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Abstract: Hepatitis C virus (HCV) infects over 130 million people worldwide and is a 

major cause of liver disease. No vaccine is available. Novel specific drugs for HCV are 

urgently required, since the standard-of-care treatment of pegylated interferon combined 

with ribavirin is poorly tolerated and cures less than half of the treated patients. Promising, 

effective direct-acting drugs currently in the clinic have been described for three of the ten 

potential HCV target proteins: NS3/NS4A protease, NS5B polymerase and NS5A, a 

regulatory phosphoprotein. We here present core, the viral capsid protein, as another 

attractive, non-enzymatic target, against which a new class of anti-HCV drugs can be 

raised. Core plays a major role in the virion’s formation, and interacts with several cellular 

proteins, some of which are involved in host defense mechanisms against the virus. This 

most conserved of all HCV proteins requires oligomerization to function as the organizer 

of viral particle assembly. Using core dimerization as the basis of transfer-of-energy 

screening assays, peptides and small molecules were identified which not only inhibit core-

core interaction, but also block viral production in cell culture. Initial chemical 

optimization resulted in compounds active in single digit micromolar concentrations. Core 

inhibitors could be used in combination with other HCV drugs in order to provide novel 

treatments of Hepatitis C.  

OPEN ACCESS



Viruses 2010, 2              

 

 

1735

Keywords: Hepatitis C Virus; HCV; core dimerization; peptide inhibitors; small molecule 

inhibitors; virus assembly 

 

1. Introduction  

Hepatitis C virus (HCV) infects over 130 million people world-wide [1-2]. It is a single stranded 

positive RNA enveloped virus which belongs to the hepacivirus genus in the flaviviridae family [3-6]. 

The 9.6 kilobase long viral RNA encodes a polyprotein of approximately 3,010 amino acid residues 

[7]. The HCV polyprotein is co- and post-translationally processed into ten individual components by 

host cell signal peptidases and viral peptidases [8]. All ten proteins are essential for viral infectivity, 

and most are endowed with several functions [7,9].  

HCV is the main cause of chronic liver disease in humans. There is no anti-HCV vaccine. The only 

effective 48-week treatment currently available combines pegylated interferon-alpha and ribavirin, but 

the overall success rate is less than 50%, depending on the viral genotype and strain [10]. Its use is 

plagued with side effects and poor compliance [11]. Small molecule HCV-specific inhibitors that 

target directly the individual viral proteins NS3/NS4A serine protease, and RNA-dependent RNA 

NS5B polymerase are in advanced stages of clinical development. [12-15] 

Here we discuss core, the HCV capsid protein, as a novel non-enzymatic target for anti-HCV drug 

discovery likely to yield agents with a resistance profile different from inhibitors of HCV enzymes. 

We review core’s role in the assembly of the virion, and we describe assays to identify, select and 

optimize peptides and small molecule inhibitors of core dimerization and viral production. We discuss 

the use of such inhibitors to probe and control core’s activity in HCV. 

2. Core as a target protein for anti-HCV drug discovery 

Viral capsid proteins have been proposed previously as targets for anti-viral drugs, based on the fact 

that they are essential for virus assembly, are highly conserved even in viruses which mutate 

extensively, and self-assemble in well-controlled conditions easy to assay in vitro [16]. Despite these 

advantages, only Hepatitis B and Human Immunodeficiency Viruses have so far provided good 

examples that support the validity of the strategy [17-19]. What makes HCV core an especially 

attractive target, in addition to its dual role in viral infection and persistence, is the fact that it is the 

most conserved of all HCV proteins, across the 6 major genotypes, and that it is the least variable of 

the ten HCV proteins in variant viruses emerging constantly in patients [10]. This exceptional level of 

conservation reflects its essential role and suggests that its use as a therapeutic target across all 

genotypes is unlikely to be affected by mutations causing resistance, thus providing a profile quite 

distinct from other direct-acting drugs. While mutations in core influencing HCV’s response to 

interferon have been studied recently in connection with treatment with a new anti-protease inhibitor 

[20], such substitutions remain exceedingly rare, when compared to the multiple mutations emerging 

in NS3 and NS5 enzymes, mostly used so far as targets for anti-HCV drug discovery [21-22]. Finally, 

adding to these advantages, biochemically functional C-terminally truncated versions of core are easy 
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to prepare and purify, and readily dimerize and oligomerize in vitro in absence or presence of RNA 

[23]. 

3. Core’s role in HCV’s life cycle 

3.1. Core interactions with other HCV proteins  

Core is essential for nucleocapsid assembly and interacts with several other viral proteins, namely 

the E1 glycoproteins [24], p7 and NS2 [25], NS3 [26] and NS5A [27]. These interactions were 

confirmed by immuno-staining followed by confocal microscopy which revealed co-localization of 

core with NS5A and NS3 on lipid droplets [26,28] and were supported by yeast-two hybrid analyses 

[29-31] and co-precipitation data [28,32]. Molecular genetics provided additional evidence for core-NS 

protein interactions: spontaneous mutations in p7 and NS2 rescued production of virus mutated in core 

[25]; site-directed mutagenesis, alanine scanning [25], and other methods led to the identification of 

several residues in both core and NS5A presumably involved in the co-localization of the two proteins, 

although direct evidence for in vitro binding of NS5A to core has proven to be difficult to obtain  

[32-33]. 

3.2. Core’s role in assembly 

Core, the capsid protein, plays a central role in the HCV life cycle: it is essential for lipid droplet 

mobilization [34-35], recruitment of HCV replicase proteins, nucleocapsid formation, and assembly 

and release of viral particles from infected cells [36-37].  

The sequence of events leading to core-orchestrated HCV particle assembly is schematically 

depicted in Figure 1, and can be described to progress from left to right as follows: after translation, 

the HCV polyprotein is directed to the Endoplasmic Reticulum (“ER”) by a signal peptide sequence 

situated at the C-terminal end of core, immediately adjacent to the E1 glycoprotein. Two successive 

cleavages, first by a cellular signal peptidase [38] then by a cellular signal peptide peptidase [39-40] 

result respectively in release from the polyprotein and migration of mature, probably dimerized 

/oligomerized core, to the surface of LD’s [41]. Core then recruits, most if not all non-structural HCV 

proteins from the ER: NS3 [26], NS5A [28,32], NS5B and possibly p7 and NS2 [42-43], which 

together constitute the replicase complex, responsible for RNA replication (Figure 1). At the surface of 

LD’s, core also interacts with a number of non-HCV proteins (not represented in Figure 1) , namely 

those involved in Very Low Density Lipoproteins (VLDL) biogenesis such as ApoE, ApoB and 

Microsomal Transfer Protein [44-45]. Newly synthesized HCV RNA is transferred from the replicase 

complex to core, and the resulting nucleocapsid is associated into lipid-encapsulated particles, together 

with E1 and E2 glycoproteins (Figure 1). The stoechiometry, the sequence and timing of these events 

are still debated. 
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Figure 1. A schematic (left to right) model for assembly of the HCV particle. Core-

directed assembly takes place at the surface of lipid droplets (“LD”). Core, originally made 

as a 191 residue protein, migrates from the endoplasmic reticulum to the surface of LD’s 

after removal of the C-terminal 14 residues by a host signal peptide peptidase [38-39,46]. 

Core oligomers recruit to the LD surface NS3, NS5A, NS5B, and possibly other HCV 

replicase proteins implicated in the synthesis of HCV RNA, including p7 and NS2 

[4,27,47]. HCV nucleocapsids resulting from the binding of RNA to core are then 

associated via unknown processes with HCV glycoproteins E1 and E2 and processed 

through the VLDL assembly pathway [27,48] (not shown here), to yield lipid 

encapsulation, resulting in budding of viral particles [49]. Whether the replicase complex 

as such interacts with core before or after RNA is made, and whether RNA binds to core 

dimer / oligomer on LD’s is not yet known, nor is the stoechiometry between core, RNA 

and the E1, E2 glycoproteins (modified from [28]). 

 
 

4. Core’s structure and function 

Core contains a number of amino-acid residues essential for assembly and release of the viral 

particle [50], and for interaction with other HCV proteins, such as the E1 glycoprotein and replicase 

proteins NS3 [26] and NS5A [51]. These various roles have been assigned to different parts of the 

protein (Figure 2).The N-terminal basic domain, up to residue 117 (“ D1”) binds and promotes 

dimerization of the viral RNA [52], leading to formation of viral nucleocapsid [53-54]. Recent analysis 

of core mutants in this domain revealed that D1 also contains a sequence crucial for core envelopment 

by endosomal membranes [41]. The generally more hydrophobic C-terminal domains “D2”, and “D3”, 

interact with the Lipid Droplets, with the E1 and E2 glycoproteins, and with several host proteins 
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themselves involved in lipid transport [27,47,55]. The 177 residue mature core [46,56] is translocated 

from the endoplasmic reticulum to the lipid droplet surface [57]: the transmembrane C-terminal core 

peptide remains in the ER, where it serves as the E1 glycoprotein signal sequence [39,58]. Core’s role 

as a powerful chaperone, and as an inducer of dimerization of newly-made HCV RNA has been well 

recognized [53]. It’s essential function is increasingly appreciated as an organizer of particle assembly 

(Figure 1) as well as mediator of host-pathogen interactions.  

Figure 2. Structural and Functional domains of the HCV core protein. Core is made as a 

191 residue long polypeptide, and is trimmed by a signal peptide peptidase, down to a  

177-residue mature protein [46,57]. Various synthetic C-terminally truncated versions of 

recombinant core have been used in order to characterize its functional domains: core82 

[59], core106 [23] , core122, “D1” [55], core169 [55], and core177, “D2” [39,57]. 

 
 

Dimerization and most interactions with intracellular proteins are mostly mediated by the N-

terminal region of core, whereas binding to cellular membranes [60], to LD’s and to glycoprotein E1 

have been mapped to the more hydrophobic C terminus [54]. The N-terminal half of core contains 

many of the residues essential for homotypic interaction and nucleocapsid formation [61] [29,62-63]. 

In a cell-free system for core synthesis, the residues critical for capsid formation were all located in the 

first 68 positions of core [64] and core 1 to 82 was designated as the minimal domain for nucleocapsid 

assembly [61,65]. Alanine scanning revealed numerous core residues essential for infectious virus 

production, including a significant number in the first 120 positions of the protein [25]. The C-terminal 

region comprised between residues 118 and 169 is required for proper folding of the whole core 

protein and preservation of interactions not observed with D1 [55]. For instance, mutations of residues 

at position 130, 138 or 143 all abrogate association with LD’s and virus production [34,66]. Core’s D2 

C-terminal half thus harbors several sites that are essential for the protein’s roles in HCV’s life cycle, 

e.g. for binding and attracting other HCV proteins to LD’s. In addition, core’s C-terminal is involved 

in mechanisms of viral persistence, oncogenesis [67] and steatosis [68].  
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5. Assays for analyzing core function: 

To improve the understanding of core oligomerization and the role of dimerization in interaction 

with other proteins and nucleocapsid formation, various biochemical assays were developed:  

a. Assays for Nucleocapsid formation 

Several groups have proposed assays to evaluate the function of core based on its capacity to 

oligomerize or form nucleocapsid-like structures in the presence of RNA [59,61,64-65]. An assay for 

measuring the turbidity resulting from the addition of RNA to core served to define core-derived 

peptides essential for this complex formation [61]. Unexpectedly, these peptides did not originate from 

the core homotypic region, between residues 82-102, thought to be responsible for core dimerization. 

Furthermore, the nucleocapsid assay did not distinguish between RNA from HCV or from a variety of 

other sources, including tRNA.  

b. Core dimerization 

In order to physico-chemically characterize core dimerization and identify identify high affinity 

inhibitors, three types of assays were designed and developed: Enzyme Linked Immuno Sero Assay 

(“ELISA”), Time Resolved-Fluorescence Resonance Energy Transfer (“TR-FRET”) and Amplified 

Luminescent Proximity Homogeneous Assay (AlphaScreen) [23,69-70].  

To avoid complications due to limited solubility of mature (ie: D1+D2) core protein, these assays 

were developed using a D1-like dimerizing portion of core, comprising the first 106 residues, and 

further designated as “core106”. 

1.  For developing a sandwich ELISA, GST-tagged core106 domain was adsorbed on microplates 

coated with glutathione, and a horse-radish peroxidase goat anti-mouse antibody was used to 

demonstrate binding of anti-Flag antibody to Flag-tagged core106 itself bound to  

GST-core106 (Figure 3). This result demonstrated hetero-dimerization of the two fusion 

proteins. Free GST, Flag peptide or untagged core106 each displaced specific binding to 

background levels. [23].  

2.  The ELISA was useful to qualitatively demonstrate the interaction when using alternately 

tagged core106 fusion proteins, but the need for multiple washes hampered a precise analysis 

of the interaction, and precluded its use for screening of large compound libraries. For this 

purpose, a TR-FRET homogenous assay was developed, using the same GST-and Flag-tagged 

core106 proteins (Figure 4) [23,69]. Fluorophore-labeled antibodies against the GST and Flag 

tags allowed the authors to quantitatively measure the formation of dimers and oligomers of 

core106. The TR-FRET was particularly well adapted for robotized high-throughput screening 

in 384- and 1,536-well microplates of large small compound libraries [69]. The typical signal 

to background ratio shown in Figure 4 left, was rather low, although the inhibitory signal 

(Figure 4 right) was quite adequate for identifying “primary hit” inhibitors [69]. 

3.  To develop a more sensitive assay for precise dose-response analyses, an AlphaScreen assay 

was developed, as a secondary format for monitoring core106 dimerization, but using donor 

and acceptor beads coated respectively with Glutathione or anti-Flag antibodies respectively, 

resulting in assays with at least 50-fold signal to background ratios (Figure 5) [23,70]. Again, 
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untagged core106 domain was used as a reference inhibitor, with an IC50 of 89 nM [23]. While 

AlphaScreen beads are not easily handled by most robotic suites found in high-throughput 

screening laboratories, and sometimes vary in day-to-day stability, they provided a remarkably 

sensitive format for following chemical optimization of primary hit compounds first identified 

in large scale screening [70]. 

Figure 3. A scheme and data for sandwich ELISA showing dimerization of core106. 

Core106 was tagged with either a “GST” tag or a “Flag” tag. A sandwich ELISA was 

performed by adsorbing GST-core106 on a Glutathione-coated plate and different 

concentrations of Flag-core106 were added to the plate. Mouse-anti-Flag antibody, horse 

radish peroxidase tagged anti-mouse IgG, and Ultra TMB-HRP, a horse radish peroxidase 

substrate were utilized for the visualization of GST-core106 and Flag-core106 complex. 

 
 

6. Inhibitors of core dimerization  

6.1. Inhibition of core106 and core169 dimerization by peptides 

Protein-protein interactions can generally be inhibited by peptides derived from either one of the 

two partners [72].To identify such inhibitor peptides of core dimerization, fourteen 18-residue peptides 

derived from core were evaluated in energy transfer TR-FRET and AlphaScreen assays validated by 

dose-response analyses [23,69-70]. Two peptides SL173 and SL174, overlapping by 11 residues, 

inhibited core dimerization by 68 and 63% respectively. A third peptide, SL175, corresponding to 

SL174 C-terminally truncated by three residues, inhibited core dimerization by 50%. These three 

inhibitory peptides share the sequence:  
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              -Gly-Trp-Ala-Gly-Trp-Leu-Leu-Ser-Pro-Arg-Gly- 

which corresponds to a “hot spot” defined as a small subset of residues involved in protein-protein 

interactions that contributed most of the free energy of binding between the two protein partners [72].  

Peptide SL200, containing only this 11-residue sequence, inhibited core dimerization by 30-40%, 

but was not soluble enough to reach concentrations that would yield higher inhibition rates [23]. The 

Ser residue within SL200 corresponds to Ser99 which was earlier reported to be essential for core 

function in the whole virus: its substitution by an Ala residue strongly affects HCV viability [25], and 

reduces fourfold its ability to inhibit core dimerization [23]. The SL200 sequence is conserved among 

genotypes 1a, 1b 2a and 3, and is situated within the 82-102 homotypic domain of core defined earlier 

[73]. A dose-response analysis of peptide SL175 yielded an IC50 of 21.9 µM. SL571, a control peptide 

which contains the reverse sequence of SL175 displayed no effect on core dimerization [23]. 

Figure 4. A scheme and data for TR-FRET assay for monitoring dimerization of core106. 

Core106 was tagged with either a “GST” tag or a “Flag” tag. Europium cryptate-tagged 

anti-GST and Allophycocyanin (XL-665)-tagged anti-Flag antibodies were used to 

measure the core-core interaction. Since no known inhibitor of core dimerization was 

available, untagged core106 domain was used as a reference inhibitor. Top panel – Scheme 

for core106 TR-FRET assay. Bottom left panel- Dose response of GST-core106 and  

Flag-core106 dimerization. Bottom right panel – Inhibition of GST-core106 and Flag-

core106 dimerization by reference inhibitor core106. The transfer of fluorescence was 

measured as a ratio of (signal at 665nm / signal at 620nm) *10,000. 

 
 

Direct and specific interaction of SL175 with core was demonstrated by two physico-chemical 

methods. For Fluorescence Polarization (“FP”) studies, SL175 was conjugated to fluorophore 

Alexa488 and a dose-response analysis yielded a Kd of 1.9 µM for the binding of the coupled peptide 
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to core106. Displacement of the A488 peptide by free peptide yielded an IC50 of 18.7 µM, in close 

agreement with the value of 21.9 µM obtained by AlphaScreen. Surface Plasmon Resonance (“SPR”) 

analysis done with core169, yielded an apparent Kd of 7.2 µM [23].  

Cross-linking studies performed as described [23], confirmed that SL175 binds directly to core106 

monomers and dimers [74]. Control peptide SL571 displayed no evidence of binding to either core 

truncated protein, in any of the FP, SPR or cross-linking studies [23].  

6.2. Inhibitors of core dimerization by organic molecules 

The TR-FRET and AlphaScreen assays described in section 5 were used to identify organic 

molecule inhibitors of core dimerization in a library of 2,240 compounds from the Center for Chemical 

Methodology and Library Development of Boston University [69-70]. Included in this collection were 

representatives of a small molecule, 132-membered library of tetracyclic heterocyclic compounds. 

Compounds with this general chemotype were originally viewed as desirable due to their structural 

similarity to the Aspidosperma alkaloids, well known for their broad range of biological activities  

[75-76]. Furthermore, their production was relatively straightforward and easily amenable to parallel 

synthesis protocols [77].  

Figure 5. Left panel – Scheme for core106 AlphaScreen assay. This assay is based on the 

use of photoactive donor and acceptor beads that recognize specific tags on interacting 

proteins. An interaction between proteins brings the beads in close proximity. This triggers 

a cascade of chemical reactions which produces a greatly amplified signal. When excited, a 

photosensitizer in the donor bead converts ambient oxygen to a more excited singlet state 

which then reacts with a chemiluminescent molecule in the acceptor bead which further 

activates fluorophores contained within the same bead to emit light [71]. Right panel- 

Assay confirming interaction of GST-core106 and Flag-core106 and inhibition of the 

interaction by untagged core106 [23,69].  
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The best “primary hit” compound present in this indoline alkaloid-type library, designated as SL201 

(MW 513 daltons, structure in Figure 6 top), was shown to block core106-core106 and core106-

core169 dimerization by over 90%, nearly as efficiently as core106 itself, used as a 100% control 

inhibitor. A dose–response analysis yielded an IC50 equal to 9 µM [69].  

Using SL201’s structure as prototype, a second generation library of 82 members was prepared, 

exploiting chemistry similar to that used in preparing SL 201. The scaffold of this library varied the  

D-ring of the initial scaffold, featuring a -lactam with a diversified lactam nitrogen (Figure 6 bottom). 

Forty-eight of these new analogues were screened, and those capable of inhibiting over 50% of the 

GST-core106/Flag-core106 interaction were further investigated by dose-response analysis yielding 

IC50 values ranging from 20 down to 1.4 µM. SL209 was the most promising compound in that second 

series, and its structure is also presented in Figure 6 [70]. The activities of the members of this second 

generation library established that the D-ring ester group of the first generation was not essential for 

the activity of SL 201 [69-70].  

Figure 6. Structure and activity of small molecule inhibitors of HCV core dimerization and 

virus production [69-70]. Top: half maximal inhibitory concentration (IC50) values 

determined in the core dimerization assay. The half maximal cytotoxicity concentration 

(CC50) values (see section 7) were determined using uninfected hepatoma cells. The T1 

and T2 half maximal effective concentration (EC50) values were obtained using the same 

cells but infected with HCV 2a J6/JFH1 virus at two different passages [23,69-70]. 

Bottom: chemical structures of SL201 and SL209 [69].  
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7. Inhibition of HCV production by inhibitors of core dimerization  

Huh-7.5 hepatoma cells were electroporated with RNA from HCV and the 72-hour supernatant was 

used as a source of infectious virus. This supernatant was combined with peptides or compounds 

identified as inhibitors of core dimerization [23,70]. Two stages of infection were studied: T1, 

corresponding to the initial 72-hour culture of naïve cells infected in the presence of the inhibitor, and 

T2, corresponding to the second 72-hour passage through naïve cells. HCV RNA detected in T1 results 

from actual viral infection and replication. HCV RNA detected in T2 results from infectious virus 

secreted in T1 and replicated in freshly infected naïve cells. 

After determining that inhibitors of core dimerization were not toxic for Huh-7.5 hepatoma cells, 

their capacity to inhibit production of HCV by in vitro infected cells was evaluated [23,69-70], using 

the HCV 2a J6/JFH-1 culture system [78-80]. 

7.1. Peptide inhibitors of HCV 

Peptides SL173, 174 and 175 displayed no significant toxicity towards uninfected cells, when used 

below 100 µM concentrations [23]. When added in 10 to 20 µM concentrations to HCV-infected cells, 

these peptides reduced production of the virus, as determined both by limited dilution Tissue Culture 

Infectious Dose – 50% (TCID-50) studies [23] and by Real Time RT-PCR measurement of HCV 

RNA[69-70].  

For peptide SL173, this result was indirectly confirmed by Cheng et al. [81] who showed by direct 

assay of the 441 HCV polyprotein-derived peptides added one by one to HCV-infected cells, that a 

core-derived peptide identical to SL173, reduced respectively by a factor of 9 and 11 the production of 

HCV RNA in 24-hour and 72-hour culture [81]. 

7.2. Small compound inhibitors of HCV 

Compounds SL201 and SL209 which did not display toxicity up to 320 µM and 100 µM 

respectively (Figure 6) were evaluated for inhibition of HCV production in culture at two stages, T1 

and T2. HCV RNA was quantified by Real-Time RT-PCR. Compounds SL201 and SL209 reduced 

HCV RNA production respectively by about two logs with EC50 of 8.8 µM for T1 and 8.1 for T2, and 

2.3 µM for T1 and 3.2 µM for T2 (Figure 6) [69-70]. 

7.3. Mode of action of inhibitors 

7.3.1. Peptides 

To investigate their mode of action, inhibitor peptides were added before, together and after 

infection with HCV. Reduction of infectivity was only observed after infection was established [23], 

suggesting that the peptides had no effect on entry or replication, but might act on assembly. This 

conclusion would fit with the fact that the peptides were originally identified as inhibitors of core 

dimerization. No evidence was reported however to demonstrate that the peptides were actually able to 

penetrate the HCV-infected cells. Another 18-mer peptide [8] derived from the same NIH library of 

441 HCV polyprotein-derived peptides, was detected inside HCV-infected cells, after coupling with a 
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dansyl moiety, which served as an epitope for anti-dansyl antibodies [81]. Although that peptide had a 

different sequence and very different biological properties from SL173 and SL174, its similar size 

suggests that 18-mer peptides can indeed penetrate Huh-7.5 HCV infected cells.  

7.3.2. Small organic molecule inhibitors 

The mode of action by which organic molecules SL201 and SL209 reduce HCV infectivity has not 

yet been established. It was shown however that the compounds had no effect on production of HCV 

replicons, confirming that they do not affect HCV RNA replication [69-70]. The inhibitors appeared to 

act on virus production by cells three days after electroporation with RNA from HCV: this experiment 

was actually done for SL201 on RNA from HCV of two distinct strains: J6/JFH-1 of genotype 2a  

[78-80] and CG of genotype 1b [82]. The inhibitor acted equally well on the 2a virus released in the 

supernatant of cells infected by T1 or T2 [23,69]. These results suggest that SL201 affect neither virus 

entry into the cells, nor replication of RNA, supporting the hypothesis that this inhibitor of core 

dimerization / oligomerization might act on virion assembly. 

8. Future developments 

Core plays an important role in various steps of the HCV infectious cycle including nucleocapsid 

assembly and recruitment of other HCV proteins to the site of viral production. The precise 

understanding of the importance of core oligomerization and of its interactions with other HCV and 

cellular proteins will provide unique insights in its role in the viral life cycle. Peptides and small 

molecule disruptors of core dimerization, which act as potent inhibitors of HCV, constitute unique 

novel molecular probes for HCV function and complement current molecular genetics approaches for 

the study the HCV life cycle. Importantly, these studies might also impact studies of other Flaviviridae 

viruses for which coupling between virion assembly and genome replication has been suggested to 

result from interaction between core and non-structural proteins. Furthermore, future drugs acting on 

core as a target might potentially provide an important breakthrough for novel combination treatments 

of Hepatitis C. 

Acknowledgements 

We thank Timothy Tellinghuisen and Peter Hodder for helpful discussions, and generous access to 

research reagents and experimental protocols, and Charles Weissmann for constant support. The work 

of the Strosberg laboratory reviewed here was made possible by start-up funds from the State of 

Florida to The Scripps Research Institute and by grants to ADS from the Factor and the Landenberger 

Foundations, and from NIH (1X01MH085709-01 and 1R21NS066411). This is manuscript# 20730 of 

The Scripps Research Institute. 

References and Notes 

1. Alter, M.J. Epidemiology of Hepatitis C infection World J. Gastroenterol. 2007, 13, 2436-2441. 

2. Lavanchy, D. The global burden of hepatitis C. Liver Int. 2009, 29, 74-81. 



Viruses 2010, 2              

 

 

1746

3. Robertson, B.; Myers, G.; Howard, C.; Brettin, T.; Bukh, J.; Gaschen, B.; Gojobori, T.; Maertens, 

G.; Mizokami, M.; Nainan, O.; Netesov, S.; Nishioka, K.; Shini, T.; Simmonds, P.; Smith, D.; 

Stuyver, L.; Weiner, A. Classification, nomenclature, and database development for hepatitis C 

virus (HCV) and related viruses: proposals for standardization. International Committee on Virus 

Taxonomy. Arch. Virol. 1998, 143, 2493-2503. 

4. Simmonds, P.; Holmes, E.C.; Cha, T.A.; Chan, S.W.; McOmish, F.; Irvine, B.; Beall, E.; Yap, 

P.L.; Kolberg, J.; Urdea, M.S. Classification of hepatitis C virus into six major genotypes and a 

series of subtypes by phylogenetic analysis of the NS-5 region. J. Gen. Virol. 1993, 74,  

2391-2399. 

5. Lindenbach, B.D.; Thiel, H.J.; Rice, C.M. Flaviviridae: The viruses and their replication. In Fields 

Virology, 45th ed.; Knipe, D.M., Howley, P.M., Eds.; Lippincott-Raven Publishers, Philadelphia, 

PA, USA, 2007; 1, pp. 1101-1152. 

6. Giannini, C.; Brechot, C. Hepatitis C virus biology. Cell Death Differ. 2003, 10, S27-S38. 

7. Choo, Q.; Kuo, G.; Weiner, A.; Overby, L.; Bradley, D.; Houghton, M. Isolation of a cDNA clone 

derived from a blood-borne non-A, non-B viral hepatitis genome. Science 1989, 244, 359-365  

8. Dubuisson, J. Hepatitis C virus proteins. World J. Gastroenterol. 2007, 13, 2406-2415. 

9. Lindenbach, B.D.; Rice, C.M. Unravelling hepatitis C virus replication from genome to function. 

Nature 2005, 436, 933-938. 

10. Cristina, J.; Moreno-del Pilar, M.; Moratorio, G. Hepatitis C virus genetic variability in patients 

undergoing antiviral therapy. Virus Res. 2007, 127,185-194. 

11. Meurs, E.F.; Breiman, A. The interferon inducing pathways and the hepatitis C virus. World J. 

Gastroenterol. 2007, 13, 2446-2454. 

12. Wang, P.; Chun, B.K.; Rachakonda, S.; Du, J.; Khan, N.; Shi, J.; Stec, W.; Cleary, D.; Ross, B.S.; 

Sofia, M.J. An efficient and diastereoselective synthesis of PSI-6130: a clinically efficacious 

inhibitor of HCV NS5B polymerase. J. Org. Chem. 2009, 74, 6819-6824. 

13. Lalezari, J.; Asmuth, D.; Vargas, H.; DubucPatrick, G.; Liu, W.; Pietropaolo, K.; Zhou, X.J.; 

Suulivan-Bolyal, J.; Mayers, D. The IDX -08C-003 investigator group, Antiviral Activity, 

Pharmacokinetics and Safety of IDX184 in Combination with Pegylated Interferon (pegIFN) and 

Ribavirin (RBV) in Treatment-Naive HCV Genotype 1-infected Subjects. EasL 2010, 4.15.10. 

14. Ruebsam, F.; Tran, C.V.; Li, L.S.; Kim, S.H.; Xiang, A.X.; Zhou, Y.; Blazel, J.K.; Sun, Z.; 

Dragovich, P.S.; Zhao ,J.; McGuire, H.; Murphy, D.E.; Tran, M.T.; Stankovic, N.; Ellis, D.A.; 

Gobbi, A.; Showalter, R.E.; Webber, S.E.; Shah, A.M.; Tsan, M.; Patel, R.A.; LeBrun, L.A.; Hou, 

H.J.; Kamran, R.; Sergeeva, M.V.; Bartkowski, D.M.; Nolan, T.G.; Norris, D.A.; Kirkovsky, L. 

5,6-Dihydro-1H-pyridin-2-ones as potent inhibitors of HCV NS5B polymerase. Bioorg. Med. 

Chem. Lett. 2009, 19, 451-458. 

15. Gentile, I.; Carleo, M.A.; Borgia, F.; Castaldo, G.; Borgia, G. The efficacy and safety of telaprevir 

- a new protease inhibitor against hepatitis C virus. Expert Opin. Investig. Drugs 2010, 19,  

151-159. 

16. Prevelige Jr., P.E. Inhibiting Virus Capsid Assembly by Altering the Polymerization Pathway. 

Trends Biotechnol. 1998, 16, 61-65. 

17. Bourne, C.R.; Finn, M.G.; Zlotnick, A. Global Structural Changes in Hepatitis B Virus Capsids 

Induced by the Assembly Effector HAP1. J. Virol. 2006, 80, 11055-11061. 



Viruses 2010, 2              

 

 

1747

18. Chan, D.C.; Fass, D.; Berger, J.M.; Kim, P.S. Core structure of gp41 from the HIV envelope 

glycoprotein. Cell 1997, 89, 263-273. 

19. Sticht, J.; Humbert, M.; Findlow, S.; Bodem, J.; Müller, B.; Dietrich, U.; Werner, J.; Kräusslich, 

H.G. A peptide inhibitor of HIV-1 assembly in-vitro. Nat. Struct. Mol. Biol. 2005, 12, 671-677. 

20. Akuta, N.; Suzuki, F.; Hirakawa, M.; Kawamura, Y.; Yatsuji, H.; Sezaki, H.; Suzuki, Y.; Hosaka, 

T.; Kobayashi, M.; Saitoh, S.; Arase, Y.; Ikeda, K.; Chayama, K.; Nakamura, Y.; Kumada, H. 

Amino acid substitution in HCV core region and gentic variation near IL28B gene predict viral 

reposne to telaprevir with peginterferon and ribavirin. Hepatology 2010, Preprint mar 2010. 

21. Courcambeck, J.; Bouzidi, M.; Perbost, R.; Jouirou, B.; Amrani, N.; Cacoub, P.; Pepe, G.; 

Sabatier, J.M.; Halfon, P. Resistance of hepatitis C virus to NS3-4A protease inhibitors: 

mechanisms of drug resistance induced by R155Q, A156T, D168A and D168V mutations. 

Antivir. Ther. 2006, 11, 847-855. 

22. De Francesco, R.; Carfi, A. Advances in the development of new therapeutic agents targeting the 

NS3-4A serine protease or the NS5B RNA-dependent RNA polymerase of the hepatitis C virus. 

Adv. Drug Delivery. Rev. 2007, 59, 1242-1262. 

23. Kota, S.; Coito, C.; Mousseau, G.; Lavergne, J-P; Strosberg, A.D. Peptide inhibitors of Hepatitis 

C Virus core oligomerization and virus production. J. Gen. Virol. 2009, 90,1319-1328. 

24. Lo, S.Y.; Selby, M.J.; Ou, J.H. Interaction between hepatitis C virus core protein and E1 envelope 

protein. J. Virol. 1996, 70, 5177–5182. 

25. Murray, C.L.; Jones, C.T.; Tassello, J.; Rice, C.M. Alanine Scanning of the Hepatitis C Virus 

Core Protein Reveals Numerous Residues Essential for Infectious Virus Production. J. Virol. 

2007, 81, 10220-10231. 

26. Ma, Y.; Yates, J.; Liang, Y.; Lemon, S.M.; Yi, M. NS3 helicase domains involved in infectious 

intracellular hepatitis C virus particle assembly. J. Virol. 2008, 82, 7624-7639. 

27. McLauchlan, J. Lipid droplets and hepatitis C infection. Biochim. Biophys. Acta 2009, 1791,  

552–559. 

28. Miyanari, Y.; Atsuzawa, K.; Usuda, N.; Watashi, K.; Hishiki, T.; Zayas, M.; Bartenschlager, R.; 

Wakita, T.; Hijikata, M.; Shimotohno, K. The lipid droplet is an important organelle for hepatitis 

C virus production. Nat. Cell Biol. 2007, 9, 1089-1097  

29. Flajolet, M.; Rotondo, G.; Daviet, L.; Bergametti, F.; Inchauspe, G.; Tiollais, P.; Transy, C.; 

Legrain, P. A genomic approach of the hepatitis C virus generates a protein interaction map. Gene 

2000, 242, 369-379. 

30. Goh, P.Y.; Tan, Y.J.; Lim, S.P.; Lim, S.G.; Tan, Y.H.; Hong, W.J. The hepatitis C virus core 

protein interacts with NS5A and activates its caspase-mediated proteolytic cleavage. Virology 

2001, 290, 224-236. 

31. Dimitrova, M.; Imbert, I.; Kieny, M.P. Schuster,C. Protein-protein interactions between hepatitis 

C virus nonstructural proteins. J. Virol. 2003, 77, 5401-5414. 

32. Masaki, T.; Suzuki, R.; Murakami, K.; Aizaki, H.; Ishii, K.; Murayama, A.; Date, T.; Matsuura, 

Y.; Miyamura, T.; Wakita, T.; Suzuki, T. Interaction of Hepatitis C Virus Nonstructural Protein 

5A with Core Protein Is Critical for the Production of Infectious Virus Particles J. Virol. 2008, 82, 

7964-7976. 



Viruses 2010, 2              

 

 

1748

33. Appel, N.; Zayas, M.; Miller, S.; Krijnse-Locker, J.; Schaller, T.; Friebe, P.; Kallis, S.; Engel, U.; 

Bartenschlager, R. Essential role of domain III of nonstructural protein 5A for hepatitis C virus 

infectious particle assembly. PLoS Pathog. 2008, 4, e1000035. 

34. Duvignaud, J.B.; Savard, C.; Fromentin, R.; Majeau, N.; Leclerc, D.; Gagné, S.M. Structure and 

dynamics of the N-terminal half of hepatitis C virus core protein: An intrinsically unstructured 

protein. Biochem. Biophys. Res. Commun. 2008, 378, 27-31. 

35. Barba, G.; Harper, F.; Harada, T.; Kohara, M.; Goulinet, S.; Matsuura, Y.; Eder, G.; Schaff, Z.; 

Chapman, M.J.; Miyamura, T.; Brechot, C. Hepatitis C virus core protein shows a cytoplasmic 

localization and associates to cellular lipid storage droplets. Proc. Natl. Acad. Sci. U. S. A. 1997, 

94, 1200–1205. 

36. Shavinskay, A.; Boulant, S.; Penin, F.; McLauchlan, J.; Bartenschlager,R. The lipid droplet 

binding domain of hepatitis C virus core protein is a major determinant for efficient virus 

assembly. J.Biol.Chem. 2007, 282, 37158-37169. 

37. Penin, F.; Dubuisson, J.; Rey, F.A.; Moradpour, D.; Pawlotsky, J.M. Structural biology of 

hepatitis C virus. Hepatology 2004, 39, 5-19. 

38. Santolini, E.; Migliaccio, G.; LaMonica, N. Biosynthesis and biochemical properties of the 

hepatitis C virus core protein. J. Virol. 1994, 68, 3631-3641. 

39. Hüssy, P.; Langen, H.; Mous, J.; Jacobsen, H. Hepatitis C Virus Core Protein: Carboxy-Terminal 

Boundaries of Two Processed Species Suggest Cleavage by a Signal Peptide Peptidase Virology 

1996, 224, 93-104. 

40. McLauchlan, J.; Lemberg, M.K.; Hope, G.; Martoglio, B. Intramembrane proteolysis promotes 

trafficking of hepatitis C virus core protein to lipid droplets. EMBO J. 2002, 21, 3980-3988. 

41. Ai, L.; Lee, Y.W.; Chen, S.S. Characterization of hepatitis C virus core protein multimerization 

and membrane envelopment: revelation of a cascade of core-membrane interactions. J. Virol. 

2009, 83, 9923-9939. 

42. Jones, C.T.; Murray, C.; Eastman, D.K.; Tassello, J.; Rice, C.M. Hepatitis C virus p7 and NS2 

proteins are essential for production of infectious virus. J. Virol. 2007, 81, 8374-8383. 

43. Yi, M.; Ma, Y.; Yates, J.; Lemon, S.M. Compensatory mutations in E1, p7, NS2, and NS3 

enhance yields of cell culture-infectious intergenotypic chimeric hepatitis C virus. J. Virol. 2007, 

81, 629-638. 

44. Popescu, C.I.; Dubuisson, J. Role of lipid metabolism in hepatitis C virus assembly and entry. 

Biol. Cell 2009, 102, 63-74. 

45. Targett-Adams, P.; Boulant, S.; Douglas, M.W.; McLauchlan, J. Lipid Metabolism and HCV 

Infection. Viruses 2010, 2,1195-1217. 

46. Kopp, M.; Murray, C.L.; Jones, C.T.; Rice, C.M. Genetic analysis of the carboxy –terminal region 

of the Hepatitis C virus core protein. J. Virol. 2010, 84, 1666-1673. 

47. McLauchlan, J. Hepatitis C virus: viral proteins on the move. Biochem. Soc. Trans. 2009, 37,  

986-990. 

48. Andre, P.; Komurian-Pradel, F.; Deforges, S.; Perret, M.; Berland, J.L.; Sodoyer, M.; Pol, S.; 

Brechot, C.; Paranhos-Baccala, G.; Lotteau, V. Characterization of low- and very-low-density 

hepatitis C virus RNA-containing particles. J. Virol. 2002, 76, 6919-6928. 



Viruses 2010, 2              

 

 

1749

49. Depla, M.; Uzbekov, R.; Hourioux, C.; Blanchard, E.; LeGouge, A.; Gillet, L.; Roingeard, P. 

Ultrastructural and quantitative analysis of the lipid droplet clustering induced by hepatitis C virus 

core protein. Cell Mol. Life Sci. 2010, DOI:0.1007/s00018-010-0373-z. 

50. Kim, M.; Ha, Y.; Park, H.J. Structural requirements for assembly and homotypic interactions of 

the hepatitis C virus core protein. Virus Res. 2006, 122,137-43. 

51. Boulant, S.; Targett-Adams, P.; McLauchlan, J. Disrupting the association of hepatitis C virus 

core protein with lipid droplets correlates with a loss in production of infectious virus. J. Gen. 

Virol. 2007, 88, 2204-2213. 

52. Cristofari, G.; Ivanyi-Nagy, R.; Gabus, C.; Boulant, S.; Lavergne, J.P.; Penin, F.; Darlix, J.L. The 

hepatitis C virus Core protein is a potent nucleic acid chaperone that directs dimerization of the 

viral (+) strand RNA in vitro. Nucleic Acids Res. 2004, 32, 2623-2631. 

53. Ivanyi-Nagy, R.; Kanevsky, I.; Gabus, C.; Lavergne, J.P.; Ficheux, D.; Penin, F.; Fosse, P.; 

Darlix, J.L. Analysis of hepatitis C virus RNA dimerization and core-RNA interactions. Nucleic 

Acids Res. 2006, 34, 2618-2633. 

54. Boulant, S.; Montserret, R.; Hope, R.G.; Ratinier, M.; Targett-Adams, P.; Lavergne, J.P.; Penin, 

F.; McLauchlan, J. Structural determinants that target the hepatitis C virus core protein to lipid 

droplets. J. Biol. Chem. 2006, 281, 22236-22247. 

55. Boulant, S.; Vanabelle, C.; Ebel, C.; Penin, F.; Lavergne, J.P. Hepatitis C virus core protein is a 

dimeric alpha-helical protein exhibiting membrane protein features. J. Virol. 2005, 79,  

11353-11365. 

56. Lemberg, M.K.; Martoglio, B. Requirements for signal peptide peptidase-catalyzed 

intramembrane proteolysis. Mol. Cell. 2002, 10, 735-744. 

57. Okamoto, K.; Mori, Y.; Komoda, Y.; Okamoto, T.; Okochi, M.; Takeda, M.; Suzuki, T.; Morishi, 

K.; Matsuura, Y. Intramembrane processing by signal peptide peptidase regulates the membrane 

localization of hepatitis C virus core protein and viral propagation. J. Virol. 2008, 82, 8349-8361. 

58. Yasui, K.; Wakita, T.; Tsukiyama-Kohara, K.; Funahashi, S.-I.; Ichikawa, M.; Kajita, T.; 

Moradpour, D.; Wands, J.R.; Kohara, M. The Native Form and Maturation Process of Hepatitis C 

Virus Core Protein. J. Virol. 1998, 72, 6048-6055. 

59. Kunkel, M.; Lorinczi, M.; Rijnbrand, R.; Lemon, S.M.; Watowich, S.J. Self-assembly of 

nucleocapsid-like particles from recombinant hepatitis C virus core protein. J. Virol. 2001, 75, 

2119-2129. 

60. Boulant, S.; Targett-Adams, P.; McLauchlan, J. Disrupting the association of hepatitis C virus 

core protein with lipid droplets correlates with a loss in production of infectious virus. J. Gen. 

Virol. 2007, 88, 2204-2213. 

61. Fromentin, R.; Majeau, N.; Laliberte Gagne, M.E.; Boivin, A.; Duvignaud, J.B.; Leclerc, D.A. 

method for in vitro assembly of hepatitis C virus core protein and for screening of inhibitors. 

Anal. Biochem. 2007, 366, 37-45. 

62. Matsumoto, M.; Hsieh, T.Y.; Zhu, N.; VanArsdale, T.; Hwang, S.B.; Jeng, K.S.; Gorbalenya, 

A.E.; Lo, S.Y.; Ou, J.H.; Ware, C.F.; Lai, M.M. Hepatitis C virus core protein interacts with the 

cytoplasmic tail of lymphotoxin-beta receptor. J. Virol. 1997, 71, 1301-1309. 

63. Nolandt, O.; Kern, V.; Muller, H.; Pfaff, E.; Theilmann, L.; Welke, R.; Krausslich, H.G. Analysis 

of hepatitis C virus core protein interaction domains. J. Gen. Virol. 1997, 78, 1331-1340. 



Viruses 2010, 2              

 

 

1750

64. Klein, K.C.; Polyak, S.J.; Lingappa, J.R. Unique features of hepatitis C virus capsid formation 

revealed by de novo cell-free assembly. J. Virol. 2004, 78, 9257-9269. 

65. Majeau, N.; Gagne, V.; Boivin, A.; Bolduc, M.; Majeau, J.A.; Ouellet, D.; Leclerc, D. The N-

terminal half of the core protein of hepatitis C virus is sufficient for nucleocapsid formation.  

J. Gen. Virol. 2004, 85, 971-981. 

66. Majeau, N.; Fromentin, R.; Savard, C.; Duval, M.; Tremblay, M.J.; Leclerc, D. Palmitoylation of 

hepatitis C virus core protein is important for virion production. J. Biol. Chem. 2009, 85,  

971–981. 

67. Moriya, K.; Fujie, H. The Core Protein of Hepatitis C Virus Induces Hepatocellular Carcinoma in 

Transgenic Mice. Nat. Med. 1998, 4, 1065-1069. 

68. Moriya, K.; Yotsuyanagi, H.; Shintani, Y.; Fujie, H.; Ishibashi, K.; Matsuura, Y.; Miyamura, T.; 

Koike, K. Hepatitis C virus core protein induces hepatic steatosis in transgenic mice. J. Gen. 

Virol. 1997, 78, 1527-1531. 

69. Kota, S.; Scampavia, L.; Spicer, T.; Beeler, A.B.; Takahashi, V.; Snyder, J.K.; Porco, J.A.Jr.; 

Hodder, P.; Strosberg, A.D. A homogeneous time resolved fluorescence assay for identifying 

inhibitors of Hepatitis C virus dimerization. Assay Drug Dev. Technol. 2010, 8, 96-105. 

70. Wei, W.; Cai, C.; Kota, S.; Takahashi, V.; Strosberg, A.D.; Snyder, J.K. New Small Molecule 

Inhibitors of Hepatitis C Virus Bioorg. Med. Chem. Lett. 2009, 19, 6926-6930. 

71. Peppard, J.; Glickman, F.; He, Y.; Hu, S.I.; Doughty, J.; Goldberg, R. Development of a high-

throughput screening assay for inhibitors of aggrecan cleavage using luminescent oxygen 

channeling (AlphaScreen). J. Biomol. Screen. 2003, 8, 149-156. 

72. Wells, J.A.; McClendon, C.L. Reaching for high-hanging fruit in drug discovery at protein-protein 

interfaces. Nature 2007, 450, 1001-1009. 

73. Nolandt,O.; Kern,V.; Muller,H.; Pfaff,E.; Theilmann,L.; Welker,R.; Krausslich,H.G. Analysis of 

hepatitis C virus core protein interaction domains. J. Gen. Virol. 1997, 78, 1331-1340. 

74. Mousseau, G.; Strosberg, A.D. The Scripps Research Institute, Jupiter, FL, USA. Personal 

communication, 2008. 

75. Cordell, G.A. The Aspidosperma Alkaloids. In The Alkaloids, Manske, R.H.F., Rodrigo, R.G.A., 

Eds.; Academic Press, NewYork, NY, USA, 1978, 17, pp. 199-384. 

76. Saxton, J.E. Alkaloids of the Aspidospermine Group. In The Alkaloids. Cordell, G.A, Ed.; 

Academic Press: New York, NY, USA, 1998, 51, pp. 2-198. 

77. Benson, S.C.; Lee, L.; Yang, L.; Snyder, J.K. Intramolecular Inverse Electron Demand Diels-

Alder Reactions of Tryptamine with Tethered Heteroaromatic Azadienes. Tetrahedron 2000, 56, 

1165-1180. 

78. Lindenbach, B.D.; Evans, M.J.; Syder, A.J.; Wolk, B.; Tellinghuisen, T.L.; Liu, C.C.; Maruyama, 

T.; Hynes, R.O.; Burton, D.R.; McKeating, J.A.; Rice, C.M. Complete replication of hepatitis C 

virus in cell culture. Science 2005, 309, 623-626. 

79. Zhong, J.; Gastaminza, P.; Cheng, G.; Kapadia, S.; Kato, T.; Burton, D.R.; Wieland, S.F.; 

Uprichard, S.L.; Wakita, T.; Chisari, F.V. Robust hepatitis C virus infection in vitro. Proc. Natl. 

Acad. Sci. U. S. A. 2005, 102, 9294-9299. 



Viruses 2010, 2              

 

 

1751

80. Wakita, T.; Pietschmann, T.; Kato, T.; Date, T.; Miyamoto, M.; Zhao, Z.; Murthy, K.; 

Habermann, A.; Krausslich, H.G.; Mizokami, M.; Bartenschlager, R.; Liang, T.J. Production of 

infectious hepatitis C virus in tissue culture from a cloned viral genome. Nat. Med. 2005, 11,  

791-796. 

81. Cheng, G.; Montero, A.; Gastaminza, P.; Whitten-Bauer, C.; Wieland, S.F.; Isogawa, M.; 

Fredericksen, B.; Selvarajah, S.; Gallay, P.A.; Ghadiri, M.R.; Chisari, F.V. A virocidal 

amphipathic {alpha}-helical peptide that inhibits hepatitis C virus infection in vitro. Proc. Natl. 

Acad. Sci. U. S. A. 2008, 105, 3088-3093. 

82. Heller, T.; Saito, S.; Auerbach, J.; Williams, T.; Moreen, T.R.; Jazwinski, A.; Cruz, B.; Jeurkar, 

N.; Sapp, R.; Luo, G.; Liang, T.J. An in vitro model of hepatitis C virion production. Proc. Natl. 

Acad. Sci. U. S. A. 2005, 102, 2579-2583. 

  

© 2010 by the authors; licensee MDPI, Basel, Switzerland. This article is an Open Access article 

distributed under the terms and conditions of the Creative Commons Attribution license 

(http://creativecommons.org/licenses/by/3.0/). 

 


