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a b s t r a c t

The Hepatitis B virus major surface antigen (HBsAg) is a cysteine-rich, membrane-bound protein which
self-assembles into 22-nm spherical virus-like particles (VLPs). While this VLP based human vaccine has
been demonstrated to be safe and efficacious since 1986, the structural and exact molecular basis for its
antigenic determinants has not been elucidated. Maturation of the yeast-derived purified VLPs was char-
acterized for the changes in 37 their biophysical properties [7]. Using rapid and label-free surface plas-
mon resonance technique with a neutralizing monoclonal antibody – A1.2, the epitope evolution
kinetics of purified VLPs was monitored in real time. Evidence supporting the mechanism that the correct
disulfide bond pairing is the molecular basis for shaping up the native virion-like epitopes was obtained.
At least 10-fold enhancement in antigenicity probed by A1.2 of the VLPs was achieved by heat-treatment
(t1/2 � 6–10 h), and another 2- to 3-fold enhancement was obtained when they were treated with redox
buffer. This antigenicity development, presumably via disulfide formation/isomerization, was shown to
be inhibited by a free radical scavenger and facilitated in the presence of light. Relative antigenicity deter-
mination with surface plasmon resonance was shown to be a valuable tool for process characterization in
the kinetic monitoring mode or for final VLP product assessment in the end point antigenicity testing
mode.

� 2011 Elsevier Inc. All rights reserved.

1. Introduction

Hepatitis B virus (HBV), the prototype member of the taxo-
nomic family hepadnaviridiae, still poses a major health threat for
causing hepatitis, liver cancer, and liver cirrhosis with 350 million
carriers worldwide [1,2]. The 42-nm infectious virions of HBV, or
Dane particles, are composed of three structural protein compo-
nents: the lipid-associated major surface antigen (HBsAg); Pre-S
protein that is continuously expressed with HBsAg; and the core
antigen surrounding the DNA in the core of the particle. In addition
to the intact 42-nm virions, abundant 22-nm non-infectious subvi-
ral spherical particles and tubules containing only HBsAg and lipids
also exist in the plasma of chronically-infected individuals. These
non-infectious, plasma-derived 22-nm virus-like particles (VLPs)

had been used in prophylactic vaccines against HBV infection
(Heptavax B, Licensed to Merck, 1981) before the introduction of
a yeast-derived recombinant HBsAg vaccine [1]. The HBsAg is a
25-kDa protein with 226 amino acids, which self-assembles into
immunogenic spherical particles containing host cell-derived
lipids with �100 copies of the HBsAg molecules per particle. Due
to the comparable protective efficacy against HBV infection,
yeast-derived HBsAg has replaced plasma-derived HBsAg as the
preferred vaccine, making it the first recombinant vaccine (REC-
OMBIVAX HB�, Merck) licensed for human use in 1986 [1–7].

The HBsAg, expressed in yeast as lipid containing VLPs, forms
disulfide-linked dimers and higher-order oligomers spontaneously
during expression, downstream purification and storage [6,7].
Work from early years of HBsAg VLP characterization showed that
cross-linking is essential for both antigenicity and immunogenicity
of these in vitro assembled VLPs [7–9]. Antigenicity development is
coupled with the cross-linking of HBsAg. Although RECOMBIVAX
HB� has been used as a successful prophylactic vaccine for
�25 years, the detailed molecular structure for the antigenic deter-
minants has not been fully elucidated. We previously reported the
changes in conformational flexibility and dynamics of this lipid-
associated oligomeric protein and the particle compaction during
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spontaneous maturation of the yeast derived HBsAg VLPs [7]. Here
we report the immunochemical analysis using a conformation-sen-
sitive monoclonal antibody (mAb) to probe the epitope evolution/
transformation during maturation of the purified VLPs. Most
importantly, the subtle structural changes were tracked in real
time with a conformation-sensitive monoclonal antibody (mAb)
A1.2 through the use of label-free, rapid, and biosensor-based sur-
face plasmon resonance (SPR) method. Comparing to freshly puri-
fied VLPs, the heat-induced maturation was shown to enhance the
specific antigenicity by up to 10-fold. Redox facilitated refolding
was shown to yield another �2- to 3-fold additional enhancement
in antigenicity as compared to heat-induced maturation. It has
been demonstrated that the formation of the neutralizing epi-
tope(s) can be further improved by utilization of redox buffer at
elevated temperatures, thus opening up the possibility of forming
more virion-like epitopes on the recombinant lipid containing
VLPs. The antigenicity of the redox-treated VLPs is comparable to
that of human plasma-derived HBsAg subviral particles. The tech-
nique of tracking the antigenicity development in real time should
facilitate the characterization and development of other VLP-based
vaccines, which are gaining more popularity [10,11], where disul-
fides can be critical for proper presentation of the epitopes on
VLP surface or necessary for VLP stability.

2. Materials and methods

2.1. Materials

A1.2, a murine mAb IgG1 with viral neutralizing activities, was
prepared and characterized as previously reported [12]. The spin-
trap 5,5-dimethyl-1-pyrroline N-oxide (DMPO), potassium thiocy-
anate (KSCN), reduced form and oxidized form of glutathione, and
other buffer salts of highest purity were purchased from Sigma (St.
Louis, MO). Biacore CM5 chip, amine coupling kits, and HEPES buf-
fered saline and other related buffers for cleaning and maintenance
were purchased from Biacore or GE Health care (Piscataway, NJ).

2.3. Recombinant HBsAg VLPs

HBsAg was over-expressed in yeast (Saccharomyces cerevisae)
and purified according to previously published procedures [6,7].
The purified HBsAg was used at concentrations in the range 40–
200 lg/mL and was stored or diluted in phosphate-buffered saline
(PBS) at 4 �C. Protein concentrations were determined by a Lowry
method with commercially available reagents (Pierce). HBsAg mat-
uration by heat-treatment and redox treatment were performed at
various scales, from 0.7 mL (7 mm polypropylene vials), 1.0 mL
(10 mm glass vials), 4.0 mL in glass vials on the Biacore 2000 sam-
ple block or up to 300 mL bench scale in blue glass and stainless
steel containers. At small scales, aliquots were drawn from the vial
at programmed time, whereas for bench scale maturation, samples
were taken at various time intervals and frozen at �70 �C until
analysis.

2.4. Surface plasmon resonance (SPR) instrumentation

The antigen–antibody biomolecular interaction analyses were
performed with a BIAcore 2000 or 3000 instrument equipped with
four flow cells and sample racks with temperature control (Upp-
sala, Sweden). The temperature of the sensor chip was maintained
at 20 �C for all experiments. The running buffer contained 10 mM
HEPES (pH 7.4), 0.15 M NaCl, 3 mM EDTA, and 0.005% (w/v) poly-
sorbate 20 and the flow rate was maintained at 5 lL/min during
and between sample injections (except during acid regeneration
where the flow rate was 20 lL/min).

2.5. Analysis of HBsAg antigenicity by SPR

Affinity-purified polyclonal rabbit anti-mouse IgG Fcc antibody
(RAMFc) was chemically immobilized to the CM5 sensor chip sur-
face using the vendor-supplied amine coupling kit. The HBsAg-spe-
cific mAb A1.2 was captured by RAMFc, and the antigenicity of the
HBsAg sample was determined by injecting 10 lg/mL HBsAg onto
the chip with mAb A1.2 captured on the sensor chip. The antigenic-
ity of HBsAg was defined as DRUHBsAg/DRUA1.2. The sensor chip sur-
face with covalently-coupled RAMFc was regenerated after binding
analysis with acid after each cycle. Non-specific binding was neg-
ligible when RAMFc or A1.2 was missing from the chip.

For the kinetic studies at 10 lg/mL HBsAg in PBS, the DRUHBsAg/
DRUA1.2 ratios at different time intervals were measured repeat-
edly after each regeneration cycle, then normalized a fully ‘‘aged’’
VLP preparation. Aliquots were automatically drawn from the sam-
ple rack on the Biacore platform with a 23-min time interval by
injecting the VLPs onto the sensor chip. Temperature of the sample
rack was controlled at 25 �C or 37 �C by an external circulating
water bath for monitoring antigenicity over time.

2.6. Antigenicity development with light exposure

For the experiments of light exposure effect on epitope develop-
ment, two identical 9 mm glass vials (from Biacore) with 10 lg/mL
HBsAg in PBS were exposed to strong light approximately 30 cm
from a 100 W tungsten lamp in a well-ventilated chemical hood.
The control vial was wrapped tightly with aluminum foil to pre-
vent light exposure, while simulating the heat radiation with the
vial with light exposure. Aliquots were drawn at different time
intervals for the antigenicity analysis and were compared to a stan-
dard with constant antigenicity.

2.7. Data analysis

The report points were made within Biacore control software
for the RU values. Thus the changes in RU values were calculated
from two report points. The ratio between the HBsAg binding over
A1.2 binding was calculated as a measure of antigenicity – HBsAg
binding for a given amount of captured A1.2. Subsequently, this ra-
tio for a sample was normalized to that of a reference. Non-linear
least square fits for the first-order kinetics of epitope development
were performed to derived the apparent rate constant for a given
maturation condition using Grafit [13]. With these apparent first
order rate constants, the analysis of the pH dependence of the rate
constants was carried out using Grafit [13]. Eq. (1) was used for
deriving the pKa for the ionizable group by fitting the data to a sin-
gle ionization curve, assuming that the kobs or y axis runs from 0 to
a data-defined upper limit [13]:

y ¼ Limit:10ðpH�pKaÞ

10ðpH�pKaÞ þ 1
ð1Þ

3. Results

Mouse mAb A1.2 is a structurally sensitive probe for native vir-
ion-like conformation and it has neutralizing activity against the
virus [12,14]. Thus, the binding to A1.2 of VLPs is a surrogate of
its efficacy to elicit neutralizing antibodies in vivo with virion-like
epitopes. Here, we demonstrated that A1.2 functions as an exqui-
site conformational probe as A1.2 is highly sensitive to small struc-
tural changes in the antigenic loop on the surface of the VLPs. SPR
analysis is the method of choice for tracking the epitope develop-
ment for HBsAg VLPs in nearly real time because (a) it is simple
and quick with about 20 min turn-around time; (b) it is a label-free
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