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Abstract 

The hepatitis B surface antigen (HBsAg) is a recombinant protein-based vaccine being able to 

form virus-like particles (VLPs). HBsAg is mainly produced using yeast-based expression 

systems, however, recent results strongly suggest that VLPs are not formed within the yeast 

cells during the cultivation but are formed in a gradual manner during the following down-

stream procedures. VLPs are also not detectable during the first down-stream steps including 

mechanical and EDTA/detergent-assisted cell destruction. Moreover, VLPs are not detectable 

in the cell lysate treated with polyethylene glycol and colloidal silica. The first VLP 

resembling structures appear after elution of HBsAg from colloidal silica to which it binds 

through hydrophobic interaction. These first VLP resembling structures are non-symmetrical 

as well as heterodisperse and exhibit a high tendency toward cluster formation presumably 

because of surface exposed hydrophobic patches. More symmetrical and monodisperse VLPs 

appear after the following ion-exchange and size-exclusion chromatography most likely as the 

result of buffer changes during these purification steps (toward more neutral pH and less salt). 

Final treatment of the VLPs with the denaturant KSCN at moderate concentrations with 

following KSCN removal by dialysis does not cause unfolding and VLP disassembly but 

results in a re- and fine-structuring of the VLP surface topology. 
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1. Introduction  

The hepatitis B vaccine was the first recombinant protein-based vaccine introduced 

into the market in 1986 [1]. The recombinant vaccine was initially produced using the yeast 

Saccharomyces cerevisiae, later on also other yeast derived expression systems were 

employed for commercial production. The hepatitis B vaccine is based on the major hepatitis 

B surface antigen (HBsAg), a protein being able to assemble into so-called virus-like particles 

(VLPs). In the beginning, HBsAg VLPs of ~22 nm were purified from the plasma of 

asymptomatic hepatitis B virus carriers, but due to safety issues and limited supply were later 

replaced by VLPs derived through recombinant production [2]. 

HBsAg is a very hydrophobic protein with long stretches of connected hydrophobic 

amino acids. Successful production of HBsAg VLPs has been obtained using mammalian and 

yeast based expression systems. Secretory production of HBsAg VLPs has been achieved 

with mammalian systems, however with non economic production titers [3]. Moreover, the 

very slow secretion kinetics of HBsAg VLPs in mammalian cells also indicated that the in 

vivo assembly of HBsAg monomers into VLPs is a slow process compared to other VLP 

forming proteins [4]. In yeast, secretion is very inefficient and high-level production has only 

been achieved as intracellular product [5-7]. The purification of recombinant HBsAg from 

yeast cultures is well documented [5;8-29], and several studies have shown that purified 

yeast-derived HBsAg appears in characteristic ~22 nm VLPs [7;30-32]. These particles are 

highly immunogenic and capable of eliciting potent neutralizing antibodies as they mimic the 

conformation of native viruses but lack the viral genome and can be used as safe and cheap 

vaccine [1;30;33;34]. The HBsAg monomers form the major part of the HBsAg VLPs, 

representing around 60-70% of the VLP mass, the remaining part consists of lipids [35;36].  

Previously, we have reported high level production of HBsAg using Pichia pastoris as 

expression host [7]. Despite extensive search no evidence for intracellular VLPs was found, 
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however, we provided evidence that HBsAg remains in the endoplasmic reticulum (ER) 

where it does not form VLPs but where a major fraction of the protein assembles into well-

ordered multi-layered lamellar structures [28]. The layering order of HBsAg in these lamellar 

structures strongly suggested the presence of well-ordered HBsAg subunits [28], which 

should be solubilizable without getting structurally disordered to reassemble into VLPs under 

appropriate conditions. Purification of Pichia-derived HBsAg using the protocol also 

employed in this study was finally leading to well-defined VLPs [7;28;37] with excellent 

immunogenic properties [37]. 

In this contribution we show that the assembly of HBsAg into VLPs occurs gradually 

during downstream processing. Moreover, we also analyzed the resistance of HBsAg VLPs 

towards buffer components employed during down-stream processing in order to better 

understand the criteria determining the stability and the conditions allowing the assembly of 

HBsAg into VLPs. 
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2. Materials and Methods 

2.1 Strain and culture conditions 

The construction of the P. pastoris strain GS115 carrying 8 copies of the HBsAg gene 

under the control of the AOX1 promoter and conditions used for HBsAg production were 

described before [7;38]. The host strain GS115 was from Invitrogen (Carlsbad, CA). 

2.2 Purification of recombinant HBsAg 

The purification of HBsAg was carried out essentially as described before [28;37] 

with minor modifications as outlined below.  

2.2.1 Step 1: Cell lysis and EDTA/detergent mediated solubilization of HBsAg 

A cell pellet corresponding to 100 g wet cell mass was resuspended in 1 L ice cold 

lysis buffer (25 mM sodium phosphate buffer, pH 8.0, 5 mM EDTA, 0.6% (v/v) Tween-20). 

This cell suspension was passed through a microfluidizer (M110L, Microfluidics, Newton, MA, 

USA) for 12-14 times at a pressure of 12,000 psi and ~4°C. Cell lysis was confirmed by light 

microscopy. 

2.2.2 Step 2: Polyethylene glycol (PEG) precipitation  

Polyethylene glycol 6000 (PEG6000, Sigma-Aldrich Chemie GmbH, Germany) was 

added slowly to 1 L of the cell lysate to a final concentration of 5% (w/v) followed by 

addition of 5 M NaCl to obtain a final concentration of 0.5 M NaCl. The mixture was stirred 

for 2 h and precipitation allowed for additional 12-16 h at 4°C without stirring. Finally, the 

suspension was clarified by centrifugation at 3,345 × g for 25 min. All steps were carried out 

at 4°C. 
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2.2.3 Step 3: Aerosil-380 adsorption 

Aerosil-380 (Evonik, Hanau, Germany) was gently mixed twice with Aerosil 

equilibration buffer (25 mM sodium phosphate buffer, pH 7.2, 0.5 M NaCl) and re-collected 

by centrifugation at 3,345 × g for 15 min and 4°C. The clarified supernatant obtained after 

PEG precipitation (~800 mL) was added to the pre-equilibrated Aerosil-380 pellet (0.13 g of 

dry Aerosil-380 pre-equilibrated per g of initial wet cell mass) and the pH adjusted to pH 7.2. 

This suspension was stirred for 4 h at 4°C and centrifuged at 4°C and 3,345 × g for 15 min. 

The pellet was washed twice with 25 mM sodium phosphate buffer (pH 7.2), centrifuged as 

above, finally resuspended in 800 ml Aerosil elution buffer (50 mM sodium carbonate-bi-

carbonate buffer, pH 10.8, 1.2 M urea) and kept at 37°C for 12 h with stirring. This 

suspension was then centrifuged at 25°C and 8,665 × g for 150 min. The solution was 

clarified by vacuum-filtration (0.2 µm) and stored for 25 h at 4°C before proceeding to the 

next step.  

2.2.4 Step 4: Ion-exchange chromatography 

The clarified Aerosil-380 eluate was further processed by anion-exchange 

chromatography. Prior to chromatography, the pH was adjusted to pH 8.0 using phosphoric 

acid. DEAE Sepharose FF resin (20 ml, GE Healthcare), washed with 1 M NaOH and pre-

equilibrated with 25 mM sodium carbonate-bi-carbonate buffer, pH 8.0, was used to capture 

HBsAg from the Aerosil-380 eluate and subsequently transferred to a chromatography 

column. This self-packed column was washed with washing buffer (50 mM Tris-HCl, pH 8.0, 

conductivity ~5 mS/cm) until the absorbance at 280 nm in the eluate returned to baseline. The 

bound HBsAg was eluted using a salt step (50 mM Tris-HCl, pH 8.0, 0.5 M NaCl, 

conductivity ~55 mS/cm). The protein containing fractions (absorbance at 280 nm) were 

analyzed by SDS-PAGE. Fractions containing HBsAg were pooled and concentrated by 
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ultrafiltration (Vivaspin membrane, 10,000 MWCO, Sartorius Stedium Biotech GmbH, 

Germany). 

2.2.5 Step 5: Size-exclusion chromatography 

The pooled and concentrated HBsAg-containing fractions obtained after ion-exchange 

chromatography were loaded onto a gel filtration column (Sephacryl S-300, 26/60, GE 

Healthcare) pre-equilibrated in phosphate buffered saline (PBS), pH 7.2 (137 mM NaCl, 2.7 

mM KCl, 10 mM Na2HPO4, 1.76 mM KH2PO4, pH 7.2). Elution was carried out at 1 mL/min 

using PBS, pH 7.2 and protein containing fractions were monitored at 280 nm. 

2.2.6 Step 6: Potassium thiocyanate (KSCN) treatment and dialysis of the final VLP stock 

The HBsAg positive fractions were pooled and treated with KSCN to a final 

concentration of 1.2 M. This mixture was incubated in an orbital shaker (Certomat® BS-1, 

B.Braun Biotech International, Germany) at 100 rpm and 37°C for ~5 h. The KSCN treated 

HBsAg was extensively dialyzed against PBS (pH 7.2) using a cellulose acetate membrane of 

14 kDa cut off (Visking, Carl-Roth, Karlsruhe). Finally, this purified HBsAg stock was 

filtersterilized and stored at 4°C. 

2.3 Analytical methods for HBsAg determination 

The concentration of HBsAg was determined using a quantitative Sandwich ELISA 

(Hepanostika micro ELISA, bioMerieux, France) following the manufacturer’s instructions. 

This ELISA was originally developed for analyzing HBsAg in human sera and most likely 

detects preferentially the immunogenic (“bioactive”) versions of HBsAg (e.g. VLPs and rod-

shaped structures). The clarified samples were diluted appropriately in PBS (pH 7.2) and 

analyzed in triplicates. Concentrations of HBsAg in pure HBsAg solutions were determined 
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spectrophotometrically at 280 nm [Abs 0.1% (=1 g/l) 3.168 cm
-1

, http://web.expasy.org/-

protparam/]. 

2.4 Other protein analytical methods 

Total protein concentrations were determined using the bicinchoninic acid (BCA) 

method [39]. SDS-PAGE analysis of protein samples was done essentially as described before 

[7] using 12% polyacrylamide gels. Gels were stained using colloidal Coomassie Brilliant 

Blue G-250 according to the “Blue silver” protocol [40]. 

2.5 Transmission electron microscopy 

Electron microscopy of HBsAg VLPs was carried out essentially as described 

previously [7;28]. Briefly, samples collected during the downstream procedures were 

analyzed using the energy-filtered transmission electron microscope Libra 120PLUS (Zeiss, 

Oberkochen, Germany). The samples were diluted accordingly (0.2 – 0.5 mg/mL protein), 

adsorbed for 1 min to a glow-discharged C-Formvar coated Cu-grids (300 mesh) and 

negatively stained with 2% (w/v) uranylacetate, pH 4.5. The zero-loss images, under the 

surveyance of realtime FFT (iTEM software, OSIS, Münster, Germany), were taken with a 

2048 × 2048 CCD camera (Tröndle, Moorenweis, Germany) using a slit-width of 15 eV and 

an objective aperture of 60 µm. Purified HBsAg VLPs were diluted with PBS (pH 7.2) to 

appropriate concentration (0.2 mg/mL) and images were recorded as described above.  

2.6 Image processing and semi-quantitative VLP assessment 

TEM images were analyzed via ImageJ (National Institutes of Health, Bethsda, MD, 

USA) to measure VLP diameters and numbers. For the semi-quantitative assessment of VLP 

formation during downstream processing only symmetrical and clearly defined VLPs with a 

diameter of 22 ± 2 nm were considered in the different HBsAg containing fractions, also 
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containing host cell contaminants and none VLP HBsAg (e.g. HBsAg agglomerates). In each 

sample (duplicates) the number of HBsAg VLPs was determined in a defined area of the TEM 

image and the total amount of HBsAg in the sample was determined by SDS-PAGE. VLP 

counts are then given as relative counts and determined by dividing the number of VLPs 

through the total amount of HBsAg. Purified HBsAg VLPs after KSCN treatments and 

dialysis against PBS, pH 7.2 were set as 100%. 

2.7 Stability testing of HBsAg VLPs 

Purified preformed HBsAg VLPs (0.8 mg/mL) stored at 4°C in PBS (pH 7.2) were 

diluted into buffers of various composition to a final concentration of 0.2 mg/mL: (A): lysis 

buffer (25 mM sodium phosphate buffer, pH 8.0, 5 mM EDTA, 0.6% (v/v) Tween-20), (B): 

PEG precipitation buffer (25 mM sodium phosphate buffer, pH 8.0, 5 mM EDTA, 0.6% (v/v) 

Tween-20, 5% (w/v) PEG6000, 0.5 M NaCl), (C): Aerosil equilibration buffer (25 mM 

sodium phosphate buffer, pH 7.2, 0.5 M NaCl), and (D): Aerosil elution buffer (50 mM 

sodium carbonate-bi-carbonate buffer, pH 10.8, 1.2 M urea). Dilution of purified preformed 

HBsAg VLPs into PBS (pH 7.2) to a final concentration of 0.2 mg/mL was used as control. 

All samples were incubated at 4°C for at least 24 h up to a maximum of 7 days and 

subsequently processed for electron microscopy.  

Moreover, purified preformed HBsAg VLPs (0.125 mg/mL in PBS, pH 7.2) were 

extensively dialyzed against anion-exchange elution buffer (50 mM Tris-HCl, pH 8.0, 0.5 M 

NaCl) at 4°C and subsequently subjected to electron microscopy using the non-dialyzed 

purified preformed HBsAg VLPs in PBS (pH 7.2) as control. 

Structural rearrangements of purified preformed HBsAg VLPs in response to 

treatment with chaotropic reagents (GdnSCN, GdnHCl, and KSCN) were monitored via 

fluorescence spectroscopy (Luminescence spectrometer Perkin Elmer LS50B, PerkinElmer 

Ltd., United Kingdom). Stock solutions of pure HBsAg VLPs (0.8 mg/mL i.e., 30 µM) were 
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first mixed with a 1 mM bis-ANS stock solution in a 1:10 ratio to ensure complete saturation 

of the dye binding sites in the HBsAg (monomer) and the mixture left at 25°C for 10 min. 

Subsequently, the HBsAg.bis-ANS solution was mixed with appropriate concentrations of the 

denaturant (final concentration 2 µM HBsAg and 20 µM bis-ANS) and kept at 25°C [41]. 

Preceding experiments revealed that the fluorescence in this denaturant/HBsAg.bis-ANS 

mixture did not change within an incubation period of 3 min to 24 h. Thus, all measurements 

were done after 3 min incubation and the fluorescence spectra obtained at 25°C using an 

excitation wavelength of 400 nm. 
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3. Results and Discussion 

Generation and purification of P. pastoris derived HBsAg VLPs encompass multiple 

steps outlined below (Figure 1). The first step includes cell breakage and the release of 

HBsAg from the endoplasmic reticulum (ER) where it is found assembled into defined multi-

layered lamellar structures [28]. This is a critical step as it includes the mechanical destruction 

of cells and cell compartments and the EDTA/detergent-assisted solubilization of membranes 

and membranous structures including the release and solubilization of HBsAg from the ER 

embedded lamellas. The subsequent steps include removal of the majority of host cell 

contaminants by precipitation (PEG6000), hydrophobic adsorption of HBsAg to colloidal 

silica (Aerosil-380) and final purification and maturation of HBsAg using different 

chromatographic steps and KSCN treatment, respectively. The presence or absence of HBsAg 

VLPs during these different consecutive steps of purification were probed by electron 

microscopy in order to determine the crucial factors allowing the assembly of HBsAg into 

VLPs during down-stream processing. Moreover, the effects of buffer components employed 

during HBsAg purification were analyzed regarding their impact on the integrity of preformed 

HBsAg VLPs. Finally, the concentration-dependent impact of various structure breaking 

chaotropic compounds, including KSCN, on the coherence of HBsAg VLPs was assessed to 

better understand the effect of KSCN on the maturation of HBsAg VLPs. 

3.1 Monitoring the assembly of HBsAg VLPs during the purification process  

Cell lysis was carried out by high pressure homogenization using a buffer containing a 

detergent and a chelating compound. This step combines cell lysis with the solubilization of 

HBsAg from the multi-layered lamellar deposits found in the ER. A survey of this crude cell 

lysate using electron microscopy did not reveal any structures resembling VLPs (Figure 1A). 

Addition of PEG to this crude cell lysate resulted in partial precipitation of host cell proteins 
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while keeping the HBsAg in solution. An analysis of the supernatant obtained after 

centrifugation of the PEG precipitate as well as the PEG supernatant/colloidal silica 

suspension by electron microscopy also did not show any VLP resembling structures (Figure 

1B and C). The first VLP-like structures appeared after elution of proteins bound to colloidal 

silica (Figure 1D). Binding of HBsAg to colloidal silica (Aerosil-380) in clarified PEG 

extracts at neutral pH through hydrophobic adsorption represents an important step during 

purification as the elution of bound proteins from colloidal silica already leads to a HBsAg 

preparation with a purity of 60-70% [37]. An electron microscopic investigation of this eluate 

revealed that the size of these irregular VLP-like structures were in the range of HBsAg VLPs 

but clearly neither uniform in size nor in shape (Figure 1D). Moreover, a clustering of these 

large irregular HBsAg VLP-like structures into agglomerates also point at best to very 

immature VLPs. The pH adjustment of the colloidal silica eluate (pH 10.8) to pH 8.0 prior to 

anion-exchange chromatography already modified the morphology of these large irregular 

VLP-like structures and, moreover, increased the particle size in the particulate background 

presumably consisting of smaller size HBsAg assemblies (“mini-VLPs”) (Figure 1E). Thus, 

the pH shift from alkaline to more neutral pH already had a significant effect on the 

morphology of the HBsAg assemblies (large irregular VLP-like structures and “mini-VLPs”). 

The size distribution of the VLP-like structures further improved in the eluate fraction 

obtained after ion-exchange chromatography, however, these particles still revealed a high 

tendency to form clusters and still exhibited an irregular morphology (Figure 1F). Clearly 

defined and less disperse VLPs were detectable in the eluate fraction collected after size-

exclusion chromatography (Figure 1G) and monodispersity further improved after KSCN 

treatment followed by dialysis against PBS (Figure 1H). Moreover, the KSCN treatment also 

resulted in VLPs with a more fine-structured surface as has been previously reported using 

atomic force microscopy [41]. The appearance of well-defined VLPs during the down-stream 
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process is also illustrated using a semi-quantitative approach (Figure 2). For this purpose, the 

numbers of VLPs were determined in the different HBsAg containing fractions obtained 

during downstream-processing considering only symmetrical and clearly defined VLPs with a 

diameter of 22 ± 2 nm. These semi-quantitative data corroborate that symmetrical and clearly 

defined VLPs of uniform size appeared first in significant numbers after size-exclusion 

chromatography and further increased in numbers after KSCN treatment. Thus, the final 

KSCN treatment after size inclusion chromatography did not only improve the fine-structure 

of the VLP surface but also improved monodispersity, e.g. increased the numbers of VLPs of 

uniform size. 

3.2 Stability of HBsAg VLPs in buffers and solutions employed during the purification process 

The first VLP-like elements were observed after elution of proteins bound to colloidal 

silica, namely Aerosil-380, resulting in a HBsAg preparation of ~60-70% purity. However, 

these VLP-like elements were neither uniform in size nor in structure and exhibited a high 

tendency to form clusters (Figure 1D). Thus, we analyzed the impact of the Aerosil elution 

buffer and the buffers employed in the preceding purification steps on the integrity of purified 

preformed HBsAg VLPs. Purified preformed HBsAg VLPs were incubated in 

EDTA/detergent containing lysis buffer as well as in PEG precipitation buffer, and in Aerosil 

equilibration and elution buffer, and the VLP morphology was subsequently analyzed by 

electron microscopy. As control purified preformed HBsAg VLPs were diluted to the same 

amount/concentration into PBS (pH 7.2) and also assessed by electron microscopy. The 

results of these studies clearly revealed that the buffers employed during the first purification 

steps did not cause disassembly of preformed HBsAg VLPs but led to clumping and 

deformation of the VLPs (Figure 3). In particular, incubation of preformed HBsAg VLPs in 

lysis buffer as well as in PEG precipitation buffer caused severe clumping of VLPs but also 
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led to a pronounced distortion of the VLP symmetry (Figure 3). Thus, the buffer conditions 

encountered during the initial steps of purification are presumably not favorable for VLP 

formation as they are causing clumping and structural deformations of already preformed 

VLPs.  

The majority of symmetrical VLPs of uniform size appeared first after size-exclusion 

chromatography (Fig. 1G). The preceding purification step, anion-exchange chromatography, 

resulted in the elution of large VLP-like structures still forming clusters and exhibiting an 

irregular morphology (Fig. 1F). Thus, more uniform VLPs were generated during the passage 

of these irregular and cluster-forming VLP-like structures through the size-exclusion 

chromatography column. In addition to separation by size, the HBsAg is also exposed to a 

buffer exchange during the passage through the size-exclusion chromatography column. 

Loading of the HBsAg containing fraction occurs in anion-exchange elution buffer (50 mM 

Tris-HCl, pH 8.0, 0.5 M NaCl) and elution from the size-exclusion chromatography column 

(equilibrated in PBS, pH 7.2) is carried out using PBS (pH 7.2). Thus, we analyzed the impact 

of the anion-exchange elution buffer on HBsAg VLP integrity by dialyzing purified 

preformed HBsAg VLPs (in PBS, pH 7.2) against the anion-exchange elution buffer. 

Subsequently, the change in VLP morphology was assessed by electron microscopy using the 

purified HBsAg VLPs in PBS (pH 7.2) as control. These studies clearly revealed that the 

buffer exchange from PBS (pH 7.2) to the anion-exchange elution buffer was accompanied by 

a pronounced change from monodispersity to heterodispersity of the HBsAg VLP formulation 

(Fig. 4). The uniform size distribution of VLPs found in PBS (pH 7.2) changed to a 

heterogeneous distribution in the anion-exchange elution buffer. Thus, the reduction of 

HBsAg VLP heterodispersity after size-exclusion chromatography is mainly due to the buffer 

exchange but not to the passage through the size-exclusion chromatography column. 
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However, the size-exclusion chromatography step removed remaining host cell proteins as the 

HBsAg VLPs elute with the void volume and host cell contaminants elute afterwards [37].  

3.3 Stability of HBsAg VLPs towards structure-breaking chaotropic compounds  

There is widespread usage of KSCN during the final steps of the purification of 

HBsAg to improve the maturation of HBsAg VLPs [8;10;14;20;21;28]. KSCN is a structure-

breaking chaotropic compound though less harsh than GdnSCN and GdnHCl [42]. To better 

understand the mechanism of KSCN mediated maturation of HBsAg VLPs during the final 

purification step the denaturant induced unfolding of HBsAg VLPs was studied in the 

presence of increasing concentrations of GdnSCN, GdnHCl, and KSCN. Unfolding studies 

were carried out in the absence and presence of bis-ANS, a hydrophobic fluorescent dye 

which preferentially binds to exposed hydrophobic patches of protein folding intermediates, 

so-called “molten globules” and not to native or completely unfolded proteins [43;44]. 

Incubation of purified preformed HBsAg VLPs with increasing denaturant concentrations 

revealed that unfolding, respectively the formation of a “molten globular state” of the HBsAg 

VLPs apparent through the increased bis-ANS fluorescence required denaturant 

concentrations of 0.5 M and 1.2 M of GdnSCN and GdnHCl, respectively (Figure 5). As 

treatment of purified mature HBsAg VLPs with KSCN up to 5 M KSCN did not lead to a 

detectable “molten globular state” of the HBsAg VLPs (Figure 5) and KSCN is a less harsh 

denaturant compared to GdnSCN and GdnHCl it is concluded that KSCN, in particular at the 

concentrations employed during the final step of HBsAg VLP maturation, does not cause 

disassembly of HBsAg VLPs nor does it cause a significant transfer of hydrophobic patches 

from the VLP interior towards the VLP surface. The results strongly suggest that the KSCN 

most likely causes a restructuring of surface exposed stretches leading to a more uniform 

exterior of the HBsAg VLPs. 
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4. Conclusions 

Our previous studies strongly suggested that the HBsAg VLPs are not formed within 

the yeast cells during the cultivation but must be formed after cell breakage during the 

following down-stream procedures [28]. Our studies now show that VLP formation occurs in 

a gradual manner during down-stream processing with the first VLP resembling structures 

appearing after elution of bound HBsAg from colloidal silica. These VLP-like structures were 

still non-symmetrical and heterodisperse and exhibited a high tendency towards cluster 

formation presumably because of surface exposed hydrophobic patches. More uniform and 

monodisperse VLPs appeared after the following chromatographic purification procedures 

most likely the result of buffer changes during these purification steps (towards more neutral 

pH and less salt). Final treatment of the VLPs with the denaturant KSCN at moderate 

concentrations with following KSCN removal by dialysis did not cause unfolding and VLP 

disassembly but resulted in a re- and fine-structuring of the VLP surface topology.  
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Figure legends 

 

Figure 1. Monitoring for the appearance of HBsAg VLPs during the purification procedure. 

Sections encircled in red and green correspond to purification steps with none or very 

immature and to steps with clearly detectable VLPs, respectably. Electron micrographs of (A) 

crude cell lysate (pH 8.0), (B) PEG supernatant (pH 8.0), (C) Aerosil suspension (pH 7.2), 

(D) Aerosil eluate (pH 10.8), (E) load for anion-exchange chromatography (pH 8.0), (F) load 

for size-exclusion chromatography (pH 8.0), (G) eluate after size-exclusion chromatography 

(pH 7.2), and (H) HBsAg VLPs after KSCN treatment and dialysis against PBS (pH 7.2). 

Bars correspond to 100 nm. 

 

Figure 2. Semi-quantitative assessment of VLP formation during the purification of HBsAg. 

The numbers of VLPs were determined in the different HBsAg containing fractions 

considering only symmetrical and clearly defined VLPs with a diameter of 22 ± 2 nm. VLP 

counts are presented as relative counts (purified HBsAg VLPs after KSCN treatments and 

dialysis against PBS, pH 7.2 = 100%) and were always related to the same amount of HBsAg 

protein as determined by SDS-PAGE. Crude cell lysate (pH 8.0), PEG supernatant (pH 8.0), 

Aerosil suspension (pH 7.2), Aerosil eluate (pH 10.8), load for anion-exchange 

chromatography (AEX) (pH 8.0), load for size-exclusion chromatography (SEX) (pH 8.0), 

eluate after size-exclusion chromatography (SEC) (pH 7.2), and HBsAg VLPs after KSCN 

treatment and dialysis against PBS (pH 7.2). 
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Figure 3. Impact of early stage purification buffers on the integrity of purified preformed 

HBsAg VLPs. Electron micrographs of purified preformed HBsAg VLPs diluted to a final 

concentration of 0.2 mg/mL into (A) EDTA/detergent containing lysis buffer (pH 8.0), (B) 

PEG precipitation buffer (pH 8.0), (C) Aerosil equilibration (pH 7.2), and (D) Aerosil elution 

buffer (pH 10.8). (E1 and E2) As control purified preformed HBsAg VLPs were diluted to the 

same amount/concentration into PBS (pH 7.2). Bars correspond to 100 nm. 

 

Figure 4. Impact of late stage purification buffer on the integrity of purified preformed 

HBsAg VLPs. Effect of buffer exchange from size-exclusion chromatography elution buffer 

(PBS, pH 7.2) to anion-exchange chromatography elution buffer (50 mM Tris-HCl, pH 8.0, 

0.5 M NaCl). (A) Size frequency distribution and (B,C) electron micrographs of HBsAg 

VLPs (� in A, B) before (in PBS, pH 7.2) and (� in A, C) after dialysis against anion-

exchange chromatography elution buffer. Bars correspond to 100 nm. 

 

Figure 5. Structural rearrangements and unfolding of HBsAg VLPs through increasing 

concentrations of (A) GdnSCN, (B) GdnHCl, and (C) KSCN monitored via bis-ANS 

fluorescence spectroscopy. 
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