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Abstract

The hepatitis B virus capsid (core antigen) is able to bind to and activate naive B cells whereby these
become efficient primary antigen-presenting cells for the priming of T cells. We have investigated
this interaction by using cryo-electron microscopy, three-dimensional image reconstruction, and
molecular modeling to visualize capsids decorated with Fab fragments of a receptor immunoglobulin,
and surface plasmon resonance to measure the binding affinity. By both criteria, the mode of binding
differs from those of the six monoclonal anti-core antigen antibodies that have been previously
characterized. The Fab interacts with two sites, ~ 30 A apart. One interaction is canonical, whereby
the CDR loops engage the tip of one of the 25 A-long spikes that protrude from the capsid surface.
The second interaction is non-canonical; in it, the Fab framework contacts the tip of an adjacent
spike. The binding affinity of this Fab for capsids, Kp ~ 4 x 1077 M, is relatively low for an antibody-
antigen interaction, but is ~150-fold lower still (~ 2.5 x 107> M) for unassembled capsid protein
dimers. The latter observation indicates that both of the observed interactions are required to achieve
stable binding of capsids by this receptor immunoglobulin. Considerations of conserved sequence
motifs in other such molecules suggest that other naive B cells may interact with HBV capsids in
much the same way.
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INTRODUCTION

Despite the availability of an effective prophylactic vaccine and several antiviral therapies,
hepatitis B virus (HBV) remains a serious public health concern, particularly in Asia. Of the
world’s 400 million chronic carriers one million die annually 12 The nucleocapsid of HBV
is exceedingly immunogenic 3 lts building-blocks are dimers of a 183-residue alpha-helical
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protein, with the two subunits paired through the formation of a four-helix bundle. Capsids are
dimorphic and are comprised of either 90 or 120 dlmers arranged such that the four-helix
bundles project from the surface as 25 A-long splkes . Together these two capsid forms are
known as core antigen (HBcAQ). The principal antigenic determinant of HBcAg, the so-called
“immunodominant loop” (residues 78-83), is located at the apices of the capsid spikes 5
The capsid has been found to bind to the receptor membrane immunoglobulins (mlg) of a high
proportion of naive murine B cells allowing them to present HBCcAg to T cells approximately
10°-fold more effectively than either macrophages or dendritic cells 7.1t has been shown that
HBCcAg can also bind and activate human B cells in vivo8. This binding has been proposed to
be due to epitopes arrayed on the capsid surface, to be responsible for the capsid’s exceedingly
high immunogenicity in mice, and to have a role in human infections . Binding involves a
short sequence (EDPA) located at the tips of the capsid spikes 9 and a conserved linear motif,
either /ILSCKASGY I/SFTS/G or ISCRASQVSTSS, present in the framework region 1 (FR1)
complementarity-determining region 1 (CDR-1) junction of the membrane immunoglobin VH
and VL domains, respectively 0] However, the molecular basis for the interaction of HBcAg
with receptor immunoglobin is unknown.

The binding of high-affinity antibodies to viral shells has been visualized b{ cryo-electron
microscopy coupled with image reconstruction and molecular modellng . By docking
generic monoclonal antibody fragments (Fab), taken from the Protein Data Bank, into electron
density maps of Fab-decorated HBcAg particles 12 it has been possible to simulate antibody
binding to within a precision of < 2 A in each dimension 13 The resulting qua5| -atomic models
have permitted the identification of the residues in six epitopes on HBcAg

To address the question of how HBcAg binds to B cells, capsids decorated with Fabs derived
from a monoclonal antlbody corresponding to the receptor immunoglobin of a naive B cell
responsive to HBcAg Owere analyzed by cryo-electron microscopy and image reconstruction.
The binding affinity of the antibody was relatively low, as determined by surface plasmon
resonance. Nevertheless, we were able to observe two binding interactions per Fab, one
mediated by CDRs engaging residues at the top of a spike, and a second, novel one involving
the Fab framework making contact with residues at the top of an adjacent spike. This binding
mode differs significantly from the interactions preV|oust observed between HBcAg and
conventional high-affinity anti-HBcAg antibodies 4 14

Localization of Fab 9¢8 binding sites

Of the two naive monoclonal antibodies (5H7 and 9¢8) that react only with intact HBV capsid
protein, but not closely related proteins 10, only 9c8 decorated capsids, as judged by negative
stain electron microscopy (Fig. 1 (a) and (b)). Consequently, 9¢c8 was selected for further study.
HBV capsids were decorated with Fab 9¢8 (Fig. 1 (c) and two reconstructions were calculated,
one for T=3 and one for T=4 particles. The reconstructions were calculated to a spatial
frequency limit of 8 A, however calculation of the resolution as a function of radius showed
that the resolution was slightly higher in the region of the capsid (8 A) than in that occupied
by the Fab (11 A), where the lower protein density results in a lower signal-to-noise ratio (Fig.

1(d)).

Initial visual inspection of the surface-rendered reconstructions revealed a highly unequal

distribution of Fab-related density among the quasi-equivalent sites on a given type of capsid
(T=3 or T=4), and suggested that the highest occupancy of Fab occurred in a counter-clockwise
orientation about the five-fold axes of symmetry (Fig. 2 (a)—(d)). Central sections taken along
the two-fold axes of the maps provide orthogonal views through the capsid subunits and include
all three axes of symmetry (Fig. 2 (e), (f)). The sections show that Fab occupancy on the spikes
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is less than 100%, and particularly so on some of them, confirming the earlier visual impression
given by the surface-rendered map. The sections also show that Fab binding occurs at or near
the tops of the spikes. To estimate the relative occupancy of the Fabs at the quasi-equivalent
sites on the capsids the atomic structure of a surrogate Fab was modeled into the density maps
(see below) together with the atomic structures of the capsids. By adjusting the occupancy of
Fabs in the models, and comparing central sections with the corresponding ones in the
experimental maps, it was possible to evaluate the occupancies at the different sites (Fig. 2 (g),
(h)). On T=4 capsids the highest occupancy (~60% as compared to the spike) occurs at the AB
dimer. This density originates from the position corresponding to the B monomer and extends
in the direction of the three-fold axis (Fig. 2 (b), (d); Fig. 3). In comparison, the occupancy at
the quasi-equivalent site on the opposite side of the spike, and corresponding to the A monomer,
was only ~5%. Similarly, the occupancy at the two sites on the CD dimer was estimated to be
~25% in both cases. The interpretation of the densities, and the estimation of the occupancies,
is complicated by the fact that the observed densities are in fact due to an overlap, on average,
of Fabs bound at adjacent, mutually occluding, locations. Nevertheless, by focusing on regions
not involved in the overlap, it was possible to assign occupancy levels. The inferred differences
in occupancy at quasi-equivalent sites may be due in part to steric factors. For instance, Fabs
bound around the T=4 five-fold axis might be expected to experience less mutual crowding
when arranged in a counter-clockwise arrangement than in the opposite orientation (Fig. 3).
Greater binding around the five-fold axis in this fashion would presumably compete with
binding at adjacent locations. For T=3 particles a very similar impression is obtained, with the
highest occupancy also occurring on the AB dimer, again with the higher occupancy on the B
chain (~60%) and the lowest on the A chain (~5%) (data not shown).

Characterization of the Fab binding sites

As no crystal structure is available for antibody 9¢c8 we selected several 1gG2b Fab structures
from the PDB to serve as surrogates and fitted them into the well-defined Fab-related electron
density associated with the AB dimer. When the Fabs were fitted into the density in either of
the two alternative orientations around their pseudo-2-fold axes of symmetry we observed that
the better fit was obtained when the heavy chain was positioned close to the A monomer, and
the light chain close to the B monomer. The same result was obtained with an automated
docking procedure 15 We concluded that this is probably the preferred orientation of Fab 9¢8
with respect to the spike.

To clarify how 9c8 interacts with the spike we attempted to model the Fab with a surrogate as
similar to it as possible. To this end, the light chain and heavy chain variable domain sequences
of 9¢8 were used to search the PDB for similar sequences. For the light chain the first 104
residues, and for the heavy chain the first 116 residues, were employed. The PDB entries with
the greatest similarity were selected in each case: for the light chain this was Fab 4G2 (PDB:
1UYW) (Martinez-Fleites et al., to be published) with 96.0% identity, and for the heavy chain
this was Fab F124 (PDB: 1F11), an antibody coincidentally against hepatitis B surface antigen
16, with 87.5% identity. The sequences of the 4G2 heavy and F124 light chains are not as
similar to those of 9¢8. The sequences corresponding to the CDRs were identified as described
(http://www.bioinf.org.uk/abs/). For the light chain all three CDRs are both in the same position
in the sequence and have the identical sequence as in 9¢8, except that CDR1 and CDR3 each
have single residue differences (Fig. 4). For the heavy chain the CDRs are also in the same
positions as their counterparts in 9¢8, but the sequences differ slightly, varying from 61.5% to
83.3% identity. Given the high sequence similarities between the 9¢8 light and heavy chain
variable domains and their counterparts in 4G2 and F124, we assumed that the latter Fabs could
be employed as reasonable surrogates for Fab 9¢8. Both 4G2 and F124 were docked
independently into the electron density at the AB dimer and were observed to be in very close
mutual alignment over both their constant and variable domains (C-o, RMSD = 1.1 A) despite
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the presence of the chains not similar to those of 9¢8. We then modeled the structure of Fab
9c8 by combining the atomic coordinates of the light chain of 4G2 and the heavy chain of
F124.

Fab 9c¢8 binds with highest occupancy to the AB dimer, on both T=3 and T=4 capsids, and
consequently it is at this site that it is easiest to interpret the density (Fig. 5 (a), (b)). On both
T=3 and T=4 capsids the Fab appears to make three points of contact with the AB dimer; at
two points between the light chain and the B monomer, and at one point between the heavy
chain and the A monomer. The two light chain contacts with the AB dimer are relatively well
resolved in the case of the T=3 capsid, but less so in the T=4 one (Fig. 5 (c), (d)). On both T=3
and T=4 AB dimers the three density continuities between Fab and dimer accommodate the
three CDRs that make the closest approach to the spike (Table 1). Heavy chain CDR2 lies
largely within the density continuity between the Fab and the A chain, whereas light chain
CDRs 1 and 3 lie either within or very close to the density continuity associated with the B
chain. Light chain CDR1 appears to make a lateral contact with the B chain whereas light chain
CDR3 makes an approach from the top. We conclude that 9¢8 probably binds to the capsid
spike via light chain CDRs 1 and 3, and heavy chain CDR2.

Inspection of the three implicated 9c8 CDR sequences, together with the molecular modeling,
suggests that hydrogen bonds may be involved in binding the antibody to the antigen. All three
CDRs contain tyrosine at or near their point of closest approach to the dimer, and both light
chain CDR3 and heavy chain CDR2 contain three tyrosine residues each, with heavy chain
CDR2 having two at the presumed point of contact (Fig. 4). Hydrogen bonds may be formed
with the glutamic and aspartic acid residues of the EDPA sequences in the loops on the dimer,
residues that have previously been implicated in binding 9 Tyrosine residues are common in
antibody binding loops, prior to affinity maturation, and give rise to weak interactions 17
18 Thisis important because to initiate an immune response B cells should be able to respond
to antigens through low-affinity interactions as high-affinity ones may not be present in the
initial receptor repertoire. It has also been shown that promiscuous antibody binding involves
specific hydrogen bonds rather than hydrophobic interactions 18,19 Taken together this may
mean that naive receptor mlgs (like 9¢8) can bind relatively weakly but selectively to antigens
(like core) via a network of hydrogen bonds.

9c8 interacts with capsids at a second, unconventional site

In addition to the interactions between the CDR loops and the spike as described above, we
also observe what appears to be a second interaction involving an adjacent spike. At a contour
level where density connectivity can be observed between the three CDR loops and the AB
dimer, there is also a region of comparable density between the side of the Fab and the adjacent
CD dimer (Fig. 5 (e), (f)). On T=3 particles the appearance of the secondary interaction is
similar to that on T=4 particles, but the tube of density is not continuous, when contoured at
the same level, probably on account of slightly lower Fab occupancy (Fig. 5 (e)). With the Fab
structure docked in place, the light chain residues 14 — 19 (SISVGE) are juxtaposed with the
D-monomer residues 77 — 81 (EDPAS). At the point of closest approach the distance between
the C-a carbons of the light chain and the D-monomer is ~11 A (Table 1) (Note: at the three
remaining quasi-equivalent sites the corresponding distances are ~16, 26, and 33 A; too far to
afford stabilization and further explaining the observed preferential binding around the five-
fold axes of symmetry). The light chain residues SISVGE are located only four residues amino-
terminal to the start of the light chain FR1-CDR1 junction sequence (beginning with residues
LSCKAS, Fig. 4) previously identified as being involved in the binding between receptor
immunoglobin and core particles 10 Thus the large size of the Fab as compared to the spike
spacing, and the low angle at which it interacts with the capsid, brings the entire light chain
FR1-CDR1 sequence into close proximity with two adjacent spikes, thereby allowing the
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CDR1 sequence to engage the residues EDPA in the immunodominant loop of one spike (in
this instance the B chain of the AB dimer) and the FR1 sequence to interact with the same loop
residues on an adjacent spike (in this case the D chain of the CD dimer). Although the residues
on the two spikes are the same, their mode of interaction with the Fab differs. In addition to
the FR1 residues, there are also other framework residues that may contribute to the secondary
interaction. Residues Ser 78 and Ser 79 in FR3 are located almost immediately adjacent to the
SISVGE sequence in FR1, and at a similar distance from the EDPAS sequence on the spike.
In summary, the set of potentially hydrogen bonding residues at this interface, as delineated
by the electron density, included the following: Ser 14, Ser 16, and Glu 19 (on FR1), Ser 78
and Ser 79 (on FR3), and Glu 77, Asp 78, and Ser 81 (on the D monomer). Serine residues can
form hydrogen bonds with minimal steric hindrance, and like tyrosine they are frequently
involved in low-affinity binding of the naive germline antibodies to new antigens 18 Mutation
of the spike residue Ala 80 to a large hydrophobic one (Ile 80) has been shown to abrogate
binding 9 suggesting that the arrangement of this set of residues is sensitive to disruption. We
conclude that this set of closely positioned residues may form multiple hydrogen bonds that
contribute to the stability of the binding.

The interpretation of a potential secondary interaction with the CD dimer is not entirely
straightforward because the observed electron density distribution is actually an average of the
high Fab occupancy on the AB dimer and the lower occupancy on the CD dimer. However,
the secondary interaction is indicated for two reasons. First, the density on the T=4 capsid has
the form of a single continuous tube clearly not attributable to three CDRs (Fig. 5 (d), (f)); only
when contouring at a much higher threshold does evidence of the two lateral densities
characteristic of the CDR contacts appear. Second, the angle at which the tube of density
emanates from the CD dimer is different from the angle at which a 9¢8 Fab binds to a dimer
via its CDRs. Additionally, the results from surface plasmon resonance (below) show that the
affinity of Fab 9¢8 for dimers is significantly lower than for capsids, providing evidence in
support of a second site of interaction between Fab and capsid.

Measuring the binding affinity of 9¢8 by surface plasmon resonance

From previous competitive inhibition experiments it has been estimated that 9¢8 has an affinity
several hundred-fold lower than a conventional anti-HBcAg Mab 10 1n addition, evidence for
a 1.1 Fab:dimer complex was observed by both gel filtration and analytical ultracentrifugation
(data not shown), suggesting an affinity in at least the micromolar range. To measure the
binding affinity we used surface plasmon resonance, with capsids displayed on immobilized
antibody serving as ligand and Fab as the analyte. Binding could be observed but was
characterized by a high off-rate. In fact, the off-rate was too high for the equilibrium constant
to be determined by conventional sensogram analysis (Fi8. 6 (a)). Instead, the affinity (Kp)
was estimated from a Scatchard analysis of the binding 20 and found to be 3.7 (+0.8) x 1077
M (Fig. 6 (b)). The binding was considered to be selective because both non-immune murine
monoclonal (Fab 4B5) and human polyclonal Fab controls failed to bind under the same
conditions (Table 2).

Next we sought to characterize more closely the site of binding on the capsid. To this end we
performed competition experiments in which capsid protein dimers (0 or 100 nM) were pre-
incubated with 100 nM Fab 9¢8 before analyzing the binding to immobilized capsids. We found
that the presence of dimers reproducibly caused a ~40% inhibition of binding. This observation
suggested that 9¢8 interacts with dimer as well as capsid, and that binding involves a region
on the dimer that would be presented on the outside of capsids. Both previous biochemical
observations 9 and the current reconstruction indicated that binding involves the glutamic and
aspartic acid residues at the top of the spike. To test this proposition, capsids in which either
of these residues had been mutated were captured with immobilized monoclonal antibody 3120
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and probed with Fab 9c8. Compared to the wild-type controls, the mutations E77C and D78C
inhibited binding by ~60% and ~40%, respectively. To assess the possibility of a secondary
interaction, we compared the binding of Fab 9c¢8 to both capsids and dimers displayed on
immobilized antibody. The affinity of Fab for dimers was ~150-fold lower than for capsids.
Taken together, the results indicate that: 9¢8 binds to HBcAg in a selective fashion with
intermediate affinity (Kp ~ 10~/ M); this binding involves areas on dimers present on the
outside of capsids including the aspartic and glutamic acid residues in the spike loop(s); and
finally, that two adjacent spikes are required for the Fab to achieve full binding.

The reconstruction and molecular modeling show that Fab 9¢8 interacts with two adjacent
spikes, potentially through the formation of up to five hydrogen bonds. Surface plasmon
resonance indicates an affinity on the order of ~10~7 (M), corresponding to a free energy of
~9.5 kcal mol L. This is in reasonable agreement with the presumed formation of 4 —5 hydrogen
bonds, assuming a liberation of ~2 kcal mol™ per hydrogen bond.

DISCUSSION

We have presented a model for the low-affinity interaction of hepatitis B virus capsids with
the surface receptor immunoglobins of naive B cells. The model was generated by cryo-EM
reconstruction of a complex formed between capsids produced in E. coli and Fab derived from
a close-to-naive B cell. Capsrds groduced in E. coli have long been used successfully as
immunodiagnostic reagents , suggesting that all the epitopes are present and properly
displayed on their surface, and recent structural studies have in fact confirmed that bacterially
groduced cap3|ds 12;23; 24 4 have essentially the same structure as authentic viral ones 25;

The 9¢8 Mab also was specifically prepared to resemble the receptor immunoglobin of
asingle naive B cell 10, The 9c8 hybridoma has undergone isotype switching since its original
isolation, producing 1gG2 rather than the original IgM, but this change is known to affect only
the Fc portion of the antlbody . Hence, we consider the observed interaction between HBV
capsids and Fab 9c¢8 to be representative of those naive B cells that present the VH1 consensus
sequence.

It should be noted that two consensus sequences, I/LSCKASGYI/SFTS/G and
ISCRASQVSTSS, were originally identified in the VH and VL domains, respectively, of naive
receptors, with the former appearing to mediate the binding of Mab 9c8 10, However, the
current results suggest that Fab 9¢8 binds primarily via the VL chain rather than the VH chain.
The two motifs above have high sequence similarity (58% identity, 75% S|m|Iar|ty)
Comparison of the 9¢8 sequences (Fig 4) reveals the presence of a sequence
(LSCKASENVGT) in the light chain FR1-CDR1 region with a high similarity (73%) to the
VH1 consensus motif. This may explain the observed orientation of 9¢8 binding to the capsid.

It has been shown by a number of different means that cAg binds to and activates approximately
5% of naive murine B cells, and up to 15% of naive human B cells, and that this interaction is
mediated by conserved linear motifs present in the FR1-CDR1 junctions of the light and heavy
chains of the surface receptor immunoglobins 8,10, As Fab 9¢8 binds to HBV capsids via both
the conserved sequence at the light chain FR1-CDR1 junction and by a secondary interaction
involving residues in the light chain FR1 and FR3 regions (as shown here), and because both
of these sequences are presented in the overall context of the conserved structure of the Fab,
we consider it likely that other mouse naive B cells bearing the conserved motif mteract with
core antigen in much the same way. The similar structure of mouse and human Igs
furthermore suggests that a comparable interaction may also occur in humans.
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HBYV capsids bind 9¢8 with a low affinity

The affinity of Fab 9c8 is rather low (Kp ~ 10~/ M) thou%h still within the range (1076 —
1010 M) where affinity discrimination by B cells occurs V. The strength of the overall
interaction between a capsid and a B cell will be higher, and should vary depending on the
number of receptors eventually engaged. Most virus receptors have a low affinity, yet viruses
bind effectively even at low concentrations. Given the severe constraints of pleiotropic effects
imposed by its tight genomic organization and replication strategy 31 there may be no net
benefit to the virus to evolve a higher affinity.

What role might B cell binding play in an actual infection?

There are clear differences between the early adaptive immune responses of individuals with
resolved and chronic Hepatitis B infections, with the main one being a robust polyclonal CTL
response in the former, and a weak, depleted one in the latter. There are several factors thought
to contribute to this condltlon mcludlng the induction of tolerance by the three viral antigens:
HBsAg and HBeAg ,and HBcAg . The involvement of HBcAg-binding B cells in T cell
priming is clear from in vivo model systems 9 raising the question of what their role might be
in an actual infection. The natural course of HBV infection in immunocompetent adults is viral
clearance. This can be explained by an efficient uptake of HBcAg released from intact or lysed
hepatocytes, which would assist in the activation of T cells in the subclinical or acute adult
infection. On the other hand, in vivo studies 33 have suggested that B cells that have taken up
exogenous antigens have the ability to inactivate antigen-specific CTLs, which should promote
viral persistence. Alternatively, HBcAg may function as a B cell superantigen. Comparison
with the six known B cell superantigens (reviewed i in3 ) shows that HBcAg engages the Ig
variable domain at essentially the same location as Peptostreptococcus magnus protein L (Ppl),
the only other VVL-specific superantlgen The affinity between superantigens and naive B cells
is in the micromolar range 4 The affinity between HBcAg and Fab 9¢8 (4 x 1077 M) is similar
to that between Ppl and Fab 2A2 (0.13 x 1076 M) 35 but its potential valency is considerably
higher. The level of free HBcAg in circulation is most likely low during a chronic infection
when the levels of anti-HBcAg 1gG are high, therefore HBcAg probably exerts its effect in the
early acute infection.

Alternative receptors for HBV capsids

HBCcAg can also attach to cells in other ways. For example, proteoglycan-mediated binding
has been observed in a variety of cell types 36; 37 however, the significance of this type of
binding for HBV infections in humans is unclear. In contrast, numerous in vivo experiments
have clearly demonstrated the requwement for B cells in the efficient priming of both CD4*
T-cells 7 and cytotoxic T Iymphocytes If proteoglycans, or other ubiquitously distributed
cellular receptors, were sufficient alone for binding, uptake, and presentation, then this
requirement for B cell involvement would not have been observed.

MATERIALS & METHODS

Preparation of core protein dimers and capsids

The HBcAg construct Cp149.3CA was purified and assembled as described previously 38 The
mutations E77C and D78C were introduced to test antibody binding at the top of the spike.
The mutation G123A was employed to prevent assembly of dimers into capsids (Stahl et al.,
unpublished observations).

Preparation of Antibodies and Fabs

Mabs 5H7 and 9C8 were speC|f|caIIy generated to be representative of naive B cell receptors,
as described preV|oust . Mab 9¢8 was observed to have a higher affinity for HBV capsids
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and was therefore selected for closer study. Fab 9c8 was prepared by standard procedures using
immobilized papain and Protein A (Pierce). Four other murine monoclonal antibodies were
also employed: Mab 4B5 binds hepatitis B surface antigen (HBsAg) (P. T. W., unpublished),
Mab F11A4 39 and Mab 3120 13 bind HBcAg, and Mab e6 binds hepatitis B e-antigen
(HBeAg) 40 Polyclonal human antibody with no specificity for HBV proteins was also used.
Fabs were generated from 4B5 and the human antibody as described for 9c8.

Cryo-electron microscopy

Fab 9c8 was added to capsids at a ratio of four Fabs per dimer, and the preparation was
concentrated by ultrafiltration to 3.5 mg/ml with respect to capsid protein. Focal pairs of
micrographs were recorded at 50,000x magnification under low dose conditions (~10 e/AZ2 per
exposure), as described previously 14 The first exposure was recorded such that the first zero
of the contrast transfer function was at ~ (18.5 A)~1, while for the second exposure the first
zero was at ~ (23.5 A) 1,

Image Reconstruction and Molecular Modeling

Reconstructions were calculated essentially as described previously 14 Briefly, 12 focal pairs
were scanned at a rate corresponding to 1.40 A/pixel at the specimen. Image processing was
performed with Bsoft 41 A total of 2942 particles were picked manually and sorted
automatically according to diameter to yield 1355 (T=3) and 1587 (T=4) particles. Origins and
orientations were determined by comparison with pre-existing maps of unlabeled T=3 and T=4
capsids 24 PFT2 and EM3DR2 42; 43; 44 \yere then used iteratively until no improvements
were observed in the resolution. Reconstructions included all the particles with real-space
correlation coefficients higher than a threshold calculated by decreasing the average value by
the standard deviation, which yielded 1246 particles for T=3 and 1363 particles for T=4.
Density maps were calculated to a spatial frequency limit of 8 A with full CTF correction
applied. A resolution of 10.0 A was estimated for both reconstructions by Fourier shell
correlation 4° and a threshold of 0.5. Resolution as a function of radius was estimated by
calculating the Fourier shell correlation of consecutive shells, 28 A thick and 5.6 A apart, as
described 14,

Molecular Modeling

Dimers of capsid protein (PDB: 1QGT) were first docked into the density maps of the T=3 and
T=4 reconstructions #6. Fab 9c8 was modeled by combining the light and heavy chains from
two different Fabs with high sequence similarity to those of 9¢8. Specifically, Fab 4G2 (PDB:
1UYW) and Fab F124 (PDB: 1F11) were fitted into the T=3 and T=4 reconstructions, using
the binding site with the highest occupancy for the docking analysis. All the docking procedures
were performed manually using Chimera 47 and the results checked by automated correlation-
based fitting with colores in the SITUS program 15, Because of the presence of a pseudo-2-
fold symmetry axis in the Fabs, for each fitting determined, the alternative solution
corresponding to a 180° rotation was tested, and the solution with the higher correlation
coefficient was chosen. Finally, the atomic coordinates of the light chain from Fab 4G2 and
those of the heavy chain from Fab F124 were combined to generate a model for 9¢8.

An initial estimate of Fab fractional occupancies was obtained by identifying the highest
densities in the variable domains of bound Fabs, and relating these values to the peak capsid
density, after background subtraction. Density maps of Fab-labeled capsids were computed
using resolutions and Fab occupancies as previously estimated. The coordinates of the Fabs
and the dimer of the capsid protein as modeled into an asymmetric unit were converted to
density and extended to all the other units with the programs bsf and bsym in Bsoft. The initial
estimates of Fab occupancies were iteratively refined by comparing sections of simulated maps
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with those of the corresponding reconstructions, and adjusting them accordingly. All surface
representations were produced using Chimera.

Determination of binding affinities

Binding affinities were determined by surface plasmon resonance (BlIAcore) by immobilizing
antibody on the sensor surface, capturing antigen, and observin%the binding of Fab to the
displayed antigen. The capture antibodies included Mab F11A4 9 Mab 3120 48, and Mab e6
40, Cp149.3CA capsids were captured with Mab F11A4, whereas capsids bearing the E77C
or D78C mutations were captured with Mab 3120, which binds between spikes 13andis
therefore unaffected by these mutations. Unassembled dimers were captured with Mab e6,
which binds to a conformational epitope in the vicinity of the C-terminus and therefore does
not obstruct regions on the spike. The binding of Fab 9¢8 was compared to that of two controls,
Fab 4B5 (obtained from murine monoclonal anti-sAg) and an unfractionated mixture of Fab
generated from human non-immune IgG. Binding of Fabs to the displayed capsids and dimers
was determined in 10 mM HEPES, pH 7.4 buffer containing concentrations of sodium chloride
ranging from 15 to 150 mM. The binding affinity of 9c8 was obtained by Scatchard analysis

0, Competition experiments were performed by mixing either 0 or 100 nM dimer with 100
nM Fab 9c¢8, incubating for 30 min at room temperature, and then measuring binding of Fab
to capsids as described above.
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Fig. 1.

HBV capsids incubated with either Mab 5H7 (a) or Mab 9C8 (b) and visualized in negative
stain. Only 9c8 decorated capsids sufficiently for a cryo-EM reconstruction. (c) HBV capsids
decorated with Fab 9¢8 and visualized by cryo-EM. Black and white arrows point to T=3 and
T=4 particles, respectively. Bar = 500 A. (d) Radial variation of density and resolution of
reconstructions of Fab-decorated capsids. The resolution of both the T=3 and T=4
reconstructions is approximately 8 A in the region of the capsid.
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Fig. 2.

Schematic surface lattices of HBV nucleocapsids, and surface renderings and central sections
of the reconstructions of Fab-decorated capsids. (Panels (a) and (b)) Diagrams showing the
arrangement of subunits in T=3 and T=4 icosahedral capsids, respectively. The monomeric
units are positioned in seven quasi-equivalent environments, of which there are three (A, B,
and C) in T=3 capsids, and four (A, B, C, and D) in T=4 capsids. (Panels (c) and (d)) Surface-
rendered representations of Fab-decorated T=3 and T=4 capsids viewed along axes of two-fold
symmetry. Highlighted are the densities corresponding to Fab (orange) bound at the AB sites
on T=3 and T=4 capsids, and the three-fold symmetric average density of Fab bound at the CD
sites (light blue). (Panels (e) and (f)) Central sections taken through the reconstructions are
shown with the monomeric subunits labeled as in panels (a) and (b), respectively. The 2-, 3-,
and 5-fold axes are labeled. (Panels (g) and (h)) Simulations generated by docking atomic
structures of the capsid and Fabs into the electron density maps, adjusting the Fab occupancy
to match that of the experimental data, and limiting the resulting models to the same resolution
as the reconstruction. Bar = 100 A.

J Mol Biol. Author manuscript; available in PMC 2009 June 20.



1duosnuey JoyIny vd-HIN 1duosnuey JoyIny vd-HIN

1duosnue\ Joyiny Vd-HIN

Watts et al. Page 14

Fig. 3.

Cartoon showing the approximate arrangement and occupancy of Fab 9¢8 bound to the T=4
capsid. The 2-, 3-, and 5-fold axes are labeled. The colored circles represent the four-helix
bundles of the spikes, with the A, B, C, and D monomers color-coded as shown in Figure 2.
The ellipses represent bound Fab, with darker shading indicating greater occupancy. The Fab
highlighted in orange in Fig 2(d) is outlined here in the same color.
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Fig. 4.

Alignment of surrogate Fab variable domain chains with those of Fab 9¢8. The light- and heavy-
chain variable domain sequences of 9¢8 were employed to search the PDB for similar
sequences. The light chain of Fab 4G2 (PDB: 1UYW) had the highest sequence similarity to
the light-chain of 9¢8, and the heavy chain of Fab F124 (PDB: 1F11) had the highest similarity
to that of 9¢8. The CDR regions were identified as described in the text and are underlined.
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Fig. 5.

Models of the interactions of Fab 9¢8 with HBV capsids. (Panels (a) and (b)) The composite
atomic model of Fab 9¢8 is shown docked into the electron density at the AB dimer of T=3 (a)
and T=4 (b) capsids. The capsid subunits are color-coded as in Fig. 2. The Fab is colored orange
with the interacting CDRs highlighted in the same color as the capsid monomer with which
they make contact: (heavy chain CDR2, green), and light chain CDRs 1 and 3 (yellow). (Panels
(c) and (d)) Closer views of the Fab CDRs engaging the spike tip, and contoured at a high level.
The Fab contacts the T=3 AB dimer at three sites (arrowheads) whereas these three points are
not as well resolved on T=4 capsids. (Panels (e) and (f)) As in panels (c) and (d) but viewed
with the interaction between the Fab framework and the adjacent spike in the foreground on
the right. A portion of the FR1 sequences is highlighted, colored the same as the capsid
monomer with which they make contact. T=3 capsids do not have a D quasi-equivalent site,
and consequently the Fab contacts a C monomer (red) (located in the background but not shown
here for clarity), whereas a Fab on a T=4 capsid contacts a D monomer (blue). The points on
the FR1 and FR3 sequences making the closest approach to the D monomer are indicated by
red and black arrows, respectively.
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Fig. 6.

Measurement of the kinetics and affinity of Fabs binding to HBcAg by surface plasmon
resonance. (a) Sensograms of F11A4 binding to capsids (bottom to top: 25, 50, 75, and 100
nM analyte). Binding is characterized by an intermediate on-rate but a very low off-rate,
accounting for the high affinity of this antibody (Kp ~ 1 x 10719 (M)). (b) Sensograms of Fab
9c8 binding to capsids (bottom to top: 50, 100, 150, and 200 nM analyte). Binding is
characterized by an intermediate on-rate but a high off-rate, resulting in a relatively low affinity.
Replicates not shown for clarity. Because the high off-rates of 9¢8 prevented a conventional
simultaneous analysis of the sensograms, the degree of binding at equilibrium (open arrow) as
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a function of concentration was monitored instead. (c) A Scatchard plot of the equilibrium
binding gives a Kp of ~ 4 x 1077 (M).
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TABLE 2
Affinity of Fab 9¢8 for cAg?
Capsid Dimer
NaCl (mm)P Fab 9C8 Fab 4B5¢ Fab (poly) Fab 9C8
15 147.09 NB NB 1.0
20 49.7 5.4 NB 1.2
30 17.6 55 NB 15
50 NB 5.0 NB 3.2
75 NB 5.0 NB 46
150 NB 7.2 NB 11.0

aMeasured by surface plasmon resonance. Antigens captured with immobilized antibody. Fabs are ligands.
bBuffer was 10 mM HEPES, pH 7.4 with sodium chloride as indicated.

cControl Fabs: Fab 4B5, murine monoclonal anti-sAg; Fab (poly), non-immune human polyclonal.

Surface plasmon resonance response units (arbitrary values). All values are the average of three determinations. NB indicates no binding. Determinations

at sodium chloride concentrations <15 mM were complicated by refractive index artifacts (e.g. negative slope) and are not included.
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