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Dear Editor-in-Chief,
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We appreciate the comments by the editors. We herewith submit our revised manuscript along with a
letter containing point-by-point responses to the comments.

As noted in the cover letter for the original manuscript, we described a convenient method to identify
HBx-DDB1 interaction inhibitor. This method may become a key assay to discover novel
therapeutic agents for chronic HBV hepatitis.

We have addressed all the critical issues raised by the editors and hope that the manuscript is now
suitable for publication in JOVE.

The revised manuscript contains:
e # Text: 2,515 words (including captions and references)
e #2Figures
e # Supporting information (Table of Materials)

Thank you for your time and consideration.
Sincerely yours,
Kazuma Sekiba, M.D.

Department of Gastroenterology, Graduate School of Medicine,
The University of Tokyo, Japan.
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22 SUMMARY:
23 Here, we present a method for screening anti-hepatitis B viral agents that inhibit the HBx-DDB1
24 interaction using a split luciferase assay system. This system allows easy detection of protein—
25  proteininteractions and is suitable for identifying inhibitors of such interactions.
26
27  ABSTRACT:
28 There is an urgent need for novel therapeutic agents for hepatitis B virus (HBV) infection.
29  Although currently available nucleos(t)ide analogs potently inhibit viral replication, they have no
30 direct effect on the expression of viral proteins transcribed from a viral covalently closed circular
31 DNA (cccDNA). As high viral antigen load may play a role in this chronic and HBV-related
32  carcinogenesis, the goal of HBV treatment is to eradicate viral proteins. HBV regulatory protein
33 X (HBx) binds to the host DNA damage-binding protein 1 (DDB1) protein to degrade structural
34  maintenance of chromosomes 5/6 (Smc5/6), resulting in activation of viral transcription from
35 cccDNA. Here, using a split luciferase complementation assay system, we present a
36 comprehensive compound screening system to identify inhibitors of the HBx—DDB1 interaction.
37  Our protocol enables easy detection of interaction dynamics in real time within living cells. This
38 technique may become a key assay to discover novel therapeutic agents for treatment of HBV
39 infection.
40
41 INTRODUCTION:
42  Hepatitis B virus (HBV) infection is a major public health concern worldwide, with annual
43  estimates of 240 million people chronically infected with HBV and 90,000 deaths due to
44  complications from the infection, including cirrhosis and hepatocellular carcinoma (HCC).
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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 nucleus?.

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
complex*®. 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 laboratory’.

Here, we present our convenient screening system used to identify inhibitors of the HBx—DDB1
interaction, which utilizes a split luciferase complementary assay’:2. 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 °C in 20%
02 and 5% CO».

1.2. Seed 5 x 10° cells into a 100 mm dish with 10 mL of DMEM and incubate at 37 °C overnight.

1.3. Transiently transfect 1 pg 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
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luciferase signals). This process has been reported previously in detail’.

1.3.1. Dilute 1 pg of HBx—LgBit expressing DNA plasmid and 1 ug of SmBit—DDB1 expressing DNA
plasmid (Table of Materials) in DNA condensation buffer (Table of Materials) to a total volume
of 300 pL.

1.3.2. Add 16 pL 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 pL 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 °C in an incubator under 5% CO; for 10 h.

1.5. Reseed the cells into a white 96 well plate at 5 x 10* cells/well in 50 uL 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 °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 10° cells/mL.
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1.5.9. Pipette 50 uL of cell suspension into each well of a 96 well plate and return the cells to the
incubator.

1.6. Incubate cells at 37 °C under 5% CO; 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 uM, add 1 pL of stock solution to 73.1 uL of buffered cell culture
medium.

2.2. Add 12.5 pL 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 puL of compounds and control DMSO
diluted in step 2.1 to each well.

NOTE: The final concentration will be 10 uM.
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' factor® (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 >40% inhibition compared
with the control (DMSO only), we identified nitazoxanide as a candidate drug’. Using this system,
better candidate drugs can be found by screening other, larger compound libraries.

FIGURE LEGENDS:
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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 production’.
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 difficult'®. 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 screening®. Our assay may be
suitable for robotic automation!! 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 modifications’. 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
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further anti-HBV experiments are important to confirm the effects’.

Although we previously identified nitazoxanide as an inhibitor of the HBx—DDB1 interaction by
screening a relatively small-scale compound library’, 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 targets'2. Indeed, many other viruses interact with host factors to
replicate or express their pathogenicity!>!4. 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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anthology or encyclopedia, in which the Materials in their
entirety in unmodified form, along with a number of other
contributions, constituting separate and independent
works in themselves, are assembled into a collective whole;
“CRC License” means the Creative Commons Attribution-
Non Commercial-No Derivs 3.0 Unported Agreement, the
terms and conditions of which can be found at:
http://creativecommons.org/licenses/by-nc-

nd/3.0/legalcode; “Derivative Work” means a work based
upon the Materials or upon the Materials and other pre-
existing works, such as a translation, musical arrangement,
dramatization, fictionalization, motion picture version,
sound recording, art reproduction, abridgment,
condensation, or any other form in which the Materials may
be recast, transformed, or adapted; “Institution” means
the institution, listed on the last page of this Agreement, by
which the Author was employed at the time of the creation
of the Materials; “JoVE” means Mylove Corporation, a
Massachusetts corporation and the publisher of The Journal
of Visualized Experiments; “Materials” means the Article
and / or the Video; “Parties” means the Author and JoVE;
“Video” means any video(s) made by the Author, alone or
in conjunction with any other parties, or by JoVE or its
affiliates or agents, individually or in collaboration with the
Author or any other parties, incorporating all or any portion

of the Article, and in which the Author may or may not
appear.

2. Background. The Author, who is the author of the
Article, in order to ensure the dissemination and protection
of the Article, desires to have the JoVE publish the Article
and create and transmit videos based on the Article. In
furtherance of such goals, the Parties desire to memorialize
in this Agreement the respective rights of each Party in and
to the Article and the Video.

3. Grant of Rights in Article. In consideration of JoVE
agreeing to publish the Article, the Author hereby grants to
JoVE, subject to Sections 4 and 7 below, the exclusive,
royalty-free, perpetual (for the full term of copyright in the
Article, including any extensions thereto) license (a) to
publish, reproduce, distribute, display and store the Article
in all forms, formats and media whether now known or
hereafter developed (including without limitation in print,
digital and electronic form) throughout the world, (b) to
translate the Article into other languages, create
adaptations, summaries or extracts of the Article or other
Derivative Works (including, without limitation, the Video)
or Collective Works based on all or any portion of the Article
and exercise all of the rights set forth in (a) above in such
translations, adaptations, summaries, extracts, Derivative
Works or Collective Works and(c) to license others to do any
or all of the above. The foregoing rights may be exercised in
all media and formats, whether now known or hereafter
devised, and include the right to make such modifications
as are technically necessary to exercise the rights in other
media and formats. If the “Open Access” box has been
checked in Item 1 above, JoVE and the Author hereby grant
to the public all such rights in the Article as provided in, but
subject to all limitations and requirements set forth in, the
CRC License.
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4, Retention of Rights in Article. Notwithstanding
the exclusive license granted to JoVE in Section 3 above, the
Author shall, with respect to the Article, retain the non-
exclusive right to use all or part of the Article for the non-
commercial purpose of giving lectures, presentations or
teaching classes, and to post a copy of the Article on the
Institution’s website or the Author’s personal website, in
each case provided that a link to the Article on the JoVE
website is provided and notice of JoVE’s copyright in the
Article is included. All non-copyright intellectual property
rights in and to the Article, such as patent rights, shall
remain with the Author.

5. Grant of Rights in Video — Standard Access. This
Section 5 applies if the “Standard Access” box has been
checked in Item 1 above or if no box has been checked in
Item 1 above. In consideration of JoVE agreeing to produce,
display or otherwise assist with the Video, the Author
hereby acknowledges and agrees that, Subject to Section 7
below, JoVE is and shall be the sole and exclusive owner of
all rights of any nature, including, without limitation, all
copyrights, in and to the Video. To the extent that, by law,
the Author is deemed, now or at any time in the future, to
have any rights of any nature in or to the Video, the Author
hereby disclaims all such rights and transfers all such rights
to JoVE.

6. Grant of Rights in Video — Open Access. This
Section 6 applies only if the “Open Access” box has been
checked in Item 1 above. In consideration of JoVE agreeing
to produce, display or otherwise assist with the Video, the
Author hereby grants to JoVE, subject to Section 7 below,
the exclusive, royalty-free, perpetual (for the full term of
copyright in the Article, including any extensions thereto)
license (a) to publish, reproduce, distribute, display and
store the Video in all forms, formats and media whether
now known or hereafter developed (including without
limitation in print, digital and electronic form) throughout
the world, (b) to translate the Video into other languages,
create adaptations, summaries or extracts of the Video or
other Derivative Works or Collective Works based on all or
any portion of the Video and exercise all of the rights set
forth in (a) above in such translations, adaptations,
summaries, extracts, Derivative Works or Collective Works
and (c) to license others to do any or all of the above. The
foregoing rights may be exercised in all media and formats,
whether now known or hereafter devised, and include the
right to make such modifications as are technically
necessary to exercise the rights in other media and formats.
For any Video to which this Section 6 is applicable, JoVE and
the Author hereby grant to the public all such rights in the
Video as provided in, but subject to all limitations and
requirements set forth in, the CRC License.

7. Government Employees. If the Author is a United
States government employee and the Article was prepared
in the course of his or her duties as a United States
government employee, as indicated in Item 2 above, and
any of the licenses or grants granted by the Author
hereunder exceed the scope of the 17 U.S.C. 403, then the
rights granted hereunder shall be limited to the maximum
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rights permitted under such statute. In such case, all
provisions contained herein that are not in conflict with
such statute shall remain in full force and effect, and all
provisions contained herein that do so conflict shall be
deemed to be amended so as to provide to JoVE the
maximum rights permissible within such statute.

8. Protection of the Work. The Author(s) authorize
JoVE to take steps in the Author(s) name and on their behalf
if JoOVE believes some third party could be infringing or
might infringe the copyright of either the Author’s Article
and/or Video.

9. Likeness, Privacy, Personality. The Author hereby
grants JoVE the right to use the Author’s name, voice,
likeness, picture, photograph, image, biography and
performance in any way, commercial or otherwise, in
connection with the Materials and the sale, promotion and
distribution thereof. The Author hereby waives any and all
rights he or she may have, relating to his or her appearance
in the Video or otherwise relating to the Materials, under
all applicable privacy, likeness, personality or similar laws.
10. Author Warranties. The Author represents and
warrants that the Article is original, that it has not been
published, that the copyright interest is owned by the
Author (or, if more than one author is listed at the beginning
of this Agreement, by such authors collectively) and has not
been assigned, licensed, or otherwise transferred to any
other party. The Author represents and warrants that the
author(s) listed at the top of this Agreement are the only
authors of the Materials. If more than one author is listed
at the top of this Agreement and if any such author has not
entered into a separate Article and Video License
Agreement with JoVE relating to the Materials, the Author
represents and warrants that the Author has been
authorized by each of the other such authors to execute this
Agreement on his or her behalf and to bind him or her with
respect to the terms of this Agreement as if each of them
had been a party hereto as an Author. The Author warrants
that the use, reproduction, distribution, public or private
performance or display, and/or modification of all or any
portion of the Materials does not and will not violate,
infringe and/or misappropriate the patent, trademark,
intellectual property or other rights of any third party. The
Author represents and warrants that it has and will
continue to comply with all government, institutional and
other regulations, including, without limitation all
institutional, laboratory, hospital, ethical, human and
animal treatment, privacy, and all other rules, regulations,
laws, procedures or guidelines, applicable to the Materials,
and that all research involving human and animal subjects
has been approved by the Author's relevant institutional
review board.

11. JoVE Discretion. If the Author requests the
assistance of JoVE in producing the Video in the Author’s
facility, the Author shall ensure that the presence of JoVE
employees, agents or independent contractors is in
accordance with the relevant regulations of the Author's
institution. If more than one author is listed at the
beginning of this Agreement, JOVE may, in its sole
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discretion, elect not take any action with respect to the
Article until such time as it has received complete, executed
Article and Video License Agreements from each such
author. JoVE reserves the right, in its absolute and sole
discretion and without giving any reason therefore, to
accept or decline any work submitted to JoVE. JoVE and its
employees, agents and independent contractors shall have
full, unfettered access to the facilities of the Author or of
the Author’s institution as necessary to make the Video,
whether actually published or not. JoVE has sole discretion
as to the method of making and publishing the Materials,
including, without limitation, to all decisions regarding
editing, lighting, filming, timing of publication, if any,
length, quality, content and the like.

12. Indemnification. The Author agrees to indemnify
JoVE and/or its successors and assigns from and against any
and all claims, costs, and expenses, including attorney’s
fees, arising out of any breach of any warranty or other
representations contained herein. The Author further
agrees to indemnify and hold harmless JoVE from and
against any and all claims, costs, and expenses, including
attorney’s fees, resulting from the breach by the Author of
any representation or warranty contained herein or from
allegations or instances of violation of intellectual property
rights, damage to the Author’s or the Author’s institution’s
facilities, fraud, libel, defamation, research, equipment,
experiments, property damage, personal injury, violations
of institutional, laboratory, hospital, ethical, human and
animal treatment, privacy or other rules, regulations, laws,
procedures or guidelines, liabilities and other losses or
damages related in any way to the submission of work to
JoVE, making of videos by JoVE, or publication in JoVE or
elsewhere by JoVE. The Author shall be responsible for, and
shall hold JoVE harmless from, damages caused by lack of
sterilization, lack of cleanliness or by contamination due to
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the making of a video by JoVE its employees, agents or
independent contractors. All sterilization, cleanliness or
decontamination procedures shall be solely the
responsibility of the Author and shall be undertaken at the
Author’s expense. All indemnifications provided herein
shall include JoVE's attorney’s fees and costs related to said
losses or damages. Such indemnification and holding
harmless shall include such losses or damages incurred by,
or in connection with, acts or omissions of JoVE, its
employees, agents or independent contractors.

13. Fees. To cover the cost incurred for publication,
JoVE must receive payment before production and
publication of the Materials. Payment is due in 21 days of
invoice. Should the Materials not be published due to an
editorial or production decision, these funds will be
returned to the Author. Withdrawal by the Author of any
submitted Materials after final peer review approval will
result in a US$1,200 fee to cover pre-production expenses
incurred by JoVE. If payment is not received by the
completion of filming, production and publication of the
Materials will be suspended until payment is received.

14. Transfer, Governing Law. This Agreement may be
assigned by JoVE and shall inure to the benefits of any of
JoVE's successors and assignees. This Agreement shall be
governed and construed by the internal laws of the
Commonwealth of Massachusetts without giving effect to
any conflict of law provision thereunder. This Agreement
may be executed in counterparts, each of which shall be
deemed an original, but all of which together shall be
deemed to me one and the same agreement. A signed copy
of this Agreement delivered by facsimile, e-mail or other
means of electronic transmission shall be deemed to have
the same legal effect as delivery of an original signed copy
of this Agreement.

A signed copy of this document must be sent with all new submissions. Only one Agreement is required per submission.

CORRESPONDING AUTHOR

Name: Kazuma Sekiba

Department: [ penartment of Gastroenterology

Institution: Graduate School of Medicine, The University of Tokyo

Title: A screening method to identify inhibitors of the HBx—DDB1 interaction using a split
luciferase assav svstem
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