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Abstract
The Hepatitis B Virus (HBV) core gene codes for two closely related antigens: a 21-kDa protein
which forms dimers that assemble as multi-megadalton capsids, and a 17-kDa protein which also
forms dimers but that do not assemble. The proteins, respectively referred to as core and e-antigen,
share a sequence of 149 residues but have different amino- and carboxy-termini. Their structural
and serological relationship has long been unclear. With insights gained from recent structural
studies on immune complexes of the capsids, the relationship was reassessed using recombinant
forms of the antigens and a panel of monoclonal antibodies (mab) commonly believed to
discriminate between core and e-antigen. Surface plasmon resonance (SPR) was used to measure
the affinities, in contrast to previous studies that used more error prone and less sensitive plate-
type assays. Four of the six mabs did not discriminate between core and e-antigen, nor did they
discriminate between e-antigen and dimers of dissociated core antigen capsids. One mab (3120)
was specific for assembled capsids and one (e6) was specific for unassembled dimers. Epitope
valency of the e-antigen was also studied, using a sandwich SPR assay where e-antigen was
captured with one mab and probed with a second. The e-antigen is often considered to be a
monomeric protein on the basis of monovalent reactivity with antibody pairs specific for either an
α or β epitope (in a prior nomenclature for e-antigen specificity). This model, however, is incorrect
as recombinant e-antigen is a stable dimer and its apparent monovalency is due to steric blockage.
This was proven by the formation of a 2:1 Fab e6:e-antigen complex. These results suggest new
approaches for the isolation of the authentic e-antigen, its biological assay, and its stabilization as
an immune complex for structural studies.
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Introduction
Hepatitis B virus (HBV) causes 350 - 400 million chronic infections and approximately 1
million deaths annually.1; 2 Infection results in the expression of three protein antigens
known as surface-antigen (HBsAg), core-antigen (HBcAg), and e-antigen (HBeAg).3; 4
HBsAg occurs in three forms (S, M, L) in the viral envelope and large quantities of it are
found in aggregated form in the serum of infected individuals. HBcAg refers to the viral
nucleocapsid which is seldom found in non-enveloped form outside of infected cells.
HBeAg is a soluble protein that is secreted into the circulation and is thought to promote
chronic infection.5; 6; 7

The full-length HBcAg polypeptide is 183 residues long; however, the amino-terminal 149
residues are fully competent to form dimers that can assemble to form capsids. The dimers
have a central four-helix bundle flanked on either side by an α-helical domain8. Capsids are
assembled from either 90 or 120 such dimers, with the four-helix bundles projecting as
spikes.9 HBeAg differs from the 149-residue amino-terminal portion of HBcAg only by the
presence of an additional 10 residues at its amino terminus.10; 11; 12 No atomic structure is
available for HBeAg, but the extensive sequence identity with HBcAg predicts that their
structures are similar.13

Despite this close sequence similarity, HBcAg and HBeAg differ in solubility and in their
assembly properties,14 in their B cell and T cell responses,7 in the antibodies they are
recognized by and in the kinetics they exhibit during infection,15 and in having different
functions.6 On the other hand, the sequence similarity poses problems for discriminating
between the two proteins in diagnostic immunoassays.16 Accordingly, a great effort has
been made to identify determinants specific for each of these two antigens, and at least 70
monoclonal antibodies (Mabs) have been generated for this purpose.13; 16; 17; 18; 19; 20;
21 The results, although often unclear, can be approximately summarized as follows: (a)
determinants recognized on HBcAg are primarily conformational whereas those on HBeAg
are mostly linear;16 (b) there is one group of similar determinants clustered around residue
80 that comprise the principal antigenic aspect of HBcAg and another near the carboxy-
terminus, and this latter can be divided into two subsets;13; 17; 18 (c) HBcAg and HBeAg
share the first group of determinants but differ with regard to the second, which may become
masked during assembly of capsids;13 and (d) there are a number of less-well characterized
epitopes at other locations on the dimer.16; 22 However, any review of the literature quickly
reveals numerous counter-examples and ambiguities. Fortunately, since the time that these
studies were done the structure of HBcAg has been determined at high resolution8 and the
epitopes of seven HBcAg-specific Mabs have been identified by cryoelectron microscopy
and image reconstruction.23; 24; 25; 26; 27

The goal of the present study was to reassess and clarify the serological relationship between
HBcAg and HBeAg using surface plasmon resonance. This technique is not only very
sensitive but also less error prone than the previously employed plate-based assays and it
was therefore used to measure the affinities of a panel of six historically well-documented
monoclonal antibodies for a set of highly-purified and well-characterized recombinant forms
of HBcAg and HBeAg. Mabs 904, 905, 3105, and 3120 are the original monoclonal
antibodies from the Mayumi group that define the four primary HBcAg and HBeAg
determinants. Mabs 904 and 905 define the e-antigen determinants HBeAg/a and HBeAg/b,
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21 and Mabs 3105 and 3120 define the core-antigen determinants HBcAg/α and HBcAg/β.20

Mab e6 defines the e-antigen determinant HBe-β19 and Mab F11A4 recognizes the
“dominant” core-antigen determinant.18 The epitopes of Mabs 3105, 3120, and F11A4 have
been determined structurally.9 HBcAg and HBeAg were produced as recombinant proteins
in E. coli (see Table 1 and Fig. 1). For HBcAg, we used capsids of the full-length 183-
residue protein (Cp183) that contain bacterial nucleic acid (substituting for the viral
pregenome in authentic HBcAg) and capsids composed of the 149-residue protein (Cp149).
The latter are free of nucleic acid and, unlike Cp183 capsids, may be disassembled in vitro
to dimers. For HBeAg, we expressed in E. coli a construct corresponding to the same
polypeptide chain as native HBeAg, i.e. Cp149 extended at its amino-terminus by a 10-
residue peptide corresponding to the residual propeptide viz. Cp(-10)149.10; 11; 12 We
assumed that this highly purified and well-defined dimeric protein closely resembles native
(serum-derived) HBeAg. In order to distinguish assembly-dependent properties from
conformation-dependent properties of these proteins, we also determined conditions to form
novel capsid-like structures from Cp(-10)149, and exploited a point mutation that greatly
reduces the propensity of both core- and e-antigen dimers to assemble into capsids, and
included these reagents in the SPR assays. The suffices “c” and “d” are used to denote,
respectively, the capsid and dimer forms of a given protein, e.g. Cp149c, and Cp149d.

Results and Discussion
Protein Expression and Purification

Unlike the very stable Cp183c, Cp149c can be dissociated into dimers under conditions
which do not denature the constituent subunits.14 The resulting Cp149d is not very soluble,
readily re-associating into capsids in the presence of salt at neutral pH;14 however, the
solubility is dramatically enhanced by introducing either the single (G123A) or double
(G123A, R127A) mutations (unpublished observations). Cp(-10)149d is more soluble than
Cp149d but can be induced to form capsids by elevating the temperature (see Materials and
Methods). The mutation G123A also enhances the solubility of Cp(-10)149d. The two
cysteine 61 residues in Cp149d form an intermolecular disulfide bond (Fig. S1, a) whereas in
Cp(-10)149d they form two intramolecular disulfides with the cysteine (-7) residues (Fig.
S1, a)11; 12 and for this reason, cysteine 61 was retained in all constructs. However,
cysteines 48 and 104 are not involved in disulfide bond formation8 and were routinely
substituted with alanine. The capsid proteins and the various mutants used in this study are
listed in Table 1 and schematically represented in Fig. 1. The assembly state of capsids
under native conditions (i.e. in buffered saline), was confirmed either by gel filtration using
Sepharose 4B or by sedimentation velocity ultracentrifugation.14 SDS-PAGE of freshly
prepared Cp183 capsids under reducing conditions gave one main band corresponding to the
monomer (Fig. S1, b) and under non-reducing condition, two major bands corresponding to
monomers and dimers (Fig. S1, b) and lesser amounts of higher order multimers28. The
native molecular weights of Cp149d (32,744 ± 500 Da) and Cp(-10)149d (36,834 ± 177 Da)
were directly determined by sedimentation equilibrium ultracentrifugation (Fig. S2),
indicating that the proteins are dimeric at neutral pH.

Monoclonal Antibodies
Supplementary Table 1 summarizes the principal antigenic regions on HBcAg and HBeAg
reported in the literature, and Table 2 summarizes the epitopes of the antibodies employed in
this study. The locations of the epitopes are also shown in Fig. 2.

Direct Binding of Capsids and Dimers to the Antibodies
The binding kinetics of various protein preparations to the panel of Mabs are summarized in
Table 3. From a cursory inspection the affinities shown in this table do not appear to be
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consistent with the published specificities of the antibodies used (Table 2). One might
expect that HBeAg-specific and HBcAg-specific Mabs would, by definition, have higher
affinities for their respective antigens. For example, the HBeAg-specific Mab 905 exhibits
an affinity for Cp183c almost as high (Kd = 8.4 × 10-10 M) as for Cp(-10)149d (Kd = 2.0 ×
10-10 M). At the same time, the affinity of this Mab for Cp183c is much higher than the
affinity of the HBcAg-specific Mab 3105 for Cp183c (Kd = 3.4 × 10-8 M). How these results
can be explained is discussed below.

Capsids formed from the constructs Cp183, Cp149 and Cp(-10)149 all bound with moderate
(Kd ∼ 10-8 to 10-9 M) to high (Kd < 10-9 M) affinity to all of the antibodies except Mab e6,
which only bound dimeric protein. The dimers Cp149d and Cp(-10)149d also bound with
moderate to high affinity to all members of the same panel, except Mab 3120. Thus four of
the six Mabs designated as either HBcAg- or HBeAg-specific exhibit little discrimination
between capsids and dimers. For example, the respective bindings of Cp149c and Cp149d to
Mab 3105 (nominally HBcAg-specific) show fairly similar kinetics and affinity (Fig. 3).
Thus - with the exceptions noted above - these Mabs are largely insensitive to the assembly
state of the capsid protein or, for a given assembly state, to the sequences appended at either
terminus.

The failure of Cp149d and Cp(-10)149d to bind Mab 3120 is consistent with the
identification of its epitope as bridging two subunits on adjacent dimers.26 For the same
reason, this Mab exhibits little difference in its affinities for the three capsids (Cp183c,
Cp149c, and Cp(-10)149c): all are characterized by very slow off-rates (kd) indicative of
high affinity binding (very low Kd) (Table 3). The other nominally HBcAg-specific Mabs,
3105 and F11A4, bind to the two so-called immunodominant loops located at the apex of the
capsid spike.25 The four-helix bundles in capsid subunits and free dimers are expected to
have similar, though not necessarily identical,29 conformations. Thus, the binding of these
spike-specific antibodies is unaffected by the assembly state of the capsid protein: they all
bind strongly to both capsids and dimers (Table 3).

Valency Considerations
We have assumed that the interactions in Table 3 represent 1:1 interactions between
immobilized antibodies and antigens, and furthermore, that these interactions represent
affinity rather than avidity, despite the fact that the antibody is bivalent and the antigens are
either bi- or polyvalent. To promote monovalent interactions between antibody and antigen
we employed the minimum density of immobilized antibody consistent with reliable
measurements (densities of 2000, 500, and 50 RU were tested). The equilibrium constants
reported in Table 3 were essentially unaltered over this range of densities. Hence, at the
routinely used density of 500 RU, the contribution to the data of single antigens bound to
more than one antibody was considered to be minimal.

With regard as to whether the interactions represent affinity or avidity, we considered the
dimers to be too small to engage with both antigen-binding domains of a given IgG
simultaneously. This was confirmed by experiment, for example, Cp(-10)149d bound to
immobilized Fab 904 and Mab 904 with Kd values of 6.8 and 3.5 × 10-9 M, respectively.
Similar experiments with capsids were not possible because capsids failed to bind to
immobilized Fabs, probably due to restricted access. However, the binding of Mabs 3105,
3120, and F11A4 to capsids has been visualized:9 in all cases the Fabs were oriented
essentially perpendicular to the capsid surface, suggesting that the two antigen binding
domains of a given IgG would probably not be able to interact with the same capsid,30
although a bivalent interaction has been observed with a different viral capsid.31 That all
these Mabs readily aggregate capsids, as evidenced by light scattering, precipitation, and
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electron microscopy (data not shown) supports the interpretation that the values obtained
represent affinity and not avidity.

The e-antigen is Both Physically and Antigenically Dimeric
The number of antibody molecules that a single dimer can bind depends on the positioning
of the epitopes in question; binding of one Mab or Fab to its epitope should allow another,
different, Mab/Fab to bind only if its epitope is not occluded. Similarly, two copies of the
same Mab/Fab may be expected to bind to a dimer only if the two copies of its epitope are
suitably spaced apart. To study epitope accessibility of dimers with respect to the HBeAg-
specific Mabs, we used three-layer sandwich assays in which one Mab (the ligand) is
immobilized on the Biacore chip and, after capture of either Cp149d or Cp(-10)149d, the
binding of a second Mab is measured (Supplementary Fig. 3).

The results with Mab e6 as the ligand are the most clear; captured HBeAg dimers are
detected with a second e6 antibody, indicating the presence of two accessible epitopes
(Table 4). Mabs 904 and 905 also bind to Mab e6-captured protein, indicating that, in both
cases, as least one copy of their epitope is still accessible on Mab e6-bound dimer.

The situation is more complicated when the other HBeAg-specific Mabs, 904 and 905, are
used to capture antigen because, in three-layer assays with either of these Mabs, Cp149d
behaves as if only one epitope is accessible. Thus, dimer captured with Mab 905 only binds
Mab 904 and not Mab 905, and vice versa. Presumably, antibody bound to one epitope on
the dimer occludes the second copy of the same epitope. We have described previously how
proximal epitopes can introduce steric barriers to antibody binding to HBV capsids.9 In
contrast, when capsids are captured with immobilized Mab 905, they can be detected with
Mab 905. This was as predicted because capsids present multiple copies of each epitope,
distributed over a large surface. All the other Mabs tested, including 3120, also detect
capsids captured with Mab 905 (and Mab 904) (Table 4). The exception, Mab e6, also as
predicted, does not bind to the capsids and this is consistent with the direct binding studies
(Table 3).

The apparently restricted binding of Mab 904 was further tested by binding to Cp149d and
then probing with Fab 904 (rather than Mab 904). Weak binding was observed characterized
by fast on- and off-rates (data not shown) supporting the view that steric blockage is
responsible for an apparently single epitope on a dimeric protein. This point is important as
historically it has guided the development of assays for the e-antigen and is based on the
long-held view that the e-antigen is monomeric, for example, see model for p17 (e-antigen).
12 This physical picture of the e-antigen was not based on an accurate mass determination of
serum-isolated antigen, not to date carried out, but on its antigenic properties. According to
this model, Mabs 904 and 905, for example, do not bind in a bivalent mode because each is
directed to a different epitope (α or β, respectively) located on a monomeric protein. We
have described elsewhere9 that recombinant e-antigen is a very stable dimer (Table 1).
Furthermore, the binding properties of Mab e-6 (Table 4) and direct measurement of binding
stoichiometry described below, clearly show the dimeric nature of e-antigen both in terms of
structure and antigenicity. It should be pointed out that although the direct determination of
the physical state of serum e-antigen has not been reported, the high molecular weight forms
mentioned in previous studies, for example,19 are most likely complexes of dimeric e-
antigen with specific anti-HBe IgG 32; 33

Location of Anti-HBeAg Mab Epitopes
Cryo-EM and molecular modeling of Fab-labeled capsids has been used to localize and
define the epitopes of a total of seven anti-HBcAg Mabs,23; 24; 25; 26; 27 including three
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involved in this study (Fig. 2 and Table 2). Attempts to use this approach with Mabs 904 and
905 were unsuccessful because we were unable to achieve stable decoration of capsids with
these Fabs under the conditions used for electron microscopy. This outcome was surprising
given the SPR result that their affinities for capsids appear to be as strong as that of Mab
3105, which decorates capsids well. We performed many control experiments to confirm
that capsids do, in fact, bind these antibodies: for example, when capsids are titrated with
either Mab 904 or Mab 905, their binding to immobilized Mab 904 or Mab 905 is
completely blocked (Fab 904 or Fab 905 also block the binding).

We also studied the binding of Mab e6 to dimers with various point mutations
(Supplementary Table 2). The R127A substitution in both Cp149d and Cp(-10)149d
effectively abrogated binding to Mab e6. The Y132A substitution also blocked binding of
this mab. In the crystal structure of T = 4 capsids,8 R127 is located at the end of the helix-5
(residues 112–127) and Y132 is in the following loop (see Fig. 2). These motifs pack
together in adjacent dimers in capsids and therefore should be accessible on dimers but
occluded in capsids. This localization places the two copies of the e6 epitope at opposite
ends of the crosspiece of the T-shaped dimer, providing a ready explanation for its observed
ability to bind two copies of Mab e6. In this context, it is noteworthy that the G123A
mutation, also located in helix-5, affects dimer solubility but has no effect on Mab e6
binding.

The same set of Cp149d mutants was tested with Mabs 904 and 905. R127A had no effect
on the binding of Mab 904 but that of Mab 905 was greatly reduced (not shown). Y132A did
not affect the binding of either Mab. These observations suggest that part of the 905 epitope
is located in helix-5; however, it clearly differs from that of Mab e6 as indicated by its
reactivity with Y132A dimer and because this Mab binds to capsids whereas Mab e6 does
not. In two-layer competition experiments using immobilized Mab e6, Cp149d was mixed
separately with Mabs e6, 904, and 905 prior to injection; as expected, dimer binding was
blocked completely by Mab e6. Binding of Mab 905 was blocked to a lesser degree, whereas
Mab 904 had no effect on binding. Taken together, these results support assigning the 905
epitope to the carboxy-terminal region of Cp149 and its partial overlap with the e6 epitope.

Electron Microscopy
The locations of the binding sites of Mabs 3105, 3120, and F11A4 are known9 and those of
Mab e6 and Mab 905 can be assigned to the vicinity of the carboxy-termini of the HBc/eAg
dimer. To obtain additional information about the locations of the binding sites of Mabs 904,
905, and e6, complexes of these mabs with Cp(-10)149d were examined by negative stain
electron microscopy (Fig. 4). Mab 904 appears to form a 1:1 antibody:dimer complex
consistent with the SPR results (Table 3). Complexes with 1:2 stoichiometry probably also
formed but were either rare or, more probably, not recognized as such, however no ring-like
complexes or linear polymers were ever observed with this antibody. The two-fold
symmetry of the dimer implies the presence of two unique sites, namely at the exact apex
and underside of the four-helix bundle. The interaction of Mab 904 with Cp149d in an
apparently monovalent manner, together with its affinity for both dimers and capsids,
suggests that the 904 epitope may be located at the unique site on the apex of the four-helix
bundle (the underside of the dimer being inaccessible in capsids).

Unlike Mab 904, Mab 905 forms ring-like antibody:dimer complexes which are consistent
with dimers crosslinked by antibody binding to the carboxy-terminal regions (Fig. 4).
However, this interpretation is not completely consistent with the biochemical data because,
as we have seen, the binding of Mab 905 to dimeric protein appears monomeric in terms of
epitope valency. A rationale analogous to that given above for the monovalent nature of the
Mab 904 interaction with dimers is incompatible with the likely location of the 905
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epitope(s) at the carboxy-termini. As may always be possible, the immobilization and
binding of proteins can restrict access by steric hindrance and this would not be an issue
with freely interacting proteins in solution. Complexes of Mab e6 with Cp(-10)149d also
formed rings similar to those formed by Mab 905; however, despite repeated attempts, the
structural integrity of these complexes was not as well preserved (not shown).

Specific Immuno-assays for HBcAg and HBeAg
In practical terms, the use of Mab 904 and Mab 905 to distinguish between HBcAg and
HBeAg is problematical, as both antibodies will capture capsids as well as dimers. A more
specific assay system would consist of Mab 904 or Mab 905 as the primary ligand for
capture of both HBcAg and HBeAg followed by Mab e6 for the specific detection of
HBeAg and Mab 3120 for the specific detection of HBcAg. Based on the specificity of Mab
e6 for dimer, this assay provides a bona fide assay for HBeAg when Mab e6 is used for
ligation and any of Mabs e6, 904, 905, or 3105 for detection.

A Complex of Fab e6 and HBc/eAg Dimers Suitable For Structural Studies
Direct crystallization of the dimeric proteins Cp149d and Cp(-10)149d has so far proven
unsuccessful, in part due to their tendency to self-associate at higher protein concentrations
despite the G123A mutation. Antibody fragments have long been used to effect the co-
crystallization of proteins.34 Based on our results, Mab e6 appears to be a useful candidate
to prepare immune complexes with these dimers for screening crystallization conditions.
The SPR data indicate that Mab e6 binds to dimeric protein with good affinity (Kd =
3.3×10-9 M for Cp149d; 1.2×10-7 M for Cp(-10)149d) and that the carboxy-terminal location
of the epitopes allows unrestricted access, i.e. binding can occur independently at both sites.
Further, the G123A mutation, important in enhancing the solubility of dimeric protein, has
little effect on the binding of the antibody (Supplementary Table 2). The preparation and
crystallization of the immune complexes Cp149d:Fab e6 and Cp(-10)149d:Fab e6, both with
a subunit stoichiometry of 1:2 (Fig. 5), will be described elsewhere.

Conclusion
There is a large yet inconclusive literature regarding the immunochemical detection of HBV
core- and e-antigens (for reviews see 16; 35). There are four problems that have contributed
to this situation. First, HBcAg and HBeAg are composed of almost identical polypeptides
yet the folded proteins are distinct in several ways. Second, there has been a lack of well-
characterized antigens available for study. The HBeAg in particular has been problematical
as it has not been isolated from serum as a native protein and well characterized. It has been
derived from various sources (e.g. serum, liver, and even bacterially-expressed and
denatured HBcAg), with various molecular weights and degrees of purity, and with
uncertainties regarding its polymeric state. Third, until recently8 there has been no structural
knowledge about either of the antigens. Fourth, the earlier work was hampered by the
cumbersome and involved nature of the immunoassays. Here we have employed precisely
defined antigens, antibodies that recognize the major antigenic sites on these antigens, and a
sensitive means to measure the affinities.

The main observation is that most of the antibodies, regardless of reported specificity, and
regardless of the assembly state of the antigen, bind with relatively high affinity. The
exceptions are the anti-HBeAg Mab e6, which detects an epitope accessible only on the non-
polymerized HBc/eAg dimer, and the anti-HBcAg Mab 3120, which detects an epitope
formed only when dimers associate to form capsids. The conclusion is that an antigenic
distinction between HBcAg and HBeAg can be partially made on the basis of the assembly
state of the protein. The 10-residue amino-terminal precore region in HBeAg positions the
cysteine at position (-7) close to cysteine 61 at the dimer interface which forms an
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intramolecular disulfide [C(-7) – C61] in preference to a intermolecular one [C61-C61] as in
core antigen. This both enhances the solubility of dimeric e-antigen compared to the dimeric
subunits of core antigen and may also promote local conformation changes. We have not yet
identified antibodies that are truly specific for e-antigen and which could distinguish
between dimeric core capsid subunits and e-antigen. However, Mab e6 promises to be a
useful tool for the isolation and characterization of the authentic e-antigen, which has
surprisingly eluded isolation and characterization. Furthermore, we have found that the
antigen-binding domains of Mab e6 form soluble complexes with dimeric HBc/eAg that
hold promise for a high-resolution structure determination. This would allow a direct
comparison of the core-antigen and e-antigen dimer structures and open a new avenue to
structure-function studies of both of these proteins. It will then still remain to be seen how
the interactions of the recombinant antigens with monoclonal antibodies relate to those of
the authentic antigens with the immune system.

Materials and Methods
Purification of HBV antigens

The capsids and capsid-related proteins used in this study were expressed in E. coli. Site-
specific mutations (see Table 1 and Fig. 1) were introduced by standard procedures. The
proteins were prepared essentially as described previously.14 Briefly, the cells were
resuspended in 100 mM Tris-HCl (pH 7.0) containing protease inhibitors (Sigma) and lysed
in a French press. Cp183c, which always forms intact RNA-containing capsids, was purified
by a combination of gel filtration and centrifugation. For Cp149 and Cp(-10)149 constructs
containing the G123A solubilizing mutation, lysates were centrifuged at 25,000 ×g for 60
min. Cp(-10)149 constructs were all located in the pellets whereas Cp149 constructs were
located in the supernatants. Cp(-10)149 protein was solubilized from the pellets with 100
mM Na2C03-NaHC03 (pH 9.5) (Buffer A) containing 3.0 M urea and, following
clarification of the solution by centrifugation, concentrated by the addition of 40% (w/v)
(NH4)2SO4. The precipitated proteins were dissolved in Buffer A plus 3 M urea and then
applied to a Superdex 200 column (GE Healthcare) equilibrated in Buffer A containing 2 M
urea. Cp(-10)149d proteins (eluting with a mass of ∼30 kDa) were resolved from aggregates
and other contaminants and then further purified using a Q Sepharose column (GE
Healthcare) equilibrated with 50 mM Tris-HCl (pH 8.0) containing 2 M urea. The protein
was eluted with a 0 - 0.5 M NaCl gradient and then dialyzed against 50 mM Tris-HCl (pH
7.8). Occasionally, an additional Superdex 200 chromatography step was performed to
ensure removal of any aggregated protein and to exchange buffer. The Cp149d located in the
supernatant of the initial low speed centrifugation were concentrated by precipitation with
40% (NH4)2SO4 and then purified as described for Cp(-10)149d. All proteins were stored in
small aliquots at -80 °C in the absence of reducing agents. Wild-type Cp149d was assembled
into Cp149c at 0.5 mg/ml by dilution with 100 mM HEPES (pH 7.0), containing 350 mM
NaCl (assembly buffer). The Cp(-10)149d was assembled into Cp(-10)149c similarly to
Cp149d except that the protein was warmed to 37 °C for 1 hour following dilution into
assembly buffer.

Monoclonal Antibodies
Mabs 904, 905, 3105, and 3120 were purchased from the Institute of Immunology, Tokyo.
Mabs e6 and F1 1A4 have been described previously.18; 19 Mab 4B5 recognizes HBsAg
(unpublished observations). Fabs were prepared with immobilized papain and Protein A
(Pierce) using standard procedures.
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Surface Plasmon Resonance
The kinetics of the capsid-related proteins binding to immobilized Mabs (two-layer
configuration) was studied by surface plasmon resonance (Biacore). Mabs were immobilized
on the surface of CM5 sensor chips by the EDC-NHS [N-ethyl-N ″ (dimethylaminopropyl)
carbodiimide-N-hydroxysuccinimide] coupling method. Antibody was immobilized on chips
at densities of 2000, 500 and 50 RU (1000 RU ∼ 1 ng bound protein/mm2 36), with 500 RU
used for routine measurements. HBS-EP (100 mM HEPES, pH 7.4, 150 mM NaCl, 3 mM
EDTA, 0.005% surfactant P20) was used as running buffer and samples in running buffer
(90 μl) were passed over the Mab surface at a flow rate of 30 ul/min. At the end of the
association phase, the dissociation was monitored for at least 30 min (very slow off-rates
were monitored up to 120 min). Analytes were injected at concentrations between 0.5 – 500
nM. For each injection, the reference surface data (Fc1) was subtracted from the reaction
surface data (Fc2) and the resulting data (Fc2-Fc1) provided the actual binding. For all
assays at least two replicate injections at the same concentrations were employed to
calculate the kinetic data. In some experiments a three-layer configuration was employed.
Immobilized Mab was overlaid with capsid protein (analyte-1) by injection of 100 μl sample
at 20 μl/min and after the end of injection (∼320 seconds) the second Mab (analyte-2) was
injected (100 μl). In this assay, protein captured with one antibody is probed with a second
antibody.

The data were analyzed with BIAevalution software, version 3.1. The interactions of the
capsid proteins with the Mabs were globally fitted to a 1:1 interaction model with the
association and dissociation phases of the interaction fitted simultaneously. The goodness of
fit between the fitted curves and the experimental curves was assessed by visual comparison.
The rate constants (ka and kd) and the equilibrium constants (Kd) of each interaction were
calculated from the best-fit kinetic parameters. After each fitting, the function ln(abs(dY/
dX)) during the association phase was evaluated, and when this produced a straight line with
a negative slope it was taken to indicate that there was no mass transfer limitation
(BIAevaluation handbook BR 1002-29, Biacore AB). When necessary, a lower level of Mab
was employed to reduce the mass transfer effects. The Langmuir model was used in most
instances unless there was need to use either the Langmuir with mass transfer or the
Langmuir with drifting baseline models. Nevertheless, in all instances, rate constants for
each kinetic set were checked with the three different models to determine whether ka and kd
deviated significantly between models.

Electron Microscopy Of Immune Complexes
Immune complexes with dimers were formed in solution. Mabs 904, 905, and e6 were
mixed with Cp(-10)149d. G123A in 1:1 molar ratio, incubated overnight at room
temperature, and then diluted to 0.01 mg/ml with respect to Mab with 20 mM ammonium
acetate. A thin carbon film deposited on freshly cleft mica was floated onto a drop
containing the immune complexes and allowed to adsorb for 60 seconds, then floated onto
1% uranyl formate, before being picked up from above with a lacy carbon film supported on
a 400 mesh copper grid. Micrographs were recorded at 60,000× magnification on a Philips
CM-120 electron microscope (FEI) equipped with a CCD camera.

Preparation of Fab e6 Immune Complexes
The Cp149d or Cp(-10)149d (both with the G123A mutation) were mixed with Fab e6 in a
1:2 molar ratio. The complexes (12 mg/ml) were gel filtrated by applying 1 ml to a Superdex
200 column (1.6 cm × 60 cm) equilibrated with 50 mM HEPES (pH 7.0).
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Analytical Ultracentrifugation
A Beckman Optima XL-A analytical ultracentrifuge with an An-60 Ti rotor and standard
double-sector centerpiece cells was used. Sedimentation equilibrium measurements of the
Cp149d and Cp(-10)149d constructs were performed at 18,000 and 17,000 rpm, respectively,
and the immune complexes at 11,500 rpm. Centrifugations were done at 20 °C for 15 - 20 h
with an additional 3 h at 45,000 rpm to establish baselines. The buffers were 50 mM Tris-
HCl (pH 7.5) for Cp149d and Cp(-10)149d and 50 mM HEPES (pH 7.0) for the immune
complexes. The data were analyzed with Beckman-Origin software. Protein partial specific
volumes were calculated from the amino acid compositions37 and solvent densities as
previously described.38

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Fig. 1.
Schematic representation of the recombinant HBV proteins used in this study. The three
capsid-related proteins (Cp) correspond to those listed in Table 1 and in greater detail in Fig.
2. Cp183 is expressed in E. coli as nucleic acid-filled capsids (Cp183c) with a mass of ∼6
MDa39 (represented by the blue fenestrated structure). Such capsids are very stable and
cannot be dissociated into subunits without protein denaturation. In Cp149 the arginine rich
carboxy-terminal domain has been deleted and when this protein is expressed in E. coli it
forms empty capsids (Cp149c) with masses of 3 and 4 MDa39 (represented by a grey
fenestrated structure). These capsids can be reversibly dissociated into dimeric subunits with
a mass of ∼35 kDa (grey object). The red line indicates an intermolecular disulfide bond
[C61-C61]. The Cp(-10)149 or e-antigen is expressed in E. coli in a form that is neither
assembled capsid nor an aggregated inclusion body-type protein. The protein can be
extracted with 2 - 3 M urea at pH 9.5 to give soluble folded dimers. Purified dimers can be
induced to form capsids (white fenestrated structure). The reversibility of this has not been
fully explored. The red lines indicate intramolecular disulfide bonds [C(-7) – C61]. See Figs.
S1 and S2 for analytical data on these various proteins.
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Fig. 2.
Locations of the epitopes on HBV capsids and subunits. The cartoon represents three
adjacent dimeric subunits on a capsid with the protruding spikes corresponding to the four-
helix bundles. The epitopes for Mabs 88, 312, 842, 3105, 9c8, and F11A4 are all located on
the apices of the spikes whereas the epitope for Mab 3120 is located between the spikes and
involves residues from two adjacent subunits.23; 24; 25; 26; 27 The two copies of the Mab e6
epitope are located near the C-termini of the dimer and are accessible only on free subunits.
The locations of the epitopes for Mabs 904 and 905 are uncertain, but epitope 904 may be
on the spike apex and 905 near the C-terminus (see text). The positions of the three carboxy-
terminal mutations employed to map the e6 epitope, and which affect capsid assembly, are
also indicated.
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Fig. 3.
Typical sensograms illustrating the binding of antigen to Mab 3105. Antigen was allowed to
bind to immobilized antibody. Duplicate, and in some cases triplicate, injections of antigen
were done. The concentrations refer to the concentration of antigen, in terms of dimers. The
kinetics and affinities of Cp149c (A) and Cp149d (B) for Mab 3105 are similar, indicating
that the epitope is not affected significantly by the assembly state of the antigen. This is in
keeping with its known location on the apex of the spike(s).
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Fig. 4.
Immune complexes visualized by electron microscopy. Cp(-10)149d were mixed with
antibodies in solution and visualized in negative stain. (A) Mab alone, (B) Dimer + Mab
904, (C) Dimer + Mab 905. Outlines and an interpretative diagram are shown in each case.
The formation of the circular complexes in (C) suggests the presence of two copies of the
905 epitope per Cp(-10)149d molecule. Very similar complexes were observed when Mab
e6 was employed (not shown). Bar = 200 Å.
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Fig. 5.
Characterization of Cp149d:Fab e6 and Cp(-10)149d:Fab e6 immune complexes. Analysis of
the complexes by (a) gel filtration chromatography, (b) analytical ultracentrifugation, and (c)
reducing SDS-PAGE indicates a 1:2 molar ratio in both cases.
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Table 1

Recombinant HBcAg and HBeAg-related proteins

HBV Protein Residues Mutations Assembly State

Cp183c
a, b 1-183 None Capsid

Cp149c 1-149 C48A, C107A Capsid

Cp149d
c 1-149 C48A, C107A, G123A Dimer

Cp(-10)149c (-10)-149 C48A, C107A Capsid

Cp(-10)149d
d (-10)-149 C48A, C107A, G123A Dimer

a
Cp183c contains encapsulated nucleic acid derived from E. coli 14 and corresponds to serum-derived HBV core antigen (HBcAg).

b
The subscripts c and d refer to capsids and dimer proteins, respectively.

c
Cp149c does not contain encapsulated nucleic acid, is immunologically similar to HBcAg, and has been used extensively for structural studies.

d
Cp(-10)149d corresponds to the secreted HBV “e-antigen” (HBeAg).20; 40
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Table 3

Affinities of HBcAg and HBeAg binding to Mabs

Ligand Analyte ka (1/Ms) kd (1/s) Kd (M)

Mab 904 Cp183c 2.5 × 104 4.3 × 10-4 1.7 × 10-8

Cp149c 5.3 × 104 8.2 × 10-4 1.5 × 10-8

Cp(-10)149c 1.2 × 104 3.0 × 10-4 2.6 × 10-8

Cp149d 2.5 × 104 8.4 × 10-5 3.4 × 10-9

Cp(-10)149d 6.9 × 104 2.4 × 10-4 3.5 × 10-9

Mab 905 Cp183c 5.2 × 104 4.3 × 10-5 8.4 × 10-10

Cp149c 2.3 × 105 2.3 × 10-4 1.0 × 10-9

Cp(-10)149c 4.0 × 104 5.5 × 10-4 1.4 × 10-8

Cp149d 3.7 × 103 1.6 × 10-3 4.4 × 10-7

Cp(-10)149d 1.9 × 105 3.8 × 10-5 2.0 × 10-10

Mab 3105 Cp183c 4.1 × 104 1.4 × 10-3 3.4 × 10-8

Cp149c 2.2 × 105 1.1 × 10-3 4.9 × 10-9

Cp(-10)149c 1.4 × 104 4.6 × 10-5 3.2 × 10-9

Cp149d 5.1 × 104 1.7 × 10-3 3.3 × 10-8

Cp(-10)149d 3.5 × 104 1.2 × 10-2 3.4 × 10-7

Mab 3120 Cp183c 1.5 × 104 3.6 × 10-7 2.3 × 10-11

Cp149c 3.0 × 104 3.8 × 10-7 1.2 × 10-11

Cp(-10)149c 1.2 × 104 2.4 × 10-7 1.9 × 10-11

Mab F11A4 Cp183c 2.9 × 104 2.7 × 10-5 9.4 × 10-10

Cp149c 1.8 × 106 1.8 × 10-4 1.0 × 10-10

Cp(-10)149c 1.0 × 104 1.4 × 10-6 1.3 × 10-10

Cp149d 5.7 × 105 3.9 × 10-3 6.9 × 10-9

Cp(-10)149d 5.3 × 104 7.5 × 10-3 1.4 × 10-7

Mab e6 Cp149d 6.5 × 104 2.2 × 10-4 3.3 × 10-9

Cp(-10)149d 5.9 × 103 6.9 × 10-4 1.2 × 10-7
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Table 4

SPR sandwich assay of capsid proteinsa

Ligand
(Mab)

Analyte-1
(Antigen)

Analyte-2
(Mab)

Binding Commentb

904 Cp149d e6 +

904 - Binding to single epitope

905 +

3105 +

905 Cp149d e6 +

904 +

905 - Binding to single epitope

3105 +

3120 - No binding to dimers

Cp149c e6 - No binding to capsids

904 +

905 + Multiple epitopes available

3120 +

e6 Cp149d e6 + Binding to two epitopes

904 +

905 +

3105 +

F11A4 (Fab) +

4B5c - Negative control

a
Ligand (Mab) is immobilized on Biacore chip; capsid protein (Analyte 1) is captured by ligand and used to monitor binding of second Mab

(Analyte 2). See Fig. 3 for typical sensogram tracing.

b
Comments refer to binding of Analyte-2.

c
The Mab 4B5 is anti-HBsAg.
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