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SHORT ABSTRACT:
Here, we present a method for screening anti-hepatitis B viral agents that inhibit the HBx–DDB1 interaction using a split luciferase assay system. This system allows easy detection of protein–protein interactions and is suitable for identifying inhibitors of such interactions.

LONG ABSTRACT:
There is an urgent need for novel therapeutic agents for hepatitis B virus (HBV) infection. Although currently available nucleos(t)ide analogs potently inhibit viral replication, they have no direct effect on the expression of viral proteins transcribed from a viral covalently closed circular DNA (cccDNA). As high viral antigen load may play a role in this chronic and HBV-related carcinogenesis, the goal of HBV treatment is to eradicate viral proteins. HBV regulatory protein X (HBx) binds to the host DNA damage-binding protein 1 (DDB1) protein to degrade structural maintenance of chromosomes 5/6 (Smc5/6), resulting in activation of viral transcription from cccDNA. Here, using a split luciferase complementation assay system, we present a comprehensive compound screening system to identify inhibitors of the HBx–DDB1 interaction. Our protocol enables easy detection of interaction dynamics in real time within living cells. This technique may become a key assay to discover novel therapeutic agents for treatment of HBV infection.

INTRODUCTION:
Hepatitis B virus (HBV) infection is a major public health concern worldwide, with annual estimates of 240 million people chronically infected with HBV and 90,000 deaths due to complications from the infection, including cirrhosis and hepatocellular carcinoma (HCC)1. Although the current anti-HBV therapeutic agents, nucleos(t)ide analogues, sufficiently inhibit viral reverse transcription, they rarely achieve elimination of viral proteins, which is the long-term clinical goal. Their poor effect on viral protein elimination is due to their lack of direct effect on viral transcription from episomal viral covalently closed circular DNA (cccDNA) minichromosomes in the hepatocyte nucleus2.

HBV transcription is activated by HBV regulatory X (HBx) protein3. Recent studies revealed that HBx degrades structural maintenance of chromosomes 5/6 (Smc5/6), a host restriction factor that blocks HBV transcription from cccDNA, via hijacking a DDB1-CUL4-ROC1 E3 ubiquitin ligase complex4,5,6. Therefore, a crucial step in promoting viral transcription from cccDNA is thought to be the HBx–DDB1 interaction. Compounds capable of inhibiting the binding between HBx and DDB1 may block viral transcription, and indeed nitazoxanide was identified as an inhibitor of the HBx–DDB1 interaction via a screening system developed in our laboratory7.

Here, we present our convenient screening system used to identify inhibitors of the HBx–DDB1 interaction, which utilizes a split luciferase complementary assay7,8. Split luciferase subunits are fused to HBx and DDB1, and the HBx–DDB1 interaction brings the subunits into close proximity to form a functional enzyme that generates a bright luminescent signal. As the interaction between the subunits is reversible, this system can detect rapidly dissociating HBx–DDB1 proteins (Figure 1). Using this system, a large compound library can be easily screened, which may result in the discovery of novel compounds capable of efficiently inhibiting the HBx–DDB1 interaction.

PROTOCOL:
NOTE: A schematic representation of the split luciferase assay is shown in Figure 1A, and the assay process is outlined in Figure 1B. The interaction dynamics can be measured in real time without cell lysis.

1. Cell preparation

1.1. Maintain cultured HEK293T cells in Dulbecco’s modified Eagle’s medium (DMEM) supplemented with 10% v/v fetal bovine serum (FBS), 1x penicillin/streptomycin at 37 &#176;C in 20% O2 and 5% CO2.

1.2. Seed 5 x 106 cells into a 100 mm dish with 10 mL of DMEM and incubate at 37 &#176;C overnight.

1.3. Transiently transfect 1 &#181;g of HBx and DDB1 with split luciferases into the cells according to the following method. 

NOTE: The amount of the plasmid DNA transfected may depend on the transfection regent used. The optimal position of the split luciferase fused to the target protein must be determined beforehand. In this case, HBx fused to LgBit at the C-terminus of HBx (HBx–LgBit) and DDB1 fused to SmBit at the N-terminus of DDB1 (SmBit–DDB1) provided the best results (i.e., the brightest luciferase signals). This process has been reported previously in detail7. 

1.3.1. Dilute 1 &#181;g of HBx–LgBit expressing DNA plasmid and 1 &#181;g of SmBit–DDB1 expressing DNA plasmid (Table of Materials) in DNA condensation buffer (Table of Materials) to a total volume of 300 &#181;L.

1.3.2. Add 16 &#181;L of enhancer solution (Table of Materials) and mix by vortexing for 1 s.

1.3.3. Incubate the sample at room temperature for 3 min.

1.3.4. Add 60 &#181;L of transfection reagent (Table of Materials) to the sample and mix by vortexing for 10 s.

1.3.5. Incubate the sample at room temperature for 8 min.

1.3.6. During incubation, aspirate the culture medium from the dish (prepared in step 1.2), and wash cells with 5 mL of phosphate-buffered saline (PBS). Remove PBS by aspiration and add 7 mL of DMEM.

1.3.7. Add 3 mL of DMEM to the tube containing the transfection complexes. Mix by pipetting and add the transfection complexes onto the cell in the 10 cm dish.

1.4. Incubate the cells at 37 &#176;C in an incubator under 5% CO2 for 10 h.

1.5. Reseed the cells into a white 96 well plate at 5 x 104 cells/well in 50 &#181;L of medium/well according to the following method.

1.5.1. Remove the spent cell culture medium and wash cells with 5 mL of PBS.

1.5.2. Remove PBS by aspiration, add 1 mL of 0.25% trypsin-EDTA, and incubate at 37 &#176;C for 5 min to detach cells.

1.5.3. Add 4 mL of DMEM and disperse the medium by pipetting over the surface of the cell layer several times. Transfer the cell suspension to a tube.

1.5.4. Centrifuge cells at 500 x g for 5 min at room temperature.

1.5.6. Discard supernatant and resuspend the cell pellet in 1 mL of PBS.

1.5.7. Centrifuge the cell suspension at 500 x g for 5 min at room temperature and discard supernatant.

1.5.8. Dilute the cell pellet with buffered cell culture medium (Table of Materials) supplemented with 10% FBS to a seeding density of 1.0 x 106 cells/mL.

1.5.9. Pipette 50 &#181;L of cell suspension into each well of a 96 well plate and return the cells to the incubator.

1.6. Incubate cells at 37 &#176;C under 5% CO2 for 10 h.

2. Compound screening

2.1. During the incubation, dilute the screening compounds (Table of Materials) and solvent (dimethyl sulfoxide [DMSO]) at 13.5x concentration. For example, if the stock is 10 mM and the screening concentration is 10 &#181;M, add 1 &#181;L of stock solution to 73.1 &#181;L of buffered cell culture medium.

2.2. Add 12.5 &#181;L of luminescent substrate (Table of Materials) to each well and incubate for 5 min at room temperature.

NOTE: As negative controls, the wells at both ends of the plate (i.e., columns 1 and 12) should contain no luminescent substrate.

2.3. Measure the baseline luminescence using a luminometer (Table of Materials). 

2.4. Immediately after the initial measurement, add 5 &#181;L of compounds and control DMSO diluted in step 2.1 to each well. 

NOTE: The final concentration will be 10 &#181;M.

2.5. Measure luminescence values every 30 min for 2 h.

NOTE: The plate should be incubated in the dark at room temperature.

2.6. Calculate the inhibitory effects by comparison with control DMSO treatment after normalization to the baseline signals.

NOTE: Screening each compound in duplicate or triplicate can reduce variation.

REPRESENTATIVE RESULTS:
Representative outcomes following the use of this protocol are shown in Figure 2A,B. The signal-to-background ratio was greater than 80 and the Z' factor9 (the gold standard quality index for high-throughput screening) was greater than 0.5, indicating that this assay system was acceptable for high-throughput screening. With the threshold set to &gt;40% inhibition compared with the control (DMSO only), we identified nitazoxanide as a candidate drug7. Using this system, better candidate drugs can be found by screening other, larger compound libraries.

Figure 1: Schematic representation of split luciferase analysis of the HBx–DDB1 interaction. (A) The principle underlying detection of HBx–DDB1 binding using the split luciferase complementary assay system. The separated luciferase subunits, LgBit and SmBit, are fused to HBx and DDB1, respectively. The HBx–DDB1 interaction brings the subunits into close proximity to form a functional enzyme that generates a luminescent signal. The interaction between the subunits is reversible. (B) Split luciferase assay. After co-transfection of plasmids for expression of HBx fused to LgBit and DDB1 fused to SmBit, cells were re-seeded into a 96 well plate. The addition of luminescent substrate enables measurement of luciferase activity without a cell lysis step. Luciferase activities can be measured after adding the screening compounds.

Figure 2: Successful results of the split luciferase assay. (A) Representative baseline luminescent signals from a 96 well plate. Luciferase intensity is represented by numbers and colors. Columns 1 and 12 are controls in which the luminescent substrate was not added. The Z' factor was greater than 0.5. (B) Representative time-series result of relative luciferase activity levels after addition of screening compounds to a 96 well plate. The x-axis represents the inhibitory effects calculated compared to control (DMSO) after standardization to the baseline luciferase activity. The most effective compound was nitazoxanide.

DISCUSSION: 
We developed a convenient screening method using a split luciferase assay to find HBx–DDB1 binding inhibitors. The interaction dynamics can be detected in real time in living cells without the need for cell lysis. Inhibition of the HBx–DDB1 interaction leads to restoration of Smc5/6, which results in suppression of viral transcription, protein expression, and cccDNA production7. This novel mechanism of antiviral action may overcome the inadequacies of current HBV therapies.

Although a number of methods are available to investigate protein–protein interactions in living cells, examining these interactions remain difficult10. Our procedure is simple and requires only a short time to screen one 96 well plate. Moreover, the screening quality was satisfactory with a high Z' score, the gold standard quality index for high-throughput screening9. Our assay may be suitable for robotic automation11 and is an efficient assay for drug discovery.

While the protocol described here used the HEK293T cell line because its high transfection efficacy and high proliferation ability are suitable for high-throughput screening, this screening method can be performed using other cell lines (e.g., HepG2) without modifications7. As a realistic strategy for screening compounds, HEK293T cells may be used in the first screening followed by HepG2 cells in a second validation screening. Some compounds may not show significant results in different cell lines when the effects are dependent on indirect mechanisms.

As our intention was to develop a high-throughput screening method, subsequent validation studies are necessary to confirm whether the identified compounds function as interaction inhibitors. Decreased levels of luminescent signals in this assay do not always correspond to inhibition of the HBx–DDB1 interaction. Cytotoxicity tests, co-immunoprecipitation studies, and further anti-HBV experiments are important to confirm the effects7.

Although we previously identified nitazoxanide as an inhibitor of the HBx–DDB1 interaction by screening a relatively small-scale compound library7, further studies involving screening of much larger compound libraries can be easily performed to identify novel compounds that are capable of inhibiting protein–protein interactions more efficiently. When performing such further screening, nitazoxanide can be used as a positive control for the assay. Furthermore, the system described here can be applied to other protein–protein interactions. Protein–protein interactions are an important class of drug targets12. Indeed, many other viruses interact with host factors to replicate or express their pathogenicity13,14. The split luciferase-based assay described here, which targets the interactions between viral and host proteins, may provide a new strategy to develop cures for HBV and other infectious diseases.
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