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Hepatitis delta virus (HDV)-associated particles were purified from the serum of an experimentally infected
chimpanzee by size chromatography and by density centrifugation. Hepatitis delta antigen (HDAg) was
detected after mild detergent treatment at a column elution volume corresponding to 36-nm particles and
banded at a density of 1.25 g/ml. The serum had an estimated titer of 109 to 1010 HDV-associated particles and
had only a 10-fold excess of hepatitis B surface antigen (HBsAg) not associated with HDAg. Therefore, HDV
appears to be much more efficiently packed and secreted than is its helper virus, hepatitis B virus (HBV), which
is usually accompanied by a 1,000-fold excess of HBsAg. The protein compositions of the HDAg-containing
particles were analyzed by immunoblotting with HDAg-, HBsAg-, and hepatitis B core antigen-specific antisera
and monoclonal antibodies to HBV surface gene products. The HBsAg envelope of HDAg contained
approximately 95% P24/GP27s, 5% GP33/36s, and 1% P39/GP42S proteins. This protein composition was more
similar to that of the 22-nm particles of HBsAg than to that of complete HBV. The significant amount of
GP33/36S suggests that the HBsAg component of the HDV-associated particle carries the albumin receptor.
Two proteins of 27 and 29 kilodaltons which specifically bound antibody to HDAg but not HBV-specific
antibodies were detected in the interior of the 36-nm particle. Since these proteins were structural components
of HDAg and were most likely coded for by HDV, they were designated p27d and P29d.

Hepatitis delta virus (HDV) has been characterized as a
36-nm spherical particle containing an RNA of 1,750 bases
and a specific antigen (delta antigen [HDAg]) (1, 2, 11, 15).
HDV is a defective virus requiring helper functions of
hepatitis B virus (HBV) for its replication (15). HBV-
infected cells overproduce the viral envelope protein (hepa-
titis B surface antigen [HBsAg]), and this surplus material is
utilized by HDV, which apparently has no envelope protein
(2, 7) of its own. HDAg from serum is precipitated by an
antibody to HBsAg (anti-HBs), and it is only detected after
removal of the HBsAg envelope with detergents (1, 2, 11).
HBsAg is composed of three protein pairs which are

coterminal. The part common to all three proteins is coded
for by the s gene of HBV DNA, a section of 55 amino acids
upstream is coded for by the pre-s2 region, and an additional
section of 108 or 119 amino acids is coded for by the pre-sl
region. Each of the three possible proteins is facultatively
glycosylated in its s gene part, so six HBV surface (HBs)
proteins are found by gel electrophoresis (6). P24S and its
glycosylated derivative GP27S are the major HBs proteins.
GP33s and GP36S contain, in addition, the pre-s2 sequence,
which is always glycosylated in these proteins (14). HBV
and HBsAg particles from highly viremic carriers contain
more GP33/36S than do HBsAg particles from carriers with
low titers ofHBV in the blood (13). Complete HBV particles
also contain much of the two larger HBs proteins, p39s and
GP42s. In contrast, the 22-nm HBsAg particles contain only
traces of this protein pair (6).
One unanswered question at present is whether the enve-

lope of HDV-associated particles resembles that of complete
HBV or is more similar to that of the defective 22-nm forms
of HBsAg. Another unanswered question involves the na-
ture of the proteins forming HDAg in the interior of the
particle. In the present study HDV-associated particles were
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purified by a novel procedure from the blood of an experi-
mentally infected chimpanzee. The protein composition of
the purified particles was studied by the immunoblot proce-
dure with HBsAg- and HDAg-specific antibodies.

MATERIALS AND METHODS

Source of HDAg. A 7-year-old chimpanzee that was a
chronic carrier of HBsAg (adw) was inoculated with serum
obtained from another animal that was a chronic carrier of
HBsAg (subtype ayw) during the acute phase of HDV
infection. The inoculum was kindly provided by J. L. Gerin
and R. H. Purcell. This chimpanzee was part ofa transmission
study ofHDV performed by H. Schellekens and A. Ponzetto
at the Primate Center, Institutes of the Division for Health
Research TNO, Rijswijk, The Netherlands. Serum HDAg
appeared in parallel with the peak expression ofHDAg in the
liver 3 weeks after inoculation and had characteristics
identical to those previously reported (2, 10, 11). HDAg was
detected only after treatment with detergent (Nonidet P-40;
Fluka).

Antigen assays. HBsAg was assayed quantitatively by an
enzyme immunoassay in microtiter plates (Behringwerke)
with reference sera supplied by the Paul Ehrlich Institut,
Frankfurt, Federal Republic of Germany, as the standards
(5). HDAg and antibody to HDAg (anti-HD) were tested by
a microtiter solid-phase radioimmunoassay (RIA) as previ-
ously reported (12). Test samples were diluted, if necessary,
in 0.13 M NaCl-0.01 M sodium phosphate (pH 7.4)-10%
fetal calf serum for HBsAg or in the same buffer containing
0.3% Nonidet P-40 instead of fetal calf serum for HDAg.

Purification ofHDAg particles. Acute-phase serum (1.5 ml)
from the HDV-infected chimpanzee was spun for 1 min at
5,000 x g, and the supernatant was applied to a column (1.6
by 100 cm) containing 180 ml of 6% agarose beads (Bio-Gel
ASM, 200/400 mesh; Bio-Rad Laboratories). Before the first
run, nonspecific absorption of proteins was blocked by
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passing 1 ml of normal human serum through the column.
Elution was done at 3 mlIh and 4°C with 0.13 M NaCi-10 mM
Tris hydrochloride-1 mM disodium EDTA (TNE). Fractions
of 1 ml were collected and tested for HDAg and HBsAg by
an enzyme immunoassay or RIA and by HBs- or HD-
protein-specific immunoblots.
Peak fractions of HDAg were combined, and to 3 ml of

this pool solid CsCl was added to produce a final density of
1.24 g/ml. This sample was layered on 0.7 ml of a CsCI-TNE
solution (1.30 g/ml) in a centrifuge tube (13 by 51 mm). The
tube was then filled completely by an overlay of TNE and
centrifuged in a swinging-bucket rotor for 36 h at 38,000 rpm
(160,000 x g) and 4°C. Fractions of 200 [lI were collected
from the bottom and tested for HBsAg and HDAg. Density
was measured by refractometry. Peak fractions of HDAg
were combined and stored for not longer than 1 week at 4°C.
A sample of HBsAg without HDAg was centrifuged in the
same way, but the density of the sample was adjusted to 1.20
g/ml.

Immunoblotting. Samples of 20 pI of chromatography
eluate or 10 ,ul of density centrifugate were analyzed as
described previously (6). For electrophoresis of the reduced,
denatured protein, a 13% polyacrylamide gel was used (13).
For the detection of HDAg-reactive protein, the membrane
with the electropherogram was incubated with the serum of
a patient with a chronic HDV infection; the serum was
diluted 1:500 in 20% fetal calf serum. This serum had an
anti-HD titer of 106 in the RIA, whereas antibodies to
hepatitis B core and e antigens (anti-HBc and anti-HBe,
respectively) had titers of 103 and 102, respectively. The
serum contained HBsAg(ayw) but no HDAg. Anti-HD im-
munoglobulin G (IgG)-binding protein bands were stained
enzymatically with peroxidase-labeled antibody against hu-
man IgG and diaminobenzidine as described previously (6).
As a negative control antibody, an anti-HD-negative serum
(F 502) from a healthy HBsAg carrier was used. This serum
had an anti-HBc titer of 1:40,000 and an anti-HBe titer of
1:100,000. Purified hepatitis B core antigen (HBcAg) from an
Escherichia coli strain which was transformed by gene c of
HBV (W. Gerlich, unpublished data) served as the control
antigen.
For the detection of HBs proteins, the stained membranes

were incubated for 1 h at 37°C in commercially available
125I-labeled anti-HBs reagent used for the assay of HBsAg
(Abbott Laboratories or Electro-Nucleonics, Inc.). The
washed membranes were autoradiographed overnight as
described previously (13).

RESULTS
Purification of HDAg particles. Serum containing HDAg

was obtained from an acutely infected chimpanzee. Owing to
the time of blood sampling, it appeared likely that some
anti-HD, mainly of the IgM class, was already present in the
sample. The first purification step was to remove the major-
ity of serum proteins and any anti-HD. Beads of6% agarose
were used for the separation, as this material differentiates
well particles between 5 and 45 nm (3). The elution profiles
of HDAg and HBsAg are shown in Fig. 1. No peak of
HBsAg was detected at the voided volume of the column.
This result suggested that HBsAg particles larger than 40
nm, i.e., HBV and HBsAg filaments, were not present in
detectable amounts (4). There were, however, three HBsAg-
reactive particle sizes discernible at 33, 35, and 41% of the
total volume of the column (Fig. 1). These elution volumes
corresponded approximately to spherical particles 36, 32,
and 22 nm in diameter (3). The 36-nm particles formed only

a shoulder in front of the more prominent elution peak of
32-nm particles.
HDAg activity was associated with an apparently homo-

geneous population of 36-nm particles and was probably
contained within the 36-nm particles of the HBsAg activity.
On the basis of this assumption, the number of HDV-
associated particles and their relative proportions in HBsAg
could be estimated. The sample contained approximately 50
ng of HBsAg bound to HDAg particles per ml, 200 ng of
HBsAg bound to 32-nm particles, and 500 ng of HBsAg
bound to 22-nm particles. Assuming a molecular weight of
107 for HDV-associated particles, a titer of 109 to 10'0/ml was
observed in the examined sample.
The peak fraction of HDAg activity (fractions 59 to 61,

pool I, Fig. 1), and, for comparison, HBsAg particles almost
devoid of HDAg activity (fractions 64 to 66, pool II, Fig. 1)
were centrifuged in CsCl gradients to density equilibrium
(Fig. 2). The HDAg-containing particles formed an appar-
ently homogeneous zone at densities between 1.24 and 1.26
g/cm3, with a maximum at 1.250 glcm3. The HDAg activity of
the fractions in the RIA was three times higher than that in
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FIG. 1. Size chromatography of HDV-associated particles.
HDAg-positive serum was passed through a column of 6% agarose
beads as described previously (4). The optical density at 280 nm
(OD280) of the eluate was continuously recorded (A), revealing the
position of major serum components (3) like lipid vesicles, ,B-
lipoprotein (,Lp), or IgM. The elution profile of HBsAg (B) was
assayed in 1:10 dilutions of the fractions, and that of HDAg (C) was
assayed after the addition of 0.3% Nonidet P-40. The result of the
anti-HD-specific immunoblot (see also Fig. 3A) is recorded in panel
B. V0 marks the voided volume of the column. HDAg-positive peak
fractions were combined to pool I; slightly smaller HBsAg particles
without HDAg were combined to pool II.
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the size chromatrography eluate. This was due to the con-

centrating effect of the isopycnic banding. No apparent
antigenicity losses were observed directly after the centrif-
ugation, but prolonged storage for more than 1 week at 4°C
resulted in a significant loss of activity. HBsAg in pool I
formed two density peaks; a sharp peak was observed at
1.250 g/cm3, together with HDAg, and two-thirds of the
activity was distributed heterogeneously between densities
of 1.24 and 1.19 g/cm3, with a maximum at 1.232 g/cm3.
HBsAg in pool II had a density distribution similar to that of
the lighter subfraction in pool I. The sharp banding of
HBsAg activity in pool I at a density of 1.250 g/cm3 was

missing in pool II (Fig. 2B). Thus, most of the HBsAg
activity in fractions 10 and 11 of pool I was associated with
HDAg-containing particles. The HDAg activity in the RIA
(up to 15,000 cpm/30-,xl assay) was consistent with the
estimated titer of HDV-associated particles, as it was de-
rived from the amount of HBsAg.

Anti-HD-binding proteins in purified HDV-associated par-
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FIG. 2. Density distribution of HDAg and HBsAg. HDAg-
positive (pool I, A) and -negative (pool II, B) fractions from Fig. 1
were subjected to isopycnic banding as described in the text, and
HDAg (0) or HBsAg (0) was assayed in the fractions of the density
gradient. Fractions 8 to 19 of pool I (A) were also studied by
immunoblotting. The detection of HBs and HDV proteins is re-

corded at the top.

ticles. The limited amount of starting material and the low
concentration of HDV proteins did not allow a complete
purification of the HDAg particles or the usual biochemical
characterization of proteins. However, some HDV proteins
could be identified by the immunoblot procedure.
The relevant fractions from size chromatography and

density centrifugation were subjected to sodium dodecyl
sulfate gel electrophoresis, and the separated polypeptide
chains were transferred to a membrane. The membrane was
incubated with diluted human anti-HD antiserum. The bind-
ing of IgG from this serum to proteins on the membrane was
subsequently detected by peroxidase-labeled anti-IgG and
enzymatic staining (Fig. 1B and 3A).
Enzymatic staining revealed a protein of 53 kilodaltons

(kDa) in all tested fractions. The appearance and intensity of
this protein band did not correlate with HDAg or HBsAg
activity. The HDAg-positive fractions from size chromatog-
raphy had two bands of approximately 27 and 29 kDa (Fig. 1
and 3A). These two proteins were also visible in the HDAg-
positive fractions from density centrifugation (Fig. 2A and
4A). HDAg-negative fractions from size chromatography or
density centrifugation did not have these two bands.
The anti-HD serum which was used for the detection of

P27d and p29d was from a patient chronically infected with
both HDV and HBV. In addition to anti-HD, it also con-
tained anti-HBc. To exclude the possibility that p27d and
p29d were HBV core proteins of unusual size or nonspecific
IgG-binding proteins, we controlled the specificity of enzy-
matic staining by the following experiment (Fig. 5). HDAg
proteins from combined fractions 10 and 11 and, for com-
parison, HBV core proteins expressed in E. coli were
analyzed in duplicate by the immunoblot procedure. One set
of membranes (Fig. 5A and C) was incubated with the
anti-HD antiserum. The other set of membranes (Fig. SB and
D) was incubated under the same conditions with an anti-
HD-negative human serum from a chronic carrier of HBsAg.
This serum was known to contain high titers of anti-HBc and
anti-HBe. Both antisera reacted with the HBV core protein
of 22 kDa and its smaller degradation product of 20 kDa, thus
proving the efficiency of immunoblot staining for any detect-
able core protein (Fig. SC and D). In keeping with its
100-fold-lower anti-HBc titer, the anti-HD antiserum stained
P22C much more weakly than did the control anti-HBc
antiserum. No reaction was seen between P27d or P29d and
the anti-HBc antiserum (Fig. SB). These findings excluded
the possibility that P27d and P29d were larger variants of the
HBV core protein or that they were nonspecifically stained
components. In contrast, the 53-kDa band was stained by
both human antisera (Fig. SA and B), so it is very unlikely
that this band has a specific relationship to HDV.
The weak intensity of the HDV protein bands as compared

with the P22C band suggests that in the experiment in Fig. 5
the amount of HDAg was the limiting factor, since the
anti-HD titer of the HD-antiserum was comparable to the
anti-HBc titer of the control serum. Despite its 100-fold-
lower anti-HBc titer, the anti-HD antiserum still produced a
stronger staining of P22C than it did of HDV proteins.
Envelope proteins in HDV-associated particles. After enzy-

matic staining, immunoblot membranes were further incu-
bated with "25I-labeled anti-HBs. The binding of '25I-labeled
anti-HBs was detected by autoradiography (Fig. 3B and 4B).
All HBsAg-positive fractions from size chromatography
contained the known p24S and GP27S as major HBs proteins
and GP33s and GP36S as minor HBs proteins in a similar
relative proportion. A direct comparison with purified 22-nm
particles from a viremic HBV carrier (Fig. 3B, rightmost
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FIG. 3. Detection of HDAg (A) and HBsAg (B) proteins in the size chromatography eluate. Samples of the fractions from Fig. 1 were
subjected to denaturing gel electrophoresis, the separated proteins were transferred to a membrane, and the membrane was stained first with
HDAg-specific reagents as described in the text (A) and thereafter reacted with radioactive antibody specific for HBsAg. The autoradiogram
showing the HBs proteins of the same membrane as that in panel A is shown in panel B.

lane) revealed that the HBsAg of the HDV-infected chim-
panzee contained relatively less GP33S and GP36s. The
proportion of GP33s and GP36S was nevertheless higher than
in purified 22-nm particles from nonviremic HBV carriers
(13). In purified particles from such carriers, GP33s and
GP36S make up less than 1% of the total HBs proteins. P39S
and GP42S were not detected by the radioimmunoblot in the
HDAg-positive samples. HBsAg-positive samples, however,
contained at least one P39' or GP42S molecule per particle,
since HBsAg bound efficiently to a monoclonal antibody
against the pre-sl part of P39/GP42S (Table 1). No significant
difference in the binding of HBsAg to this antibody was

A B
8 9 10 11 12 13 14 15 8

1 1 1 1

found between the HDV-associated particles and the HDAg-
negative HBsAg particles.

Direct comparison of the enzymatically stained bands of
the HDV proteins and the autoradiographic bands of the
HBs proteins showed that the smaller HDAg protein, P27 ,
comigrated during sodium dodecyl sulfate gel electrophore-
sis with GP27s. The other HDAg protein was apparently 2
kDa larger. Thus, the two proteins may be referred to as
P27d and P29d. It is very unlikely that P27d and P29d are
related to the HBV envelope proteins. The anti-HD anti-
serum never stained proteins of HBsAg particles from the
same source when the particles were devoid of HDAg. On

9 10 11 12 13 14 15

-GP27s
- P24S

FIG. 4. Detection of HDAg (A) and HBsAg (B) proteins in the density gradient. Samples of the fractions from Fig. 2A were analyzed as
described in the legend to Fig. 3.
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FIG. 5. Specificity of the enzyme immunoblot for HDV proteins.
Purified HDV-associated particles (combined fractions 10 and 11 of
Fig. 2A), or, for the control, 0.5 ,ug of HBcAg from E. coli, were
denatured, and the electrophoretically separated proteins were
transferred to a membrane. Membrane strips were enzymatically
stained as described in the text with either human anti-HD serum or
human anti-HBc serum. Lanes: A, HDAg stained with anti-HD; B,
HDAg stained with anti-HBc; C, HBcAg stained with anti-HD; D,
HBcAg stained with anti-HBc. Note the absence of the P22C band in
lanes A and B and the absence of the p27d and P29" bands in lanes
B to D.

the other hand, the anti-HBs reagent was immunoaffinity
purified with HBsAg 20-nm particles. It never reacted with a
29-kDa band, and it did not detect the 27-kDa band in the
most purified fraction (fraction 9) of HDAg particles, with
which the anti-HD antiserum still gave a strong reaction in
the immunoblot (Fig. 4).

DISCUSSION
Size chromatography appears to be an efficient procedure

for purifying HDV-associated particles from the majority of
serum proteins and any anti-HD. In combination with den-
sity centrifugation, it was also able to remove the HBsAg
particles which did not contain HDAg. Surprisingly, these
HBsAg particles contained a subfraction of unusual size (32
nm) and density (1.23 g/ml) in addition to the well-known
particles of 20 nm and 1.20 g/ml. The significance of these
particles is unknown. Their occurrence is probably not
related to the HDV infection.
The purification of HDV-associated particles from the

10-fold excess of HDAg-negative HBsAg particles allowed
an approximate quantitation of their titer via the amount of

TABLE 1. Binding of HBsAg to a monoclonal antibody against
the pre-s1 sequence (6)

Sample RRRRRRRRRRRRRRRRRRRRHBsAgAnti-pre-slSample ~~~~~(ng/ml) 0D492"
HDV-associated particles, fractions 10 and 11 35 1.19
HBsAg pool I, fraction 14 30 0.70
HBsAg pool II, fraction 10 60 1.02
Negative control 0.02

a The monoclonal antibody was adsorbed to microtiter plates. The binding
of HBsAg was detected by the addition of peroxidase-labeled polyvalent anti-
HBs (Behringwerke) and a subsequent color reaction with o-phenylenedia-
mine. OD492, Optical density at 492 nm.

HBsAg on their envelope. The titer of 109 to 1010/ml was
found to be higher than the highest recorded HBV titer. On
the other hand, the HBsAg concentration in the HDV serum
specimen was lower by a factor of 102 than those in most
samples from highly viremic HBV carriers (5). Apparently,
HDV is much more efficiently packed and secreted than is
HBV. HDV infectivity titers as high as 1011 have been
reported in serum samples from other acutely infected
chimpanzees (9). Although the infectivity titer in the speci-
men examined here is unknown, it is likely that most of its
HDV-associated particles represented infective HDV
virions, since the titer of these particles was in the same
range as the infectivity titer of particles from comparable
serum samples.
The HBsAg envelope of HDV contains apparently all

known HBs proteins. However, HDV does not require the
large proportion of P39/GP42' which is always found in the
envelope of complete HBV (6). It appears that HDAg is
efficiently enveloped by HBs proteins, because they are
usually found in HBsAg 20-nm particles. This finding is in
agreement with the clinical observation that HDAg produc-
tion and HDV maturation proceed in patients without the
efficient production of complete HBV virions (15).
Connected with persistent massive HBV viremia is also a

high amount of GP33/36S (13). A significant amount of
GP33/36S was found in HDV-associated particles, and it may
be also an essential component for massive HDV viremia. It
is known that the pre-s2 sequence of GP33/36S binds glutar-
aldehyde-treated human albumin (8). Thus, HDV-associated
particles most likely carry the HBsAg-associated albumin
receptor.
The two newly identified anti-HD-binding proteins, p27d

and P29d, are probably major structural components of
HDAg resident within HDV-associated particles. The
amount of HDAg analyzed was probably too small for minor
components to be detected. The specific enzymatic staining
of the two proteins by the serum of a patient infected with
HDV and HBV and the absence of staining by an HBV
patient's serum strongly suggest that the two proteins are
coded for by the genome ofHDV and not by the helper virus
or by the host. At the present state of knowledge it remains
open whether the two proteins are coded for by completely
different parts of the HDV genome. In that case, most of the
HDV RNA would be occupied by their coding sequences.
Alternatively, the two proteins could be derived from one
coding sequence by posttranscriptional or posttranslational
modification.

In view of the small amounts of HDAg-positive serum
available, it is unlikely that the nature of the two HDV
proteins can be solved by direct structural analysis. More
knowledge will be obtained when the nucleotide sequence of
a cloned HDV genome becomes available and when peptide-
specific antibodies identify the coding sequence(s) of the two
HDAg proteins.
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