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Abstract

In order to examine whether oxygen radicals could be responsible for aggregation of recombinant hepatitis B surface
antigen (HBsAQ) during its assembly in yeast, purified HBSAg was oxidized with ammonium peroxodisulphate (AP) and
analyzed by non-denaturing and denaturing size exclusion chromatography, immunoassay and immunoel ectron microscopy.
As a result, peroxodisulphate radicals induced a reproducible aggregation of HBsAg. At 44 mM AR, the aggregation process
took a few hours and the resulting structures were large, branched and non-antigenic. During more gentle oxidation with 9
mM AP and 20-80 uM Cu®*, a continuous structural modification to HBsAg delaying for tens of hours preceded the
aggregation event. During this pre-aggregation period, peroxidation of HBsAg lipids and covalent cross-linking of S protein
chains occurred that led a complete loss of antigenicity of oxidized particles. In contrast, yeast-derived HBSAQ aggregate is
decomposed to S monomers under reducing conditions and recognized by anti-HBsAg polyclonal and monoclonal
antibodies, suggesting that is has been assembled in vivo from antigenic and reversibly cross-linked particles. Based on these
observations, we conclude that oxidation, at least with respect to the specific molecular sites oxidized by AP, is not a primary
event in HBsAg aggregate formation in vivo. Since oxidized HBsAg was shown to be irreversibly cross-linked and
non-antigenic, there are no suitable techniques for detection HBsAg oxidation in biological samples. Hence, at present, the
magnitude of the in-vivo oxidative damage to HBsAg cannot be evaluated and thus, whether the plasma-derived HBsAg
undergoes radical-induced oxidation in the course of viral hepatitis remains to be established. If this occurs, this process is
expected to contribute to low HBsAQ levelsin chronic hepatitis B carriers, failure of the currently available immunoassays to
identify HBsAg-positive blood donors and inconsistency in the results provided by HBsAg- and anti-HBsAg-based tests in
severa recent reports. [0 1999 Elsevier Science BYV. All rights reserved.
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1. Introduction

Recombinant hepatitis B surface antigen (HBSAQ)
produced in Pichia pastoris is self-assembled in-
tracellularly into 22-nm lipoprotein particles (M,~
2.5x10°) composed by approximately 100 units of a
non-glycosylated S protein (M, 24000) and yesst
lipids [1,2]. Formation of the HBSAg particle is a
complex process requiring the coordinated synthesis
and assembly of S protein, triglycerides, free choles-
terol, esterified cholesterol, free fatty acids and
phospholipids [3,4]. It is presently accepted that this
process involves (1) S protein mRNA transcription
and trangdlation, (2) transocation of S protein across
the endoplasmic reticulum membrane and formation
of S protein dimers, (3) transport of transmembrane
dimers to a post-endoplasmic reticulum pre-Golgi
compartment where the lumina HBsAg particle is
assembled [5-7].

There are many difficulties in handling this unusu-
aly complex multi-protein assembly in analytical
studies. Half of the S monomer of HBSAQ consists of
a continuous stretch of hydrophobic residues (Pro,
Trp, Phe, Leu and Il€) that form three hydrophobic
domains, two of which likely span the lipid bilayer
of the assembled particle [6]. S protein also contains
14 Cys residues, which participate in an extensive
disulfide cross-linking within the assembled particle.
After the removal of HBsAg-associated lipids, the
strongly hydrophobic S protein chains are immedi-
ately precipitated from aqueous solutions [8] and, as
a consequence of this, are not easily separated by
reversed-phase HPLC (RP-HPLC) elution systems
containing significant amounts of water. Previously
published methodology for separation of hydropho-
bic proteins includes RP-HPLC methods applying
acoholic organic modifiers [9,10] and formic acid as
the ion-pairing reagent [11], as well as normal-phase
techniques [12]. However, we were unable to obtain
consistent results with these methods. S protein binds
irreversibly to the commonly used column packing
with chain lengths of the alkyl substituents of either
four, eight or 18 carbon atoms utilizing standard
acetonitrile-TFA gradients (data not shown). Addi-
tionally, its recovery is not satisfactory even if the
pore size of the RP-HPLC sorbents is extended to 30
nm [13]. S protein is not easily separated by hydro-
phobic interaction chromatography, judging from the

appearance of numerous broad peaks and corre-
spondingly low intensity and resolution [13]. Whole
HBsAg particles also bind irreversibly to the RP-
HPLC supports [13], probably due to their lipid-
associated structure. As most lipid-containing pro-
teins [14], HBsAg is likely to be efficiently delipi-
dated by alkyl-silica surfaces followed by on-column
precipitation of the cross-linked S protein chains.

Another problem for the structural characterization
of HBsA(g isits resistance to trypsin cleavage. Whole
HBsAg particles are not cleaved by trypsin at
enzyme to protein ratios from 1:50 to 1:14, whereas
the reductive treatment of HBSAg generates a unique
trypsin cleavage site at Lys122 [15]. Even following
HBsAg reduction and aminoethylation of Cys res-
idues, only a few soluble peptides are released. Due
to these problems, only 25% of S primary structure
had been established using trypsin digestion [15].
Later, an additional 60% of the previously unob-
served sequence regions were assessed by
chymotryptic digestion of the reduced and carboxy-
methylated S protein chains followed by peptide
mapping by fast atom bombardment mass spec-
trometry [16].

In size exclusion chromatography (SEC), HBsAg
produces one broad peak corresponding to co-elution
of several structurally heterogeneous forms of
HBsAg, such as low-order multi-particle aggregates
with a variable extent of aggregation, correctly
assembled particles and particles with partially de-
graded S chains [17]. However, SEC is capable of
separating larger multi-particle aggregates composed
of more than ten particles in an individual peak with
lower retention time [18]. As shown by electron
microscopy, this peak corresponds to HBSAg species
with an almost continuous spectrum of the degrees of
aggregation [17]. Such size heterogeneity of SEC-
separated HBSAg aggregates, in turn, limits the
usefulness of modern on-line detection systems, e.g.
low-angle laser light scattering [19-22], vis
cosimetry [23,24] and photon correlation spectros-
copy [25,26], for investigating key size properties
and the composition of the aggregated material. The
lack of protein standards with molar masses >10°
[27] impedes even a relative estimation of M, range
for aggregated HBSAQ.

Our interest in HBSA Qg aggregation was spurred by
afinding that a large portion of yeast-derived HBsAg



D. Tleugabulova et al. / J. Chromatogr. B 736 (1999) 153—166 155

(about 40%) is irreversibly aggregated in the crude
material [18]. Apparently, the ultrastructure of
HBsAg particles is preserved after aggregation [18],
indicating that folding of HBSAgQ precedes aggrega-
tion and therefore, this latter process does not
compete with productive folding which is important
for biological activity of yeast-derived HBSAgQ.
Hence, by preventing or limiting this aggregation, it
would be possible to improve the recovery of
recombinant product. On the other hand, aggregation
of recombinant HBSAg in yeast may occur by a
similar pathway that the aggregation of its natural
homologue in hepatocytes and plasma of chronic
hepatitis B carriers [28—30]. At present, the detailed
biochemical properties of HBsAg and its aggregates
in hepatocytes are still largely unknown and clear-cut
evidence for their biological functions during hepati-
tis B infection is missing. It cannot be excluded that
HBsAg aggregation plays a role in the immuno-
pathogenesis of hepatitis B virus. The relevance of
this unexplored subject stimulated us to perform
experiments on the molecular characterization of
HBsAg aggregates, but without successful results.
The aggregate-containing solution displays a charac-
teristic opalescence indicating a limited solubility of
HBsAg aggregates in aqueous solutions. This
opalescence is preserved in 8 M urea and diminished
after treatment with 5% SDS. After reduction and
carboxymethylation of HBSAg aggregate, the re-
duced material requires at least 0.5% SDS to remain
soluble. After the removal of SDS, S protein forms a
precipitate soluble exclusively in pure TFA [un-
published results]. When the reduced and carboxy-
methylated sample is digested by chymotrypsin in
the presence of 0.5-1% SDS and the detergent
further removed by the ion-exchange precolumn, a
large portion of the digested material is unrecover-
able from the RP-HPLC matrix. Perhaps, some
useful structural information may be obtained from
amino acid analysis and several additional experi-
ments that are currently in progress.

In the absence of suitable analytical strategies,
SEC seems to be the only method capable of
detecting aggregate formation in the HBsAg-con-
taining solutions. Since SEC shows a limited po-
tential to resolve components with comparable M,
exhibiting only relatively small structural changes,
the only purpose of using this method in the present

study was to detect the formation of HBSAg aggre-
gates after subjection of the purified protein to
different stress conditions.

Recently provided evidence for the occurrence of
radical-mediated processes in the yeast S. cerevisiae
[31,32] led us to postulate that HBSAg aggregation
in yeast is induced by oxygen radicals. Although
there is a set of cell defense systems to mitigate the
damaging effects of oxygen radicals [33], injury
cannot be excluded. Radical-mediated modifications
in DNA, RNA, proteins and cell membrane are
well-documented in superior organisms during aging
[34], apoptosis [35], neurodegenerative diseases [36]
and iron metabolism imbalance [37]. Additionaly,
HBSsAg is a potential target for oxygen radicals due
to its particle structure [38] and a high content of
labile amino acid residues (Cys, Trp, Tyr, Met) and
phospholipids [39,40]. The particles of mineral and
biological origin, such as silica [41], carbide [42],
asbestos [43], melanin [44,45] and B-amyloid [46]
were shown to be critical sites for appearance of free
radical activity. In a similar manner, yeast-derived
HBsAg particles may provide key loci for the
formation of oxygen radicals.

If it is true that HBSAQ aggregation is caused by
oxidation, then this process should be mimicked
in-vitro by incubation of purified HBsAg with reac-
tive oxygen species. To test this, the effect of
different radical-generating agents on the aggregation
state of HBsAg was analyzed by SEC. Metal-cata-
lyzed oxidation, being more gentle and site-specific
[47], was used to evaluate whether a catalyst alone is
capable of inducing aggregation. Potentially, HBsAg
may also contain traces of lipid peroxidation prod-
ucts capable of initiating oxidation and aggregation
of HBsA(g in the presence of Cu®" ions. In order to
evaluate whether the presence of exogenous oxygen
radicals is necessary for aggregation, ammonium
peroxodisulphate (AP) was chosen. This reagent is
commonly used to induce polyacrylamide gel poly-
merization. Decomposition of AP in agueous solu-
tions leads to liberation of peroxodisulphate oxygen
radicals that not only efficiently affect the structure
of proteins by preponderant modification of sul-
phydryl groups and oxidation of tyrosine and
tryptophan residues [48-50], but also initialize their
polymerization. This last aspect might have impor-
tant implications for HBSAg aggregation.
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2. Experimental
2.1. Materials

All the reagents mentioned in the text were of
analytical grade and obtained from Merck (Darm-
stadt, Germany). The reagents used in electron
microscopy were from Agar Scientific (Essex, UK).
All solutions were made in Milli-Q grade water.
Phosphate-buffered saline (PBS) contained 1.7 mM
KH,PO,, 7.9 mM Na,HPO,, 2.7 mM KCIl and 250
mM NaCl, pH 7.0. Recombinant HBsAg, cloned and
expressed in yeast Pichia pastoris, was purified by a
multistep procedure [51] and provided as a solution
in PBS from the National Center for Bioproducts
(Havana, Cuba). This solution was filtered through a
0.22-pm filter (Millipak 200, Millipore, Bedford,
MA, USA) and stored at 4°C until use (up to 6
months). An anti-HBsAg mouse monoclona anti-

body and an anti-HBsAg polyclonal lamb polyclonal
antibody used for the immunodetection of HBsSAg
were provided from the Center for Genetic Engineer-
ing and Biotechnology (Havana, Cuba).

2.2. Oxidation of HBsAg

To promote formation of HBSAg aggregates dur-
ing oxidation, incubations were done with a high
concentration of HBsAg (1.25 mg/ml). Oxidation
was induced by AP (9, 22, 44 mM), Cu®*" (20— 100
M), Fe’" (50, 100 uM), H,0, (100, 500 mM) or
by mixtures of them (Table 1). The homogenized
solution (PBS; final volume, 520 wl) was incubated
at 37°C for the time periods indicated in table. The
oxidation was stopped by addition of 2% (w/v)
NaN, (final concentration, 0.1%, w/v) and the
degree of HBsAg modification was estimated by
ELISA and SEC.

Table 1

SEC study of HBsAg aggregation under different oxidizing conditions®

Oxidation conditions Incubation Aggregation
time (h) result

50 pM Cu** 100 -

100 uM Cu®* 100 -

50 pM Fe** 100 -

100 pM Fe** 100 -

100 mM H,0, 100 -

500 mM H,0, 100 -

100 mM H,0,+100 pM Cu** 100 -

500 mM H,0,+100 uM Cu** 100 -

100 mM H,0,+100 pM Cu** + 100 uM Fe** 100 -

9 mM AP 100 -

15 mM AP 35 +

22 mM AP 8 +

44 mM AP 2 +

44 mM AP+44 mM TEMED 80 -

9 mM AP+50 uM Cu®* 60 +

9 mM AP+80 uM Cu®* 60 +

9 mM AP+100 pM Cu** 50 +

44 mM AP+20 uM Cu®* 2 +

44 mM AP+50 pM Cu®* 1 Precipitation

44 mM AP+50 pM Cu*"+44 mM TEMED 80 -

# Conditions of analysis: TSK G5000 PW (600 7.5 mm 1.D.) supplied with a TSK GPW guard column (75X7.5 mm 1.D.); eluent, 0.05%
NaN,; flow-rate, 0.5 ml/min; detection, 280 nm; injection volume, 100 wl, HBsAg, 1.25 mg/ml (PBS). For detailed experimental
conditions see Section 2. TEMED, N,N,N’,N’-tetramethylethylenediamine. Aggregation result (+) corresponds to 100% conversion of

HBsAg into its aggregated form.



D. Tleugabulova et al. / J. Chromatogr. B 736 (1999) 153—166 157

2.3 Analysis of oxidized HBsAg

The degree of aggregation was monitored by SEC
using a 2248 pump (PharmaciaLKB, Uppsaa,
Sweden), a Knauer degasser (Berlin, Germany), a
Pharmacia 2141 variable-wavelength UV detector
operated at 280 nm and a Pharmacia 2221 pro-
grammable integrator. The system was fitted with a
TSK G5000 PW column (Tosohaas;, 600X7.5 mm
I.D., 17 wm) and a TSK GPW guard column (75X
7.5 mm 1.D.), both obtained from Tosohaas, Stutt-
gart, Germany. The samples (20 wl) were injected by
means of a 200-pl loop and eluted with PBS at 0.5
ml/min. An aqueous solution containing sodium
azide (0.05%, m/v) as a singlet oxygen quencher
was used as the mobile phase.

The degree of protein cross-linking was monitored
by denaturing SEC. Oxidized HBsAg samples (100
wl) were reduced with 417 mM dithiothreitol, 4.2%
(w/v) sodium dodecyl sulfate (SDS) and 16% (v/v)
2-mercaptoethanol (20 wl) for 10 min at 100°C, as
previously described [52]. Aliquots of the reduced
samples (30 wl) were injected onto a TSK G4000
SW column (600X7.5 mm |.D., 13 pm, Tosohasas,
Stuttgart, Germany), eluted with 0.1 M Tris—HCI in
0.3% SDS, pH 8.0 a 0.6 ml/min and detection
performed at 280 nm.

2.4. Measurement of conjugated dienes

The HBsAg (1.25 mg/ml, PBS), incubated with 9
mM AP and 50 uM Cu’" at 37°C, was continuously
monitored at 234 nm to detect the degree of structur-
a alteration of HBSAg. The experiments were per-
formed in duplicate using three different HBSAgQ
preparations. The results were given as mean ab-
sorbance values, setting the absorbance of native
HBsAg as zero [53].

2.5. Binding of oxidized HBsAg to an anti-HBsAg
polyclonal antibody

The HBsAg samples oxidized for different periods
(0-20 h) with 9 mM AP and varying Cu®* con-
centrations were applied to polystyrene micro-titra-
tion plates (F96 Maxisorb Nunc-lmmuno Plate,
Nunc, Denmark) previously coated with an anti-

HBsAg lamb polyclona antibody. Binding of oxi-
dized HBsAg was detected via an anti-HBsAg-horse-
radish peroxidase conjugate (Center for Genetic
Engineering and Biotechnology, Havana, Cuba). The
working standard preparation of HBsAg was cali-
brated against an international standard obtained
from the Paul Erlich Ingtitute (Frankfurt, Germany).
The experiments were performed in duplicate using
three different HBSAQ preparations tested. The re-
sults were given as mean percentages, setting the
antibody-binding of native HBsAg to 100%. The
latter was incubated at 37°C for the same time period
as the oxidized sample.

2.6. Binding of oxidized HBsAg to an anti-HBsAg
monoclonal antibody

The HBsAg samples oxidized for different periods
(0-20 h) with 9 mM AP and varying Cu®* con-
centrations were directly applied to polystyrene
micro-titration plates at the amounts ranging from 4
to 0.06 pg per well. Detection was with a
biotinylated anti-HBsAg monoclonal antibody pre-
pared using the Biotinylation Kit according to the
manufacturer’s instructions (Sigma, St. Louis, MO,
USA). Bound biotinylated antibody was revealed by
addition of streptavidin—peroxidase conjugate
(Sigma, St. Louis, MO, USA). The experiments were
performed in duplicate using three different HBsAg
preparations. The results were given as mean per-
centages, setting the antibody-binding of native
HBsAg to 100%. The latter was incubated at 37°C
for the same time period as the oxidized sample.

2.7. Transmission electron microscopy

Two drops of HBsAg solution (0.1 mg/ml) in
PBS (1.7 mM KH,PO,, 7.9 mM Na,HPO,, 2.7 mM
KCl and 250 mM NaCl, pH 7.0) were placed for 5
min onto a 400-mesh copper grid coated with
formvar carbon film and excessive sample removed.
Grids were stained with uranyl acetate and examined
in a Jeol-JEM 2000EX transmission electron micro-
scope (Tokyo, Japan) with an acceleration voltage of
80 kV and 40 000-fold image magnification.
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2.8. Immunoelectron microscopy

The grids coated with HBsAg samples were
floated with six drops of 1% BSA in PBS before
transfer to a drop of the PBS-diluted (dilution, 1:20)
anti-HBsAg monoclonal antibody for incubation at
room temperature (30 min). After washing in ‘gold
buffer’ (0.5 M Tris—Cl, pH 7.0, 0.15% NaCl, 0.5
mg/ml polyethylene glycol 20 000, 0.1% NaN,) to
remove unbound antibody molecules, the grids were
floated with two drops of ‘gold buffer’-diluted
(dilution, 1:200) protein A-gold complexes (particle
diameter, 15 nm; Center for Genetic Engineering and
Biotechnology, Havana, Cuba) for 30 min at room
temperature. Finaly, the grids were subsequently
washed with six drops of ‘gold buffer’ and two drops
of digtilled water. After draining and staining with
1% phosphotungstic acid, the grids were examined
as described.

3. Results and discussion
3.1. Aggregation of oxidized HBsAg

In SEC, purified HBSAQ gives a broad peak at 33
min (Fig. 1A), whereas its supramolecular aggregates
migrate at 23.2 min [18]. Hence, the appearance of a
sharp peak at 23.2 min in the chromatogram of
oxidized HBsAg would indicate aggregate formation.

Table 1 summarizes the effect of different oxid-
ants on the aggregation state of HBsSAg in PBS.
Incubation of HBsAg with Cu®" ions did not induce
aggregation, but affected the recovery of the HBsAg
peak (Fig. 1B). The same result was observed after
incubations of HBsAg with Fe’" ions and H,0,
(data not shown). In each case, recovery was gradu-
aly improved by decreasing the ionic strength of the
mobile phase and HBsAg was completely recovered
when 0.05% (w/v) NaN, was used as the eluent
system. The obvious recovery loss could reflect
increased interactions of modified HBsAg with the
column matrix, presumably attributable to electro-
static forces [54], which are eliminated by lowering
the ionic strength of the medium. After incubation of
HBsAg with Cu®" ions, there was also a marked
negative shift in retention time of the peak maximum
from 33 to 30 min (Fig. 1A and B), eventually

A280, mV
>

(6}
T

10

1 1

0 30 60
time, min

Fig. 1. SEC chromatogram of native HBsAQ prior (A) and after
oxidation with 100 wM Cu®". Conditions: TSK G5000 PW
(600x7.5 mm 1.D.) supplied with a TSK GPW guard column
(75X7.5 mm 1.D.); eluent, PBS, pH, 7.0; flow-rate, 0.5 ml/min;
detection, 280 nm; injection volume, 100 pl; HBsAg, 1.25 mg/
ml; retention time, 33.01 min (A), 30.11 min (B). Oxidation
conditions: Cu®*, 100 pM; PBS, pH 7.0, 37°C, incubation for
24 h.

attributable to slight modifications during oxidative
treatment than to recovery problems. The absence of
a peak attributable to aggregated HBsSAQ indicated
that Cu®*, Fe’" and H,O, did not effect in-vitro
conversion of native protein into its aggregated form.
Perhaps, HBsAg requires specific modification be-
fore aggregation starts. The effective size of a
protein is increased at lower ionic strengths, due to
reduction in electrostatic shielding [55]. This ex-
plains a negative shift (about 3.5 min) in retention
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time of the peak maximum of native HBsAg when
0.05% NaN,, instead of PBS, was used for elution
(data not shown).

Ammonium peroxodisulphate (AP), added at the
concentration of 44 mM, rapidly converted HBsAg
into enormously large and branched structures (Fig.
2A). These structures resembled long filaments
which are commonly observed in plasma and hepat-
ocytes of hepatitis B-infected persons [28-30]. In
SEC, the incubation of HBsAg with AP led to a
continuous conversion of HBsAg peak into the 23.2
min-peak, corresponding to its aggregates (Fig. 3).
The aggregation process was prevented by addition
of N,N,N’,N’-tetramethylethylendiamine (TEMED)
from the beginning of the experiment (Table 1). This
reagent seems to exert a quenching effect on aggre-

gation, which, perhaps, may be effected via scaveng-
ing of free oxygen radicals produced by AP de-
composition. It is worthy to mention that the con-
centration of HBsAg had no influence on the onset of
aggregation (data not shown) and it appears that it
was mainly caused by the absolute concentration of
the oxidizing agent and not by the concentration ratio
between oxidant and HBsAg.

The aggregation process was slowed down by
using lower AP concentrations (Table 1). At 9 mM
AP, the presence of a catalyst was necessary because
neither Cu®" ions nor AP alone were able to initiate
aggregation. Under these more gentle conditions, the
aggregation velocity was essentially lowered (Table
2). There was a long pre-aggregation period of 22—
30 h during which the SEC profile of HBsAg was

‘g &
y

Fig. 2. Transmission electron micrographs of HBsAg oxidized with 44 mM AP (A) and 9 mM AP/100 uM Cu®" (B); for detailed
experimental conditions see Section 2; magnification factor, 40 000; scale bar, 2100 nm.
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time, min

Fig. 3. Changes in the SEC profile of HBsAg during AP-induced oxidation. Conditions: TSK G5000 PW (600 7.5 mm I.D.) supplied with
a TSK GPW guard column (75X7.5 mm 1.D.); eluent, 0.05% NaN,; flow-rate, 0.5 ml/min; detection, 280 nm; injection volume, 100 pl;
HBsAg: 1.25 mg/ml; oxidation conditions: AP, 44 mM; PBS, pH, 7.0, 37°C, incubation for 5 min (A), 1 h (B) and 2 h (C). Arrows indicate

the HBsAQ peak; retention time, 26.75 min.

essentially unchanged (data not shown). Once
initiated, the aggregation process was completed
after 25—40 h of oxidation, depending on the initial
Cu®" concentration. Resulting HBsAg aggregates
were smaller (Fig. 2B) and closer in size and shape
to the yeast-derived aggregate [18].

3.2, Peroxidation of HBsAg lipids

By decreasing the velocity of HBSAQ aggregation,
it was possible to detect multiple oxidative modi-
fications to HBSAg occurring during the pre-aggrega-
tion period. It was found that the pH of the HBsAg

Table 2
The pH values and aggregate content at different stages of HBsAg oxidation®
Incubation time, 20 pM Cu**
(h
pH Aggregation, %
0 7.0 -
6 6.8 -
22 6.2 —
30 5.8 -
45 53 22.6
60 45 50.7
70 4.0 59.0
90 3.6 100.0
0 85 -
6 8.0 -
22 75 -
30 7.0 -
45 6.5 18.9
60 6.0 55.1
70 5.8 61.2
90 5.0 100.0

50 pM Cu®* 80 pM Cu®*

pH Aggregation, % pH Aggregation, %
7.0 - 7.0 -

6.5 - 6.2 -

5.0 - 45 -

45 10.8 38 185

4.0 333 33 90.6

35 68.7 33 100.0

35 100.0 3.0 100.0

3.0 Precipitation 2.8 Precipitation
85 - 85 -

8.0 - 7.0 -

75 110 6.5 -

6.3 22.3 5.8 218

5.8 394 5.2 94.5

55 70.5 4.8 100.0

53 100.0 45 100.0

4.8 Precipitation 4.0 Precipitation

2 Chromatographic conditions as in Table 1. Oxidation conditions: Cu®", 20, 50 and 80 uM; AP, 9 mM; HBsAg, 1.25 mg/ml (PBS);

incubation at 37°C.
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solution, initially adjusted to 7.0, began to decrease
amost immediately after addition of AP and Cu®".
In most cases, aggregation occurred when the pH of
the solution reached the isoelectric point of HBSAg
(Table 2), which is 4.6 (unpublished results). How-
ever, a an initial pH 8.5, aggregation was shown to
occur independently whether or not the pH of the
solution reached the isoelectric point of HBsSAQ. At
these latter conditions aggregation was pH-indepen-
dent and starts at the same oxidation periods in all
the experiments performed (Table 2). After aggrega-
tion, further pH-decrease led to precipitation of
HBsAg (Table 2).

Since the initial solution contained the purified
HBsAg only, the observed pH-decrease can be
interpreted as a consequence of the HBsAg-related
modifications. Accordingly, there was an amost
immediate increase in the absorbance at 234 nm
(Fig. 4), due to formation of conjugated dienes,
indicating peroxidation of HBsAg lipids [53]. This
increase was maximal after 1 h of oxidation and then
dlightly decreased. However, when oxidation was
extended to more than 2 h, a further increase in the
absorbance values presumably attributable to forma-
tion of lipid peroxides was observed. In general, lipid
hydroperoxides are unstable and further decomposed
to aldehydes [55]. These latter are rapidly oxidized
to acids in aqueous solutions, explaining thus the
observed pH-decrease in the course of HBSAg
oxidation (Table 2). Aldehydes can aso modify
HBsAg lipids and protein in a close proximity to

0.4

o
w
L

A234, AU
o
N

0.1

0¢ T T T
0 1 2 3 4 5

incubation time, h

Fig. 4. Mean conjugated diene formation measured as the differ-
ence in absorbance at 234 nm following oxidation of HBsAg with
9 mM AP/50 uM Cu®*. For detailed experimental conditions see
Section 2. Values are means=standard deviations.

them [56,57], leading to a continuous release of lipid
and protein peroxides observed in Fig. 4. Initidly,
such modifications do not produce changes in
HBsAg size and thus are undetectable by SEC.

3.3 Antigenic reactivity of oxidized HBsAg

During the pre-aggregation period, oxidized
HBsAg completely lost recognition by an anti-
HBsAg polyclona and monoclonal antibodies. As
shown in Fig. 5 and 6, this loss was accelerated at
higher initiadl pH and Cu®" concentrations. In im-
munoelectron microscopy, the loss of antigenicity
was corroborated for the extensively oxidized
HBsAg, but not for the gently oxidized, aggregated
HBsAg (Fig. 7), where this latter was immuno-
stained with the anti-HBsAg monoclonal antibody,
despite the completely lacking immunoreactivity in a
normal immunoassay (data not shown). The antibody
molecules recognize multiple repetitive epitopes in
the native HBsAg, and even if one of these epitopes
is preserved after oxidation, it will be identified by
immunogold staining. The oxidized HBsAg was
stained with the formation of hoops around gold
particles (Fig. 7B) that is typical for native HBsAg
[58]. However, single and disperse HBsAg mole-
cules were presumably recognized, rather than whole
aggregated structures, suggesting that original epi-
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Fig. 5. Binding of oxidized HBsAg to anti-HBsAg polyclonal
antibody in a solid-phase immunoassay. For detailed experimental
conditions see Section 2. Oxidation conditions: HBsAg, 1.25
mg/ml; AP, 9 mM; Cu**, 0 wM (open circles and rhombs), 20 pM
(filled circles), 50 wM (open triangles), 80 uM (filled triangles);
pH, 7.0, 85 (open rhombs); incubation, 37°C. Vaues are
means*standard deviations.
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Fig. 6. Binding of oxidized HBsAg to anti-HBsAg monoclonal
antibody in a solid-phase immunoassay. For detailed experimental
conditions see Section 2. Oxidation conditions: HBsAg, 1.25
mg/ml; AP, 9 mM; Cu®**, 0 wM (open circles and rhombs), 20 M
(filled circles), 50 uM (open triangles), 80 uM (filled triangles);
pH, 7.0, 85 (open rhombs); incubation, 37°C. Values are
means=*standard deviations.

topes are preserved in few HBsAg molecules within
the aggregate. In conlusion, although oxidation af-
fects the antigenic sites on HBsA(g, several original
epitopes may be preserved under gently oxidizing
conditions.

34. Covalent cross-linking of S protein chains in
the oxidized HBsAgQ assessed by denaturing SEC

Linkage of HBsSAg particles within the aggregate
structure may occur by different molecular mecha
nisms, such as hydrophaobic interactions, hydrogen
bonding, covalent cross-linking of S protein chains
via free thiol groups or another modified amino acid
residues. However, the fact that aggregated HBsAg
does not dissociate to single particles at a high ionic
strength or after its treatment with detergents (data
not shown) indicates that the covalent cross-linking
between aggregated particles should be a primary
mechanism of aggregation. Similarly to native
HBsAg, the yeast-derived aggregate is efficiently
disrupted to S monomers after heating with SDS and
thiol agents, suggesting that the sites of aggregation
are essentially the same as those for reduction. In
order to verify whether the HBSAQ aggregates
produced in vitro by oxidation with AP are aso
disrupted to S monomers under reducing conditions,

HBsAg samples were oxidized with AP and Cu®*
ions, then reduced and subjected to denaturing SEC.

In denaturing SEC, the reduced sample is directly
loaded on to the TSK G4000 PW column equili-
brated with the SDS-containing buffer. Native
HBsAg is commonly reduced by thiol agents to S
protein dimers, monomers and degradation products
[17] which are unsatisfactorily resolved on the TSK
G4000 PW column: S monomers elute in the peak
maximum, whereas S dimers and degradation prod-
ucts elute in the forward and backward shoulders,
respectively (Fig. 8A). However, al these reduced
species are well-separated from the non-reduced
HBsAg, which elutes in the exclusion volume of the
TSK G4000 PW column (Fig. 9).

As shown in Fig. 8B and C, oxidized HBSAg was
not disrupted to S monomers after reduction with
2-mercaptoethanol and DTT: Instead of the S mono-
mer-peak, a peak attributable to non-reduced aggre-
gates appeared in the chromatogram. When this peak
was collected and the eluate repeatedly reduced, no
recoverable S monomers were detected in denaturing
SEC and SDS-electrophoresis (data not shown),
indicating that polymerization of S monomers had
been occurred. Hence, in the oxidized HBsAg, the
sites of oxidation are not the same as those for
reduction. Since the corresponding aggregate is non-
antigenic, insoluble in the absence of SDS and does
not migrate in SDS-polyacrylamide gel (data not
shown), no structural assignment can be done, at
least by conventional methods. Probably, the AP-
induced oxidative cross-linking of S chains involves
the modified Tyr or Trp residues on the particle
surface. The peak corresponding to elution of degra-
dation products was recovered after the oxidative
treatment of HBSAQ, suggesting that the degraded
protein chains do not participate in the oxidative
cross-linking.

We previously demonstrated that during oxidation
of HBsAg with low concentrations of AP and Cu®"
ions, there was a large time period prior aggregation.
It is worth mentioning that the cross-linking of S
monomers was detected during this pre-aggregation
period, when the oxidized HBsAg was still kept free
from aggregation (Table 2). We can speculate that
under gentle oxidation, the oxidative cross-linking
initially involves S chains of the same particle. Both
protein cross-linking (Fig. 8) and peroxidation of
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Fig. 7. Immunoelectron microscopy of HBsAg oxidized with 44 mM AP (A) and 9 mM AP/100 pM Cu** (B); for detailed experimental
conditions see Section 2; magnification factor, 40 000; scale bar, 100 nm.
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Fig. 8. SEC profiles of native (A) and oxidized (B,C) HBsAg after reduction with thiol reagents. Conditions of analysis: TSK G4000 SW
(600x7.5 mm 1.D.); eluent, 0.1 M Tris—HCI, 0.3% SDS, pH 8.0; flow-rate, 0.6 ml/min; detection, 280 nm; HBsAg: 1.25 mg/ml; injection
volume, 25 wl; reducing buffer, 417 mM DTT, 4.2% (w/v) SDS and 16% (v/v) 2-mercaptoethanol. Oxidation conditions as in Fig. 5;
incubation at 37°C for 30 min (B) and 1 h (C). Arrows indicate the reduced S protein monomer-peak; retention time, 29.81 min.
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Fig. 9. SEC-profile of native HBsAg treated with 4.2% SDS for
10 min at 100°C. Conditions of analysis as in Fig. 8. HBsAg, 1.8
mg/ml; injection volume, 75 pl; retention time of non-reduced
HBsAg, 16.11 min.

HBsAg lipids (Fig. 4) were initiated during the
pre-aggregation period, indicating that these pro-
cesses are closely related. It is likely that HBsAgQ
lipids are oxidized to peroxides and these latter
products further contribute to the cross-linking of S
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Fig. 10. SEC profile of oxidized and aggregated HBsAg after its
reduction with thiol reagents. Conditions of analysis and oxidation
as in Fig. 7. HBsAg, 1.25 mg/ml; injection volume, 25 pl;
oxidation at 37°C for 60 h.

protein chains. Although these processes cause modi-
fications in the HBsSAg structure, as judged from the
complete loss of its recognition by anti-HBsAg
antibodies (Fig. 5,6), they seem to have minor
implications for M, of HBsAg and thus remain
undetectable by SEC. Only after a larger extent of
HBsAg modification, aggregation of oxidized
HBsA(g particles is detected.

In denaturing SEC, the aggregation event was
accompanied by a drastic loss in the intensity of the
cross-linked HBsAg-peak (Fig. 10). Accordingly, the
recovery of the injected protein was also considera-
bly affected data not shown), suggesting that the
observed loss in the peak intensity was due to
precipitation of the aggregated protein on to the
column matrix.

4. Conclusions

Incubation of HBsSAg particles with peroxodisul-
phate radicals leads to a reproducible formation of
supramolecular aggregates whose ultrastructure is
similar to that of the yeast-derived aggregates. At
low AP concentrations, peroxidation of HBSAg
lipids, irreversible cross-linking of S protein mono-
mers and biological inactivation of HBsSAg mole-
cules precedes the aggregation event. In contrast,
yeast-derived HBSAQ aggregate is presumably com-
posed by disulfide cross-linked monomers [17] and
well-recognized by anti-HBsAg polyclona and
monaoclonal antibodies [18], suggesting that is has
been assembled in vivo from antigenic and reversibly
cross-linked particles. Based on these observations,
we conclude that oxidation, at least with respect to
the specific molecular sites susceptible to oxidation
by AP, is not a primary event in HBSAg aggregate
formation in vivo.

Since peroxodisulphate radicals converts HBsAQ
into the irreversibly cross-linked and non-antigenic
protein, HBSAg oxidation, if it occurs in yeast, will
escape detection by al the currently available
HBsAg-screening tests, e.g. radioimmunoassay,
western blot and RP-HPLC. In the absence of
suitable techniques, the magnitude of the in-vivo
oxidative damage to HBsAg cannot be evaluated.

The fact that oxidized proteins are commonly
crosslinked and biologically inactive is neither
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particularly novel nor surprising. Nevertheless, it was
important to demonstrate this experimentally for
HBsAg, because a possible radical damage to
HBsAg in living cells has never been considered
before. Oxidative stress and lipid peroxidation in
humans after the onset of viral hepatitis and liver
cancer is well-documented in more than 150 reports
published since 1978 [59]. When subjected to oxygen
radicals and products derived from lipid peroxida-
tion, HBSAg can undergo oxidation. This phenom-
enon, if occurs, could be responsible in part for low
HBsAg levels in chronic hepatitis B carriers, failures
of the currently available immunoassays to identify
HBsAg-positive donors and inconsistencies in the
results provided by HBsAg- and anti-HBsAg- based
tests [60]. Since none of the immunoassays based on
recognition of native HBsAg will efficiently detect
its oxidized form, alternative methods should be
developed for detection of oxidized HBSAg in
biological samples.
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