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Abstract

Despite the complexity of the subject of protein–alum interactions, a valuable information can be obtained by analyzing
the adsorbed and desorbed protein by common physico–chemical methods. In the present work, to approach the adsorption
of hepatitis B surface antigen (HBsAg) on alum, the experimental data were supported by complementary analyses of the
adsorbed protein by immunoelectron microscopy and the desorbed protein by denaturing size-exclusion chromatography and
sodium dodecyl sulfate-polyacrylamide gel electrophoresis under reducing conditions. First, the depletion of HBsAg was
investigated. The aspects assessed were the conditions, recovery and chromatographic performance of the desorbed protein.
The results obtained strongly suggested the loss of particulate structure of HBsAg after adsorption on alum. This conclusion
was further reinforced by direct immunoelectron microscopic visualization of HBsAg in the adsorbed state.  1998
Published by Elsevier Science B.V. All rights reserved.
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1. Introduction [2–4]. However, using both plasma- and yeast-de-
rived vaccines, a small portion (about 5–10%) of

According to World Health Organization esti- vaccinated subjects fail to produce detectable anti-
mates, by the year 2000, there will be 400 million body response. Induction of immune reactivity de-
hepatitis B virus carriers in the world if hepatitis B pends upon antigen reaching and being available in
vaccine is not widely used [1]. Several yeast-derived lymphoid organs in a dose- and time-dependent
hepatitis B vaccines are commercially available now manner [5]. Since HBsAg is administered as the
based on the same recombinant hepatitis B surface alum-adsorbed preparation, antigen–alum interac-
antigen (HBsAg) and aluminium hydroxide (alum) tions should be crucial in the immune response. This
adjuvant. In numerous clinical trials, these prepara- was experimentally shown for gp120 protein [6]. As
tions have demonstrated an immunogenicity and most proteins, gp120 is quantitatively adsorbed on
efficacy similar to that of plasma-derived antigen, alum in a few minutes. However, the gp120–alum
with no difference in antibody specificity and avidity interaction is weak and sensitive to anions from

physiological fluids. Due to this, the protein is
*Corresponding author. rapidly desorbed from alum just after injection that
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explains a weak immune response to the MN gp120 sodium phosphates and another mentioned reagents
HIV-1 vaccine. were analytical grade and obtained from Merck

Our understanding of antigen–alum interactions (Darmstadt, Germany). The reagents used in electron
may provide a way to understand the non-respon- microscopy were from Agar Scientific (Essex, UK).
siveness of some people to hepatitis B vaccination. All solutions were made in Milli-Q grade water.
The analysis of antigen–alum interactions requires Aluminium hydroxide gel (alum) was purchased as a
knowledge of both the kinetic events that occur sterile 2% (w/v) Al(OH) suspension from Superfos3

during the adsorption event and the structure of Biosector (Vedbaek, Denmark). Hyflo Super Cel
adsorbed protein. However, neither of these aspects (celite) was from Fluka (Buchs, Switzerland). Phos-
has been explored for alum-adsorbed proteins due to phate-buffered saline (PBS) contained 1.7 mM
the lack of reliable experimental techniques capable KH PO , 7.9 mM Na HPO , 2.7 mM KCl and 2502 4 2 4

to support kinetic measurements as well as to assess mM NaCl, pH 7.0. Recombinant HBsAg, cloned and
the adsorbed protein at a molecular level [Review, expressed in yeast Pichia pastoris, was purified by a
7]. Despite the complexity of alum structure [8] and multi-step procedure [13] and provided as a solution
great structural variety among antigens, protein in PBS (1.61 mg/ml) from the National Center for
adsorption on alum is commonly approached by Bioproducts (Havana, Cuba). This stock solution was
Langmuir model originally developed for small used in the preparation of working standard solutions
molecules adsorbing at an ’ideal’ surface. This of lower concentrations as well as in the adsorption
model cannot describe the adsorption behavior of studies.
several antigen proteins [9], including HBsAg [un- Anti-HBsAg mouse monoclonal antibody (CB
published results]. However, without the stimulus of Hep1) and protein A–colloidal gold complex (par-
usable data, no superior theoretical treatment has ticle diameter, 15 nm) used for the immunodetection
been developed. of HBsAg were provided by the Division of Im-

Despite the complexity of the subject of protein– munotechnology and Diagnostics of the Center for
alum interactions, a valuable information can be Genetic Engineering and Biotechnology (Havana,
obtained by analyzing the adsorbed and desorbed Cuba).
protein by common physico–chemical methods. In The HBsAg–celite preparation (100 mg/ml
the present work, to approach the adsorption of HBsAg) used as a reference standard in the electron
hepatitis B surface antigen (HBsAg) on alum, the microscopic study of HBsAg–alum preparation was
experimental data were supported by complementary prepared as described in Ref. [14].
analyses of the adsorbed protein by immunoelectron
microscopy and the desorbed protein by denaturing 2.2. Apparatus
size exclusion chromatography (SEC) and sodium
dodecyl sulfate-polyacrylamide gel electrophoresis 2.2.1. Size-exclusion chromatography (SEC)
(SDS-PAGE). The results obtained evidence the loss The SEC system included a Pharmacia LKB 2248
of particulate structure of HBsAg after adsorption on pump, Knauer degasser, Pharmacia 2141 variable-
alum. The same has been previously suggested from wavelength UV detector operated at 280 nm and
the immunological studies of HBsAg [10] and Pharmacia 2221 programmable integrator. The col-
another virus-like particles [11,12]. Hence, our work umn used was a TSK G4000 SW (60037.5 mm I.
provides a physico–chemical support to this hypoth- D.) purchased from Tosohaas (Stuttgart, Germany).
esis. Elution was with 0.1 M Tris–HCl in 0.3% SDS, pH

8.0 at 0.9 ml /min. After injecting the working
standard solutions (100 ml), the conversion of peak

2. Experimental areas to protein concentrations was carried out using
programmable integration.

2.1. Materials
2.2.2. SDS-PAGE

Tris(hydroxymethyl)aminomethane, dithiotreitol Electrophoresis (Hoefer Scientific Instrument) was
(DTT), SDS, mercaptoethanol, sodium chloride, performed as described by Laemmli [15] on 12.5%
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gels at 30 mA for 3.5 h at room temperature under desorbed from alum using the described procedure,
reducing conditions. The gels were stained by except the incubations at 1008C were for 10, 15, 20
Coomasie blue dye (Bio-Rad, Richmond, CA, USA) and 25 min, respectively. After that, the samples
or silver nitrate [16]. The Coomasie-stained gel was were analyzed by SEC (100 ml) and SDS-PAGE/
scanned by laser densitometry using Ultroscan XL silver staining (1.7 mg HBsAg per spot).
(Pharmacia). For immunoblotting, the gel was incu-
bated with CB Hep1 antibody and developed with 2.6. Transmission electron microscopy (TEM)
protein A conjugated to aminobenzidine [17].

Two drops of HBsAg solution in PBS (0.1 mg/
2.3. Preparation of HBsAg–alum ml) were placed for 5 min onto a 400 mesh copper

grid coated with formvar-carbon film. Excess sample
A mixture of 2% aluminium hydroxide gel (2 ml) was blotted off. Grids were stained with uranyl

and HBsAg stock solution (1.7 ml) was gently acetate and examined in a Jeol-JEM 2000EX trans-
agitated for 30 min at room temperature and then mission electron microscope, acceleration voltage 80
diluted with PBS in a 25-ml volumetric flask. The kV and magnification 40 000X.
concentration of adsorbed HBsAg was 100 mg/ml, The adsorbed HBsAg was analyzed by sectioning
as determined by Lowry method [18] from protein the HBsAg–alum and HBsAg–celite pellets obtained
balance. The placebo was prepared by the dilution of by centrifugation for 10 min at 2500 rpm of the
2% aluminium hydroxide gel (2 ml) with PBS up to respective preparations (10 ml). Placebo was used as
25 ml. a blank. The pellets were fixed by immersion in 1%

glutaraldehyde, rinsed with PBS and dehydrated in
2.4. Reduction of HBsAg particles increasing (30–100%) ethanol concentrations. The

embedding was in Araldite. Each resulting block was
Aliquots (200 ml) from working standard solutions sectioned (N560) with an ultramicrotome LKB 2188

˚(0.2–1.6 mg/ml HBsAg) were incubated with DTT/ (NOVA) and 400-A sections were mounted on 400
M sample buffer (40 ml) for 10 min at 1008C [The mesh nickel grids without membrane. Staining was
DTT/M sample buffer contained 417 mM DTT, with uranyl acetate and lead citrate followed by
4.2% (w/v) SDS and 16% 2-mercaptoethanol]. The examination as described.
reduced samples were analyzed by SDS-PAGE/
Coomasie blue staining (30 ml) and SEC (100 ml) as 2.7. Immunoelectron microscopy
described.

The grids coated with soluble HBsAg were floated
2.5. Desorption of HBsAg from alum on six drops of gold buffer (1% BSA in PBS) before

transfer to a drop of the PBS-diluted CB Hep1
One ml of the HBsAg–alum preparation (100 antibody (dilution, 1:20) for incubation at room

mg/ml) was centrifuged for 10 min at 2500 rpm. The temperature (30 min). After washing in gold buffer
pellet separated was incubated for 3 min at 1008C to remove unbound antibody molecules, the grids
with a mixture of 0.4 M Na/PO , pH 8.0 (100 were floated on two drops of gold buffer-diluted4

ml)–DTT/M sample buffer (20 ml) (5:1). After protein A–gold complexes (dilution, 1:200) for 40
centrifugation for 5 min at 10 000 rpm, the superna- min at room temperature. Finally, the grids were
tant was analyzed by SDS-PAGE/Coomasie blue subsequently washed in six drops of gold buffer and
staining (30 ml) and SEC (100 ml). two drops of distilled water. After staining with 1%

In order to determine the HBsAg recovery after uranyl acetate, the grids were examined as described.
desorption, the area of SEC-peak from the desorbed Similarly, the sections (N512) from the placebo,
sample was extrapolated to the calibration curve HBsAg–alum and HBsAg–celite pellets were incu-
previously generated by injections of the HBsAg bated for 5 min on a drop of PBS containing 1%
working standard solutions. The determinations were ovalbumin before transfer to a drop of PBS-diluted
carried out in duplicate. CB Hep1 monoclonal antibody (dilution 1:20). Incu-

In another experiment (Fig. 5), the HBsAg was bation was for 60 min at room temperature. The
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grids were then rinsed for 5 min with PBS to remove
unbound antibody molecules and then incubated on a
drop of protein A–colloidal gold complex, pH 7.2,
for 40 min at room temperature. Finally, the sections
were stained and examined as described.

3. Results and discussion

3.1. Analysis of reduced HBsAg

Recombinant HBsAg is produced by the expres-
sion of a 226-amino acid polypeptide in yeast cells
where approximately 100 of these polypeptides are
assembled intracellularly into 22 nm lipoprotein
particles [19]. After purification, the assembled
HBsAg particles are detected by SEC, electron
microscopy and enzyme-linked immunosorbent assay
(ELISA) using polyclonal antibodies [20]. To assess
the HBsAg monomer, the particles should be previ-
ously reduced. Efficient reduction of HBsAg has
been achieved by using a mixture of DTT and
mercaptoethanol (DTT/M), instead of one of them
alone [21,22], suggesting that these reducing agents
do not possess the same reducing power on multiple
disulfide bonds within HBsAg particles. Soluble
HBsAg–SDS complexes formed after reduction are
suitable for further analysis by reversed-phase high-
performance liquid chromatography (RP-HPLC) [21]
or denaturing SEC [22].

In denaturing SEC (Fig. 1), the reduced HBsAg is
resolved into the three peaks: peak 1 corresponds to
the co-elution of non-reduced HBsAg and non-pro-

Fig. 1. Chromatogram of reduced HBsAg. Conditions: TSK
tein micellar aggregates, peak 2 to the HBsAg G4000 SW (60037.5 mm I.D.); eluent, 0.1 M Tris–HCl con-
dimers and monomers and peak 3 to lower-molecu- taining 0.3% SDS, pH 8.0; flow rate, 0.9 ml /min; detection, UV at

280 nm; injection volume, 100 ml; sample buffer, 417 mM DTT,lar-mass non-protein compounds. Earlier studies
4.2% (w/v) SDS and 16% (v/v) 2-mercaptoethanol. Peaks: 15have shown that peak 1 remaining after DTT/M
Lipid–SDS aggregates, 25reduced HBsAg, 35low-molecular-reduction is produced by non-protein aggregates,
mass non-protein compounds.

probably, by lipid–SDS complexes [22].
The correlation between the areas of peak 2 and

the HBsAg concentrations taken for reduction was maximum of peak 2 (Fig. 1) was a hint at the
linear in the range 0.2–1.6 mg/ml HBsAg (r5 heterogeneity of HBsAg structures formed after
0.9991). The reproducibility was tested with three reduction. Indeed, as shown by SDS-PAGE/silver
replicate injections of the reduced stock solution of staining of SEC-fractions from peak 2 (Fig. 2), the
HBsAg on three different days. The relative standard reduced HBsAg was represented by dimers eluting
deviations (R.S.D.s) were 1.16–1.36% (within-days) presumably in the forward shoulder, monomers
and 1.25–1.65% (between-days). eluting in the maximum of peak 2 and lower-molecu-

The presence of shoulders before and after the lar-mass proteins eluting in the backward shoulder.
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are resistant to proteases [24], the degradation proba-
bly implies covalent modifications of labile amino
acids exposed on particle surface (Ser, Thr b-elimi-
nation and racemization, Asn deamidation, Cys, Trp,
Tyr oxidation or the hydrolysis of peptide bonds
[25]).

3.2. Analysis of desorbed HBsAg

To improve the immunogenicity of purified
HBsAg particles, these are adsorbed onto aluminium
hydroxide gel in hepatitis B vaccine. Like tetanus
toxoid and diphtheria toxoid [9], HBsAg is adsorbed
on alum independently on pH and excess phosphate
ions, and this adsorption is irreversible under non-
denaturing conditions [unpublished results]. In the
present work, adsorbed HBsAg was recovered after
the reduction of HBsAg–alum pellet with a mixture
of 0.4 M Na/PO , pH 8.0–DTT/M sample buffer4

(Fig. 3). The desorbed protein migrated presumably
as a M 24 000 monomer onto SDS-gel. When ther

known amounts of HBsAg were reduced and applied
on gel, the intensities of the M 24 000-bandsr

detected by laser densitometry were linearly related
Fig. 2. SDS-PAGE/silver staining of DTT/M-reduced HBsAg to the HBsAg amounts (r50.995). By extrapolating
(lane 1) subjected to SEC fractionation (lanes 2–4): forward

the intensity of the band from the desorbed sample,shoulder of peak 2 (lane 2), maximum of peak 2 (lane 3) and
the HBsAg recovery was estimated to be 4364%.backward shoulder of peak 2 (lane 4). Experimental conditions as

in text. The arrow indicates the M 24 000 HBsAg monomer. This value may be overestimated due to a significantr

Amount, 20 (lane 1) and 1.7 (lanes 2–4) mg HBsAg. enlargement of the band from desorbed HBsAg
compared to those from HBsAg solutions (Fig. 3).

The last ones migrated before the M 24 000 mono- As an alternative, the desorbed HBsAg was de-r

mer band on SDS-gel (Fig. 2, lane 4) and were termined by SEC. The chromatogram of desorbed
recognized in immunoblotting (data not shown). HBsAg was quite similar to that of HBsAg reduced
When HBsAg monomer from the maximum of peak in solution (Fig. 4). By plotting the area of peak 2
2 (Fig. 2, lane 3) was repeatedly reduced, no from the desorbed sample on the calibration curve,
appearance of lower bands was detected evidencing the HBsAg recovery was calculated to be 5061%.
that the observed lower bands are not generated by Hence, both SDS-PAGE and SEC indicate that a
the reducing procedure. We assumed these bands as large portion of adsorbed HBsAg cannot be re-
degradation products. Similar degradation bands covered under reducing conditions.
were detected by immunoblotting of HBsAg ex- In respect to the recoverable fraction of HBsAg, it
pressed in S. cerevisiae or H. polymorpha [23]. was continuously degraded at increasing the rates of
Since these bands were found not only in purified reduction in the range from 3 to 25 min. In the
material but also in crude HBsAg-containing yeast chromatogram of desorbed HBsAg, the height of
extract [23], the detected degradation probably takes peak 2 was gradually diminished, whereas the back-
place in vivo. The degradation products are particle- ward shoulder corresponding to the elution of de-
associated, because we could not separate them from graded polypeptides increased. After 20 min of
assembled particles by SEC under non-denaturing boiling, the desorbed HBsAg was presented mainly
conditions [data not shown]. Since HBsAg particles as the protein fragments. Under the same conditions,
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Fig. 4. Chromatogram of HBsAg reduced in solution (A) and
desorbed from alum under reducing conditions (B). Conditions as
in Fig. 1; concentration, 0.5 mg/ml HBsAg (A); injection volume,
100 ml. Desorbed HBsAg: the value expected, assuming completeFig. 3. SDS-PAGE/Coomasie blue staining of HBsAg standard
HBsAg recovery, 0.5 mg/ml HBsAg; the value calculated fromsolutions (lanes 1–4) and alum-desorbed sample. Experimental
the calibration curve, 0.24 mg/ml HBsAg.conditions as in Section 2. The arrow indicates the M 24 000r

HBsAg monomer. Amount, 15 (lane 1), 20 (lane 2), 25 (lane 3)
and 30 (lane 4) mg HBsAg. Desorbed sample: the value expected
assuming the complete recovery of HBsAg, 20 mg; the value
calculated from the calibration curve, 9 mg. should be trapped to alum by an additional, besides

adsorption, mechanism making protein molecules
inaccessible to reducing buffer. If the particulate

the HBsAg monomer from intact particles was stable structure of HBsAg were to be preserved in the
and no changes in its chromatographic profile (Fig. adsorbed state, the HBsAg monomers would be
1) were observed even after 30 min of boiling with quantitatively recovered. Second, the fraction of
DTT/M sample buffer. The degradation detected by HBsAg recoverable under reducing conditions is
SEC for the recoverable fraction of adsorbed HBsAg prone to temperature-induced degradation, unlike
was almost undetectable by SDS-PAGE, where intact HBsAg. Since the stability of a protein is
larger rates of boiling led to a weak increase in the determined by its three-dimensional structure [25],
intensity of degradation bands (Fig. 5, right). This is the results indicate that the structure of HBsAg
probably due to a highly intensive, selective staining particles is altered by alum adjuvant.
of HBsAg bands compared to that of degradation The increasing attention to particulate polymeric
bands. antigens in the form of virus-like particles is related

In conclusion, the present study of HBsAg desorp- to their ability to induce specific, cell-mediated
tion raised two important observations. First, only immune response in the absence of adjuvants [Re-
half protein adsorbed is recovered under reducing views, 26, 27]. Cytotoxic T lymphocytes (CTLs)
conditions. Since the reducing conditions are capable provide a critical arm of the immune system in
to efficiently disrupt any type of interactions having eliminating autologous cells expressing foreign an-
these an ionic, hydrophobic and/or ligand-exchange tigen [28–30]. Although the mechanisms by which
nature, the non-recoverable fraction of HBsAg these approaches lead to the induction of CTLs are
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Fig. 5. Chromatographic profile (left) and SDS-PAGE/silver staining pattern (right) of desorbed HBsAg after 10 (A), 15 (B), 20 (C) and 25
(D) min of boiling the HBsAg–alum pellet with DTT/M buffer. Chromatographic conditions as in Fig. 1; injection volume, 100 ml.
Electrophoretic conditions as in Section 2; amount, 1.7 mg HBsAg.

unknown, it has been suggested that the particulate HBsAg on alum, we analyzed the HBsAg–alum
nature of virus-like particles favors their optimal preparation by immunoelectron microscopy.
delivery to the class I antigen presentation pathway
[11,12,31]. Unexpectedly, particulate antigens, in- 3.3. Immunoelectron visualization of adsorbed
cluding HBsAg, failed to stimulate CTLs after their HBsAg
adsorption on alum eliciting, in contrast, substantial
antibody titers [10, 11]. Hence, a supposition has The intact HBsAg was seen in electron micro-
been made that the particulate structure of virus-like scope as 22-nm spheres (Fig. 6A). After its ad-
particles may be compromised by the adsorption on sorption on alum, no particles were found in the
adjuvant [31]. Our results from SEC and SDS-PAGE HBsAg–alum sections suggesting alterations in the
support this feeling. In order to provide a direct HBsAg morphology (Fig. 6B). In a few sections, a
evidence for the loss of particulate structure of structures were found resembling HBsAg particles,
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Fig. 6. Electron micrographs of intact HBsAg (A), HBsAg–alum sections (B, C and D), placebo (E) and HBsAg–alum (F) sections.
Experimental conditions as in Section 2. Scale bar is 200 nm.

but with a defect in particulation, suggesting particle as described. The HBsAg adsorption on celite is
damage (Fig. 6C and D). These structures were reversible [14], thus, the HBsAg particles should be
absent in the placebo sections (Fig. 6E). In order to found in the HBsAg–celite sections. As expected,
prove that HBsAg structure is unaffected under the the HBsAg particles retained in the pores of celite
conditions of analysis, the HBsAg was adsorbed on were clearly visualized (Fig. 6F). The adsorbed
celite and the HBsAg–celite sections were prepared HBsAg, undetectable by direct visualization, was
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identified here by immunoelectron microscopy of particulate structure of HBsAg after adsorption on
(IEM) using CB Hep1 monoclonal antibody. One of alum.
the most interesting aspects of this approach is its
potential to detect HBsAg independently on the state 3.4. Proposed model
of folding. When the HBsAg–alum sections were
incubated with CB-Hep 1 antibody followed by The initial adsorption event is a function of the
successive labeling with protein A–gold complex, interfacial activity of various groups on a particle
these were specifically labeled proving thus the surface and on the adsorbent [32]. The active sites on
presence of HBsAg on alum gel (Fig. 7A and B). alum are ascribed to aluminium ions (Lewis acids) or
The HBsAg appeared as in a dark-staining matrix hydroxyls [7], whereas those on HBsAg particle are
structure of Al(OH) (Fig. 7A) as in the gel pores represented by water-exposed phospholipids and3

(Fig. 7B). It is essential that non-specific adsorption hydrophilic protein domains [33]. The HBsAg–alum
of gold on alum was minimal in the absence of interaction is of non-ionic character, because it is
HBsAg (Fig. 7C). insensitive to the conditions of pH and ionic

In IEM of intact HBsAg, the mapping of 15-nm strength. Despite ionic interaction, proteins are ad-
gold onto 22-nm HBsAg particles produces a label- sorbed on alum by hydrophobic [34] and ligand-
ing pattern characterized by the presence of hoops exchange [35,36] forces. The last mechanism com-
around gold particles (Fig. 7D). This pattern was not prises the chemisorptive binding of phosphate and
observed after immunolabeling of HBsAg–alum carboxylate groups of a protein to alum surface in
sections (Fig. 7A and B) proving once more the loss accord with the Lewis acid–base model. Taking into

Fig. 7. Protein A–gold electron microscopic localization of HBsAg on alum (A, B). Non-specific labeling of alum in the absence of HBsAg
(C). Immunolabeling pattern of intact HBsAg (D). Experimental conditions as in Section 2. Scale bar is 200 nm.
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