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Abstract

A critical part of the hepatitis B virus (HBV) life cycle is the packaging of the pregenomic RNA 

(pgRNA) into nucleocapsids. While this process is known to involve several viral elements, much 

less is known about the identities and roles of host proteins in this process. To better understand 

the role of host proteins, we isolated pgRNA and characterized its protein interactome in cells 

expressing either packaging-competent or packaging-incompetent HBV genomes. We identified 

over 250 host proteins preferentially associated with pgRNA from the packaging-competent 

version of the virus. These included proteins already known to support capsid formation, enhance 

viral gene expression, catalyze nucleocapsid dephosphorylation, and bind to the viral genome, 

demonstrating the ability of the approach to effectively reveal functionally significant host-virus 

interactors. Three of these host proteins, AURKA, YTHDF2, and ATR, were selected for follow-

up analysis. RNA immunoprecipitation qPCR (RIP-qPCR) confirmed pgRNA-protein association 

in cells, and siRNA knockdown of the proteins showed decreased encapsidation efficiency. 

This study provides a template for the use of comparative RNA-protein interactome analysis in 

conjunction with virus engineering to reveal functionally significant host-virus interactions.
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and radiolabeled probe sets. Supplementary Table 2 presents raw data from qPCR assays evaluating RNA capture. Supplementary 
Table 3 presents proteomics data and results from Student’s t-tests. Supplementary Table 4 presents gene ontology analysis results. 
Supplementary Table 5 presents a comprehensive literature research of the proteins enriched in HyPR-MS captures. Supplementary 
Table 6 presents raw qPCR data from RIP-qPCR experiment. Supplementary Table 7 presents raw data from encapsidation blot 
quantification. Supplementary File 1 contains all Supplementary Figures. Supplementary Figure 1 shows the total number of protein 
groups identified in each of the samples. Supplementary Figure 2 shows the median intensity of proteins before and after imputation 
from each sample. Supplementary Figure 3 shows a heatmap of the differentially expressed proteins and Supplementary Figure 4 
shows enriched protein overlap. Supplementary Figures 5 and 6 show uncropped capsid blots and uncropped nucleic acid blots, 
respectively.

HHS Public Access
Author manuscript
J Proteome Res. Author manuscript; available in PMC 2025 January 01.

Published in final edited form as:
J Proteome Res. 2024 September 06; 23(9): 4128–4138. doi:10.1021/acs.jproteome.4c00505.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Keywords

RNA-protein interactions; host-pathogen interactions; hepatitis B virus; viral packaging; RNA 
binding proteins; viral proteomics

Introduction

Hepatitis B virus (HBV) infects over 290 million people globally and increases the risk of 

cirrhosis of the liver and hepatocellular carcinoma for those chronically infected.1 While 

there is a vaccine to protect against infection, once infected there is no cure.2 The HBV virus 

is an enveloped, reverse-transcribing DNA virus with a small 3.2 kilobase genome. Upon 

hepatocyte infection, virions fuse with the cellular membrane to reveal the nucleocapsid 

which delivers the relaxed-circular DNA (rcDNA) into the nucleus. The rcDNA is converted 

by host enzymes into the covalently closed circular DNA (cccDNA).3 The cccDNA serves as 

the transcription template for several subgenomic RNAs (sgRNAs), and the full-length RNA 

genome, pregenomic RNA (pgRNA). Both pgRNA and the sgRNAs serve as mRNAs for the 

translation of viral proteins. Additionally, pgRNA is the form of the genome packaged into 

the viral nucleocapsids.4

The specific packaging of pgRNA is an important part of the viral life cycle and involves 

several viral elements: the ε structure of pgRNA, the multifunctional viral polymerase (P), 

and the viral core protein (Cp). The ε structure is a cis-acting encapsidation element folded 

into a stem loop found at both the 5’ and 3’ ends of pgRNA. However, only the ε loop 

on the 5’ end is used for genome packaging.5, 6 The 5’ ε element interacts with P and this 

pgRNA-P complex is then packaged into the nucleocapsid composed of 120 Cp dimers. In 

the nucleocapsid, pgRNA is reverse transcribed into single stranded DNA which then serves 

as the template for plus strand synthesis to generate the double stranded DNA genome.7–

10 Previous work has highlighted the role of host factors in the viral genome packaging 

process.11–13 However, further studies are needed to better understand the identities and 

functions these host proteins may be playing.

One strategy to further investigate the role of host proteins in viral RNA packaging 

is RNA-protein interaction analysis such as hybridization purification of RNA-protein 

complexes followed by mass spectrometry (HyPR-MS).14–16 In HyPR-MS, cells are cross-

linked with formaldehyde to stabilize RNA-protein complexes, and the complexes are then 

specifically captured by hybridization to biotin-conjugated complementary oligonucleotides. 

The interacting proteins are then identified and quantified by liquid chromatography tandem 

mass spectrometry (LC-MS/MS). We applied this strategy to define and compare the protein 

interactomes of packaging-competent pgRNAs and packaging-incompetent pgRNAs. We 

identified over 250 host proteins specifically associated with the packaging-competent HBV 

pgRNA. Through RNA immunoprecipitation qPCR (RIP-qPCR), we were able to validate 

packaging-specific interactions with pgRNA for three host proteins, AURKA, YTHDF2, and 

ATR. Gene-specific siRNA knockdowns showed decreases in the encapsidation efficiency 

of HBV pgRNA for all three proteins. This study is the first in-depth characterization of 
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proteins binding specifically to packaging-competent pgRNA and provides new insights into 

the role of host proteins in the encapsidation of the viral genome in HBV.

Materials and Methods

Molecular Clones

The HBV molecular clones used in this study were derived from the ayw HBV strain 

(GenBank accession no. V01460.1). The packaging-competent plasmid, pLJ144 (henceforth 

LJ144), contains the complete HBV genome.17–19 The packaging-incompetent plasmid 

pEL43 (henceforth EL43) is defective for pgRNA packaging, pEL43 encodes a deletion 

of the upstream segment of the epsilon (ε) sequence.5 Additionally, it is also defective 

in P protein expression due to a premature stop codon in the P ORF’s thirteenth codon, 

changing the CTG to TAG.20, 21 Although not relevant to this study that focused on viral 

post-transcriptional stages, neither plasmid expresses the envelope proteins due to two 

mutations: (i) the start codon of the S open reading frame (ORF) was changed from the ATG 

to ACG (T154C) and (ii) a premature termination codon TAA was introduced into the sixth 

codon of the S protein ORF (C169A).22 For both plasmids, pgRNA is under transcriptional 

control of the CMV-IE promoter.

Cell lines and DNA transfections

The human liver carcinoma cell line Huh7 was cultured in Dulbecco’s modified Eagle 

essential minimal medium nutrient mixture with Ham’s F-12 medium (DMEMF12; Gibco) 

supplemented to a final concentration of 10% with heat-inactivated fetal bovine serum 

(FBS) and 1% penicillin-streptomycin-L-glutamine (PSG) solution (both from Sigma). 

All transfections were performed using Lipofectamine 3000 (Invitrogen) according to 

manufacturer’s protocol. On the day of transfection, cells were 60% to 80% confluent. 

The total mass of DNA transfected per condition was 1μg/3.3 cm2 cell culture growth 

area. Transfection mixes were added directly to the cell culture medium in each well, 

with the transfection medium replaced with fresh, prewarmed complete medium at 6 hours 

post transfection. At 72 hours post transfection, cells were washed three times with PBS 

and cross-linked by suspending in 1% formaldehyde at room temperature for 10 min. 

The formaldehyde was quenched by adding 100mM Tris-HCl and incubating at room 

temperature for 10 minutes. Cells were then scraped off the dish into 1.5ml tubes, pelleted 

by centrifugation, and washed twice with PBS before being stored frozen at −80°C.

Cell lysis, hybridization, capture, and release of target RNA

The lysis, hybridization, capture, and release protocols are adapted from the HyPR-MS 

protocol in Henke et al., summarized here to include any changes. Each capture replicate 

was approximately 5×107 cells and 4 capture replicates were performed for each plasmid 

condition. Cells were lysed and sonicated as previously described.23 Lysates were incubated 

with pgRNA capture oligonucleotides (COs) and scrambled oligonucleotides (SOs) at 37°C 

for three hours with gentle nutation (Supplementary Table 1). Sera-Mag Streptavidin Coated 

Magnetic Speedbeads (Fisher Scientific) were washed twice at RT and added to the lysate. 

The samples were rocked for one hour before bead collection and lysate removal. Beads 

were then washed and resuspended in release buffer with release oligonucleotides (ROs) 
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(Supplementary Table 1). The beads were gently rocked at RT for one hour to release 

RNA-protein complexes, then the supernatant was isolated and stored at 4 °C prior to 

RT-qPCR and mass spectrometric analyses. The release process was first done with pgRNA 

ROs and then scrambled ROs.

RNA extraction, reverse transcription, and qPCR analysis

A 2% aliquot of each release sample was incubated overnight at 37°C with 1mg/mL 

Proteinase K (Sigma), 4mM CaCl2, and 0.2% LiDS. The RNA was then extracted from each 

sample using TRIzol Reagent (Invitrogen) per the manufacturer’s protocol and precipitated 

in 75% ethanol with 1μL of GlycoBlue coprecipitant (ThermoFisher) at −20°C overnight. 

The RNA was pelleted by centrifugation at 20,000 g at 4°C for 15 min, washed twice 

with 75% ethanol, centrifuged at 20,000 g at 4°C for 15 min, then resuspended in 30μL 

of nuclease free water (Invitrogen). An aliquot of 10μL of the purified RNA was reverse 

transcribed using the High-Capacity cDNA Reverse Transcription Kit (Applied Biosystems) 

per the manufacturer’s protocol. The 20μL reverse transcription product was diluted with 

60μL of nuclease free water (Invitrogen) and analyzed using sequence-specific qPCR 

primers and probes (Supplementary Table 1; Integrated DNA Technologies) and Light 

Cycler 480 Probes Master Mix (Roche) for relative quantitation of RNA on a CFX96 Touch 

real-time PCR detection system (Bio-Rad).

Protein purification, trypsin digestion, and mass spectrometry analysis of peptides

Proteins from the remainder of each capture sample were purified and digested into peptides 

with trypsin using an adapted version of eFASP, as previously described.23, 24 For removal 

of salts from the sample, an OMIX C18 solid-phase extraction pipette tip (Agilent) was 

used according to manufacturer’s instructions. The samples were then dried in a SpeedVac 

and reconstituted in 95:5 H2O: acetonitrile (ACN), 0.1% formic acid. The samples were 

analyzed using an HPLC-ESI-MS/MS system consisting of a high-performance liquid 

chromatography (nanoAcquity, Waters) set in line with an electrospray ionization (ESI) 

Orbitrap mass spectrometer (QE-HF orbitrap, ThermoFisher). A 100μm id × 365μm od 

fused silica capillary micro-column packed with 20cm of 1.7μm diameter, 130 Å pore size, 

C18 beads (Waters BEH), and an emitter tip pulled to approximately 1μm using a laser 

puller (Sutter Instruments) was used for HPLC separation of peptides. Peptides were loaded 

on-column with 2% acetonitrile in 0.1% formic acid at a flowrate of 400nL/min for 30 min. 

Peptides were then eluted at a flowrate of 300nL/min over 150 min with a gradient from 

2% to 30% acetonitrile, in 0.1% formic acid. Full-mass profile scans were performed in the 

orbitrap between 375 and 1500 m/z at a resolution of 120,000, followed by MS/MS collision 

induced dissociation scans of the 10 highest intensity parent ions at 35% relative collision 

energy and 1500 resolution, with a mass range starting at 100 m/z. Dynamic exclusion was 

enabled with a repeat count of one over a duration of 30 seconds.

Mass spectrometry data analysis

Mass spectral files were analyzed with the free and open-source search software program 

MetaMorpheus and the reviewed Swiss-Prot human XML (canonical) database.25 For HBV, 

the Hepatitis B virus genotype C subtype ayr (isolate Human/Japan/Okamoto/-) database 

was downloaded from UniProt and amino acid differences between this strain and the 
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plasmids were made manually. Samples were searched allowing for a fragment ion mass 

tolerance of 20 ppm and cysteine carbamidomethylation (static) and methionine oxidation 

(variable). A 5% FDR for both peptides and proteins was applied. Up to two missed 

cleavages per peptide were allowed for protein identification and quantitation. To determine 

the differential protein interactomes of the RNAs, pairwise comparisons were made between 

protein abundances from each pgRNA interactome and to protein abundances from the 

scrambled control using a Student’s T-test (no multiple testing correction) in Perseus 

software.26 Proteins that met a p-value and fold-abundance threshold (p < 0.05, fold-change 

>2 or <−2) in the pairwise comparisons were then evaluated for Gene Ontology enrichment 

(using the human genome as the background gene set) and protein-protein interactors using 

STRING.27 For each capture, individual protein intensities were normalized to total protein 

intensity.

siRNA transfections

Approximately 1×106 cells were plated in 60mm dishes and incubated for 24 hr. All 

siRNA transfections were performed using Lipofectamine 3000 (Invitrogen) according to 

the manufacturer’s protocol. On each plate, cells were transfected with 120pmol of siRNA 

(Supplementary Table 1). Transfection mixes were added directly to the cell culture medium 

in each well, with the transfection medium replaced with fresh, prewarmed complete 

medium at 4 hours post transfection. 48 hours after the first siRNA transfection, the cells 

were again transfected this time with 120pmol of siRNA, 6ug of the LJ144 plasmid, and 

1.2ug of the GFP plasmid. Transfection mixes were added directly to the cell culture 

medium in each well, with the transfection medium replaced with fresh, prewarmed 

complete medium at 4 hours post transfection. 72 hours post transfection, cells were washed 

three times with PBS and stored at −80°C.

Capsid blot analysis

Cells were lysed with buffer composed of 0.2% NP-40, 50mM Tris-HCl, and 1mM EDTA, 

pH 8.0, for 15 min at 37°C. Lysed cells were centrifuged at 14000 rpm for 3min at 4°C to 

pellet the nuclei for removal. Cytoplasmic lysates (supernatants) containing intact capsids 

were adjusted to 2mM CaCl2. To digest plasmid DNA in samples, 44U of micrococcal 

nuclease (New England Biolabs) was added to each sample and incubated at 37°C for 

2h. The capsids were then analyzed by native gel electrophoresis. Briefly, cytoplasmic 

lysates were electrophoresed through a 1% Tris-acetate-EDTA (TAE) gel, then transferred 

by passive upward capillary action in 1x TNE buffer (10mM Tris, 150mM NaCl, 1mM 

EDTA, pH 8.0). The gel was transferred to two membranes: a PVDF membrane, and a 

Hybond-N+ membrane. The PVDF membrane was immunoassayed to detect native core 

proteins and the Hybond-N+ membrane was probed with 32P end-labeled oligonucleotides 

to detect encapsidated positive strand HBV nucleic acids (genome coordinates ayw 2007- to 

2498-).

RNA immunoprecipitation

Approximately 1×107 cells were lysed with 20mM Tris-HCl (pH 7.5), 100mM LiCl, 5mM 

Mg2Cl, 0.5% NP-40, Halt Protease Inhibitor (ThermoFisher), and RNasin Recombinant 

Ribonuclease Inhibitor (Promega). Cells were lysed on ice for 10 minutes with periodic 
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vortexing followed by sonication on a Model 505 Sonic Dismembrator (Fisherbrand) for 

10 sec on and 10 sec off for three cycles, keeping the samples on ice between cycles. The 

lysate was centrifuged (16000g at 4°C, 5 min) and the supernatant was quantified with a 

BCA protein assay (ThermoFisher). Between 500 and 1000ug of protein was used for each 

immunoprecipitation (IP) replicate and with 1% of the input used for control. For each IP, 

the total volume of lysate was brought up to 200μL with lysis buffer and 1ug of antibody 

was added to each. All IPs and input controls were incubated for 2 hours at 4°C, rocking. 

During this incubation, 25μl per IP of protein A magnetic beads (Pierce) were washed 3 

times in lysis buffer and resuspended in the original volume. Beads were added and the 

tubes were incubated for another 1 hour at 4°C with rocking. After incubation, beads were 

washed twice with lysis buffer and resuspended. Template DNA was removed by adding 10 

units of DNase I and incubating samples for 15 minutes at 37°C. Proteins were removed by 

adding 1mg/mL Proteinase K (Sigma) and 4mM CaCl2 and incubating for 1 hour at 37°C.

Results and Discussion

Purification of pgRNA-protein complexes from cross-linked cells

Hybridization purification of RNA-protein complexes followed by mass spectrometry 

(HyPR-MS) has been used to characterize the protein interactomes of viral RNAs, mRNAs, 

and long noncoding RNAs from a variety of cell lines and tissues.14, 15, 28, 29 We employed 

HyPR-MS here to isolate Hepatitis B Virus (HBV) pgRNAs and identify proteins that 

specifically associate with pgRNA during viral genome packaging, a critical part of the 

viral life cycle where host proteins are known to play a role. To do this, we isolated 

pgRNA from cells expressing one of two distinct viral constructs, LJ144 or EL43. LJ144 

enables wildtype pgRNA packaging by expressing the epsilon (ε) sequence and the viral 

proteins Cp and P that function to package pgRNAs into nucleocapsids in cis to the pgRNA 

genome. LJ144 has been shown in previous work to serve as a reliable model for studying 

nucleocapsid formation and viral genome replication.20, 21 The second plasmid, EL43, is a 

packaging-deficient construct. EL43 expresses Cp; however, it has the ε sequence omitted 

and a premature stop codon that prevents P expression. This results in a pgRNA that is not 

competent for packaging which yields “empty” capsids formed by Cp (Figure 1A).5, 20, 21 

We hypothesized that proteins that bind to pgRNA during aspects of the viral life cycle 

unrelated to packaging, which includes proteins mediating functions such as transcription, 

nuclear export, and translation, should be present in the pgRNA interactomes from both 

EL43 and LJ144. However, those specifically associated with pgRNA packaging (e.g., 

bound to epsilon or recruited by P) should be specific to the interactome of LJ144.

Specific capture of pgRNA was accomplished by using specific capture oligonucleotides 

(CO) designed to be complementary to a segment of the pgRNA that does not overlap 

with any of the viral subgenomic RNAs (Supplementary Table 1).18 Two different COs 

were used to maximize capture efficiency and a scrambled CO with a similar melting 

temperature and GC content to that of the target COs was designed to serve as a control 

for nonspecific protein binding. Four replicates were performed each using 5×107 Huh7 

cells for each of the two viral constructs (LJ144 and EL43). Lysates were incubated 

with both pgRNA and scrambled COs and then released sequentially, pgRNA COs first 
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then scrambled (Figure 1B). After RNA capture, a 2% aliquot of the sample was used 

to evaluate RNA capture specificity and efficiency using RT-qPCR assays specific to the 

unique pgRNA region (Supplementary Table 1). pgRNA capture efficiencies averaged 49% 

and 57% for LJ144 and EL43 transfected cells, respectively, and pgRNA was enriched by a 

factor of 456 and 253 compared to the scrambled control for LJ144 and EL43, respectively 

(Figure 1C and 1D; Supplementary Table 2). These data were consistent with previous 

HyPR-MS experiments and demonstrated the high degree of specificity necessary for mass 

spectrometry and comparative protein analysis.15, 16, 28

Characterization of the pgRNA-protein interactome

The remaining capture material was prepared for mass spectrometry analysis of proteins by 

detergent removal and digestion of proteins into peptides. Peptides were then analyzed using 

LC-MS/MS. Protein intensities for each replicate were normalized to total protein intensity 

to account for differences in cell pellet size, transfection efficiency, capture efficiency and 

sample loss (Supplementary Tables 3 and 4). We were first interested in identifying the 

overall protein interactome of packaging-competent pgRNA from LJ144-expressing cells. 

To look broadly, the pgRNA interactome was compared to the scrambled control (Figure 

2A. Next, to specifically identify proteins that were involved in pgRNA packaging and 

maturation, we compared the LJ144 pgRNA interactome to the pgRNA interaction from 

EL43-expressing cells (Figure 2A). Student’s T-tests were performed to determine the 

proteins with significant changes between conditions. Proteins with a p-value < 0.05 and 

a fold-change > 2 were considered statistically significantly different (Figure 2A). Based on 

these criteria, 247 proteins were identified as differing significantly between LJ144 pgRNA 

and the scrambled control, and 268 proteins identified as differing between LJ144 and EL43 

pgRNA conditions with 35 proteins common between the two (Supplementary Table 3; 

Figures S3, S4, S5, and S6). Comparisons to both scrambled control and EL43 pgRNA 

showed the viral protein P as a statistically significant interactor elevated in LJ144 pgRNA. 

It has been well established that P interacting with the ε structure near the 5’ end of pgRNA 

initiates packaging of the pgRNA-P complex into capsids and reverse transcription.7, 9 10 

Therefore, the presence of P was expected and provides further evidence that the capture and 

analysis were successful.

Gene ontology analysis and literature review

Gene ontology (GO) term enrichment analysis was used to evaluate pgRNA-associated 

proteins from LJ144-expressing cells as compared to the scrambled control and pgRNA 

from EL43-expressing cells. Terms were categorized as either being involved in certain 

biological processes or relating to specific cellular components. In general, there was 

substantial overlap between the enriched terms of the two interactomes. There were 15 

exact matches of the 86 biological processes terms and 41 of the 89 cellular components 

terms (Figure 2B; Supplementary Table 4). There were also many terms that were not 

identical but were a part of the same broad categories (ribonucleoprotein complexes, RNA 

processing, etc.) Major differences included translation, NF-κB signaling, and cytoplasmic 

stress granules which were only found in the scrambled control comparison, and RNA 

localization, which was only found in the comparison to pgRNA from EL43 transfected cells 

(Figures 2C and D).
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Comprehensive literature research of the proteins enriched in LJ144 pgRNA in either 

comparison found that over 60 of the proteins have previously been identified as effectors 

of the HBV life cycle (Table 1; Supplementary Table 5).30–61 Some interactors, such as 

HSP90AB1 and LIG1, are required for essential aspects of the viral life cycles: reverse 

transcription and cccDNA conversion, respectively.3, 62 Other interactors, such as HNRNPK 

and AURKA, are associated with increased viral replication efficiency.63, 64 We also 

identified antiviral factors including Z3CHAV1 and SACM1L.65, 66 Two of the proteins, 

EIF4E and PPP1CA, are known to be packaged into capsids.67, 68 The identification 

of these known important host proteins provides further support indicating an effective 

characterization of the pgRNA interactome.

This list also served as a tool to help select proteins for follow-up analysis. Three proteins 

were selected for further experiments: ATR, AURKA, and YTHDF2. ATR is a serine/

threonine kinase and DNA damage sensor. Knockdown of ATR is associated with reduction 

in HBV DNA and RNA levels while activation of ATR is associated with increased 

RNA transcription and higher levels of DNA both within the cell and secreted from the 

cell. However, the exact mechanisms of this process are unclear.69 AURKA is a cell 

cycle-regulated kinase, and its inhibition has been found to reduce levels of core protein, 

viral capsid, viral DNA, and viral RNA. This was true for both WT and catalytically 

dead AURKA, indicating that its effect on viral replication is independent of kinase 

activity.63 Similar to ATR, the specific mechanism of this effect remains to be understood. 

The final protein selected was YTHDF2 which specifically recognizes and binds to N6-

methyladenosine (m6A) containing RNAs regulating their stability. m6A modifications have 

been found on the ε structure of pgRNA and have been hypothesized to regulate pgRNA 

packaging.11 YTHDF2 specifically has been shown to associate with HBV RNA transcripts 

via RNA immunoprecipitation analysis.70

RIP-qPCR validation of interactions

To orthogonally validate the interaction between pgRNA and the three proteins selected 

for follow-up (ATR, AURKA, and YTHDF2), the protein-centric method RIP-qPCR was 

used. In contrast to the HyPR-MS strategy of isolating an RNA of interest and identifying 

interacting proteins, in RIP-qPCR immunoaffinity was used to purify the protein of 

interest and associated pgRNA was detected via qPCR. The amount of pgRNA detected 

was compared to the amount present in an input aliquot. The pgRNA associated with 

the immunoprecipitated proteins was calculated as a percent of the total pgRNA. This 

experiment was done for both LJ144- and EL43-expressing cells and the percent capture 

was compared between the two as a means of confirming the specificity of the pgRNA-

protein interactions. For LJ144-expressing cells, the fractions of pgRNA associated with 

AURKA, YTHDF2, and ATR, respectively, were 2%, 2.1%, and 3.7% (Figure 3A). In 

contrast, in the EL43 transfected cells, the fractions of pgRNA associated with AURKA, 

YTHDF2, and ATR, respectively, were 0.7%, 1%, and 1.1% of total pgRNA (Figure 3B; 

Supplementary Table 6). Overall, target protein associated-pgRNA levels were between two 

and four-fold higher in LJ144-expressing cells compared to EL43-expressing cells for all 

three immunoprecipitations (Figure 3C). This ratio should be independent of the antibody 

efficiency. While the fold-changes in RIP-qPCR were of lower magnitude than what was 
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found in the HyPR-MS analysis (2- to 4-fold compared to 10- to 15-fold; Supplementary 

Table 3), the agreement between these complementary analyses provides further evidence 

that these interactions are specific to the packaging competent version of the virus.

siRNA knockdown and functional assays

To investigate possible functional roles for these proteins in the packaging of pgRNA, 

siRNA knockdowns of the three host proteins were done followed by analysis of 

encapsidation efficiency. For each target protein, two knockdowns were performed with 

separate siRNA assays each targeting a different region of the RNA to control for off-

target effects. The knockdowns were compared to cells transfected with a nontargeting 

(NT) siRNA control nonhomologous to the transcriptome. Cells were transfected with 

the siRNA twice, co-transfecting with LJ144 plasmid the second time. After 72-hours of 

LJ144 plasmid transfection, cytoplasmic lysates were obtained from the cells and intact 

capsids were analyzed via native gel electrophoresis. The capsids were transferred to two 

membranes by passive upward capillary transfer where the first membrane bound proteins 

and the second bound nucleic acids. Bound Cp was detected by antibody binding, and 

bound nucleic acids were detected by hybridization with 32P-labeled probes complementary 

to HBV (+) strand nucleic acid (genome coordinates ayw 2007- to 2498-) (Figures 4A, 

S1, and S2). Encapsidation efficiency was calculated by comparing the amount of HBV 

nucleic acid detected to the amount of Cp detected in the blots. This ratio of HBV 

nucleic acid to capsids in the NT control was set to 100% encapsidation efficiency and 

the encapsidation efficiencies of the knockdown samples were calculated as percentages 

relative to the NT control. Knockdowns for each of the three proteins resulted in statistically 

significant reductions in encapsidation efficiency for each of the two siRNA assays with 

p-values ranging between .01 and .05 (Figure 4B; Supplementary Table 7). Reductions 

in encapsidation efficiencies ranged from 39% to 81% consistent with all three proteins 

playing a role in the genome packaging process. Having two independent siRNA assays for 

each protein both have statistically significant reductions in encapsidation efficiency clearly 

demonstrates a correlation even if knockouts may be incomplete. While this work provides 

strong evidence that these proteins are playing a role in viral genome encapsidation, 

further experiments are required to better elucidate their specific roles. CRISPR-mediated 

knockouts could provide a more robust way to evaluate the roles of the proteins upon 

packaging. RIP-seq analysis could also be helpful, by enabling the determination of where 

on the pgRNA these interactions are occurring. Additionally, the engineering of catalytically 

dead versions of the kinases could help to establish if the loss of packaging efficiency 

is related to phosphorylation, or instead to a different function of the proteins. Future 

experiments of this type could provide useful insight into the mechanisms involved in HBV 

packaging and help to determine if these RNA-binding proteins might serve as useful drug 

targets.

Conclusion

In this study HyPR-MS was used to identify the protein interactome of HBV pregenomic 

RNA (pgRNA) in cells expressing either packaging-competent or packaging-incompetent 

pgRNAs, to identify host factors hypothesized to be involved in the viral genome packaging 
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process. We thoroughly characterized the protein interactomes of the two pgRNAs and used 

the differences observed to identify over 250 host proteins involved in pgRNA packaging. 

These included host factors previously shown to play important roles in the HBV viral 

life cycle. We selected three proteins for follow-up analysis, AURKA, ATR, and YTHDF2, 

which were confirmed to be packaging-specific pgRNA interactors using RIP-qPCR. siRNA 

knockdown of these three proteins showed statistically significant decreases in pgRNA 

encapsidation. These results underscore the effectiveness of our strategy at revealing 

functionally significant host proteins playing important roles in viral genome packaging. 

More broadly, the findings show the efficacy of using differential HyPR-MS to discover 

host-pathogen interactions occurring during specific steps of the viral life cycle. By directed 

engineering of selected regions of the viral genome, it is possible to dissect viral replication 

pathways into manageable subsystems and reveal which host proteins are important for each. 

This strategy is applicable to a broad range of viruses, enabling the identification of essential 

host proteins, providing insight into the mechanisms of pathogenesis, and revealing potential 

novel therapeutic targets.
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Figure 1. Purification of HBV pgRNA.
(A) Outline of HBV pgRNA constructs (LJ144 and EL43) including translated proteins and 

packaging phenotype. (B) Overview of HyPR-MS procedure. (C) pgRNA enrichment was 

calculated by ΔΔCt analysis comparing the differences in pgRNA and GAPDH Ct values in 

capture and input samples. (D) Capture efficiency was determined by calculating % pgRNA 

depletion from the input lysate. Error bars in (C) and (D) represent the standard error of the 

mean for the 4 capture replicates.

Whitworth et al. Page 16

J Proteome Res. Author manuscript; available in PMC 2025 January 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 2. Enriched pgRNA-associated proteins and GO analysis.
For all parts of the figure purple indicates comparison between pgRNA from LJ144-

expressing cells and the scrambled control while blue indicates comparisons between 

pgRNA from LJ144-expressing cells and pgRNA from EL43-expressing cells. (A) Volcano 

plots displaying the distribution of all identified proteins with the significance level (negative 

log10 p-value) plotted against the relative protein abundance (log2 fold change). In both 

plots, a positive log2 fold change indicates a greater abundance in the pgRNA capture from 

LJ144 transfected cells. Significantly changing proteins (p < 0.05, fold-change >2 or <−2) 

are highlighted. (B) Venn diagrams displaying overlap in gene ontology (GO) analysis terms 

identified as statistically significant. GO enrichment analysis for (C) biological processes 

and (D) cellular components.
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Figure 3. RIP-qPCR assay results.
For (A) and (B) Capture efficiency was calculated by comparing the Ct of pgRNA in the 

immunoprecipitated sample to the Ct of pgRNA in a 1% input sample assuming 100% qPCR 

assay efficiency. (C) Fold-enrichment was calculated by dividing the capture efficiency 

of pgRNA from LJ144 transfected cells by the capture efficiency of pgRNA from EL43 

transfected cells. Comparisons were made between immunoprecipitations performed side by 

side. Error bars for (A), (B), and (C) represent standard error of the mean.

Whitworth et al. Page 18

J Proteome Res. Author manuscript; available in PMC 2025 January 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 4. Effects of siRNA knockdowns on packaging efficiency.
(A) Protein and nucleic acid blots from HBV capsids separated by native gel electrophoresis 

and transferred to membranes. Top shows detection of Cp and bottom shows detection of 

HBV (+) strand nucleic acid. (B) Encapsidation efficiency after siRNA knockdowns defined 

as the ratio of HBV nucleic acid to Cp in the capsid blots. The encapsidation efficiency of 

cells transfected with a NT siRNA control assay was set to 100% and all other encapsidation 

efficiency measurements were normalized to that value. Error bars represent standard error 

of the mean.
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Table 1.

Abbreviated list of proteins enriched in pgRNA from LJ144 that were previously found to interact with HBV.

Protein 
Accession

Gene Known interactions with HBV Comparison Identified in

HOYFL3 AICDA Forms an RNP complex with viral RNA and viral proteins; deamidates 
both viral RNA and ssDNA71

LJ144 pgRNA vs SCR

Q13315 ATM HBV replication is tightly connected to ATM signaling69 LJ144 pgRNA vs EL43 pgRNA

Q13535 ATR HBV replication is tightly connected to ATR signaling69 LJ144 pgRNA vs EL43 pgRNA

O14965 AURKA Enhances viral replication independent of kinase activity63 LJ144 pgRNA vs EL43 pgRNA

P06730 EIF4E Interacts with P protein and is packaged into nucleocapsids67 LJ144 pgRNA vs EL43 pgRNA

P61978 HNRNPK Binds to HBV genome and increases replication efficiency64 LJ144 pgRNA vs SCR

P08238 HSP90AB1 Required for reverse transcriptase activity62; facilitates capsid formation 
through Cp interaction72

LJ144 pgRNA vs SCR

P18858 LIG1 Required for minus strand repair in the conversion of rcDNA to 
cccDNA3

LJ144 pgRNA vs EL43 pgRNA

Q9UBU9 NXF1 Involved in Cp and pgRNA export from nucleus73 LJ144 pgRNA vs EL43 pgRNA

O15294 OGT Regulates HBV replication74 LJ144 pgRNA vs EL43 pgRNA

P62136 PPP1CA Catalyzes core protein dephosphorylation and is packaged in capsids68; 
inhibited by HbX75

LJ144 pgRNA vs SCR

Q9NTJ5 SACM1L Suppresses HBV replication65 LJ144 pgRNA vs EL43 pgRNA

A6NHR9 SMCHD1 Recruited to cccDNA and induce associated histone PTMs76 LJ144 pgRNA vs SCR

Q9Y5A9 YTHDF2 m6A reader previously identified as binding to HBV transcripts70 Both

Q7Z2W4 ZC3HAV1 Restriction factor that degrades HBV RNA66 LJ144 pgRNA vs SCR
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