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Abstract

:

The core proteins (HBc) of the hepatitis B virus (HBV) genotypes A, B, C, D, E, F, and G were cloned and expressed in Escherichia coli (E. coli), and HBc-formed virus-like particles (VLPs) were purified with ammonium sulfate precipitation, gel filtration, and ion exchange chromatography (IEX). The best VLP yield was found for the HBc of the HBV genotypes D and G. For the HBc of the HBV genotypes D, F, and G, the possibility of dissociation and reassociation maintaining the native HBc structure was demonstrated. Single-stranded (ss) and double-stranded (ds) ribonucleic acid (RNA) was successfully packed into HBc VLPs for the HBV genotypes D and G.
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1. Introduction


Ten different hepatitis B virus (HBV) genotypes (A–J) are variably distributed geographically [1,2,3], with the genotypes A and D being the most widespread. The genotypes A, B, C, D, F, H, and I were classified further into subgenotypes with between 4 and 8% intergroup nucleotide differences across the complete genome. HBV genotypes are not only interesting for anthropology and epidemiology but are also useful for clinical reasons. The genotypes C, D, and F are, on average, more pathogenic than the other genotypes, and genotypes A and B respond better to interferon therapy than genotypes C and D. The genotypes can also predict liver disease progression [2,4].



The first reports on the cloning of the full HBV genome date back to the late nineteen-seventies to early nineteen-eighties [5,6,7,8]. With the cloning of the HBV genome and the identification of the HBV S gene (HBs) in 1979, a new era of HBs-based vaccine design and production was entered. In 1986, yeast-derived HBV surface antigen (HBsAg) became the standard recombinant vaccine against HBV [4]. Since the initial expression of gene C (HBV core antigen; HBc) in Escherichia coli (E. coli) [7], recombinant HBc capsid or virus-like particles (VLPs) have gained acceptance as powerful and prospective scaffolds for recombinant vaccine design (for an exhaustive review, see [9]). This perspective is based on several structural, immunological, and also technological properties of HBc, such as the productivity in heterologous expression systems and immunogenicity of HBc VLPs. HBc was effectively expressed in E. coli [10,11] and less effectively in yeasts [12,13,14,15], plants [16,17], and insect cells [18,19].



The recombinant HBc protein possesses the ability to form dimeric units [20,21], which are further self-assembled into two forms of icosahedral particles with T = 4 and T = 3 symmetry [22,23]. For most HBV genotypes, the HBc protein is 183 amino acid (aa) long; however, there are some exceptions—the HBc protein from genotype A is 185 aa long with a DR insertion between aa 153 and 154, but HBc/G is an extraordinary example that differs by its N-terminal DRTTLPYGLFGL extension upstream of the start codon, and thus, it is 195 aa long. The HBc protein is not a large protein, and the VLPs tolerate significant structural modifications while retaining the VLP-forming ability.



Numerous surface modifications of HBc VLPs have been performed, mainly as genetic insertions exploiting the MIR (major immunodominant region) of HBc localized on the types of spikes formed by dimers [24,25,26]. In some cases, the N- and C-termini of HBc have been used for genetic modification. Thus, the N-terminal insertions were expected to be exposed on the VLP surface with a high insertion capacity of up to 120 aa. In this way, vaccine candidates against the foot-and-mouth disease virus (FMDV) [27] and influenza [28,29] were generated.



In contrast to the MIR and N-terminus, the enormous capacity of C-terminal insertions was demonstrated (with up to 559 and even 741 aa sequences from HCV inserted in the C-end [30]), and possible outer exposure of the inserted sequences was shown [31]. The overall praxis demonstrated, however, the internal localization of the inserted aa stretches (see the reviews [9,32]). An original HBc vector in which the C-terminal Arg-residues were fully or partially replaced by Gly residues, allowing the full surface exposure of C-terminal insertions in the HBc C-terminus, was designed [33,34].



A set of HBc vectors was developed for the chemical coupling of foreign epitopes at the tip of the HBc spike residues [35,36,37], avoiding conformational MIR-insertion constraints. Such vectors have been used extensively for the packaging of different oligo- and polynucleotides [38,39]. The packaging of short oligodeoxynucleotides (other than CpG [40]), pregenomic (pg) RNA, and single-stranded (ss) RNA has been also described [41,42]. To a lesser extent, the packaging of ssDNA and, minimally, of double-stranded (ds) DNA has been described as well [41,43].



Packaging into HBc VLPs is possible by different methods, including by non-dissociating methods, such as osmotic shock [43], by VLP treatment with ribonuclease [44], by treatment with micrococcal nuclease [40], by the alkaline treatment of VLPs at high pH [38], and by forced particle dissociation to dimers using guanidine chloride (GuHCl) [41]. The disadvantage of the non-dissociating methods is the contamination of the VLP samples with RNase, and thus, these methods are only usable for the packaging of DNA. The forced in vitro dissociation and free reassociation of HBc VLPs from dimers allows removing material incorporated within VLPs—mostly, RNA of host origin—producing so-called “empty” HBc VLPs. Reassociation in the presence of an appropriate target substance allows incorporation within HBc VLPs as well.



The production and purification of unmodified recombinant HBc VLPs as the first step, with their further chemical modification, is generally a more attractive approach in vaccine design, since the integrity and structural stability of genetically modified HBc VLPs can differ considerably depending on the physical/chemical properties of the particular foreign insert. Unmodified HBc VLPs produced in E. coli can be more easily purified by fast non-sophisticated protocols, and their use for substrate packaging is more promising, advocating for a deeper technological investigation of different HBc proteins to find the most promising candidates for further applications in vaccine design and the development of genetic delivery tools.



In this study, we used HBc proteins from different HBV genotypes for their expression in E. coli and showed that HBc from genotypes D and G were the most effectively produced and that their corresponding VLPs were easily purified; therefore, we propose that these two types of HBc are the most suitable for biotechnological in vitro applications, such as the development of HBc-based delivery tools.




2. Materials and Methods


2.1. Bacterial Strains


Two E. coli strains—E. coli K802 (F-, lacY1, or (cod-lacI)6, glnX44(AS), galK2(Oc), galT22, e14 mutant, mcrA0, rfbC1, metB1, mcrB1, hsdR2) and BL21 (F–, ompT, hsdSB (rB–, mB–), dcm, gal) were used to produce HBc VLPs.




2.2. Construction of Plasmids for the Expression of HBc


Regions encoding aa 1–185 of the HBc from the HBV genotype A (GenBank accession number MW401519) and aa 1–183 of the HBV core from genotypes E (GenBank accession number MW401520) and F (GenBank accession number KY458062) were amplified using the oligonucleotides 5′-GGCCATGGACATTGACCCTTA-3′ and 5′-GTAGAGGATCCTTACTAACATTGGGAA-3′ as the forward and reverse primers, respectively, and were inserted into the NcoI/BamHI pHBc183NcoI (HBc/D) plasmid after treatment with the endonucleases NcoI and BamHI [45].



The region encoding aa 1–195 of HBc from genotype G (GenBank accession number JQ707677) was amplified using the oligonucleotide 5′-GTGGAATTGGCCATGGATAGA-3′ as the forward primer and the primer used to amplify the HBc of genotypes A, E, and F as the reverse primer. The regions encoding the HBc of HBV of genotype B (GenBank accession number MW401525) and genotype C (GenBank accession number MW401526) were obtained by gene synthesis (SGI-DNA, USA), and both contained the flanking sites for NcoI and BamHI, and were inserted into a NcoI/BamHI pHBc183NcoI (HBc/D) plasmid after treatment with the endonucleases NcoI and BamHI.




2.3. Screening of Transformants, Expression of HBc, and Purification of HBc VLPs


Two media were used in this study for the expression of the HBc gene under a Ptrp promoter: E. coli producer cells were cultivated in (1) Trp-deficient enriched minimal M9-Cas medium, which is the standard M9 salt medium supplemented with acid-hydrolyzed Casamino Acids (10 g/L, BD, USA), glucose (2 g/L), and Km (10 mg/L), or (2) in phosphate-buffered 2×TYP medium supplemented with phosphates (3.47 g of KH2PO4, and 18.8 g of K2HPO4 per liter, pH 7.4), glucose (2 g/L), and Km (10 mg/L). The screening of the transformants was performed as follows: 10 individual transformant colonies from selective LB-agar plates (LB agar supplemented with Ap at 50 mg/L) were picked and transferred into ten tubes (9 × 150 mm, equipped with cotton plugs) containing 5 mL of LB medium (with Ap added to 20 mg/L) and incubated overnight (~16–18 h) at 37 °C without agitation.



These cultures served as primary seed cultures for further experiments following the screening experiments using both M9-Cas and 2×TYP media. For this, the seed culture was diluted 1:100 in 5 mL, and the tubes were incubated on a shaker at a 45° angle at 37 °C overnight. The final OD540 in the M9-Cas medium reached 3–5, and that in 2×TYP, 8 to 10 OD540 units. For the analysis of HBc expression, normalized amounts of cells (two OD540 units) were taken for sodium dodecyl sulphate–polyacrylamide gel electrophoresis (SDS-PAGE), and the gels were scanned using the software GelAnalyzer2010. The best clone was taken for the next stage—semi-preparative cultivation using 750 mL half-round flasks filled with 300 mL of medium. The expression cultures were incubated on an orbital shaker at 200 rpm and 37 °C for 14–16 h. The final OD540 reached 5–8 in the M9-Cas medium and 8–10 in the 2×TYP medium.



The purification of HBc VLPs was generally performed with a combination of gel filtration on a Sepharose4FF column and ion exchange chromatography on a Fractogel DEAE (M) column. Eight grams of frozen (−20 °C) biomass was thawed on ice, resuspended in four volumes of lysis buffer (50 mM TrisHCl, pH 8.0. 5 mM EDTA, 0.5 mM PMSF, 150 mM NaCl, 0.1% Triton X100, and 5 mM DTT), and disintegrated using a French Press (FrenchPress, GlenMills Inc., Clifton, NJ, USA) at 20,000 psi for three cycles. The total yield of the target protein was verified using SDS-PAGE. For a better yield of the VLP, urea was added up to 0.5 M to the cell lysate, followed by incubation with DNaseI (125 µg/mL) and MgCl2 at 10 mM at +4 °C for 30 min. Clarification was carried out at 10,000 rpm (13,000× g), +4 °C for 30 min. To the supernatant, ammonium sulfate was added to 10% saturation, followed by incubation on a rotator at +4 °C for 1 h. After clarification at 10,000 rpm (13,000× g), +4 °C for 30 min, ammonium sulfate was added to 35% saturation to the supernatant, followed by incubation on a rotator at +4 °C for 1 h. After centrifugation at 10,000 rpm (13,000× g), +4 °C for 30 min, the pellet was dissolved in PBS with 0.5 M urea, 0.5 mM PMSF, 0.1% Triton X100, and 5 mM DTT. Before loading on a Sepharose4FF 320 mL column, the solution was clarified at 10,000 rpm (13,000× g), +4 °C for 30 min. The fractions containing VLPs were loaded on an Fractogel DEAE (M) 60 mL column equilibrated with PBS/5 mM DTT. The VLPs were eluted from the column in a gradient of 1M KCl, and the fractions were analyzed using SDS-PAGE and native agarose gel electrophoresis (NAGE).




2.4. Electron Microscopy and Dynamic Light Scattering Analysis of HBc VLPs


VLP-containing fractions from the column or VLP preparations in PBS were subjected to electron microscopy (EM) analysis immediately or after storage at +4 °C for 1–2 days. Samples were adsorbed to carbon-formvar-coated copper grids and negatively stained with a 1% aqueous solution of uranyl acetate. The grids were examined at 100 kV using a JEM-1230 electron microscope or a JEM-100C electron microscope at 80 kV (both from Jeol Ltd., Tokyo, Japan). Dynamic light scattering (DLS) was used to determine the size distribution profiles of the particles and performed on a Zetasizer Nano ZS instrument (Malvern Instruments Ltd., Malvern, UK). The DLS results were analyzed using the DTS software (Malvern, version 6.32). The ImageJ program was used for precise measurements of the HBc particle sizes.




2.5. ssRNA and dsRNA Used for Packaging


ssRNA of P. aeruginosa RNA-bacteriophage PP7 was extracted from purified phage PP7 (ATCC 15692-B2) particles. For the extraction of the RNA, 15 mL of TRI ReagentTM(Sigma-Aldrich, T9424, St. Louis, Missouri, USA), 150 µL of 10% SDS, and 3 mL of chloroform were added to the phage solution with 3 mg of phage particles in 3 mL of PBS. Further steps were performed according to the manufacturer’s protocol. The final concentration of isolated ssRNA was 0.81 mg/mL.



The dsRNA used in this work is the functional ingredient of Larifan [46]; this was a kind gift from Dr. Med. Guna Feldmane (Larifāns Ltd., Riga, Latvia). The mass of this kind of dsRNA is approximately 500 kDa, and the average length is 400 nt. The source of the dsRNA was non-suppressor E. coli Su- cells infected with the RNA-phage f2 coat protein amber mutant f2sus11 [47,48]. The concentration of dsRNA used in this study was 10.0 mg/mL.




2.6. Dissociation/Reassociation of HBc VLPs


For the dissociation of HBc VLPs, GuHCl- and LiCl- containing buffer was used [41]. After incubation at +4 °C for 16 h and centrifugation at 10,000 rpm (13,000× g) at +4 °C for 30 min to remove debris, the supernatant was applied on a Superose6/120 mL column, equilibrated with dissociation buffer. Fractions containing dimers were dialyzed against PBS using a 14 kD membrane (Sigma-Aldrich, Cat. No: D9777-100FT, St. Louis, MO, USA) at +4 °C for 12 h. The protein solution was centrifuged at 10,000 rpm (13,000× g) for 30 min. The yield of dimers was calculated as a proportion of the HBc material in the dimer fractions after the analysis of the dissociation products on Superose6 and the amount of HBc VLPs used for dissociation.



Reassociation of the HBc dimers occurred during dialysis. The dissociation buffer was changed to PBS twice with an 8 h interval. The obtained reassociated capsids were tested using SDS-PAGE, NAGE, electron microscopy, and DLS.




2.7. Packaging of ssRNA and dsRNA in HBc/D VLPs


The packaging of ssRNA and dsRNA in HBc/D VLPs was achieved by the reassociation of HBc/D dimers in the presence of appropriate RNA as a packaging substrate. For the packaging of PP7 ssRNA, 5 mL of HBc/D dimers (1 mg/mL) were mixed with 1.5 mL of ssRNA (0.81 mg/mL). After reassociation, 50 µL of Benzonase (25 U/µL, EMD Chemicals (San Diego, CA, USA). was added, followed by incubation at RT overnight. The reassociated VLPs were purified by gel filtration on a Superdex200 120 mL column equilibrated with PBS. The VLPs were stored at +4 °C.



For the packaging of dsRNA in HBcAg/D VLPs, 15 mL of HBcAg/D dimers (1 mg/mL) and 1 mL of dsRNA (10 mg/mL) were used in a reassociation reaction. After dialysis, the protein was concentrated into 3 mL, with a final concentration of VLPs of 5.0 mg/mL. Then, 100 µL of Benzonase (25 U/µL) was added, followed by incubation at RT overnight. Reassociated HBc/D VLPs with packaged dsRNA were purified from contaminants on a Superdex200 120 mL column equilibrated with PBS. The VLPs were stored at +4 °C.




2.8. Packaging of dsRNA in HBcAg/G VLPs


The packaging of dsRNA in HBC/G VLPs was achieved by the incubation of the reassociated capsids in a low-ionic-strength medium. Four and a half milligrams of reassociated HBc/G VLP material (1.5 mg/mL) was added to 4.5 mg of dsRNA (0.167 mg/mL, in water). The total volume was 30 mL. After incubation at RT for 16 h, the mixture was concentrated into 3 mL, and 50 µL of Benzonase (25 U/µL) was added. The mixture was incubated at RT for 16 h. VLPs with packaged nucleic acids were purified on a Superdex200 120 mL column equilibrated with PBS. The VLPs were stored at +4 °C.




2.9. Extraction of RNA from HBc VLPs


For the extraction of RNA from HBc particles (VLPs), the disruption of the particles with Proteinase K was used. Briefly, to 160 µg of HBc/D VLP protein solution native or packaged with dsRNA, SDS up to 0.5% and 10 µL of Proteinase K (Thermo Scientific EO0491, Vilnius, Lithuania) were added, and the mixtures were incubated at 37 °C overnight. The samples were deproteinized with chloroform, and the RNA was dissolved in 20 µL of dH2O. Ten microliters of the solution was used for analysis by NAGE.





3. Results


3.1. Construction of Expression Plasmids and Purification of HBc VLPs


In this study, the expression of the HBc genes of HBV of genotypes A, B, C, D, E, F, and G was investigated (Figure 1).



Expression vectors were constructed on the basis of the pBR327 vector and E. coli Ptrp promoter (Figure 2).



Transformed E. coli cells were cultivated under the self-induction of the Ptrp promoter without the use of an inducer. The expression of an appropriate HBc gene was compared in two E. coli strains—in K802 (K-12 lineage) and BL21 (a derivative of E. coli B). For the cultivation of producer cells, two alternative media were generally used—the Trp-rich 2xTYP (phosphate buffered 2TY) and Trp-deficient M9-Cas (M9 medium supplemented with acid-hydrolyzed casein; see Materials and Methods, Section 2.3). In the course of these comparisons, the optimal variant was selected, ensuring the best specific expression level of the target protein (the level of the HBc protein per gram of cells) and the best solubility of the expressed HBc protein (the level of HBc in the soluble fraction/total HBc synthesized).



The optimal host strain and medium combination was determined individually for each particular HBc protein originating from different HBV genotypes. The best variant (combination of host strain and medium) found by analytical cultivation (using 5 mL cultures in tubes) was further used for scale-up cultivation to obtain several grams of biomass. The expression levels in individual transformants were also compared (Table 1), and the best transformants were used for further cultivation, first, for analytical cultivation in both media, and then, for preparative cultivation (to obtain several grams of biomass) using the optimal medium.



The production of HBc VLPs for the genotypes A, B, F, and G was performed in E. coli BL21 cells, and that for the HBc of the genotypes C, D, and E, in E. coli K802. In most cases, 2×TYP medium was used, except for the HBc of genotypes E and F, where the M9-Cas medium was found to be optimal. The level of HBc production varied between different genotypes and individual transformants, as detected via the zone intensities of the scanned SDS-PAGE gels (Table 1). Although the expression level between the transformants varied in all the HBc genotypes with a 1.5–2 times range, the general expression levels for all the genotypes were evaluated as being approximately the same. However, the final yields of the HBc VLPs from different genotypes differed remarkably after purification.



VLP formation was observed in all cases, and the HBc protein was purified in the form of VLPs from the fraction of soluble proteins after the extraction procedure. The purification procedure included sedimentation with ammonium sulfate and two-step chromatography—gel filtration followed by anion exchange. The purity of the VLPs was tested using SDS-PAGE. The presence of nucleic acids was tested using NAGE and staining with EtBr (Figure 3A).



The protein concentration of the purified HBc in the form of VLPs was detected by the Bradford protein assay, and the total yield of the HBc VLPs was calculated (Table 1). The highest yield of HBc VLPs (as mg/g of wet cells) was observed for the HBc of genotypes D and G. All the HBc VLPs contained packaged nucleic acids (Figure 3A, line 6). The characterization of the purification process is given in Figure 3, and a summary of the HBc expression/purification data is presented in Table 1.



A higher purity of HBc correlated with a higher yield of VLPs. Electron microscopy revealed the domination of T4 particles in all the cases of expressed and purified HBc VLPs. The HBc particle size determined using the ImageJ program was, on average, 34.4 nm for ten T4 particles and 27.75 nm for ten T3 particles. The hydrodynamic diameters of the HBc particles detected using DLS were found to be around 38 nm.




3.2. Dissociation and Refolding of HBc VLPs of Genotypes D, G, and F


HBc/D, HBc/G, and HBc/F VLPs were selected for the dissociation–reassociation of HBc VLPs. In this study, VLPs were dissociated using dissociation buffer containing GuHCl and LiCl. After incubation in the GuHCl-containing buffer, part of the VLPsremained in sediment. After the removal of the debris, the supernatant was loaded on a Superdex200 column to separate the dimers from the non-dissociated capsids and other impurities. The results of the representative separation are shown in Figure 4. The results show that the supernatant mostly contained dimers (Figure 4). The most effective dissociation was observed for HBc/G (80% of the treated soluble VLPs as dimers), followed by HBc/D (70%) and HBc/F (40%). The dimer purity as determined by SDS-PAGE was generally more than 90% for all three types of HBc.



The reassociation of dimers into VLPs occurred under dialysis against PBS, resulting in “empty” HBc particles. The characterization of the reassociated HBc particles is given in Table 2 and Figure 5. The reassociation was highly effective in all cases, with 80–90% of the dimers being reassociated in VLPs after overnight dialysis against PBS. Under storage (+4–6 °C), the dimers were stable for only few days, but the reassociated capsids were stable for more than a year in PBS (with 0.5 M NaCl) for all three types of HBc.




3.3. Packaging of ds- and ssRNA into HBc VLPs for Genotypes D and G


The results of the dsRNA and ssRNA packaging are shown in Figure 6 and Figure 7, respectively. In the case of HBc/D, packaging was achieved by the reassociation of the HBc/D dimers in the presence of RNA (see Materials and Methods, Section 2.7). In the case of HBc/G, packaging was achieved by the incubation of reassociated HBc/G capsids in a low-ionic-strength medium in the presence of dsRNA (see Materials and Methods, Section 2.8).




3.4. Analysis of RNA Packaged in HBc VLPs


For the analysis of the nucleic acid content of the HBc VLPs, native HBc/D particles and HBc/D particles obtained after the reassociation of dimers in the presence of dsRNA were treated with Proteinase K to disrupt the particles (Materials and Methods, Section 2.9). After deproteinization, the obtained nucleic acids were analyzed by NAGE. As shown in Figure 8, RNA from both the native and packaged particles was extracted in comparable amounts (tracks 2 and 3). Similar results were obtained for the HBc/G packed with dsRNA (not shown). The particles obtained by the reassociation of dimers are free of RNA (track 6, no signal), and these particles are not able to enter the gel, staying at the top (track 7).





4. Discussion


In this study, we compared the production levels of the HBc from the HBV genotypes A, B, C, D, E, F, and G in E. coli cells and used the best producers to obtain high-quality VLPs suitable for packaging nucleic acids. To demonstrate the packaging potential of HBc-formed icosahedral particles—VLPs—we used two types of RNA from two different RNA-phages: the native RNA extracted from P. aeruginosa RNA-phage PP7 particles and dsRNA extracted from non-suppressor E. coli Su- cells infected with E. coli RNA-phage f2 nonpolar coat protein amber-mutant f2sus11 (for the properties of polar and nonpolar mutants, see [49]).



Here, both types of RNA were packaged in VLPs formed by HBc from the HBV genotypes D and G as the most prospective HBc candidates in technological aspects. For packaging, the HBc VLPs were fully purified by the dissociation of the VLPs to dimers, allowing the removal of incorporated “impurities” of host cell origin (mainly RNA). Two methodologies were used to further package the target substrate within the HBc particles: (a) the reassociation of HBc/D dimers in the presence of phage RNAs—native ssRNA (here referred to as “PP7 ssRNA”) and dsRNA from phage f2—and (b) the incorporation of phage f2 dsRNA within the HBc “empty” particles obtained after the reassociation of HBc/G dimers.



We chose RNA from RNA-phages for two reasons: (i) ssRNA is a source of functional RNA molecules useful for testing the protective effects of the HBc VLPs (we will describe the protective effect of the HBc VLPs in a separate manuscript [50]), and (ii) dsRNA is an interferon inductor and substrate with potentially immunomodulatory properties, a functional ingredient of the pharmaceutical product Larifan [46,47,51] (for an updated exhaustive review on Larifan, see [48]).



The expression of the appropriate HBc genes was compared in two E. coli strains: K802 and BL21. For the cultivation of producer cells, two alternative media—phosphate buffered 2×TYP and M9Cas—were used. The best combination of host strain and medium in each case was found by analytical cultivation. VLP formation was observed in all the cases; however, the production level for HBc itself and the VLP yield for HBc proteins of different origin varied between the best and the worst HBc producers by four to five times. The best yield of VLPs was found for the HBc from the HBV genotypes D and G, where the HBc/G producer demonstrated the best expression stability at the transformant level (Table 1).



Our non-sophisticated purification of HBc VLPs included precipitation with ammonium sulfate and a combination of gel filtration and ion exchange chromatography. We speculate here that, for VLP formation, the prolonged HBc/G protein has certain advantages, and this is likely to be the reason for the high HBc production stability observable at the transformant level (Table 1). All our previous experience with recombinant HBc VLPs was based on HBc/D VLPs [33,45], and here, we found that HBc/D particles could be easily and effectively dissociated to dimers to incorporate nucleic acid material in the process of dimer reassociation, which was demonstrated here with the incorporation of phage RNA in HBc/D VLPs.



Although HBc/D is the next technologically best HBc protein after HBc/G, the expression level varied significantly between the HBc/D-transformants (Table 1), and the regular selection of the best clone for the production of HBc/D VLPs was always necessary. We propose here that HBc/G VLPs have definite technological advantages over HBc/D VLPs due to their stable and high production levels in E. coli cells, allowing sufficient amounts of VLPs to be obtained (around 10 mg from 1 g of cells) with simple lab-scale protocols. As we showed here, HBc/G VLPs along with HBc/D VLPs can be impressive carriers of foreign functional RNA molecules.



The weakest HBc producer in our screening tests was found to be the producer of the HBc from genotype C, also demonstrating that a higher production of HBc ensures a higher purity of HBc VLPs as the final product. Thus, although the DLS data for all the HBc preparations were similar, showing good size homogeneity within the VLP population, the quality of the VLP preparations was very different: the EM data revealed a high VLP instability in the HBc/C and HBc/B preparations (Figure 3).



The dissociation/reassociation of HBc VLPs has been demonstrated before [52], and here, we demonstrated the successful dissociation/reassociation of VLPs formed by the HBc from HBV genotypes D, G, and F. Based on the technological advantages of HBc/D and HBc/G VLPs, we propose that both these types of HBc are suitable and effective for obtaining “pure” VLPs to be used for packaging functional substrates, such as the RNAs used here in this work. We suggest that these technological findings will promote further HBc VLP applications in the generation of prophylactic and therapeutic vaccines and gene therapy tools.







Author Contributions


Conceptualization, A.D.; methodology, I.P.; investigation, I.S., I.L., J.B., and J.J.; technical assistance, I.A. and J.Z., writing—original draft preparation, I.S.; writing—review and editing, A.D.; supervision, I.S. All authors have read and agreed to the published version of the manuscript.




Funding


This research was funded by the European Regional Development Fund, Project Nr. 2013/0053/2DP/2.1.1.1.0/13/APIA/VIAA/006.




Institutional Review Board Statement


Not applicable.




Informed Consent Statement


Not applicable.




Data Availability Statement


Not applicable.




Acknowledgments


We wish to thank Yury Khudyakov for the kind gift of the HBV genomes of genotypes G and F, Frida Arsha and Valentina Sondore for the kind gift of the HBV genomes of genotypes A and E, Med. Guna Feldmane for the Larifan for packaging, Velta Ose for the EM data, and Irina Stahovska for the excellent technical assistance. We are very grateful to Paul Pumpens for the critical reading of the manuscript and valuable suggestions.




Conflicts of Interest


The authors declare no conflict of interest.




References


	



Norder, H.; Couroucé, A.M.; Coursaget, P.; Echevarria, J.M.; Lee, S.D.; Mushahwar, I.K.; Robertson, B.H.; Locarnini, S.; Magnius, L.O. Genetic diversity of hepatitis B virus strains derived worldwide: Genotypes, subgenotypes, and HBsAG subtypes. Intervirology 2004, 47, 289–309. [Google Scholar] [CrossRef] [PubMed]

	



Kramvis, A. Genotypes and genetic variability of hepatitis B virus. Intervirology 2014, 57, 141–150. [Google Scholar] [CrossRef] [PubMed]

	



Lin, C.L.; Kao, J.H. Hepatitis B virus genotypes and variants. Cold Spring Harb. Perspect. Med. 2015, 5, a021436. [Google Scholar] [CrossRef] [PubMed]

	



Gerlich, W.H. Medical Virology of Hepatitis B: How it began and where we are now. Virol. J. 2013, 10, 239–263. [Google Scholar] [CrossRef] [PubMed]

	



Charnay, P.; Pourcel, C.; Louise, A.; Fritsch, A.; Tiollais, P. Cloning in Escherichia coli and physical structure of hepatitis B virion DNA. Proc. Natl. Acad. Sci. USA 1979, 10, 2222–2226. [Google Scholar] [CrossRef] [PubMed]

	



Valenzuela, P.; Gray, P.; Quiroga, M.; Zaldivar, J.; Goodman, H.M.; Rutter, W.J. Nucleotide sequence of the gene coding for the major protein of hepatitis B virus surface antigen. Nature 1979, 10, 815–819. [Google Scholar] [CrossRef]

	



Pasek, M.; Goto, T.; Gilbert, W.; Zink, B.; Schaller, H.; MacKay, P.; Leadbetter, G.; Murray, K. Hepatitis B virus genes and their expression in E. coli. Nature 1979, 282, 575–579. [Google Scholar] [CrossRef]

	



Pumpen, P.P.; Dishler, A.V.; Kozlovskaia, T.M.; Bychko, V.V.; la Gren, E.; Rivkina, M.B.; Grinberg, A.P.; Kukaine, R.A. Cloning of hepatitis B virus DNA in Escherichia coli. Dokl. Akad. Nauk SSSR 1981, 260, 1022–1024. (In Russian) [Google Scholar] [PubMed]

	



Pumpens, P.; Grens, E. The true story and advantages of the famous hepatitis B virus core particles: Outlook. Mol. Biol. 2016, 50, 558–576. [Google Scholar] [CrossRef]

	



Borisova, G.P.; Pumpen, P.P.; Bychko, V.V.; Pushko, P.M.; Kalis, I.V. Structure and expression in Escherichia coli cells of the core antigen gene of the human hepatitis B virus (HBV). Dokl. Akad. Nauk SSSR 1984, 279, 1245–1249. [Google Scholar] [PubMed]

	



Nassal, M. Total chemical synthesis of a gene for hepatitis B virus core protein and its functional characterization. Gene 1988, 66, 279–294. [Google Scholar] [CrossRef]

	



Kniskern, P.J.; Hagopian, A.; Montgomery, D.L.; Burke, P.; Dunn, N.R.; Hofmann, K.J.; Miller, W.J.; Ellis, R.W. Unusually high-level expression of a foreign gene (hepatitis B virus core antigen) in Saccharomyces cerevisiae. Gene 1986, 46, 135–141. [Google Scholar] [CrossRef]

	



Miyanohara, A.; Imamura, T.; Araki, M.; Sugawara, K.; Ohtomo, N.; Matsubara, K. Expression of hepatitis B virus core antigen gene in Saccharomyces cerevisiae: Synthesis of two polypeptides translated from different initiation codons. J. Virol. 1986, 59, 176–180. [Google Scholar] [CrossRef] [PubMed]

	



Freivalds, J.; Dislers, A.; Ose, V.; Pumpens, P.; Tars, K.; Kazaks, A. Highly efficient production of phosphorylated hepatitis B core particles in yeast Pichia pastoris. Protein Expr. Purif. 2011, 75, 218–224. [Google Scholar] [CrossRef]

	



Rolland, D.; Gauthier, M.; Dugua, J.M.; Fournier, C.; Delpech, L.; Watelet, B.; Letourneur, O.; Arnaud, M.; Jolivet, M. Purification of recombinant HBc antigen expressed in Escherichia coli and Pichia pastoris: Comparison of size-exclusion chromatography and ultracentrifugation. J. Chromatogr. B Biomed. Sci. Appl. 2001, 753, 51–65. [Google Scholar] [CrossRef]

	



Mechtcheriakova, I.A.; Eldarov, M.A.; Nicholson, L.; Shanks, M.; Skryabin, K.G.; Lomonossoff, G.P. The use of viral vectors to produce hepatitis B virus core particles in plants. J. Virol. Methods 2006, 131, 10–15. [Google Scholar] [CrossRef]

	



Tsuda, S.; Yoshioka, K.; Tanaka, T.; Iwata, A.; Yoshikawa, A.; Watanabe, Y.; Okada, Y. Application of the human hepatitis B virus core antigen from transgenic tobacco plants for serological diagnosis. Vox Sang. 1998, 74, 148–155. [Google Scholar] [CrossRef]

	



Hilditch, C.M.; Rogers, L.J.; Bishop, D.H. Physicochemical analysis of the hepatitis B virus core antigen produced by a baculovirus expression vector. J. Gen. Virol. 1990, 71, 2755–2759. [Google Scholar] [CrossRef]

	



Lanford, R.E.; Notvall, L. Expression of hepatitis B virus core and precore antigens in insect cells and characterization of a core-associated kinase activity. Virology 1990, 176, 222–233. [Google Scholar] [CrossRef]

	



Zlotnick, A.; Tan, Z.; Selzer, L. One protein, at least three structures, and many functions. Structure 2013, 21, 6–8. [Google Scholar] [CrossRef]

	



Zhou, S.; Standring, D.N. Hepatitis B virus capsid particles are assembled from core-protein dimer precursors. Proc. Natl. Acad. Sci. USA 1992, 89, 10046–10050. [Google Scholar] [CrossRef] [PubMed]

	



Crowther, R.A.; Kiselev, N.A.; Böttcher, B.; Berriman, J.A.; Borisova, G.P.; Ose, V.; Pumpens, P. Three-dimensional structure of hepatitis B virus core particles determined by electron cryomicroscopy. Cell 1994, 77, 943–950. [Google Scholar] [CrossRef]

	



Roseman, A.M.; Berriman, J.A.; Wynne, S.A.; Butler, P.J.G.; Crowther, R.A. A structural model for maturation of the hepatitis B virus core. Proc. Natl. Acad. Sci. USA 2005, 102, 15821–15826. [Google Scholar] [CrossRef] [PubMed]

	



Schödel, F.; Peterson, D.; Hughes, J.; Wirtz, R.; Milich, D. Hybrid hepatitis B virus core antigen as a vaccine carrier moiety: I. presentation of foreign epitopes. J. Biotechnol. 1996, 44, 91–96. [Google Scholar] [CrossRef]

	



Borisova, G.; Wanst, O.B.; Mezule, G.; Skrastina, D.; Petrovskis, I.; Dislers, A.; Pumpens, P.; Grens, E. Spatial structure and insertion capacity of immunodominant region of hepatitis B core antigen. Intervirology 1996, 39, 16–22. [Google Scholar] [CrossRef]

	



Ulrich, R.; Nassal, M.; Meisel, H.; Krüger, D.H. Core particles of hepatitis B virus as carrier for foreign epitopes. Adv. Virus Res. 1998, 50, 141–182. [Google Scholar] [CrossRef]

	



Clarke, B.E.; Newton, S.E.; Carroll, A.R.; Francis, M.J.; Appleyard, G.; Syred, A.D.; Highfield, P.E.; Rowlands, D.J.; Brown, F. Improved immunogenicity of a peptide epitope after fusion to hepatitis B core protein. Nature 1987, 330, 381–384. [Google Scholar] [CrossRef]

	



Neirynck, S.; Deroo, T.; Saelens, X.; Vanlandschoot, P.; Jou, W.M.; Fiers, W. A universal influenza A vaccine based on the extracellular domain of the M2 protein. Nat. Med. 1999, 5, 1157–1163. [Google Scholar] [CrossRef]

	



Fiers, W.; De Filette, M.; Birkett, A.; Neirynck, S.; Jou, W.M. A “universal” human influenza A vaccine. Virus Res. 2004, 103, 173–176. [Google Scholar] [CrossRef]

	



Yoshikawa, A.; Tanaka, T.; Hoshi, Y.; Kato, N.; Tachibana, K.; Iizuka, H.; Machida, A.; Okamoto, H.; Yamasaki, M.; Miyakawa, Y.; et al. Chimeric hepatitis B virus core particles with parts or copies of the hepatitis C virus core protein. J. Virol. 1993, 67, 6064–6070. [Google Scholar] [CrossRef]

	



Grene, E.; Mezule, G.; Borisova, G.; Pumpens, P.; Bentwich, Z.; Arnon, R. Relationship between antigenicity and immunogenicity of chimeric hepatitis B virus core particles carrying HIV type 1 epitopes. AIDS Res. Hum. Retrovir. 1997, 13, 41–51. [Google Scholar] [CrossRef] [PubMed]

	



Pumpens, P.; Grens, E. HBV core particles as a carrier for B cell/T cell epitopes. Intervirology 2001, 44, 98–114. [Google Scholar] [CrossRef] [PubMed]

	



Dishlers, A.; Skrastina, D.; Renhofa, R.; Petrovskis, I.; Ose, V.; Lieknina, I.; Jansons, J.; Pumpens, P.; Sominskaya, I. The hepatitis B virus core variants that expose foreign C-terminal insertions on the outer surface of virus-like particles. Mol. Biotechnol. 2015, 57, 1038–1049. [Google Scholar] [CrossRef] [PubMed]

	



Whitacre, D.C.; Lee, B.O.; Milich, D.R. Use of hepadnavirus core proteins as vaccine platforms. Expert Rev. Vaccines 2009, 8, 1565–1573. [Google Scholar] [CrossRef] [PubMed]

	



Lechner, F.; Jegerlehner, A.; Tissot, A.C.; Maurer, P.; Sebbel, P.; Renner, W.A.; Jennings, G.T.; Bachmann, M.F. Virus-like particles as a modular system for novelvaccines. Intervirology 2002, 45, 212–217. [Google Scholar] [CrossRef] [PubMed]

	



Jegerlehner, A.; Schmitz, N.; Storni, T.; Bachmann, M.F. Influenza A vaccine based on the extracellular domain of M2: Weak protection mediated via antibody-dependent NK cell activity. J. Immunol. 2004, 172, 5598–5605. [Google Scholar] [CrossRef]

	



Schwarz, K.; Meijerink, E.; Speiser, D.E.; Tissot, A.C.; Cielens, I.; Renhof, R.; Dishlers, A.; Pumpens, P.; Bachmann, M.F. Efficient homologous prime-boost strategies for T cell vaccination based on virus-like particles. Eur. J. Immunol. 2005, 35, 816–821. [Google Scholar] [CrossRef]

	



Strods, A.; Ose, V.; Bogans, J.; Cielens, I.; Kalnins, G.; Radovica, I.; Kazaks, A.; Pumpens, P.; Renhofa, R. Preparation by alkaline treatment and detailed characterisation of empty hepatitis B virus core particles for vaccine and gene therapy applications. Sci. Rep. 2015, 5, 11639. [Google Scholar] [CrossRef]

	



Cooper, A.; Shaul, Y. Recombinant viral capsids as an efficient vehicle of oligonucleotide delivery into cells. Biochem. Biophys. Res. Commun. 2005, 327, 1094–1099. [Google Scholar] [CrossRef]

	



Newman, M.; Chua, P.K.; Tang, F.M.; Su, P.-Y.; Shih, C. Testing an electrostatic interaction hypothesis of hepatitis B virus capsid stability by using an in vitro capsid disassembly/reassembly system. J. Virol. 2009, 83, 10616–10626. [Google Scholar] [CrossRef]

	



Porterfield, J.Z.; Dhason, M.S.; Loeb, D.D.; Nassal, M.; Stray, S.J.; Zlotnick, A. Full-length hepatitis B virus core protein packages viral and heterologous RNA with similarly high levels of cooperativity. J. Virol. 2010, 84, 7174–7184. [Google Scholar] [CrossRef] [PubMed]

	



Dhason, M.S.; Wang, J.C.; Hagan, M.F.; Zlotnick, A. Differential assembly of hepatitis B virus core protein on single- and double-stranded nucleic acid suggest the dsDNA-filled core is spring-loaded. Virology 2012, 430, 20–29. [Google Scholar] [CrossRef] [PubMed]

	



Kann, M.; Gerlich, W.H. Effect of core protein phosphorylation by protein kinase C on encapsidation of RNA within core particles of hepatitis B virus. J. Virol. 1994, 68, 7993–8000. [Google Scholar] [CrossRef] [PubMed]

	



Storni, T.; Ruedl, C.; Schwarz, K.; Schwendener, R.A.; Renner, W.A.; Bachmann, M.F. Nonmethylated CG motifs packaged into virus-like particles induce protective cytotoxic T cell responses in the absence of systemic side effects. J. Immunol. 2004, 172, 1777–1785. [Google Scholar] [CrossRef]

	



Sominskaya, I.; Skrastina, D.; Petrovskis, I.; Dishlers, A.; Berza, I.; Mihailova, M.; Jansons, J.; Akopjana, I.; Stahovska, I.; Dreilina, D.; et al. A VLP library of C-terminally truncated Hepatitis B core proteins: Correlation of RNA encapsidation with a Th1/Th2 switch in the immune responses of mice. PLoS ONE 2013, 8, e75938. [Google Scholar] [CrossRef]

	



Feldmane, G.; Umbraško, J.; Buiķe, Ā.; Loža, V. Method for preparation of natural double helix RNA—The inductor and modulator of interferon. Latvian Patent LV-10653, IPC-C12P19/34, 20 August 1995. [Google Scholar]

	



Larifan. Available online: http://www.larifans.lv/index.php/en (accessed on 30 December 2020).

	



Pumpens, P. Chapter 17, Replication. Larifan. In Single-Stranded RNA Phages: From Molecular Biology to Nanotechnology; Taylor and Francis Group, CRC Press: Boca Raton, FL, USA; London, UK; New York, NY, USA, 2020; pp. 378–379. [Google Scholar]

	



Pumpens, P. Chapter 8, Genetics and Mutants. In Single-Stranded RNA Phages: From Molecular Biology to Nanotechnology; Taylor and Francis Group, CRC Press: Boca Raton, FL, USA; London, UK; New York, NY, USA, 2020; pp. 175–181. [Google Scholar]

	



Lieknina, I.; Petrovskis, I.; Sominskaya, I.; Dislers, A. Packaging of functional phage RNA in recombinant HBc VLPs. Microorganisms, Manuscript, prepared for submission 2021.

	



Loža, V.; Feldmane, G. Biomodulatory functions of the double-stranded ribonucleic acids. Acta Med. Balt. 1996, 3, 12–17. [Google Scholar]

	



Rabe, B.; Delaleau, M.; Bischof, A.; Foss, M.; Sominskaya, I.; Pumpens, P.; Cazenave, C.; Castroviejo, M.; Kann, M. Nuclear Entry of Hepatitis B Virus Capsids Involves Disintegration to Protein Dimers followed by Nuclear Reassociation to Capsids. PLoS Pathog. 2009, 5, e1000563. [Google Scholar] [CrossRef]








[image: Microorganisms 09 00283 g001 550] 





Figure 1. Amino acid sequences of the core proteins (HBc) of hepatitis B virus (HBV) genotypes A, B, C, D, E, F, and G used in this work. 
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Figure 2. Schema of the pBR327-based vector for the expression of HBc genes. Rep(pMB1)—ori region, Ap—gene for Ap resistance, NEO—gene for neomycin–kanamycin resistance, Ptrp—E. coli Ptrp-promoter, and HBc—HBc gene. 
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Figure 3. Representation of the purification process for virus-like particles (VLPs) formed by HBc from different HBV genotypes. (A) 1–4—SDS-PAGE, stained with Coomassie Brilliant Blue R-250: 1—Protein Molecular Weight Marker (26612, Thermo Scientific™, Vilnius, Lithuania); 2—E. coli cells before HBc purification; 3—the peak fraction from Sepharose 4FF; 4—peak fraction from Fractogel DEAE (M). Note: HBc/E and HBc/F proteins were purified automatically by two-step chromatography. 5–7—NAGE: 5—GeneRuller 1 kb DNA Ladder (SM1331, Thermo Scientific™, Vilnius, Lithuania); 6, 7—analysis by NAGE of final VLP product: 6—gel stained with EtBr; 7—gel stained with Coomassie Brilliant Blue R-250. (B) Electron microscopy of purified VLPs. (C) DLS analysis of final product. 
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Figure 4. Analysis by Superdex200 gel filtration of HBc/G VLPs after the incubation of VLPs in dissociation buffer containing GuHCl/LiCl and removal of insoluble material. 
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Figure 5. Analysis of the reassociated VLPs: HBc of genotype D (a), genotype G (b), and genotype F (c): A—electron microscopy of the reassociated VLPs; B—SDS-PAGE of the HBc dimers before reassociation (1), and SDS-PAGE of the VLPs after the reassociation (2). 
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Figure 6. Analysis of HBc/D (a) and HBc/G (b) VLPs packaged with phage f2sus11 dsRNA. (a) A, M—NAGE in 2% agarose of GeneRuller 1 kb DNA Ladder (SM1331, Thermo Scientific™, Vilnius, Lithuania) and 1—of f2sus11 dsRNA; 2—SDS-PAGE of the Superdex 200 peak fraction containing VLPs packaged with dsRNA, stained with Coomassie Brilliant Blue R-250; 3, 4—NAGE of the same Superdex 200 fraction: 3—stained with EtBr, and 4—stained with Coomassie Brilliant Blue R-250. B, electron microscopy of HBc/D VLPs packaged with dsRNA. C, DLS of HBc/D VLPs packaged with dsRNA. (b) D, 5—SDS-PAGE of HBc/G VLPs packaged with dsRNA; M—NAGE of GeneRuller 1 kb DNA Ladder (SM1331, Thermo Scientific™, Vilnius, Lithuania); 6–9—NAGE of HBc/G VLPs packaged with dsRNA, stained with EtBr (6—native HBc/G VLPs; 7—packaged HBc/G VLPs), and stained with Coomassie Brilliant Blue R-250 (8—native HBc/G VLPs; 9—packaged HBc/G VLPs). E, electron microscopy of HBc/G VLPs packaged with dsRNA. F, DLS of HBc/G VLPs packaged with dsRNA. 
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Figure 7. Analysis of HBc/D VLPs packaged with phage PP7 ssRNA. (A) M—NAGE in 2% agarose of GeneRuller 1 kb DNA Ladder (SM1331, Thermo Scientific™, Vilnius, Lithuania) and 1—of phage PP7 RNA; 2, 3—SDS-PAGE of packaged VLPs stained with Coomassie Brilliant Blue R-250; 5–8—NAGE of packaged HBc/D VLPs stained with EtBr; 3, 5, 7—supernatant of the packaged VLP preparation; 2, 6, 8—debris of the packaged VLP preparation. (B) Electron microscopy of the supernatant of the packaged VLP preparation. (C) DLS of the supernatant of the packaged HBc/D VLPs. HBc/D VLPs with packaged phage PP7 ssRNA. 
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Figure 8. Extraction of RNA from HBc/D VLPs; NAGE in 2% Agarose. M—GeneRuller 1 kb DNA Ladder (SM1331, Thermo Scientific™, Vilnius, Lithuania); 1—dsRNA used for packaging; 2—RNA extracted from packaged HBc/D VLPs; 3—RNA extracted from native HBc/D VLPs; 4—native HBc/D VLPs; 5—HBc/D VLPs packaged with dsRNA; 6, 7—empty HBc/D VLPs; M and 1–6—stained with EtBr; 7—stained with Coomassie Brilliant Blue R250. Note: different amounts of VLPs were loaded into tracks 4 and 6, not corresponding to the amounts of VLPs used for the extraction of RNA (tracks 2 and 3). 
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Table 1. Characterization of expression of HBc proteins from different HBV genotypes. The HBc purity is shown for the expression culture obtained from the best transformant.
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	HBc Origin (HBV Genotype)
	HBc Length,

aa
	Variability of HBc Expression Level in Five Individual E. coli Transformants (% of Total Protein)
	HBc Purity,

%
	VLP Outcome,

mg/g Wet Cells





	A
	185
	3.1–7.6
	>90
	8.45



	B
	183
	4.1–7.1
	80
	5.6



	C
	183
	3.3–4.9
	70
	4.4



	D
	183
	4.2–10.0
	≥90
	15



	E
	183
	5.4–6.3
	80
	8.4



	F
	183
	4.5–5.2
	80
	7.4



	G
	195
	5.6–7.2
	>90
	20
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Table 2. Summary of the dissociation and reassociation of HBc VLPs from the genotypes D, F, and G.
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	Parameter
	HBc/D
	HBc/G
	HBc/F





	Dimer content
	30%
	30%
	30%



	Reassociated dimers
	80%
	90%
	80%



	VLP purity after reassociation
	97%
	97%
	97%



	VLP stability after reassociation
	>15 months
	>15 months
	>15 months



	VLP size, nm (dynamic light scattering, DLS)
	38
	38
	38
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