strep in Huh7 hepatoma cell-

line (Fig. S3B). In both cases, 2BC was targeted to LDs. In contrast, other PV proteins 

including the intermediate protein 3CD, 3C protease and 3D RNA polymerase did not 

localize to LDs (Fig. S3C), nor did PV capsid proteins (Fig. S3D).

During PV infection, 2BC is cleaved by the viral protease 3C to yield the mature proteins 2B 

and 2C (Fig. 3A). We found that both mature proteins were also localized to LDs. 2C-Strep 

appeared as rings on the surface of LDs, where it co-localized with TIP47 and caused 

clustering of LDs (Fig. 3E and 3F). 2B, which was previously shown to localize to the Golgi 

(de Jong et al., 2003), was dually targeted to both the Golgi and the LDs (Fig. 3G, 3H and 

S3E) without causing clustering of LDs.

To further confirm the targeting of 2BC, 2B and 2C to LDs, we purified LDs from cells that 

ectopically express these viral proteins and examined the LD-associated proteins by 

immunoblotting (Fig. 3I). The purified LD fractions contained the LD-associated adipose 

triglyceride lipase (ATGL) and were depleted for ER, mitochondria and cytosol markers 

(VAPB, TOM20 and GAPDH proteins, respectively) confirming the purity of these 

fractions. Consistent with our IF results, all three viral proteins were detected in the purified 

LD fractions.
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We further showed that Strep-tagged 2BC, 2B and 2C proteins of coxsackievirus B3 were 

also localized to LDs (Fig. S3F–S3H). This conserved targeting, together with the fact that 3 

out of 10 non-structural viral proteins were targeted to LDs, suggested that LDs play a key 

role in the life cycle of enteroviruses.

Amphipathic helices mediate the targeting of PV 2BC, 2B and 2C to LDs

To better understand the mechanism which is responsible for the LD-targeting of 2B and 2C, 

we next identified the LD-targeting determinants of both proteins. PV 2B contains two 

highly conserved membrane binding regions: N-terminal amphipathic helix (aa 35–52) and 

C-terminal hydrophobic domain (aa 61–80) (Fig. 4A) (de Jong et al., 2003). We found that 

2B truncation mutant containing aa 1–57 retained LD-targeting (Fig. 4B). In contrast, a 

mutant containing aa 56–97 was distributed in the cytosol. These results indicated that the 

N-terminal region of 2B containing the amphipathic helix mediated its LD-targeting.

PV 2C also contains a highly conserved N-terminal amphipathic helix (aa 17–38) which 

mediates its association with cellular membranes (Fig. 4C) (Teterina et al., 1997). We found 

that truncation mutants deleted for this helix (2CΔ(17–38)) or the first 39 aa (2C(40–329)) 

lose their LD localization (Fig. 4D) suggesting that the N-terminal helix is essential for the 

LD-targeting of 2C. In addition, small fragments containing the first 38 or 67 aa of 2C were 

targeted to LDs, appearing as puncta on the surface of LDs. Further extension of the N-

terminal fragment of 2C to the first 91 aa, restored the ring shape pattern surrounding LDs 

observed for full-length 2C. This effect was not caused by a higher expression level of the 

fragment containing aa 1–91 as compared to a fragment containing aa 1–67 (Fig. 4E). 

Altogether, these results suggested that the N-terminal amphipathic helix of 2C provided 

core binding to LD surface which was further enhanced by residues contained within aa 67–

91.

We then examined the role of 2B and 2C amphipathic helices in the LD-targeting of 2BC 

(Fig. 4F). We found that 2BC mutants deleted for either helix (2BCΔ(1–56) and 2BCΔ(98–

136)) retained their LD localization (Fig. 4G). However, truncation mutant deficient for both 

helices lost its LD association.

The existence of two independent LD-targeting determinants, one in 2B and the other in 2C, 

could be a mechanism to ensure that both mature proteins target the surface of LDs after the 

proteolytic processing of 2BC. Consistent with this possibility, mutations in the amphipathic 

helices of 2B and 2C were previously shown to be deleterious for enterovirus growth 

(Teterina et al., 2006; van Kuppeveld et al., 1996).

2C-2C interactions mediate LD clustering

We noticed that ectopic expression of 2C and 2BC, but not 2B, caused LD clustering. 

Because the N-terminal regions of 2C and 2BC are bound to LDs, we hypothesized that 

interactions between their C-terminal regions could mediate LD clustering (Fig. 4H). 

Consistent with this hypothesis, previous structural analysis of enterovirus 71 2C protein 

revealed interaction between the C-terminal helix of one 2C molecule and a hydrophobic 

pocket located between the ATPase domain and the zinc finger of another 2C molecule. In 

addition, mutation F328A in the C-terminal helix was shown to disrupt this interaction 
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(Guan et al., 2017). We therefore introduced the equivalent mutation F425A into 2BC. We 

found that 2BC F425A was unable to induce clustering of LDs, confirming that interactions 

mediated by 2C C-terminal helix enable LD clustering (Fig. 4I).

2B and 2C are localized to LDs during PV infection

We next examined whether 2BC, 2B and 2C were also targeted to LDs during PV infection. 

For this purpose, LDs were purified from mock and PV-infected cells at 6hpi and their 

associated proteins were detected by immunoblotting (Fig. 4J). Consistent with our IF 

results, both 2B and 2C were detected in the LD fraction of PV-infected cells, whereas 3D 

polymerase was not detected in this fraction. Surprisingly however, only a small amount of 

2BC protein was found in the LD fraction of PV-infected cells. It is possible that during PV 

infection, 2BC is recruited to LDs, but then processed by 3C protease to yield the mature 2B 

and 2C, and therefore the levels of 2BC in the LD fraction were low (Fig. 4K). An 

alternative possibility is that mature 2B and 2C are targeted to LDs independently of 2BC.

Inhibition of lipolysis disrupts the biogenesis of PV RCs

The targeting of viral proteins to LDs suggested that LDs are involved in the life-cycle of 

enteroviruses but the role of LDs during infection was unknown. Since LDs are lipid storage 

organelles, we hypothesized that they may provide lipids necessary for the biogenesis of the 

RCs.

Two cellular pathways mediate mobilization of lipids from LDs; lipophagy, delivery of LDs 

to lysosomes by autophagy, and lipolysis, the sequential cleavage of triglycerides (TGs) 

stored within the LD core by lipases recruited to the surface of LDs (Fig. 5A) (Singh et al., 

2009; Zechner et al., 2017). To test the hypothesis that LDs provide building blocks for the 

RCs, we first explored possible involvement of lipophagy in the biogenesis of RCs. For this 

purpose, PV-infected cells were treated with Bafilomycin A1 which blocks autophagosome-

lysosome fusion. As expected, this treatment induced accumulation of autophagosomes (Fig. 

S4A). However, it had no effect on the dynamics and morphology of LDs and RCs during 

PV infection (Fig. 5B).

We then examined whether the lipolysis pathway is involved in the formation of PV RCs. 

For this purpose, we pharmacologically inhibited ATGL, the first acting enzyme in the 

lipolysis pathway, which cleaves TGs (Fig. 5A). We found that between 4–6hpi the 

biogenesis of RCs was substantially delayed in PV-infected HeLa cells treated with the 

specific ATGL inhibitor atglistatin (Fig. S4B and S4C) without substantially affecting cell 

viability (Table S2). However, at 8hpi the morphology of RCs was similar to that of control 

cells. This transient inhibitory effect could possibly result from the activity of additional TG 

lipase/s that function redundantly to ATGL and compensate for its inhibition over time. 

Indeed, the lipolysis pathway was best characterized in adipose tissue where ATGL is 

responsible for TG cleavage. However, other tissues were previously shown to express much 

lower levels of ATGL (Zechner et al., 2012), raising the possibility that other TG lipases 

play important roles in lipolysis in non-adipocyte cell-lines, including HeLa cells.

Therefore, to further confirm the involvement of lipolysis in the biogenesis of PV RCs, we 

pharmacologically inhibited the second acting enzyme in the lipolysis pathway, hormone 
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sensitive lipase (HSL), which cleaves diacylglycerol to monoacylglycerol and free fatty acid 

(FA) (Fig. 5A). HSL is the only diacylglycerol lipase associated with the lipolysis pathway 

thus far. We found that CAY10499, a specific inhibitor of HSL, had a dramatic effect on the 

morphology of PV RCs at 6hpi (Fig. 5B) without substantially affecting cell viability (Table 

S2). Cells treated with CAY10499 contained considerably fewer RCs as compared to 

DMSO-treated cells. In addition, LDs were not incorporated into a typical juxtanuclear 

network of RCs. Instead, they appeared scattered in the cell with small pieces of RCs 

attached to them. The abnormal morphology of RCs under HSL inhibition persisted through 

8hpi indicating a block rather than a kinetic delay in RC biogenesis (Fig. S4D). These 

observations suggested that release of FAs from LDs by the lipolysis pathway is essential for 

the biogenesis of the RCs.

Inhibition of lipolysis disrupts enterovirus replication

RCs are critical sites for the replication of the enteroviral genome and thereby also for the 

formation of new virus particles. We therefore examined whether the abnormal morphology 

of PV RCs under inhibition of lipolysis affects the production of infectious virus particles. 

Consistent with our IF analysis, ATGL inhibition caused a kinetic delay in the production of 

PV infectious particles in HeLa cells (Fig. S4E). In addition, atglistatin treatment in the 

hepatoma cell-line Huh7 and the intestinal-like cell-line Caco2, two widely accepted models 

for studies of cellular lipid metabolism, caused a decrease in PV titer that persisted through 

8hpi.

HSL inhibition had even stronger effect on PV replication. At 6hpi, accumulation of viral 

dsRNA structures decreased by 50% in cells treated with CAY10499 as compared to control 

cells, indicating a decrease in the replication of PV genome (Fig. 5C and 5D). Consistent 

with these results, PV titer considerably decreased in both HeLa and Huh7 cells treated with 

CAY10499 (Fig. 5E). Of note, inhibition of HSL also decreased the replication of two 

additional enteroviruses, coxsackievirus B3 and enterovirus 71 suggesting that the lipolysis 

pathway is required for the replication of several enteroviruses (Fig. S4F and S4G).

Inhibition of HSL abrogates conversion of imported FAs into phosphatidylcholine required 
for RC biogenesis

Our results indicated that release of FAs from LDs by the lipolysis pathway is essential for 

the biogenesis of the RCs. To directly demonstrate a flux of FAs from LDs to the RCs, we 

used a pulse-labeling experiment with the green-fluorescent fatty acid analog 

Bodipy500/510 C4, C9 (Green FA) (Fig. 6A). HeLa cells were mock or PV-infected and at 

1hpi treated with DMSO or CAY10499 to block lipolysis. At 5½ hpi Green FA was added to 

the medium and incubated with the cells for 30min. At 6hpi cells were extensively washed 

to get rid of extracellular Green FA, and processed for lipid and IF analyses (Fig. 6B and 

6C). Lipids were extracted from the cells and resolved by thin layer chromatography (TLC). 

TLC analysis was performed on two separate plates; one plate was resolved under conditions 

optimal for the detection of neutral lipids (e.g. TGs), and a second plate under conditions 

optimal for the detection of polar lipids (e.g. phospholipids).
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We found that mock-infected cells treated with DMSO converted Green FA to the neutral 

lipid TG with negligible incorporation into phospholipids (Fig. 6B, lane 1). IF analysis 

confirmed that the fluorescent TGs were stored in LDs (Fig. 6C, top row). However, in 

mock-infected cells treated with CAY10499, fluorescent TG levels decreased and the levels 

of two other lipid species increased: free FA and a lower mobility neutral lipid, likely 

diacylglycerol (Fig. 6B, lane 2). Both lipids were expected to accumulate upon HSL 

inhibition (Fig. 5A).

Similarly to mock-infected cells, PV-infected cells converted Green FA to TGs (Fig. 6B, 

lane 3) indicating that synthesis of TGs continued during PV infection. Consistent with these 

results, pharmacological inhibition of the ER-localized enzyme DGAT1, which synthesizes 

TGs from imported FAs (Yen et al., 2008), blocked TGs synthesis in both mock and PV-

infected HeLa and Huh7 cells (Fig. 6D and S5A). However, in contrast to mock cells, in PV-

infected cells the incorporation of Green FA into phosphatidylcholine (PC), the main 

phospholipid within RC membranes, was substantially increased (compare lane 3 to lane 1). 

Consistent with these TLC results, IF analysis of PV-infected cells revealed two fluorescent 

patterns of Green FA: green signals in LDs (TG molecules) and yellow signals resulting 

from co-localization of Green FA with the RC marker, RFP-Arf1 (PC molecules) (Fig. 6C, 

third row).

These observations suggested two possible scenarios for the metabolism of Green FA in PV-

infected cells. In the first scenario, Green FA imported from the media is converted to TGs 

and stored in LDs. Then, TGs are cleaved by lipolysis to release FAs for the synthesis of PC. 

In the second scenario, some of the imported green FA is converted to TG and stored in LDs, 

and some of it is directly channeled for PC synthesis. To discriminate between these two 

options, we followed the metabolism of Green FA in PV-infected cells treated with 

CAY10499. We found that HSL inhibition caused dramatic reduction in the level of 

fluorescent PC in PV-infected HeLa (Fig. 6B, lane 4) and Huh7 cells (Fig. S5B). We 

conclude that during PV-infection FAs imported from the media are not directly channeled 

for phospholipid synthesis, because in this scenario HSL inhibition would not affect PC 

synthesis. Instead, our results indicate that during PV infection, imported FAs are converted 

to TGs (Fig. 6E). The final step of TG synthesis is catalyzed by the ER-localized enzyme 

DGAT1 and the TGs are deposited in LDs. Then, TGs are cleaved by lipolysis to release FAs 

from LDs for PC synthesis for the RCs.

Inhibition of 2C function abolishes the recruitment of LDs for RC formation

Efficient FA flux from LDs to the RCs may be mediated by the close membrane contacts 

that formed between LDs and RCs during PV infection. We hypothesized that viral proteins 

which target LDs could play a role in establishing the close membrane contacts between 

LDs and RCs. Unfortunately, mutagenesis of the amphipathic helices of 2B and 2C targeting 

LDs or the C-terminal region of 2C responsible for LD clustering proved to be lethal for the 

virus. We therefore used a pharmacological approach to inhibit the function of 2C during 

infection and examine the role of this protein in the recruitment of LDs for PV replication.

A large number of studies previously established that guanidine hydrochloride (GnHCl) at a 

low concentration specifically inhibited the function of PV 2C protein (Pincus and Wimmer, 
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1986) and the growth of PV at the stage of viral RNA synthesis (Barton and Flanegan, 

1997). At such low concentration (2mM), GnHCl has no denaturing effect on proteins and 

no toxic effects on cells. Thus, GnHCl is a well-established specific inhibitor of PV 2C 

protein. Previous evidence suggest that GnHCl changed the conformation of 2C (Tolskaya et 

al., 1994) and it was also shown that GnHCl inhibited the ATPase activity of recombinant 

2C (Pfister and Wimmer, 1999).

We hypothesized that 2C is involved in the formation of membrane contact sites between 

LDs and RCs by interacting with host or viral protein/s which are localized to the RCs 

thereby tethering LDs to the RCs (Fig. 7A). We predicted that GnHCl could affect this 

process by changing the conformation of 2C and disrupting its protein interactions. We thus 

first examined the effect of GnHCl on previously established protein interactions of 2C, 

focusing on 2C-2C and 2C-3A interactions (Guan et al., 2017; Yin et al., 2007). To this end, 

we co-expressed FLAG-tagged PV 2C with Strep-tagged 2C or with Strep-tagged 3A in the 

absence or presence of 2mM GnHCl and examined their interactions by pull-down 

experiments. We found that GnHCl substantially reduced both interactions of 2C (Fig. 7B).

These results prompted us to examine the effect of GnHCl on LD recruitment to the RCs 

during infection. When PV-infected HeLa cells were treated with 2mM GnHCl at early time 

points of infection (1 or 3hpi) and analyzed at 6hpi, viral protein expression was blocked 

(Fig. S6A) and no dsRNA structures or RCs were detected by IF analysis (data not shown). 

These results indicated an early inhibition of viral RNA synthesis consistent with the direct 

role of the multifunctional protein 2C in RNA synthesis (Barton and Flanegan, 1997).

However, when the treatment with GnHCl was delayed to 4hpi, a time in which RCs start to 

form, enough viral RNA has already accumulated, and the production of viral proteins was 

unaffected by GnHCl (Fig. S6A). Nonetheless, under these conditions the recruitment of 

LDs to the RCs was significantly reduced (Fig. 7C and 7D). In PV-infected cells, 72% of the 

LDs were in a minimal distance from the RCs (less than 1 pixel which equals 154nm), 

whereas in infected cells treated with GnHCl only 15% of the LDs were in a minimal 

distance from the RCs. Consistent with these results, EM analysis showed that GnHCl 

treatment significantly reduced the percentage of LDs that were within a distance of 30nm 

from the RCs (8% in GnHCl-treated cells vs. 62% in non-treated cells) indicating a decrease 

in the formation of membrane contact sites between LDs and RCs (Fig. 7E, S6B–S6F and 

Table S1). Because GnHCl treatment did not affect the LD-targeting of ectopically 

expressed 2C (Fig. S7), we suggest that GnHCl inhibited the formation of LD-RC 

membrane contact sites by disrupting protein-protein interactions of 2C which were essential 

to tether LDs to the RCs (Fig. 7A).

GnHCl treatment at 4hpi also disrupted the biogenesis of the RCs (Fig. 7C). At 6hpi, the 

mean total volume of RCs per cell was 199 μm3 in PV-infected cells as compared to 57 μm3 

in infected cells treated with GnHCl (n=26 and 28 cells, respectively, p<0.0001 (Mann-

Whitney test)) suggesting that membrane contact sites between LDs and RCs are required 

for the biogenesis of the RCs. Consistent with the decrease in RC biogenesis, PV titer at 

8hpi decreased by 98% in GnHCl-treated cells (Fig. 7F).
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To further determine whether these effects were a direct consequence of the inhibition of 2C 

by GnHCl, we generated a PV mutant carrying the mutation N179A in 2C, which was 

previously shown to confer guanidine resistance to PV and to enable normal PV replication 

in the presence of GnHCl (Pincus and Wimmer, 1986). When cells infected with the mutant 

virus were treated with GnHCl at 4hpi, the recruitment of LDs to the RCs, the morphology 

of the RCs and virus titer were undistinguishable from non-treated cells (Fig. 7C–D and 7F).

These observations demonstrate that the effects of GnHCl on the RCs were caused by 

specific inhibition of 2C. Furthermore, they suggest that 2C function is essential for the 

formation of membrane contact sites between LDs and RCs.

Enteroviral proteins physically interact with the lipolysis machinery

Our results suggested that the function of 2C viral protein is required for the formation of 

membrane contact sites between LDs and RCs and for RC biogenesis. Given that lipolysis is 

also required for RC biogenesis, we examined the possibility that viral proteins interact with 

the lipolysis machinery. To this end, Strep-tagged PV proteins and Myc-tagged HSL or 

ATGL were co-expressed in HEK293T cells and protein interactions were examined by pull-

down experiments. We found that PV 3A and its precursor 3AB, specifically interacted with 

both HSL and ATGL. We also detected weaker interaction of 2BC with ATGL (Fig. 7G). 3A 

and 3AB were previously shown to localize to the RCs during infection, while ATGL and 

HSL perform their lipolytic activity on LDs. We thus suggest that these interactions may 

promote the recruitment of the lipolysis machinery to the membrane contact sites between 

LDs and RCs, where its function is required to release FAs for RC formation (Fig. 7H).

Discussion

Enteroviruses, like most positive-stranded RNA viruses, replicate on specialized membrane 

compartments that form during infection. How the virus remodels the endomembrane 

system of the host cell to create RCs is not well understood. Here we provided two 

independent lines of evidence that enteroviruses re-propose LDs to serve as a source of 

lipids for the biogenesis of their RCs. First, using fluorescent FA we demonstrated a flux of 

FAs from LDs to the RCs. We further showed that inhibition of the host lipolysis pathway 

disrupted this FA flux, the biogenesis of the RCs and enterovirus replication. Second, we 

showed that specific inhibition of PV 2C protein by guanidinium reduced the formation of 

membrane contact sites between LDs and RCs and the biogenesis of RCs.

2C and 2BC proteins were previously implicated in the biogenesis of RCs, however their 

exact roles in this process were unknown (Cho et al., 1994). We find that 2C and 2BC bind 

specifically to the surface of LDs via amphipathic helices and that 2C function is required 

for the formation of membrane contact sites between LDs and the RCs. Our data are 

consistent with two possible scenarios which are not mutually exclusive (Fig. 7H). In the 

first scenario, unprocessed 2BC is bound to LDs via its amphipathic helices and is then 

cleaved by 3C viral protease to yield LD-targeted 2B and 2C. In the second scenario, 2B and 

2C localize to LDs by virtue of their respective helices and independently of 2BC. For both 

scenarios, we propose a model in which LD-associated 2C interacts with counterparts in the 

RCs to promote tethering of LDs and RCs.
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To identify the 2C-interacting partner on the RCs we carried out pull-down experiments of 

Strep-tagged 2C and 2BC followed by Mass-Spectrometry analysis. Although we detected 

several host interacting proteins, none of them seemed relevant for the biogenesis of RCs 

(data not shown). We therefore explored the possibility that RC-localized viral protein is 

involved in the tethering of LDs and RCs. All of the non-structural viral proteins including 

2BC, 3AB and 3CD were previously shown to localize to the RCs. Among these proteins the 

most likely candidate is 2C given that the C-terminal regions of 2C have been demonstrated 

to form a homo-dimer (Guan et al., 2017). It is thus possible that 2C mediates RC-LD 

association in any of the following combinations: 2C(LD)-2C(RC), 2C(LD)-2BC(RC), 

2BC(LD)-2C(RC) and 2BC(LD)-2BC(RC). In support of this idea, we found that 2C-2C 

interactions mediate clustering of LDs in cells expressing 2C or 2BC (Fig. 4H and 4I). To 

further examine this hypothesis, we generated a PV mutant carrying the mutation F328A in 

2C that abolishes the interactions between the C-terminal regions of 2C (Guan et al., 2017). 

Interestingly, this mutation was lethal to the virus, suggesting that 2C-2C interaction is 

essential for virus replication. Unfortunately, we could not examine its effect on the tethering 

of LDs to RCs in the context of infection. We conclude that the most parsimonious model is 

that 2C/2BC molecules located on the surface of LDs interact with 2C/2BC molecules 

located in the RCs through their C-terminal regions to mediate the tethering of LDs to the 

RCs.

Enteroviral 2B, 2C and 2BC are new members in a group of proteins that target LDs via 

amphipathic helices including CCT alpha (Kory et al., 2016). An important question in the 

field of LD biology is how these amphipathic helices specifically target LDs whose surface 

membrane is a monolayer and not the bilayer membranes of other organelles. Previous study 

suggested that the surface membrane of LDs contains larger and more frequent packing 

defects (exposure of neutral lipids or fatty-acyl chains of phospholipids to the cytosol) than 

bilayer membranes and these packing defects bind to large hydrophobic residues of the 

amphipathic helices thereby mediating their targeting to LDs (Prevost et al., 2018). Further 

studies will be required to fully uncover the mechanisms responsible for the LD targeting of 

these proteins.

Enterovirus infection was previously shown to upregulate import of FAs from the 

extracellular media for phospholipid synthesis (Nchoutmboube et al., 2013). Our results 

suggest that FAs imported from the media are not directly channeled to phospholipid 

synthesis for the RCs, but are converted to TGs and deposited in LDs. Eukaryotic cells use 

the TG synthesis pathway to prevent unregulated incorporation of FAs into cellular 

organelles which may compromise organelle structure and function and lead to cell toxicity. 

We show here, that during PV infection, this protective mechanism remains active but is 

exploited by the virus to redirect lipids to the RCs. After the synthesis of TGs, the lipolysis 

pathway is required to release FAs from LDs for use as building blocks for the RCs. 

Released FAs need to be converted to acyl-CoA and then into phospholipids, a process that 

involves several steps of lipid modifications. Future studies will be required to identify the 

enzymes involved in this process and whether they are recruited to LDs or the RCs during 

enterovirus infection.
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The spatial efficiency of FA channeling from LDs toward the RCs is mediated by viral 

induction of new membrane contact sites between the cellular lipid containers (LDs) and the 

viral “construction sites” (RCs). Our IF and electron microscopy analyses demonstrate that 

during PV infection the majority of LDs establish membrane contact sites with the RCs. 

However, many of the RCs are not found in close apposition to the LDs. To explain this 

observation, we propose that the formation of membrane contact sites between RCs and LDs 

is a highly dynamic process. After RCs complete their biogenesis, they disconnect from 

LDs, allowing newly growing RCs to create membrane contact sites with LDs and feed on 

them. According to this scenario, mature RCs will be pushed away from LDs.

While LDs provide essential building blocks for the biogenesis of the RCs, additional 

processes are involved in generating a unique lipid composition of the RCs. Previous studies 

show that the RCs become enriched with phosphatidylinositol-4-phosphate (PI4P) and 

cholesterol and that both lipids are essential for the replication of the viral genome (Hsu et 

al., 2010; Ilnytska et al., 2013).

LDs are involved in the life cycle of other positive-stranded RNA viruses, most notably the 

flaviviruses hepatitis C and dengue. The capsid proteins of hepatitis C and dengue localize to 

LDs, which are suggested to be the production sites of new virus particles (Miyanari et al., 

2007; Samsa et al., 2009). In addition, during dengue infection LDs are delivered to 

lysosomes and the released FAs are sent to the mitochondria to produce ATP essential for 

viral replication (Heaton and Randall, 2010). Here we show that enteroviruses use LDs for a 

different purpose - providing building blocks for the biogenesis of their RCs. Thus, our 

findings illuminate the diverse ways by which viruses exploit host LDs. In the future, it 

would be interesting to find out whether other virus families depend on the lipolysis pathway 

to provide building blocks to their RCs like enteroviruses. Importantly, the finding that the 

host lipolysis pathway is required for enterovirus replication suggests a potential strategy to 

interfere with enterovirus replication by blocking the lipolysis enzymes.

STAR Methods

CONTACT FOR REAGENT AND RESOURCE SHARING

Further information and requests for resources and reagents should be directed to and will be 

fulfilled by the Lead Contact, Raul Andino (Raul.Andino@ucsf.edu).

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Cell Culture

HeLa S3 cells originated from a human female cervix and Huh7 cells originated from a 

human male liver were grown in DMEM/Ham’s F-12 1:1 medium supplemented with 10% 

fetal bovine serum (FBS), 100 units/ml penicillin and 100 μg/ml streptomycin. HEK293T 

cells originated from a human female embryonic kidney and RD cells originated from a 

human female rhabdomyosarcoma were grown in DMEM medium supplemented as above. 

Caco2 cells originated from a human male colon were grown in Eagle’s MEM medium 

supplemented with 20% FBS and antibiotics as above. For virus infections, Caco2 cells were 

grown under conditions that promote differentiation into a cell monolayer with intestinal-
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like properties; cells were grown in 24-well plates until 100% confluence was acquired, and 

then medium was daily exchanged for 14 days to allow cell differentiation. All cells were 

grown at 37°C in a 5% CO2 incubator.

Virus production and infections

Viral RNA was generated by linearization of the plasmids encoding for the cDNAs of 

poliovirus type 1 Mahoney (Herold and Andino, 2000), coxsackievirus B3 (Carson et al., 

2007) and enterovirus 71 strain 4643 (Yeh et al., 2011) with the relevant restriction enzyme 

(EcoRI, ClaI and EagI, respectively) and in-vitro transcription. Transcribed RNAs were 

electroporated to HeLa cells (poliovirus and coxsackievirus B3) or RD cells (enterovirus 71) 

and cells were grown until lysis. Cells and supernatants were freeze-thawed three times and 

cellular debris was pelleted at 2500g for 5 minutes. The recovered supernatants containing 

the virus (P0 stocks) were used to re-infect cells and generate P1 stocks. Titers of P1 virus 

stocks were determined by plaque assays (PV) or 50% tissue culture infective dose 

(TCID50) assays (coxsackievirus B3 & enterovirus 71) and used in infection experiments.

For infections cell monolayer was washed once with PBS, and virus was added at the 

desired multiplicity of infection (moi) in media containing 2% serum and incubated for 30 

minutes at 37°C. Mock infection was performed similarly with media containing 2% serum 

but no virus. Subsequently, virus was removed and cells were washed three times with PBS 

and incubated with fresh media containing 10% serum. In experiments involving inhibitors, 

DMSO or drugs were added at 1 hour post infection (hpi) to prevent any effect on virus 

entry. At the desired times post infection, cells were either fixed for immunofluorescence 

analysis or frozen at −80°C for virus titer assays. Following three freeze-thaw cycles virus 

titers were determined by plaque assays (PV) or 50% tissue culture infective dose (TCID50) 

assays (coxsackievirus B3 & enterovirus 71).

METHOD DETAILS

Generation of DNA constructs

Mammalian expression plasmids encoding for the different PV proteins with C-terminal 

double Strep-tag subcloned in pCDNA4/TO vector (ThermoFisher Scientific) were 

generously provided by Dr. Nevan Krogan (University of California San Francisco, San 

Francisco, USA). The plasmids encoding for PV-2B, 2C and 2BC were used as templates in 

PCR reactions to generate the different truncation mutants described in this study. All 

truncation mutants were subcloned into pCDNA4/TO vector. Myc-tagged ATGL was a 

generous gift from Dr. Jun Liu (Mayo Clinic, Arizona, USA). A mammalian expression 

plasmid encoding for rat HSL was generously provided by Dr. Frederic Kraemer (Stanford 

University, Stanford, USA) and used as a template for PCR amplification incorporating C-

terminal Myc-tag. The amplified product was subcloned into pCDNA3.1(+) vector 

(Invitrogen). A complete list of primers used for PCR reactions and generation of constructs 

described in this study is provided in Table S3.
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Immunofluorescence microscopy and analysis

HeLa S3 and Huh7 cells were grown on 12mm coverslips in 24-well plates and transfected 

with different DNA constructs using lipofectamine 2000 transfection reagent (ThermoFisher 

Scientific). Before transfection, media in each well was replaced to 0.5mL fresh media. 1μg 

of DNA was diluted into 25μL of serum-free Opti-MEM media and mixed by pipettation. 

Then, 2μL of lipofectamine 2000 were diluted into 25μL of serum-free Opti-MEM media 

and mixed by pipettation. The diluted DNA was added to the diluted lipofectamine 2000 

reagent, mixed by pipettation and incubated for 5 minutes at room temperature. The 

transfection mixtures were added drop-wise to the cells and cells were incubated for 8 hours 

at 37°C. Then the media containing transfection mixtures was replaced with fresh 1mL 

media. Cells were processed for immunofluorescence analysis 24 hours post transfection. In 

infection experiments, cells were infected with PV at moi 10 for the time duration specified 

in the figures (4–8 hours post infection). Cells were washed with PBS and fixed in 4% 

paraformaldehyde in PBS for 15 minutes at room temperature. Fixation was quenched by 

incubating the cells with 0.1M glycine in PBS for 15 minutes. Cells were extensively 

washed with PBS and permeabilized with 0.01% digitonin in PBS for 30 minutes. 

Permeabilized cells were incubated with blocking solution (10 mM Tris-HCl pH 7.5, 150 

mM NaCl, 2% BSA and 10% goat serum) for 30 minutes and then incubated for 1 hour with 

primary antibodies diluted in the same blocking solution at room temperature. Coverslips 

were extensively washed with PBS, incubated for 1 hour with secondary antibodies diluted 

in blocking solution and washed with PBS. For staining of lipid droplets, coverslips were 

incubated with 1μg/ml Bodipy 493/503 diluted in PBS for 15 minutes and extensively 

washed with PBS. Finally, coverslips were incubated for 5 minutes with 10μg/ml of Hoechst 

33342 diluted in PBS, washed with PBS and mounted on slides with Prolong Gold antifade 

mounting solution (ThermoFisher Scientific). At least 8–10 fields of cells were imaged for 

each experimental condition with a spinning disk confocal microscope (Nikon Ti-E 

microscope equipped with Yokagawa CSU-22) (Nikon imaging center of UCSF) using 

Micro-Manager software. 488, 561, 640 and 405 nm laser lines were used for excitation of 

Alexa Fluor 488, Alexa fluor 555, Cy5 and Hoechst 33342, respectively. Representative 

cells are shown in the figures. For quantifications of cell properties, a subset of the imaged 

fields containing 20–50 cells was selected randomly and analyzed in detail. Similar numbers 

of cells were analyzed for comparison between different experimental conditions. For 

quantifications presented in Figures 1B and 5D, z-stacks were collected and maximum 

intensity projections were generated and analyzed using the NIS-elements software (Nikon). 

For quantifications presented in Figures 1D and 7D, z-stacks were collected and analyzed 

using Imaris software (Bitplane). At least two independent experiments were performed for 

each condition. Statistical significance was determined using two-tailed Mann-Whitney-

Wilcoxon test for n=42, 49 and 47 cells (Figure 1B), n=22, 22 and 28 cells (Figure 1D), 

n=41 and 42 cells (Figure 5D), n=27, 24, 23 and 25 cells (Figure 7D), n=437 and 316 LDs 

(Figure S1B left panel) and n=32 and 36 cells (Figure S1B right panel). No blinding was 

used.

Establishment of stable cell-line

HeLa S3 cells were transfected with RFP-Arf1 construct and 36 hours later were splitted 

into a selection medium containing 0.75μg/ml G418. Following two weeks of growth in the 
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selection medium, emerging cell colonies were screened for the expression of RFP-Arf1 by 

immunoblotting and immunofluorescence analyses. Positive colonies in which the vast 

majority of the cells express RFP-Arf1 were expanded and used in experiments.

Live-cell imaging

HeLa S3 cells stably expressing RFP-Arf1 were grown in 35mm glass-bottom dish 

(MatTek). Cells were washed with PBS and infected with PV at moi 10 in DMEM/Ham’s 

F-12 media containing 2% FBS for 30 minutes at 37°C. Cells were then washed three times 

with PBS and incubated with fresh DMEM/Ham’s F-12 media containing 10% FBS. At 3hpi 

cells were incubated with 1μg/ml of Bodipy 493/503 in PBS for 5 minutes, extensively 

washed with PBS and incubated with phenol red-free DMEM/Ham’s F-12 media containing 

20mM Hepes pH 7.5 and 10% FBS. Cells were immediately imaged using a spinning disk 

confocal microscope and a 37°C heated stage. Time lapse images were acquired every 7 and 

half minutes for a total of 7 hrs. Three independent live-cell imaging experiments were 

performed.

Transmission electron microscopy analysis

HeLa cells were mock or PV-infected with moi 10 and at 4hpi incubated with or without 

2mM GnHCl. At 6hpi cells were fixed with 2% glutaraldehyde and 4% paraformaldehyde in 

0.1M sodium cacodylate pH 7.4 for 25 minutes on ice. Subsequently, cells were washed with 

sodium cacodylate and post-fixed in cold 1% osmium tetroxide in water and allowed to 

warm for 2 hr in a hood. Cells were washed 3 times with ultra-filtered water and stained for 

2 hours in 1% uranyl acetate at room temperature. Samples were then dehydrated in a series 

of ethanol washes of 50%, 70%, 95%, 100% and 1% tannic acid in 100% ethanol for 10 

minutes each at room temperature. Samples were incubated with propylene oxide (PO) for 

10 min and infiltrated with EMbed-812 resin mixed 1:1, and 2:1 with PO for 2 hours each. 

The samples were infiltrated with EMbed-812 for 2 hours and then placed into molds with 

fresh resin and polymerized in 65°C oven overnight. The block faces were trimmed down 

allowing for serial sectioning of the cells of interest. Sections were taken around 90nm, 

picked up on formvar/Carbon coated slot Cu grids, stained for 40 seconds in 3.5% uranyl 

acetate in 50% acetone followed by staining in 0.2% lead citrate for 6 minutes. Sections 

were observed in the JEOL JEM-1400 120kV and photos were taken using a Gatan Orius 2k 

X 2k digital camera. Two independent TEM experiments were performed and 14 randomly 

chosen cells (manual selection) were imaged and analyzed for each experimental condition. 

Representative micrographs are shown in Figures 2, S2 and S6. All LDs within PV-infected 

cells in the presence or absence of GnHCl were analyzed for membrane contact sites with 

RCs. Statistical significance shown in Figure 7E was determined using two-tailed Mann-

Whitney-Wilcoxon test for n=14 and 14 cells. No blinding was used.

Plaque assays

For determination of PV titers, HeLa S3 cells were seeded in 6-well plates at 1×106 cells per 

well and incubated for 24 hours at 37°C to reach full confluency. Each virus sample was 

diluted using 10-fold serial dilutions in serum-free DMEM/F-12 media. Media was removed 

from the cells and 500μL of the different virus dilutions were added to the cells (single 

dilution per well) and incubated at 37°C for 40 minutes with occasional swirling of the 
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plates to distribute the virus. 4 mL overlay of 1% agar in DMEM/F-12 media were then 

added to each well and allowed to solidify at room temperature. Plates were then incubated 

for 48 hours at 37°C and fixed with 2% formaldehyde for 10 minutes at room temperature. 

Agar overlay was removed and cells stained with 0.1% crystal violet for 10 minutes. Plaques 

were counted from wells with 10–100 plaques and virus titer was calculated as follows: Titer 

(plaque-forming units (PFU)/mL) = well plaque count/0.5mL x dilution factor. Two 

independent experiments with 3 biological replicates were performed for each experimental 

condition. All samples were included in the statistical analysis using two-tailed Mann-

Whitney-Wilcoxon test. No blinding or randomization was used.

TCID50 assays

For determination of coxsackievirus B3 and enterovirus 71 titers, 1×104 HeLa S3 cells 

(coxsackievirus B3) or RD cells (enterovirus 71) in 100μL media were seeded in 96-well 

plates and incubated for 24 hours at 37°C. Virus samples were diluted using 10-fold serial 

dilutions in serum-free media. Each one of the wells in a single row was infected with 

100μL of the same virus dilution and each row was infected with a different virus dilution. 

Plates were incubated for 5–7 days at 37°C until cytopathic effect was visible. Wells were 

scored as positive or negative for cytopathic effect using a phase contrast microscope and the 

number of wells that show cytopathic effect was counted for each dilution (each row). The 

dilution that will infect 50% of the wells was calculated using Excel-based calculator created 

by and available from Brett Lindenbach (Lindenbach, 2009). Two independent experiments 

with 3 biological replicates were performed for each experimental condition. All samples 

were included in the statistical analysis using two-tailed Mann-Whitney-Wilcoxon test. No 

blinding or randomization was used.

Fluorescent fatty acid labeling experiment

HeLa S3 cells in 60mm plates or Huh7 cells in 10cm plates were washed with PBS and 

infected with PV at moi 10 in DMEM/Ham’s F-12 media containing 2% FBS for 40 minutes 

at 37°C or mock-infected with media containing 2% FBS but no virus under similar 

conditions. Cells were then washed three times with PBS and incubated in fresh DMEM/

Ham’s F-12 media containing 10% FBS. At 1 hpi media was supplemented with DMSO or 

100μM CAY10499 or 20μM PF-04620110 as indicated in Fig. 6 and Fig. S5. At 5 and half 

hpi, cells were washed with PBS and incubated for half an hour with DMEM/Ham’s F-12 

media containing 1μM fluorescent fatty acid analogue, Bodipy 500/510 C4, C9 without any 

serum and in the presence of DMSO or the relevant inhibitor. At 6 hpi cells were washed 

three times with cold PBS and harvested in PBS. For each sample, 20% of the cells were 

used for determination of protein concentration with Bio-Rad protein assay, whereas the rest 

80% were used for total lipid extraction. Cell pellets were extracted for half an hour in a 

mixture of hexane:isopropanol (3:2). Lipid extracts were dried at 50°C and resuspended in 

chloroform. Volumes corresponding to equal amount of total protein were loaded on TLC 

plates (Silica gel 60, EMD-Millipore). Two independent experiments were performed for 

each experimental condition.
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Thin layer chromatography

Lipid samples were analysed on two separate TLC plates. Polar lipids were separated in 

chloroform:ethanol:water:triethylamine (30:35:7:35) and neutral lipids were separated in 

hexane:ethyl acetate:acetic acid (90:10:0.5). Alongside the samples extracted from the cells, 

fluorescent and non-fluorescent lipid standards were run. Fluorescent lipid standards were 

Bodipy 500/510 C4, C9 (Free fatty acid) and Cholesteryl Bodipy FL C12 (cholsteryl ester) 

(ThermoFisher Scientific). Non-fluorescent lipid standards were 1-Palmitoyl-2-oleoyl-sn-

glycero-3-Phosphocholine (Cayman chemical), Glyceryl trioleate and cholesteryl oleate 

(Sigma). Developed TLC plates were first imaged for fluorescent signals using the 

ChemiDoc imaging system (Bio-Rad). Subsequently, non-fluorescent phospholipids were 

stained with Phospray (Sigma-Aldrich) and neutral lipids were detected with 

phosphomolybdic acid spray reagent (Sigma-Aldrich) and heating at 120°C. Comparing the 

migration profile of fluorescent and non-fluorescent lipid species reveals that incorporation 

of Bodipy fluorophore did not affect the migration of the fluorescent phospholipid 

phosphatidylcholine, but did cause a slower migration of the fluorescent neutral lipids 

cholesteryl ester and triglyceride. As shown in Fig. 6D, using an inhibitor of DGAT-1, the 

enzyme that synthesizes triglycerids, we were able to validate the identity of fluorescent 

triglycerides. Under HSL inhibition fluorescent TG levels decreased and concomitantly the 

levels of neutral lipid with lower mobility increased. We suggest that this lipid is probably 

diacylglycerol which we mark as *DAG in Fig. 6B and S5B based on its lower mobility as 

compared to fluorescent TG as well as our IF analysis showing this lipid species is stored in 

LDs (Fig. 6C, second row from top). In addition DAG is predicted to accumulate upon HSL 

inhibition. Two independent experiments were performed for each experimental condition.

Purification of lipid droplets

For isolation of LDs from cells that ectopically express viral proteins, HeLa S3 cells were 

transfected for 24 hrs with Strep-tagged 2B, 2C or 2BC using lipofectamine 2000. For 

isolation of LDs from infected cells, HeLa S3 cells were infected with PV at moi 10 in 

DMEM/Ham’s F-12 media containing 2% FBS for 40 minutes at 37°C or mock-infected 

with media containing 2% FBS but no virus under similar conditions. Cells were then 

washed three times with PBS and incubated in DMEM/Ham’s F-12 media containing 10% 

FBS. At 6 hpi cells were washed twice with cold PBS and harvested in cold PBS. All 

subsequent steps were performed at 4°C. Cell pellets were resuspended in hypotonic buffer 

(50mM Hepes pH 7.4, 2mM MgCl2, 1mM EDTA, 250mM sucrose supplemented with 1mM 

PMSF, 10 μg/mL leupeptin and 10μg/mL aprotinin) and incubated for 30 minutes. Cells 

were then homogenized by 30 strokes of dounce homogenizer and post-nuclear supernatants 

(PNS) isolated by centrifugation at 1000g for 10 minutes. The protein concentration of PNS 

isolated from Mock and PV-infected cells were determined using Bio-Rad protein assay and 

3mL samples of PNS containing equal protein amounts were prepared for mock and PV-

infected cells. The sucrose concentration of the samples was adjusted to 29% by adding 

equal volume of isotonic buffer (50mM Hepes pH 7.4, 100mM KCl, 2mM MgCl2) 

containing 1.5M sucrose. In a 12-mL ultracentrifuge tube (Beckman Coulter) 6mL of PNS 

containing 29% sucrose were placed in the bottom and layered by 2mL of 18% sucrose in 

isotonic buffer, 2mL of 10% sucrose in isotonic buffer and 1.6mL of isotonic buffer. The 

gradients were centrifuged at 34,000 rpm for 2 hours at 4°C using SW40Ti rotor (Beckman 
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Coulter). Following centrifugation, the top 0.8ml fractions containing floating lipid droplets 

were collected and transferred to microcentrifuge tubes. Samples were centrifuged at 

20,000g for 20 minutes at 4°C and the underlying buffer was removed with gel loading tip 

until the sample volume was minimized to 150μL. Samples were mixed with Lammeli 

buffer, boiled and analysed by Western blot. Two independent fractionation assays were 

performed for each experimental condition.

Pull-down experiments

HEK293T cells in 60mm plates were transfected with different DNA constructs using the 

PolyJet transfection reagent (SignaGen). Before transfection, the media in each plate was 

replaced with 2mL fresh media. 5 μg DNA were diluted into 100μL of serum-free DMEM 

media and mixed by pipettation. Then, 15μL of PolyJet transfection reagent were diluted 

into 100μL of serum-free DMEM media, mixed by pipettation and immediately added to the 

diluted DNA solution and mixed again by pipettation. The DNA:PolyJet mixtures were 

incubated for 10 minutes at room temperature and then added drop-wise to the cells. 

Transfected cells were incubated at 37°C for 6–8 hours and then the media containing the 

transfection mixtures was replaced with fresh 4mL media. 24 hours post transfection cells 

were harvested in cold PBS and lysed for 30 minutes in cold buffer W (50mM Tris-HCl pH 

8.0, 150mM NaCl, 1mM EDTA and 0.5% NP-40) supplemented with 1mM PMSF, 10 

μg/mL leupeptin and 10μg/mL aprotinin. Lysates were centrifuged at 15,000g for 15min at 

4°C and the supernatants were incubated with 15μL of Strep-tactin sepharose beads (IBA) 

for 2 hours at 4°C. The beads were then washed 3 times in buffer W containing 0.5% NP-40 

and twice with Buffer W without detergent. Bound proteins were eluted in buffer W 

containing 10mM desthiobiotin (Sigma-Aldrich), separated from the beads, mixed with 

Laemmli sample buffer, boiled and analysed by Western blot. Two independent pull-down 

assays were performed for each experiment.

Western blot analysis

Protein samples were electrophoresed on 10%, 15% or 4–20% gradient SDS-PAGE gels 

depending on the molecular weight of the relevant proteins and transferred to nitrocellulose 

membranes (Bio-Rad). Membranes were blocked with 5% skim milk in TBST (10mM Tris 

pH 7.5, 150mM NaCl, 0.1% Tween-20) for 30 minutes at room temperature and then 

incubated with the relevant primary antibodies in the same blocking solution overnight at 

4°C. Membranes were washed 3 times with TBST for 5 minutes each and incubated with 

horseradish peroxidase-conjugated secondary antibodies (GE Healthcare Life Sciences) in 

blocking solution for 1 hour at room temperature. Membranes were washed and signals were 

developed using Pierce ECL Plus Western blotting substrate (Thermo Scientific).

Cell viability assays

The effect of the different chemical inhibitors on cell viability was determined by the 

CellTiter-Glo luminiscent cell viability assay (Promega). Cells were grown in opaque 96-

well plate, in a total volume of 100uL media per well. Different chemical inhibitors or 

DMSO (control) were added to the cells and cells were incubated at 37°C for 7 hours. The 

plates were then equilibrated at room temperature for 30 minutes and equal volume of the 

CellTiter-Glo reagent (100uL) was added to each well. Plates were placed on orbital shaker 
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for 2 minutes to mix contents followed by incubation at room temperature for 10 minutes to 

stabilize signal. Luminescence was then recorded using Veritas Microplate Luminometer 

(Promega). Two independent experiments were performed.

QUANTIFICATION AND STATISTICAL ANALYSIS

Quantification of IF analysis

Image analysis of cell properties was done with NIS-elements software (Nikon) (Figures 1B 

and 5D) and imageJ software (Figure S1B) and data was plotted using SigmaPlot (Systat 

Software). The median and mean values for each experimental group are indicated in the 

Figures. For Figures 1B, 5D and S1B right panel, “n” represents the number of cells 

analyzed for each condition and is indicated in the figures and figure legends. For Figure 

S1B left panel, “n” represents the number of LDs analyzed for each condition. Two 

independent experiments were performed for each experimental condition.

For quantification of the proximity between LDs and RCs (Figures 1D and 7D) 3D confocal 

stacks were segmented using Imaris software (Bitplane). LDs and RCs were segmented with 

the surfaces tool, using smoothing and background substraction and manual thresholding. 

Split touching objects was used for LDs. Objects smaller than 10 voxels were excluded. 

Distance transformation was used to measure the distance between every LD and the RCs. 

The percentage of LDs with a minimum distance of less than one pixel (154nm) from the 

RCs was calculated for each cell. “n” represents the number of cells analyzed for each 

condition and is indicated in the figures and figure legends. Two independent experiments 

were performed for each experimental condition.

Quantification of EM analysis

For quantification of membrane contact sites in thin TEM sections, 14 randomly chosen PV-

infected cells and 14 randomly chosen PV-infected cells treated with GnHCl from 2 

independent experiments were first imaged at low magnification to capture the whole cell 

area. Subsequently, all LDs in each cell were imaged at high magnification and the distance 

between each LD and the closest RCs was measured in ImageJ. Events where LD was 

within a distance of 30nm from at least one RC were scored as membrane contact sites. The 

number of RCs which form membrane contact sites with LD was determined for each LD 

and the percentage of perimeter of LD engaged in membrane contact sites with the RCs was 

measured using imageJ.

Statistics

Statistical tests were performed using R statistics (R Development Core Team). Statistical 

significance for all experiments (virus titer assays, IF and EM analyses) was determined 

using two-tailed Mann-Whitney-Wilcoxon test. The Mann-Whitney-Wilcoxon test is a non-

parametric test and therefore does not assume normal distribution of the samples.

For virus titer assays data are expressed and plotted as mean ± standard deviation values.
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Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Highlights:

• Poliovirus replication organelles form membrane contact sites with lipid 

droplets

• Contact sites enable transfer of essential lipids to the forming viral organelles

• Viral proteins mediate contact sites and interact with the host lipolysis 

machinery

• Inhibition of lipolysis or contact site formation disrupts enterovirus 

replication

Laufman et al. Page 24

Cell. Author manuscript; available in PMC 2020 July 11.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 1. 
PV infection remodels the distribution and morphology of LDs. See also Figure S1 and 

Movie S1. (A,B) Decrease in the number and area of LDs and the intensity of TIP47 on the 

surface of LDs during PV infection. (A) IF analysis of mock and PV-infected HeLa cells at 6 

and 8hpi. PV RCs were labeled with anti-3A antibodies (red) and LDs co-labeled with anti-

TIP47 antibodies (cyan) and Bodipy493/503 (green). Maximum intensity projections are 

shown. Scale bars 10 μm. (B) Quantification of (A). Shown are box plots with horizontal 

lines indicating median (black) and mean (blue) values for mock, 6hpi and 8hpi (n=42, 49 

and 47 cells, respectively). Outliers outside 5th and 95th percentile are represented by dots. 

(C) Close apposition between the RCs and LDs during the biogenesis of RCs. PV-infected 

HeLa cells were fixed at the indicated times. RCs were labeled with anti-2B antibodies (red). 

Arrows mark close apposition between RCs and LDs. Hatched lines mark cell outline. Scale 

bar 10 μm, zoom 5 μm. (D) Quantification of the proximity between LDs and RCs in 3D 

reconstructions of confocal stacks. The percentage of LDs in minimal distance from the RCs 

(less than 1 pixel = 154nm) per cell increases during infection (n=22, 22 and 28 cells at 4, 5 

and 6hpi, respectively). (E,F) PV infection induces the intercalation of LDs into the network 

of RCs. (E) IF analysis of mock or PV-infected Huh7 cells at 6hpi. RCs were labeled with 

anti-3A antibodies (red) and LDs were co-labeled with anti-ADRP antibodies (cyan) and 

Bodipy493/503 (green). Scale bars 10 μm. (F) IF analysis of mock and PV-infected HeLa 
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cells stably expressing RFP-Arf1 at 6hpi. LDs were labeled with anti-TIP47 antibodies 

(green). In mock-infected cells RFP-Arf1 is localized to the Golgi, whereas in PV-infected 

cells RFP-Arf1 is recruited to PV RCs. Hatched lines mark cell outline. Scale bar 10μm. 

(B,D) *p<0.05, ***p<0.001, ****p<0.0001 (Mann-Whitney test).
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Figure 2. 
PV infection induces the formation of membrane contacts between LDs and RCs. See also 

Figure S2 and Table S1. (A) Low magnification transmission electron micrograph of mock-

infected HeLa cell. LDs are in the cell periphery. Scale bar 10μm. (B) Higher magnification 

of (A) shows a LD adjacent to an ER tubule and several mitochondria (M). Scale bar 1 μm. 

(C) Low magnification micrograph of PV-infected HeLa cell at 6hpi. The cell is filled with 

hundreds of PV-induced vesicles collectively termed RCs. LDs are incorporated between the 

vesicles. The ER appears as dilated tubules. Scale bar 5μm. (D) Higher magnification of (C) 

shows heterogeneous morphology of the RCs: electron-lucent vesicles (black arrowheads) 

and vesicles with electron-dense core (cyan arrowheads). Scale bar 1μm. (E,F) Viral-

induced vesicles (the RCs) form close membrane contacts with the LDs. Yellow arrowheads 

mark LD-RC contacts within a distance of 10nm. Line segments mark LD surface that is 

within a distance of 30nm from the RCs. Scale bars 100nm. (G,H) A LD is connected to an 

ER tubule and is simultaneously in close membrane contact with the RC. Scale bar 100nm. 

(H) Schematic of the physical contacts between ER, LDs and RCs. The LD membrane is a 

monolayer whereas the ER and the RC membranes are bilayers. ER, endoplasmic reticulum, 

LD, lipid droplet, M, mitochondria, N, nucleus.
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Figure 3. 
Ectopically expressed PV 2BC, 2B and 2C proteins are targeted to LDs. See also Figure S3. 

(A) Schematic of enterovirus genome and proteome. The enterovirus genome is translated 

into a single polyprotein which is processed to intermediate and mature proteins by the viral 

proteases 2A and 3C. Cleavage sites are indicated by triangles. Cleavage of P1 precursor 

(cyan) yields 4 capsid proteins (structural proteins). Cleavage of P2 and P3 precursors yields 

7 mature proteins and 3 intermediate proteins (2BC, 3AB, 3CD). All non-structural proteins 

are recruited to the RCs and are involved in the replication of the viral genome. LD-targeting 

proteins identified in this study are colored in magenta. (B) Ectopically expressed PV 

intermediate protein 2BC is targeted to LDs and causes their clustering. PV 2BC-Strep was 

labeled with anti-Strep antibodies (green). LDs were labeled with Bodipy493/503 (red). 

Triangles mark cells that express 2BC and asterisks mark non-expressing cells. (C) 
Ectopically expressed PV 2BC displaces TIP47 from the surface of LDs. Cells were co-

immunostained with anti-Strep (green) and anti-TIP47 (red) antibodies. (D) Schematic of 

the effects of 2BC on LDs. Targeting of 2BC to LDs causes the displacement of TIP47 from 

the surface of LDs and LD clustering. (E, F) Ectopically expressed PV 2C co-localizes with 

TIP47 on LDs and causes their clustering. (G, H) Ectopically expressed PV 2B is targeted to 

LDs. (I) Purification of LDs from cells that ectopically express Strep-tagged 2B, 2C or 2BC. 
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LD-enriched fractions were isolated from post-nuclear supernatants (Total) as described in 

STAR methods. Immunoblotting analysis was performed with the indicated antibodies. 

ATGL, GAPDH, VAPB and TOM20 served as LD, cytosolic, ER and mitochondrial 

markers, respectively. Scale bars for (B, C, E, F, G, H) 10 μm, zoom 5 μm.

Laufman et al. Page 29

Cell. Author manuscript; available in PMC 2020 July 11.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 4. 
Amphipathic helices mediate the targeting of PV proteins to LDs. (A) Schematic of the 

domain structure of PV 2B and truncation mutants used in this study. The N-terminal 

amphipathic helix (AH) and the C-terminal hydrophobic region (HR) are indicated. (B) The 

N-terminal region of PV 2B containing an amphipathic helix mediates LD-targeting. HeLa 

cells expressing the indicated Strep-tagged 2B mutants were fixed and immunostained with 

anti-Strep antibodies (green). LDs were labeled with Bodipy493/503 (red). (C) Schematic of 

the domain structure of PV 2C and truncation mutants used in this study. The N-terminal 

amphipathic helix (AH), the ATPase domain (containing walker motifs A, B and C) and the 

Zinc finger domain are indicated. (D) The N-terminal amphipathic helix of PV 2C is 

essential for LD-targeting. (E) Immunoblotting analysis of the expression levels of 2C(1–67) 

and 2C(1–91) fragments. (F) Schematic of the domain structure of PV 2BC and truncation 

mutants used in this study. (G) PV 2BC contains two LD-targeting determinants and each 

one of them is sufficient for its localization to LDs. 2BCΔΔ is a double truncation mutant 

deficient for both LD-targeting determinants. (H) Schematic of the mechanism underlying 

the clustering of LDs in cells that overexpress 2C or 2BC. Interactions of the C-terminal 

regions of 2C are suggested to mediate LD clustering. (I) Overexpression of 2BC containing 

the mutation F425A, which abolishes the interactions between the C-terminal regions of 2C, 
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does not cause clustering of LDs. (J) 2B and 2C proteins are localized to LDs during PV 

infection. LD-enriched fractions were isolated from post-nuclear supernatants (Total) of 

mock or PV-infected cells at 6hpi. Two different exposures of the blot with anti-PV 2C 

antibodies are shown. Asterisks indicate non-specific reaction of anti-2C antibodies. (K) 
Schematic of the possible recruitment mechanism of enteroviral proteins to LDs. Mature 2B 

and 2C may target LDs independently of 2BC. Alternatively, 2BC is recruited to LDs and 

following cleavage by the 3C protease, mature 2B and 2C remain targeted to LDs.

Scale bars for (B, D, G and I) 10 μm, zoom 5 μm.
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Figure 5. 
Lipolysis is essential for the biogenesis of the RCs and PV replication. See also Figure S4. 

(A) Schematic of lipophagy and lipolysis, the two pathways involved in the mobilization of 

lipids from LDs. Inhibitors of the pathways are shown in red. ATGL, adipose triglyceride 

lipase, HSL, hormone sensitive lipase, MGL, monoglyceride lipase, TG, triglyceride, DAG, 

diacylglycerol, MAG, monoacylglycerol, FA, fatty acid. (B) Inhibition of lipolysis, but not 

lipophagy, disrupts the formation of PV RCs. Mock or PV-infected HeLa cells were 

incubated at 1hpi with DMSO or 0.2 μM Bafilomycin A1 or 100 μM CAY10499 to block 

lipophagy or lipolysis, respectively. At 6hpi cells were fixed and labeled for RCs (anti-3A 

antibodies, red) and LDs (anti-TIP47 antibodies (cyan) and Bodipy493/503 (green)). Scale 

bar 10 μm, zoom 5 μm. (C,D) Inhibition of HSL impairs the replication of the PV genome. 

(C) IF analysis of dsRNA structures in PV-infected cells treated with DMSO or CAY10499 

at 1hpi and fixed at 6hpi. Maximum intensity projections are shown. Scale bar 10μm. (D) 
Quantification of (C). Horizontal lines indicate median (black) and mean (blue) values for 

DMSO and CAY10499 treatments (n=41 and 42 cells, respectively). Outliers outside the 5th 

and 95th percentiles are represented by dots. (E) Inhibition of HSL disrupts PV replication. 

PV-infected HeLa and Huh7 cells were incubated with DMSO or 100 μM CAY10499 at 

1hpi. Cells and supernatants were collected at the indicated times and the total number of 
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infectious particles was determined by plaque assays. Virus titer values represent mean ± 

standard deviation for 2 independent experiments with 3 biological replicates each. (D,E) 
**p<0.005, ****p<0.0001 (Mann-Whitney test).
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Figure 6. 
Inhibition of HSL abolishes synthesis of phosphatidylcholine (PC) from imported fatty acids 

(FAs) during PV infection. See also Figure S5. (A) Schematic of the fluorescent FA pulse 

assay. Mock or PV-infected HeLa cells stably expressing RFP-Arf1 were incubated with 

DMSO or 100 μM CAY10499 at 1hpi. At 5½hpi cells were pulse labeled with 1 μM Green 

FA for 30min. At 6hpi, cells were extensively washed and either processed for total lipid 

extraction and thin layer chromatography (TLC) (B) or fixed and imaged (C). (B) Lipids 

extracts were resolved on two separate TLC plates under optimal conditions for polar lipids 

(upper panel) or neutral lipids (lower panel) as described in STAR Methods. Shown are 

fluorescent lipids containing Green FA. (C) IF analysis of the experiment described in (A). 

Scale bar 10 μm, zoom 5 μm. (D) Inhibition of DGAT1 abolishes synthesis of triglycerides 

(TGs) from imported FAs in mock and PV-infected cells. Mock and PV-infected HeLa cells 

were incubated with DMSO or 20 μM of the DGAT1 inhibitor PF-04620110 at 1hpi. At 5½ 

hpi the cells were pulse labeled with 1 μM Green FA for 30min. At 6hpi, the cells were 

extensively washed and total lipids were extracted and resolved by TLC under optimal 

conditions for neutral lipids. Fluorescent lipids containing Green FA are shown. (E) The 

metabolic cascade of fluorescent FAs imported from the media into PV-infected cell. 

Infected cells uptake Green FA from the media and convert it to TGs which are stored in 
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LDs. The last step of TG synthesis is catalyzed by the ER-localized enzyme DGAT1. TGs in 

LDs are cleaved by the lipolysis pathway to release FAs. Free FAs serve for synthesis of PC 

for the RCs. *DAG putative diacylglycerol (see STAR Methods), FA fatty acid, PC 

phosphatidylcholine, TG triglyceride.
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Figure 7. 
Inhibition of 2C function abolishes the recruitment of LDs for RC formation. See also 

Figures S6, S7 and Table S1.

(A) Hypothetical model for the effect of GnHCl on the formation of membrane contact sites 

between LDs and RCs. 2C is suggested to tether LDs and RCs by interacting with host or 

viral protein localized to the RCs. GnHCl changes the conformation of 2C, disrupts its 

protein interactions and thereby LD-RC tethering. (B) Treatment with GnHCl disrupts 

2C-2C and 2C-3A protein interactions. Flag-tagged PV 2C protein was co-expressed with 

Strep-tagged 2C (left panel) or Strep-tagged 3A (right panel) in HEK293T cells in the 

absence or presence of 2mM GnHCl. The interactions of 2C-Flag with the Strep-tagged PV 

proteins were detected by pull-down and immunoblotting analysis. The total expression 

levels of 2C-Flag are shown in the lower panels. (C) Specific inhibition of PV 2C with 

GnHCl reduces the proximity between LDs and RCs and RC formation. HeLa cells infected 

with wild-type PV or a PV mutant resistant for GnHCl (2C N179A) were incubated with or 

without 2mM GnHCl at 4hpi and fixed at 6hpi. Cells were co-labeled for the RCs (anti-3A 

antibodies, red) and LDs (Bodipy493/503 (green)). Scale bar 10 μm, zoom 5 μm. (D) 

Quantification of (C). The percentage of LDs in minimal distance from the RCs (less than 

one pixel=154nm) per cell was measured in 3D reconstructions of confocal stacks. The 

number of cells analyzed per each treatment is indicated. (E) GnHCl inhibits the formation 
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of LD-RC membrane contact sites. The percentage of LDs which are within a distance of 

30nm from the RCs per cell was measured in TEM thin sections of randomly chosen cells 

infected with PV in the absence and presence of GnHCl (n=14 cells for each condition). (F) 

Specific inhibition of 2C by GnHCl at 4hpi disrupts infectious particle production of PV. 

HeLa cells infected with wild-type PV or a PV mutant resistant to GnHCl (2C N179A) were 

incubated with or without 2mM GnHCl at 4hpi. Cells and supernatants were collected at 

8hpi and the total number of infectious particles was determined by plaque assay. Virus titer 

values represent mean ± standard deviation for 2 independent experiments with 3 biological 

replicates each. (G) Enteroviral proteins physically interact with ATGL and HSL. The 

indicated Strep-tagged PV proteins were co-expressed in HEK293T cells with Myc-tagged 

HSL or ATGL. Protein interactions were detected by pull-down experiments with Strep-

tactin beads and immunoblotting analysis. The total expression levels of Myc-HSL and 

ATGL are shown in the lower panels. (H) A model for the membrane contact sites between 

LDs and PV RCs (see Discussion). 2C and 2BC mediate the tethering of LDs and RCs. 2BC 

is targeted to LDs via its amphipathic helices while its C-terminal region interacts with viral 

or host proteins localized to the RCs, possibly 2C or 2BC. Cleavage of 2BC by 3C protease 

produces mature 2B and 2C. Mature 2C binds its partner on the RCs via its C-terminal 

region. PV 3A and 2BC proteins interact with the host lipases ATGL and HSL. These 

interactions may promote the recruitment of the lipolysis machinery to the LD-RC interface. 

(D-F) n.s. not significant **p<0.005, ****p<0.0001 (Mann-Whitney test).
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