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Summary 

Hepatitis C virus (HCV) is a global health problem and one of the main reasons for 

chronic liver disease like cirrhosis and hepatocellular carcinoma. The HCV genome is 

translated into a polyprotein which is proteolytically processed into ten viral proteins. 

The interactome of the HCV proteins with the host cell has been worked out, 

however it remains unclear how viral proteins interact with each other. We aimed to 

generate the interaction network of these ten HCV proteins by a flow cytometry 

based FRET assay established in our laboratory (Banning et al, 2010 PLoS ONE 

5(2): e9344).  

HCV proteins were constructed as fusions with the chromophores CFP and YFP. All 

HCV fusions were expressed and localized to specific subcellular compartments, 

indicating that they are functional. FACS-FRET measurements identified a total of 20 

interactions. 13 of these were previously described and are now confirmed by our 

method in living cells. Among the seven novel protein binding pairs HCV p7 plays a 

pivotal role. It binds to the HCV capsid protein Core and the two glycoproteins E1 

and E2. These interplays were further demonstrated in the relevant context of Huh7.5 

liver cells expressing infectious HCV.  

Our work demonstrates the feasibility to rapidly generate small interaction networks 

by FACS-FRET and defines the network of intra HCV protein interactions. 

Furthermore, our data supports an important role of p7 in HCV assembly. 
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Introduction 

Hepatitis C virus (HCV) belongs to the family of Flaviviridae and is the only member 

of the genus Hepacivirus. The ~9.5 kB positive strand RNA genome is directly 

translated via an internal ribosomal entry site (IRES) into a polyprotein. This is 

proteolytically processed by cellular and viral proteases into structural (Core, E1, E2) 

and non-structural (p7, NS2, NS3, NS4A & B and NS5A & B) proteins (1). In the last 

decades, light was shed on the importance and biological relevance of most HCV 

proteins which ultimately led to the development of the first specific antiviral therapy 

by inhibition of the NS3 serine protease (2). However, since HCV is highly variable 

and there is rapid emergence of drug resistances, additional therapeutic approaches 

are urgently needed (2). An impressive body of data was derived from protein 

interaction or siRNA screens investigating the interplay of HCV proteins with cellular 

factors (3-5). While these screens are essential to understand how HCV manipulates 

the host cell, their potential benefit for novel therapeutic approaches could be limited. 

HCV is a chronic viral infection and targeting host factors might result in drugs with 

severe adverse effects. Thus, a promising strategy would be to specifically inhibit 

interactions among viral proteins. Surprisingly, until now, a comprehensive analysis 

of the putative interactions and the interplay of HCV proteins with each other in living 

human cells is still lacking.  

In the present work we did an extensive and thorough analysis of intra HCV protein 

interactions. We used our novel flow cytometry based FRET assay that allows to 
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rapidly assess the interplay between proteins in thousands of living cells (6). 

Therefore this experimental approach enables quantification and statistical evaluation 

of all results. From the total of 20 interactions established by FACS-FRET we chose 

to further investigate three which are not yet described in the literature. The putative 

HCV viroporin p7 binds to the structural proteins and this was verified by biochemical 

methods in cells expressing fully infectious HCV. 

The established network of intra HCV protein interactions in living mammalian cells 

provides new insights into the biology of this important human pathogen. 

Furthermore, we identified several HCV protein interactions that could be targeted for 

antiviral therapy. 

 

Experimental Procedures 

Generation of HCV expression plasmids and HCV viral constructs. Each HCV 

protein was constructed, either as ECFP-fusion, acting as energy donor, or as EYFP-

fusion, responding as energy acceptor. All ten HCV proteins were amplified from the 

HCV JFH1 sequence (7) (Uniprot Q99IB8, molecular clone kindly provided by T. 

Wakita) and ligated into the pECFP-C1 & pEYFP-C1 vectors (Clontech) via the 

EcoRI and XhoI restriction sites essentially as described before (6). Mutation 

RR33/35QQ in p7 was introduced by site directed mutagenesis. Since HCV E1, NS3 

and NS5A contain an internal XhoI site, these were cloned into pECFP-N1 & pEYFP-

N1 vectors via BsrGI and NotI. HCV-Jc1-E1(A4) and Jc1-E1(A4)-p7(HA) were 

generated by reconstitution of the H77 strain E1 protein sequence (A4, (8)) 
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SSGLYHVTNDC by SOE-PCR within the HCV-Jc1 and Jc1-p7(HA) variants (9), 

kindly provided by T. Pietschmann. The HCV-Jc1-NS5A(GFP) molecular clone was 

generously contributed by R. Bartenschlager (10). All PCR derived inserts were 

sequenced to confirm nucleotide identity. 

Cell culture and transfection. 293T and Huh7.5 cells (11) (kindly contributed by C. 

Rice) were cultivated with Dulbecco’s modified Eagle medium (DMEM) 

supplemented with 10 % fetal calf serum (FCS) plus antibiotics [and 1 % (v/v) non-

essential amino-acids for Huh7.5 cells] and grown at 37°C in humidified atmosphere 

containing 5 % CO2. 293T single and cotransfections with ECFP and EYFP fusions 

were performed using the calcium phosphate method. FACS analyses were done 

24h post transfection. For this, 150.000 cells/well were seeded in a 12-well plate. In 

total 2.5µl DNA was transfected, for cotransfection of the fusions an ECFP:EYFP 

ratio of 1.5:1 was used to compensate the overall lower fluorescence intensity of 

ECFP and achieve optimal rates of double positive cells. Huh7.5 single and 

cotransfection with ECFP and EYFP fusions were performed using MetafectenePro 

(Biontex). FACS analyses were done 48h post transfection. For this, 350.000 

cells/well were seeded in a 12-well plate and transfected with 2.0 µl DNA with the 

protocol provided by the manufacturer. 

FACS-based FRET. FACS-FRET was done with a FACS CantoII Cytometer (BD 

Bioscience) equipped with 405 nm, 488 nm and 633 nm lasers essentially as 

described before (6). For EYFP detection, we excited the cells with 488 nm and 

detected the resulting signal with a 529/24 filter (Semrock). The ECFP signals were 
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detected via the 450/40 filter (Semrock) after excitation at 405 nm. For FRET cells 

were exited with 405 nm followed by signal detection with the 529/24 filter again. We 

used five controls for each cotransfection setup. Mock cells were transfected with 

water instead of DNA, the vectors pECFP and pEYFP were single-transfected as well 

as cotransfected to exclude false positive FRET signals and background. An ECFP-

EYFP fusion construct was used as positive control. A minimum of 3.000 ECFP and 

EYFP double positive cells was analysed per measurement. 

Electroporation of Huh7.5 cells. After in vitro transcription (Promega T7 

RiboMAXTM Express Large Scale RNA Production System), HCVJc1 RNA was 

electroporated (Gene Pulser Xcell System Electroporator; Bio-Rad) into Huh7.5 liver 

cells essentially as described before (7). In brief, 6.5x106 Huh7.5 cells were washed 

with PBS, and suspended in 400 µl Cytomix [120 mM KCl, 0.15 mM CaCl2, 10 mM 

K2HPO4/KH2PO4 (pH 7.6), 25 mM Hepes, 2 mM EGTA, 5 mM MgCl2; pH adjusted to 

7.6 with KOH] with freshly added 2 mM ATP and 5 mM glutathione (end-

concentration; pH 7.6). After transfer into electroporation cuvettes, 5 µg RNA were 

pulsed with 975 μF and 270 V. Cells were seeded into well plates or cell tissue flasks 

(125 cm²). Medium was changed four or sixteen hours after electroporation; cells 

were analysed 72h later.  

Coimmunoprecipitation and Western blot. After lysis of electroporated cells with 

800 µl CoIP-lysis buffer [0.05 M Tris, 0.15 M NaCl, 1 mM EDTA, pH 7.4, 1 % TritonX-

100] for 20 minutes on a stirring wheel, cell debris was removed by 10 min 

centrifugation at 14.000 rpm. Supernatants of the lysates were incubated rotating 
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overnight, together with protease inhibitor (complete mini) and either -HA(ms) 

(Sigma) or -HA(rb) (cell signaling) antibody (1:150). 30 µl protein plus Protein G 

sepharose were washed three times with CoIP-lysis buffer prior to 4h incubation with 

antibody-lysate mixture. All steps were performed at 4°C. After washing three times 

with CoIP-lysis buffer, sepharose was suspended in 20 µl TBS and 15 µl of 5X 

Laemmli buffer and boiled at 95°C for ten minutes. Samples were analysed via SDS-

PAGE and Western blot. After transfer of the separated proteins from the SDS-gel to 

a nitrocellulosemembrane (0.4 µm; Whatman) and blocking, the membrane was 

incubated with primary mABs [-Core (1:1000; C7-50, Abcam), -E2 (1:1000; AP33, 

Genentech), -A4 (1:1000; kindly provided by H. Greenberg and J. Dubuisson) and 

-HA(ms) (1:1000)] overnight. Membranes were washed, followed by incubation with 

the HRP-conjugated secondary antibody (-mouse, 1:10.000, Sigma) for three hours 

and washed once again before protein detection. 

Confocal microscopy, colocalization analyses and proximity ligation assay. 

293T cells or Huh7.5 cells were seeded on coverslips and transfected as described 

above. Subsequently cells were fixed for 30 min with 2 % PFA and mounted with 

Mowiol 4-88 (Carl Roth, Karlsruhe) on microscope slides. Confocal microscopy was 

done with a Zeiss LSM510 with Meta detector or with the Nikon Ti Eclipse equipped 

with the Perkin Elmer UltraViewVox System (Yokogawa CSU-X1). If not indicated 

otherwise, we used the HCS NuclearMask Deep Red Stain (Invitrogen) stain for 

identification of the nuclei. For colocalization studies and PLA Huh7.5 cells were 

electroporated as described above and seeded on coverslips. 56h post 
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electroporation cells were fixed for 25 min with 2 % PFA, permeabilized for 15 min 

with 1 % Saponin and blocked for 45 min with 5 % BSA. Indicated primary antibodies 

(-GFP (BioVision), -NS5A (clone 2F6/G11, IBT), -CD81 (Ancell), -HA(rb), -

core, -E2, -A4) were incubated 1:100 in 1 % BSA for 2 h at RT. For colocalization 

studies AlexaFluor 405, 488 or 555 anti-mouse or –rabbit were incubated for 1 h 

respectively and mounted with Mowiol 4-88. For PLA secondary antibody probes, 

ligation reaction and amplification were assessed according to the protocol of the 

manufacturer (Duolink, Sigma Aldrich). Spinning disc microscopy was done with the 

Nikon Ti Eclipse UltraViewVox System. Image analysis was done with the Volocity 

6.2 software package. For colocalization every cell was cropped and Pearson’s R² 

value calculated accordingly to Costes colocalization. For PLA software implemented 

automated spot counting was used. 

Generation of the interaction network. The interaction map was constructed with 

the open source program Cytoscape (www.cytoscape.org). Intra-viral HCV protein-

interactions found within the present study by FACS-FRET and published previously 

(compare Fig. 3) were summarized in one map (Fig. 9). Additionally, we incorporated 

the interaction of HCV proteins with the host cell. For this, interaction data of the 

VirusMint database (mint.bio.uniroma2.it) and from de Chassey et al. (4) – who did a 

proteome-wide interaction screen for HCV – were included. The VirusMint dataset 

was cleared of double and reverse tested interactions and those which were 

exclusively defined by colocalization studies. 
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Statistical analyses. Statistical analyses were performed with the Graph Pad Prism 

software version 5.0. We used the two-tailed unpaired Student’s t test to statistically 

assess differences between FRET and background signals (respective CFP-fusion 

protein cotransfected with YFP-only). Pearson values were calculated for correlation 

analyses. For the colocalization and PLA results we used the one-way ANOVA with 

Bonferroni post-test to assess significance levels.   

 

Results 

Characterization of fluorescently tagged HCV fusion proteins. 

In order to define the network of intra HCV protein interactions by FACS-FRET we 

fused all ten viral proteins of the JFH1 strain (7) with the chromophores CFP and 

YFP. Since a chromophore tag can alter the stability of a protein, we first checked 

proper expression by Western blot. Linkage of CFP or YFP to the C-terminus of the 

HCV Core, E1 and E2 completely abrogated protein expression although we 

introduced a methionine start codon at the beginning of each ORF (data not shown). 

In contrast, all HCV proteins were expressed when we fused the chromophores at 

the N-terminus, albeit with different efficiencies (Fig. 1A). Additionally, we measured 

expression of the various HCV fusion proteins by FACS parameters, i.e. the 

fluorescence intensity relative to YFP or CFP and the total percentage of transfected 

cells (Fig. 1B). These parameters correlated significantly for the YFP and CFP HCV 

fusions (Fig. 1C) and allowed us to detect also proteins that showed very weak 
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expression by Western blot (e.g. YFP-NS4A; note that CFP-NS4A could not be 

detected by WB). 

Chromophore tags are generally well tolerated (12). Nevertheless they can affect the 

localization of a protein and thus its functionality. We therefore investigated the 

subcellular distribution of the YFP/CFP fused HCV proteins by confocal microscopy. 

HCV proteins are associated with intracellular membranes (e.g. the ER) and lipids. In 

line with this, all YFP/CFP HCV fusion proteins showed an ER-like or punctuated 

subcellular distribution (Fig. 1D). In contrast, none of the fusions was diffusely 

expressed within the cell nor did they localize to the nucleus. 

Altogether, we conclude that the generated YFP/CFP HCV fusion proteins are useful 

tools to assess the network of intra HCV protein interactions by FACS-FRET. 

 

Analysis of specific HCV protein interactions by FACS-FRET. 

As proof-of-principle we next aimed to validate a set of previously described 

interactions with our method. In Figure 2 we present confocal images of the 

subcellular localization of the fusion proteins (panel 1) and representative FACS-plots 

(panel 2) as well as a summary generated from multiple independent biological 

replicates including statistics (panel 3). For FACS-FRET we first gated on double 

positive cells expressing both YFP and CFP and then plotted the CFP intensity 

versus FRET (see Fig.2, Panel 2). Gates are generated according to the negative 

(cotransfection of YFP and CFP) and the positive control (transfection of a YFP-CFP 

fusionprotein), which generally resulted in less than 0.5 % of FRET+ cells for the 
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negative control and more than 95 % of FRET+ cells for the positive control (6). We 

furthermore analysed at least 3.000 double positive cells per transfection. 

When we assessed heterodimer formation of the HCV glycoproteins E1 and E2 (8, 

13) (Fig. 2A), we measured 74.8 % FRET+ cells (SD±17.68 %; n=17) in 293T cells 

and confirmed this result in the liver cell line Huh7.5 (MF=42.2 %; SD±10.45; n=7). 

Furthermore we confirmed multimerization of the HCV Core protein (14, 15) which is 

essential for nucleocapsid formation (Fig. 2B; MF=67.9 %; SD±14.88; n=9 in 293T 

cells and MF=44.9 %; SD±25.25; n=8 in Huh7.5). In contrast, we failed to verify the 

interaction of E2 with the NS3 protease (16) in our system (Fig. 2C; MF<10 % in both 

cell lines). Of note, in contrast to E1 and E2 heterodimer formation and Core 

multimerization, we also failed to detect areas of pronounced colocalization when we 

assessed the subcellular distribution of E2 and NS3 (Fig. 2). This is in-line with the 

absence of robust FRET measured by flow cytometry. 

Thus, our measurements reveal some differences to previous observations. 

Nevertheless, we could verify important and well established interactions in living 

293T and Huh7.5 liver cells by our FACS-FRET approach.  

 

HCV protein interactions determined by FACS-FRET. 

To establish the complete network of intra HCV protein interactions we tested all 

fusion proteins in two combinations: YFP-protein A with CFP-protein B and vice 

versa YFP-protein B with CFP-protein A. Extensive FACS-FRET measurements and 

colocalization analyses were performed after cotransfection of both constructs in 
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293T cells (see supplemental data set). The FRET signal of the negative control – 

i.e. YFP-only cotransfected with CFP-only – generally resulted in a signal of less than 

2 % FRET+ cells (average value 0.49 %; SD±0.93; n=190). 

The quantitative results of all measurements are summarized in the supplemental 

Figure S1 and the qualitative overview is presented in Figure 3. For each of the 100 

possible combinations we indicated the following parameters: n, number of biological 

replicates; MF, mean value % FRET+ cells; SD, standard deviation; significance 

value. We used the two-tailed unpaired Student’s t test to statistically challenge 

observed differences between FRET and background signals. Background is defined 

by an additional negative control i.e. the respective CFP-fusion protein cotransfected 

with YFP-only for each experiment. We furthermore arbitrarily introduced an 

additional stringency threshold of 10 % FRET+ cells for interactions (Fig. S1 values in 

red). Therefore, some FRET signals below the threshold can be significantly higher 

than the background but are considered as not relevant (Fig. S1 values in green). 

293T cells are kidney derived and were used for FACS-FRET since they are an 

established and easy to transfect mammalian cell system that allows overexpression 

of proteins (6). However, hepatitis C virus has a strong liver cell tropism (12). Thus, 

interactions of viral proteins could be different in the presence of liver cell specific 

factors. We therefore assessed a total of 45 interactions by FACS-FRET in Huh7.5 

liver cells (11). These analyses included all those that were over the 10 % threshold 

in 293T cells. The background signal of the negative control for Huh7.5 transfections 

was 0.29 % FRET+ cells (±0.97; n=82). The results were analysed similar to the data 
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obtained from 293T cells and incorporated in Figure S1. Although the absolute 

percentage of FRET+ cells varied between both cell types, interactions found in 293T 

cells could generally be confirmed in Huh7.5 cells. Hence the results obtained from 

both cell lines correlated significantly (see inlay Fig. 3; R2=0.6317; p<0.0001; n=45).    

Altogether, as depicted in the consolidated summary Figure 3, we report by FACS-

FRET a total of twenty interactions in living mammalian cells (p<0.05 and MF≥10 %). 

Eleven could be detected in both cell lines (Core/Core, E1/E2, E1/NS5B, E2/E2, 

E2/p7, E2/NS2, E2/NS5B, p7/NS2, NS2/NS2, NS3/NS3, NS5A/NS5A) whereas the 

other nine interactions reached our criteria only in 293T cells (Core/E2, Core/p7, 

Core/NS2, Core/NS5B, E1/p7, E1/NS2, p7/p7, NS3/NS4A, NS4B/NS4B). Most 

importantly, seven of the twenty protein interactions determined by FACS-FRET have 

not been described in the literature before (Fig. 3 and Fig. 4). Binding of E2/p7, 

NS5B/E1 and NS5B/E2 were observed in both cell lines (Fig. 4A). In contrast, FRET 

signals between E2/Core, NS2/Core, p7/Core and p7/E1 were only significant and 

above the 10 % threshold in 293T cells (Fig. 4B). 

In sum, we established the intra HCV interactome by FACS-FRET. Thereby we 

succeeded to confirm a variety of interactions in the context of living mammalian 

cells. Moreover, our novel approach revealed a set of previously unrecognized HCV 

protein interactions that might be important during viral replication. 

 

Residues RR33/35 in p7 mediate interaction with E2. 
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It has been reported that p7 is important for HCV production and mutation of a 

dibasic motif RR33/35QQ in HCV-JFH1 p7 disrupts virus production without a defect 

at the level of E2-p7-NS2 processing (17). However, the molecular determinants for 

the defect of the p7-RR/QQ mutant are still elusive and we hypothesized that the 

mutation might affect intra viral p7 protein interactions. We thus changed the 

arginines at position 33 and 35 in JFH1 p7-CFP/YFP to glutamine. Next, we 

investigated the multimerization of the p7-RR/QQ mutant and wt JFH-1 p7 as well as 

their interaction with Core, E1 and E2 by FACS-FRET (Fig. 5). Changing the dibasic 

R motif to Q slightly – albeit significantly – affected the interaction of p7 with Core 

and E1 as well as oligomerization (see primary FACS plots in Fig. 5A and the 

quantitative analyses of multiple replicates in Fig. 5B). In contrast, mutation of p7 

RR33/35QQ strongly disrupts p7 interaction with E2 (Fig. 5). 

We conclude that the dibasic arginine motif at positions 33 and 35 in JFH1 p7 might 

be involved in interaction with E2. Moreover, this data demonstrates that our system 

can contribute to elucidate molecular determinants of virological phenotypes. 

 

Detection of p7 binding to Core, E1 and E2 by coimmunoprecipitation. 

For FACS-FRET viral proteins were fused with chromophores and overexpressed in 

293T or Huh7.5 liver cells. Previously we could confirm in a variety of studies that 

positive FACS-FRET results can be verified by biochemical methods and with 

untagged proteins (6, 18-20). Nevertheless, in the context of a dynamic viral infection 
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expression levels might substantially vary and other viral proteins might affect 

specific interactions. 

We aimed to verify interactions discovered by FACS-FRET in HCV expressing 

Huh7.5 cells. As far as we know, no specific antibodies are available for detection of 

either E1 or p7 from JFH1 or Jc1. However, it is possible to stain the E1-A4 epitope 

derived from HCV-H77 by immunoblot (8). Hence, we reconstituted the E1-A4 

sequence in the HCV-Jc1 backbone and the HCV-Jc1 HA-p7 construct (9) in order to 

be able to analyse E1 and p7 with biochemical techniques. 

To achieve high expression levels Huh7.5 cells were electroporated with in vitro 

transcribed RNA of the respective construct. Quantification of electroporation 

efficiency by intracellular FACS-staining confirmed that generally more than 40 % of 

cells were HCV positive (not shown). Coimmunoprecipitation with an anti-HA-

antibody from rabbit revealed specific interaction of p7 with E2 and E1 (Fig. 6, upper 

bands). Unfortunately, the migration pattern of the light chain of this antibody did not 

allow detection of Core at ~21 kD. Thus, we repeated the IP with a mouse derived 

anti-HA-antibody and could now detect specific interaction of HA-p7 with Core (Fig. 

6, lower band). These results demonstrate that p7 interacts with the HCV structural 

proteins in liver cells expressing fully infectious HCV. 

 

The HCV structural proteins interact with p7 in virus expressing intact Huh7.5 

liver cells. 
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FRET allows detecting transient dynamic interactions in the physiological 

environment of the cell (6, 12). Since two putative interaction partners need to be in 

close proximity for robust FRET – usually less than 10 nm – there has to be a 

substantial degree of colocalization between two binding partners. We thus 

investigated the colocalization of HCV proteins in virus expressing Huh7.5 cells. 

As positive control we electroporated Huh7.5 cells with the HCV Jc1-NS5A(GFP) 

construct expressing an NS5A-GFP fusion protein (10). Then we did 

immunofluorescence staining with NS5A and GFP specific antibodies, necessarily 

reflecting a high degree of colocalization quantified by the squared Pearson’s 

colocalization coefficient (R2=0.676, Fig. 7A and mean R2=0.5581 ±0.0479 SEM, Fig. 

7B). In contrast, we were surprised to see some colocalization between NS5A-GFP 

and CD81, although R2 values were significantly lower (see Fig. 7A and B). 

Next we used the Jc1-E1(A4)-p7(HA) variant to quantify colocalization between p7 by 

HA-staining and the HCV structural proteins. There was a complete absence of 

colocalization between p7(HA) and CD81 (mean R2=0.1804 ±0.0264 SEM). In 

contrast Core, E2 and E1(A4) colocalized with p7(HA) and the mean R2 values were 

significantly higher than those measured for p7(HA) and CD81 (see Figure 7A and B, 

mean R2 values were 0.3859 for p7(HA)/Core, 0.5731 for p7(HA)/E2 and 0.5476 for 

p7(HA)/E1(A4), respectively). Thus, the viral structural proteins colocalize with p7 in 

HCV expressing Huh7.5 cells. 

Colocalization indicates the presence of two putative binding partners in the same 

subcellular region and is a hint but not a proof for direct interaction. We therefore 
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decided to exploit proximity ligation assay (PLA) (21) to demonstrate direct 

interactions of the viral proteins in intact cells. PLA can be done with the same 

primary antibodies that were used for immunofluorescence. When these are in close 

proximity the secondary PLA antibodies trigger an enzymatic reaction followed by a 

rolling circle amplification of fluorescent oligonucleotide probes. Thus, when two 

proteins interact within a cell, a bright fluorescent spot visualizes this event. We first 

did control stainings in Huh7.5 cells with the single primary antibodies and the PLA 

probes to exclude unspecific binding, which did not result in detectable PLA spots 

(data not shown). We then repeated the setting of the colocalization experiment 

presented in Figure 7, but used PLA probes as secondary antibodies. As a read out 

we counted the amount of PLA spots per cell and analysed a minimum of ten cells 

per staining (Fig. 8). The positive control, which is detection of the NS5A-GFP fusion 

by specific NS5A and GFP antibodies, resulted in an average number of 78 spots/cell 

whereas NS5A-GFP showed no PLA signal with CD81 (Fig. 8A and B). Thus, despite 

a certain degree of colocalization between NS5A-GFP and CD81 (compare Fig. 7) 

the negative PLA result argues against a direct interaction of these two proteins. In 

contrast, all structural HCV proteins gave high PLA signals with p7(HA) which were in 

the range of the positive control (see Figure 8A and B, mean number of PLA 

spots/cell 55 for p7(HA)/Core, 61 for p7(HA)/E2 and 67 for p7(HA)/E1(A4)). 

Importantly, the negative control, which was PLA measured between p7(HA) and 

CD81 gave only background signals (3 spots/cell) and calculated differences were 

highly significant (Fig. 8B). 
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Altogether, the cumulated data of the colocalization and PLA experiments strongly 

suggest that HCV p7 interacts with the viral structural proteins Core, E1 and E2 in 

intact and HCV expressing Huh7.5 liver cells. 

Discussion 

We performed a comprehensive assessment of intra HCV protein interactions with a 

FACS-based FRET assay in intact cells. This analysis revealed a set of 20 protein-

protein interactions that met our stringency threshold and thus exerted robust FRET. 

By thorough literature mining we found that 13 interactions were previously described 

with alternative techniques (compare Fig. 3). Therefore, we confirm for the first time 

their association in living cells. In addition, the seven protein interaction pairs newly 

discovered by us comprise mainly the structural proteins. HCV p7 binds to Core, E1 

and E2 and interaction of p7 with E2 seems important for virus production. 

Furthermore Core was found to exert FRET with E2 and NS2 and this whole complex 

might have a pivotal role for HCV assembly and egress. In addition we report 

significant FRET for NS5B together with E1 and E2. From a biological point of view, 

the possible importance of the latter interactions remains elusive. 

FACS-FRET has a variety of striking advantages that render this technique superior 

to other methods to detect protein interactions (6, 22). Nevertheless, one serious 

constraint is the necessity to use fusion proteins with chromophores. These tags can 

impair functionality and expression of the native proteins. We extensively tested 

expression levels by FACS and WB and checked the subcellular localization of the 

transfected fusions. HCV Core, E1 and E2 with a C-terminal chromophore tag were 
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not expressed at all and as expected, expression levels of the N-terminal fusions 

varied (see Figure 1 for details). However, the specific localization to distinct 

subcellular compartments indicated that the HCV fusion proteins are properly 

expressed, although we cannot exclude impairments in functionality. At least for the 

non-structural proteins a large body of published data working with tagged HCV 

fusion proteins, employing HIS, FLAG, HA, GST and GFP tags supports no major 

functional impairments as a consequence of the tag (9, 10, 16, 23-29). 

In contrast to the various in situ and precipitation techniques FRET works in living 

and intact cells, supporting interactions in physiological conditions of the cellular 

environment. Furthermore, proteins bind each other in their natural subcellular 

compartment, which is a clear advantage in comparison to yeast-two-hybrid systems 

(6). Nevertheless cellular proteins are important determinants for HCV replication and 

we have to consider the possibility, that liver cell specific factors also influence intra 

viral protein interactions (3, 5). We thus conducted experiments in 293T and Huh7.5 

cells revealing in general a significant correlation between the results in both cell 

types. In line with this, it was recently demonstrated that the exogenous expression 

of HCV entry receptors, the microRNA miR122 and ApolipoproteinE is sufficient to 

achieve completion of the whole HCV life cycle in 293T cells (30). We therefore 

postulate that major differences in FRET, which we observed occasionally between 

293T and Huh7.5 cells (compare Fig. 4B), are most likely attributable to the lower 

levels of protein expression in the liver cell line.  
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Another problem we encountered are major differences in the percentages of FRET+ 

cells depending on the usage of CFP and YFP as either donor or acceptor. One 

extreme example is the well-established interaction between the glycoproteins E1 

and E2 (8, 13, 31). Assessing FRET between CFP-E2 and YFP-E1 results in 74.8 % 

FRET+ cells whereas transfection of CFP-E1 together with YFP-E2 did not give any 

FRET at all (Figs. 2 and S1). This phenomenon has been described before and can 

be explained by the donor:acceptor stoichiometry (32, 33). FRET is generally more 

efficient when there is an excess of acceptor molecules. Therefore a ratio of 1:2 

gives higher FRET than 2:1 (32). In addition, Koushik and colleagues performed 

elegant experiments demonstrating continuously higher FRET correlating with 

increasing amounts of acceptor (33). Thus, we generally tested both possible donor 

acceptor combinations to eliminate potential loss of FRET as a reason of different 

donor:acceptor quantities. 

Apart from the restrictions addressed and discussed above we postulate that FACS-

based FRET is currently one of the gold standard techniques to investigate protein 

interactions. We established and used this technique in the past to demonstrate and 

map for instance the interaction of HIV-1 Vpu and Ebola GP2 with the antiviral factor 

Tetherin/Bst-2 (6, 18, 19) and to show the interplay between HIV-1 Gag and 

tetraspanins (34). Also other groups used our FACS-FRET approach to show direct 

protein interactions confirming independently the robustness of the assay (35-38). Of 

note, Kim and coworkers systematically compared FACS-FRET, BRET 

(bioluminescence resonance energy transfer) and FLIM (fluorescence lifetime 
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imaging microscopy) (22). In this study, the same potential interaction partners of the 

amyloid precursor protein (APP) were studied using all the three different methods. 

They concluded that FACS-FRET is the most sensitive and reliable approach to 

investigate protein interactions with a superior Z-score as indicator for high 

throughput screening compatibility. 

Nevertheless we analysed the results from our FACS-FRET approach with high 

stringency. Experiments were performed in two cell lines and an extensive number of 

biological replicates were conducted by different individuals. Subsequently, statistics 

were used to assess the significance of identified interactions versus the negative 

control. Furthermore, an additional stringency threshold of 10 % was introduced. 

Only percentages of FRET+ cells higher than 10 % were considered as ‘true’. Thus, 

the interactions discussed and presented have a high statistical confidence. The 

reliability of the whole screening approach is also reflected by the fact that we 

confirmed three of the seven newly found interactions by alternative techniques. 

Strikingly, interaction of p7 with Core, E1 and E2 could be demonstrated by 

coimmunoprecipitation, immunofluorescence and the proximity ligation assay (PLA) 

in Huh7.5 liver cells expressing replicating and fully infectious hepatitis C virus. Apart 

from that, E1 and E2 showed significant FRET with NS5B in 293T and Huh7.5 cells 

(Fig. 4A). Indeed, interaction of NS5B with the two glycoproteins and Core, which we 

also found by FACS-FRET could participate in correct coordination of assembly and 

RNA genome incorporation. However, this hypothesis has to be experimentally 
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followed up in further experiments, although a recent study suggests a role of NS5B 

in HCV assembly (39).  

It is remarkable that most of the interactions reported herein refer to structural 

proteins and NS2 and p7 (Figure 3 and 9). In contrast, we detected nearly no FRET 

between the non-structural (NS) proteins as well as the NS and structural proteins. 

The discrepancy to published NS interactions could be explained by the techniques 

used. In contrast to previously exploited coIP, FRET cannot detect higher molecular 

complexes due to the increasing Foerster’s radius (12, 40). Thus it is tempting to 

speculate that the HCV NS proteins form higher molecular complexes among 

themselves and with the structural proteins, whereas the structural proteins directly 

interact with each other. This further emphasizes that the newly described 

interactions herein might be critically involved in HCV assembly. In this context direct 

binding of p7 and Core was postulated before (41) and a variety of hints for 

interaction of these proteins are published in the literature (42-44). For instance, 

Popescu and colleagues reported that Core, the envelope proteins, and p7 influence 

subcellular NS2 localization (23). Using FACS-FRET, coIP and PLA we could 

demonstrate for the first time that there is a direct interaction between p7 and Core 

as well as between NS2 and Core. These findings could give a functional rational for 

previously published data. Furthermore, it was suggested that E2 and p7 might 

interact (9, 44, 45) and Gentzsch and colleagues postulated that the p7-RR/QQ 

mutant has a defect at the step of capsid envelopment. Strikingly, our data suggests 

that mutation of the dibasic motif in p7 selectively impairs the interaction with E2 (44). 
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Thus, our FACS-FRET analyses provides a mechanistic explanation for the 

virological phenotype of this mutant.    

Incorporating interaction data from the VirusMINT database 

[http://mint.bio.uniroma2.it/virusmint] and the work by de Chassey and colleagues (4) 

into our intra HCV protein interaction network suggests the existence of three major 

nodes HCV uses to manipulate the host cell (Fig. 9). As already pointed out, most 

proteins might indirectly interact by higher molecular complexes. However, the direct 

interaction network of Core, E1, E2, p7, NS2 and NS5B is connected to the host cell 

mainly by the multiple virus-host interactions exerted by Core. Two other clusters 

comprise the NS3:NS4 protease with NS3 as main communicator with host factors 

and the HCV NS5A, which is an important cofactor for HCV replication (46, 47). 

Thus, the single viral proteins Core, NS3 and NS5A within the direct interaction 

clusters could serve as interfaces for HCV mediated manipulation of the host cell. 

In sum, we postulate that the newly described interactions herein contribute to the 

formation of an HCV assembly network. In addition our data underline and support 

the pivotal role of p7 in HCV morphogenesis (9, 17, 41-44, 48, 49). In the future it will 

be of high interest to use FACS-FRET in order to map interaction domains important 

for the diverse intra HCV protein interactions and to correlate mutations in viral 

proteins with virological parameters, as demonstrated here for the p7-RR/QQ mutant. 

Similar experiments could be done for patient derived and thus evolutionary shaped 

viral proteins. Such approaches will shed light on the biological relevance of the 

diverse intra HCV protein interactions and are highly warranted.  
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Figure legends 

Figure 1: Characterization of HCV-CFP and -YFP fusion proteins. All fusion 

proteins used in this study and characterized here carry an N-terminal chromophore 

tag. (A) 300.000 293T cells were transfected with 5 µg DNA of each HCV CFP/YFP 

fusion protein in a 6-well format. Cellular lysates were generated for WB and 

expression of the fusion proteins was detected by an antibody specific for various 

chromophores including CFP and YFP. Actin was blotted as loading control. (B) 

150.000 293T cells were transfected with 2.5 µg DNA in a 12-well format. The mean 

fluorescence intensity and the percentage of cells transfected with the HCV-YFP 

fusion proteins were assessed by FACS analysis. Mean values and standard 

deviations are calculated from at least four independent transfections. (C) 

Transfections and measurements were done similar to (B) but with the HCV-CFP 

fusions. Then the mean values for fluorescence intensity and percentage transfected 

cells were correlated. Squared Pearson’s correlation (R2) and corresponding p-

values were calculated with Graph Pad Prism 5.0. (D) 293T cells transfected with the 
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indicated HCV-YFP fusion proteins and GalT-CFP were grown on cover slips and 

embedded for confocal microscopy. The scale bar indicates a distance of 7 µm. 

 

Figure 2: FRET analysis of specific HCV protein interactions. 293T and Huh7.5 

cells were transfected with (A) CFP-E2 and YFP-E1, (B) CFP-Core and YFP-Core or 

(C) CFP-E2 and YFP-NS3. Panel 1 shows the subcellular distribution of the 

respective YFP (green) and CFP (red) fusions, as well as areas of colocalization 

(yellow) in 293T cells. The scale bar gives a length of 7 µm. Panel 2 depicts 

examples of primary FACS plots acquired for FRET analysis. Panel 3 shows the 

mean value of the percentage of cells scoring FRET+ (MF) and the according 

standard deviation across multiple independent transfections (n=3-17). 

 

Figure 3: Overview of HCV protein interactions measured via FACS-FRET in 

both tested cell lines. Statistical significant interactions with FRET values ≥10 % are 

presented (compare Supplemental Figure S1). Interactions in 293T are highlighted 

by dark green boxes and those which were also significant in Huh7.5 are coloured in 

fading green. Furthermore we marked interactions which were previously described 

by others (black underscored bar, numbers of the corresponding references are 

written in the boxes). Interactions which are newly reported by this study are 

highlighted by a check mark. Figure References: (5, 8, 13-16, 24-28, 50-83). 

The inlay depicts the correlation of FACS-FRET results generated in 293T and 

Huh7.5 liver cells. Mean values of the % FRET+ cells derived from 293T transfection 
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were plotted with the according values obtained from Huh7.5 transfections (n=45, 

compare Figure S1). Pearson’s correlation and the corresponding p-value were 

calculated with Graph Pad Prism 5.0. 

 

Figure 4: Novel HCV protein interactions detected by FACS-FRET. Panel 1 gives 

mean values of % FRET+ cells and standard deviations of multiple independent 

experiments (for number of replicates (n), mean FRET values (MF) and standard 

deviations (SD) as well as statistical calculations please refer to Supplemental Figure 

S1). We further present representative confocal images of 293T and Huh7.5 cells 

which were transfected with the indicated CFP (red) and YFP (green) fusion proteins 

in panel 2. Colocalization in the overlay appears yellow. The scale bar is 7 µm. (A) 

CFP-E2 and YFP-p7, CFP-NS5B and YFP-E1 as well as CFP-NS5B and YFP-E2 

showed significant FRET in both cell lines whereas (B) CFP-E2 and YFP-Core, CFP-

NS2 and YFP-Core, CFP-p7 and YFP-Core as well as CFP-p7 and YFP-E1 only 

exerted FRET in 293T cells. 

 

Figure 5: JFH1 p7-RR33/35QQ differentially interacts with Core, E1 and E2. (A) 

Primary FACS-FRET plots of 293T cells transfected with the indicated CFP and YFP 

fusion proteins. Please note that for p7 self-interaction we cotransfected either the 

p7-CFP and p7-YFP plasmid or the p7-RR/QQ-CFP together with the p7-RR/QQ-

YFP. (B) Mean values of % FRET+ cells and standard deviations of seven 

independent transfections performed as indicated in (A). For calculation of statistical 
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significance, mean FRET signals were compared with the two-tailed unpaired 

Student’s t test (Graph Pad Prism 5.0). 

 

Figure 6: Viral structural proteins coimmunoprecipitate with p7 in lysates of 

HCV expressing Huh7.5 cells. Huh7.5 cells were RNA electroporated with either (1) 

no RNA, (2) HCV Jc1-E1(A4) or (3) HCV Jc1-E1(A4)-p7(HA) allowing to detect E1 by 

the A4 antibody (8) and p7 with an anti-HA antibody. Then p7(HA) was 

immunoprecipitated with a rabbit derived anti-HA antibody (upper bands) or a mouse 

derived anti-HA antibody (lower bands). Core, E1, E2 and p7 were detected in 

lysates and post precipitation by immunoblot. 

 

Figure 7: Viral structural proteins colocalize with p7 in HCV expressing Huh7.5 

cells. Huh7.5 cells were RNA electroporated with the indicated HCV constructs. 

Then immunofluorescence staining with specific antibodies was performed to detect 

areas of protein colocalization by confocal microscopy. We quantified colocalization 

by Costes Pearson’s correlation (84). (A) Depicts examples of confocal images. The 

squared Pearson’s correlation coefficient (R2) is indicated in the merged image. The 

scale bar has a length of 5 µm. (B) Each dot represents the R2 correlation for one 

analysed cell. Mean values of at least twelve measured cells per colocalization 

analyses were plotted and assessed for significant differences with one way ANOVA 

test (Graph Pad Prism 5.0): p<0.01 (*), p<0.001 (**) and p<0.0001 (***). 
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Figure 8: Viral structural proteins interact with p7 in HCV expressing intact 

Huh7.5 cells. Huh7.5 cells were RNA electroporated with the indicated HCV 

constructs. Then staining for proximity ligation assay (PLA) was done with the same 

antibodies that were used for colocalization analyses (compare Fig. 7). We quantified 

positive PLA events by software based counting of red dots and normalized this to 

the number of cells (nuclear DAPI staining). (A) Representative examples of PLA 

images are shown. Indicated are the antibodies, which were used for the primary 

PLA stain and the amount of PLA dots, identified by software counting. The scale bar 

has a length of 5 µm. (B) Each dot represents the number of PLA spots counted for 

one cell per image. Mean values of at least eight measurements per antibody pair 

were plotted and assessed for significant differences with one way ANOVA test 

(Graph Pad Prism 5.0): p<0.01 (*), p<0.001 (**) and p<0.0001 (***). 

 

Figure 9: The HCV protein interaction network. HCV protein interactions 

measured in this study by FRET (red lines) or reported previously (dotted grey lines) 

were visualized as a network. Furthermore, HCV protein interactions with host cell 

factors were incorporated by using interaction data from the VirusMINT database and 

de Chassey et al. (4). This network was generated with Cytoscape ((85), 

www.cytoscape.org). 
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