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ABSTRACT Recently, cryoelectron microscopy of iso-
lated macromolecular complexes has advanced to resolutions
below 10 A enabling direct visualization of a-helical second-
ary structure. To help correlate such density maps with the
amino acid sequences of the component proteins, we advocate
peptide-based difference mapping, i.e., insertion of peptides,
~10 residues long, at targeted points in the sequence and
visualization of these peptides as bulk labels in cryoelectron
microscopy-derived difference maps. As proof of principle, we
have appended an extraneous octapeptide at the N terminus
of hepatitis B virus capsid protein and determined its location
on the capsid surface by difference imaging at 11 A resolution.
Hepatitis B virus capsids are icosahedral particles, ~300 Ain
diameter, made up of T-shaped dimers (subunit M, 16-21
kDa, depending on construct). The stems of the Ts protrude
outward as spikes, whereas the crosspieces pack to form the
contiguous shell. The two N termini per dimer reside on either
side of the spike-stem, at the level at which it enters the shell.
This location is consistent with formation of the known
intramolecular disulfide bond between the cysteines at posi-
tions 61 and —7 (in the residual propeptide) in the “e-antigen”
form of the capsid protein and has implications for why this
clinically important antigen remains unassembled in vivo.

Cryoelectron microscopy (cryo-EM) of macromolecular par-
ticles recently has achieved resolutions below 10 A (1-3) and
holds great promise for the analysis of the large complexes that
control many fundamental biological processes and whose
structures appear likely, in many cases, to remain beyond the
reach of x-ray crystallography. A high-priority goal is to
develop ways to delineate the overall paths of polypeptide
chains through density maps in the 7 A to 10 A resolution
range. Several approaches have been proposed, all of which
involve modifying the specimen in some chemically defined
way and visualizing the concomitant structural change by
cryo-EM, i.e., variations on the theme of difference mapping.
Viable modifications include labeling with heavy metal clusters
(4, 5) or binding antibodies against defined linear epitopes (6,
7). We have now explored the potentialities of appending small
peptides (=10 residues) to serve as bulk labels and report
localization of the N terminus of hepatitis B virus (HBV)
capsid protein by this approach.

HBYV, a major human pathogen (8), is a small enveloped
virus whose limited genetic coding capacity is enhanced by
expression of the same gene from different initiation sites (9).
Thus, there are two variants of the capsid protein, HBcAg
(core antigen) and HBeAg (e-antigen). The HBcAg capsid
plays a crucial role in the viral replication cycle. HBeAg, on the
other hand, is secreted in unassembled form and, although it
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is a clinically useful marker for the state of infection, its
biological role remains obscure. Both proteins contain the
149-residue assembly domain but their termini differ (Fig. 1).
HBcAg has a 34-residue RNA-binding domain at its C-
terminus that is absent from HBeAg, which, unlike HBcAg,
retains 10 residues of a 29-residue N-terminal propeptide.

In vivo, HBcAg self-assembles into capsids enclosing the
viral RNA pregenome and reverse transcriptase (10). In vitro
(11) and in heterologous expression systems (12, 13), the
assembly domain suffices for production of icosahedral cap-
sids. These capsids are of two sizes, with triangulation numbers
(14) of T = 3 (90 dimers, diameter ~290 A)and T = 4 (120
dimers, diameter ~330 A), respectively (15, 11). Both termini
of the assembly domain influence the products obtained. With
a full-length assembly domain, 90-95% of capsids are T = 4,
but truncation from the C terminus progressively increases the
proportion of T = 3 capsids (16) until 11 residues are removed,
abolishing assembly competence (17). Deletions of up to nine
residues from the N terminus are tolerated (ref. 18; S.S. and
P.W., unpublished results), as are some sizable N-terminal
extensions (19, 20).

Because the assembly domain is highly a-helical (11), much
of its secondary structure was visualized at resolutions of 9 A
(2) and 7.4 A (1). Thus, subunits were seen to pair into dimers,
the building-blocks for capsid assembly (21), by formation of
a four-helix bundle from two helix-loop-helix motifs (1, 2).
Specific proposals also have been made for much of the rest of
the fold (1, 22). The N terminus represents an important
fiducial marker for mapping the polypeptide chain, and its
location is of interest also in relation to understanding the
assembly properties of HBcAg and HBeAg. Our experimental
strategy of peptide-based difference mapping was based on the
considerations that (i) HBcAg assembly tolerates N-terminal
extensions, and (i) small domains or subdomains have been
visualized in cryo-EM-derived density maps at relatively low
resolutions (23-25).

MATERIALS AND METHODS

Capsids: Expression, Purification, and Assembly. Plasmid
ptacHpall directs the synthesis of a 154-residue protein (Cpe),
which includes the first ten residues of B-galactosidase, resi-
dues 3-144 of HBcAg, and two extraneous residues at the
carboxy terminus (26). This plasmid was expressed in Esche-
richia coli, and the resulting protein was purified and assem-
bled into capsids, as described (11, 16).

Cryo-EM. Cpe capsid samples were frozen in thin films of
vitrified ice suspended on holey carbon films (16). Micro-
graphs were recorded at X38,000 on a CM200-FEG (Philips,

Abbreviations: cryo-EM, cryoelectron microscopy; HBV, hepatitis
B virus.
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-10 1 140 149
MDID......... LSTLPET TVV + protamine domain

HBcAg
HBeAg SKLCLGWLWGMDID......... LSTLPETTVV
Cpe TMITDSLEFHID......... LSTLPIS
Cp147 MDID......... LSTLPETT
Fic. 1. Comparison of the N- and C-terminal sequences of four

variants of the HBV capsid protein. In its N terminus (residues —8 to
2), Cpe has a 10-residue extension derived from B-galactosidase and
lacks the first two residues of the wild-type assembly domain; also, it
lacks the five distal residues of the wild-type assembly domain, but has
two extraneous C-terminal residues (Ile 145, Ser 146). The reference
construct, Cp147, has a normal N terminus and terminates at position
147. The 34-residue “protamine” domain at the C terminus of HBcAg
engages in RNA binding.

Eindhoven, the Netherlands) operating at 120 kV and fitted
with a liquid-N,-cooled model 626 cryoholder and anticon-
tamination blades (Gatan, Pleasanton, CA). Focal pairs of
micrographs were recorded by using low-dose techniques. The
focal pairs chosen for analysis had first contrast transfer
function zeroes at spatial frequencies of (20 A)~! and (23 A)~!
compared with (17 A)~! and (27 A)~! for the Cp147 data (2).

Image Reconstruction. Micrographs of Cpe capsids were
digitized on an SCAI scanner (Zeiss) at 7 um per pixel to give
a final sampling rate of 1.8 A per pixel at the specimen.
Individual particle images were extracted and processed by
using a semiautomated procedure (27). The contrast transfer
function was corrected and focal pairs were combined, as
described (16, 2). Particle orientations were determined by
means of the PFT (Polar Fourier Transform) algorithm (28)
taking as starting models preexisting maps of Cp147 capsids
(T = 4 (2); T = 3, unpublished results). The maps were
calculated by using methodology reviewed in ref. 29. The
numbers of particles included in each reconstruction were as
follows: T = 4 (Cpe, n = 208; Cp147, n = 600); T = 3 (Cpe,
n = 419; Cp147, n = 310). Resolutions were assessed in terms
of a Fourier ring correlation method (2).

Proc. Natl. Acad. Sci. USA 95 (1998) 14623

Difference maps were obtained as follows: a contour value
was determined that enclosed 100% of the expected volume
for the Cp147 capsid, given the particle mass and a partial
specific volume of 0.78 A%/Da (i.e., 3.8 X 10° A? for T = 3 and
5.0 X 10° A3 for T = 4). Spherically averaged radial density
profiles were calculated for both maps, and normalization of
the Cpe map was adjusted to match the fit between these
profiles. Difference maps were then obtained by subtraction.
For surface rendering of the resulting maps, the following steps
were taken: (/) inside a radius of 77 A (T = 3) or 100A (T =
4), the density was set to zero; (if) small islands of density were
filtered out, i.e., densities in them were set to zero. Surface
views were created by using the visualization package of
Advanced Visual Systems, Inc. (Waltham, MA), running on a
Silicon Graphics (Mountain View, CA) workstation.

RESULTS

Our difference-imaging experiment compared Cpe and Cp147,
two variants of the assembly domain. Their terminal sequences
are given in Fig. 1. Disregarding which amino acids occupy
positions 1, 2, 145, and 146, Cpe has eight more residues at its
N terminus and one fewer residue at its C terminus. To a first
approximation, therefore, the two proteins differ through the
presence of an additional octapeptide at the N terminus of
Cpe.

Cryoelectron micrographs of Cpe and Cpl47 capsids are
shown in Fig. 2. Both constructs produce both T = 3 (small)
and T = 4 (large) capsids. Sixty-five percent of Cp147 capsids
are T = 4, whereas only 15% of Cpe capsids are of this size
(16). Nevertheless, each construct produced enough capsids of
both sizes to allow two independent difference-imaging exper-
iments, one for each size of capsid. No difference between Cpe
and Cpl47 capsids of a given size is evident from visual
inspection (Fig. 2).

To ensure an unbiased comparison, Cpe capsids were im-
aged under conditions similar to those previously used for
Cp147, and the density maps were calculated under standard-
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FiG. 2.

(Left) Cryoelectron micrographs of Cp147 capsids and Cpe capsids. The capsids are of two sizes, with a higher incidence of larger (T =

4) capsids in the Cp147 preparation and of smaller (T = 3) capsids for Cpe. The Cpe micrograph was recorded closer to focus than the Cp147
micrograph, accounting for its lower contrast. (Upper Right) Gallery of four T = 3 capsids of Cp147 (upper row), compared with four Cpe capsids
(lower row). (Lower Right) A similar comparison for T = 4 capsids. These images were obtained by computationally combining focal pairs and
correcting for the contrast transfer function (Materials & Methods). As a result, the difference in contrast between the original micrographs (Left)
was largely nullified. In this contrast transfer-function correction, the systematic attenuation of hiih frequencies (2) was not compensated, although
this operation was performed in calculating the three-dimensional density maps. (Bars = 200 A.)
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, F1G. 3. Serial sections through density maps of Cpe and Cp147 capsids, as viewed along a 2-fold symmetry axis. The sections are spaced 3.7
A apart. In each block of 3 X 5 panels, they run from the outer tip of a spike (upper left) through to the inner surface of the contiguous shell (lower
right). Data are shown for both T = 3 (Top) and T = 4 (Middle) capsids. Protein (positive density) is dark. Shown at right are corresponding sections
through the T = 3 and T = 4 difference maps. Significant density above background is seen in the sections marked with white asterisks. This density
starts at radii —26 A lower than the spike tips. In the T = 3 capsid, such density is seen at two local 3-fold axes and at both, it is 3-fold symmetric
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FIG. 4. Stereo pairs showing the outer surfaces of Cpe capsids for T = 3 (a) and T = 4 (b). Coded in blue is the structure that is common to
the Cpe and Cp147 capsids, whereas the additional density present on the Cpe capsids is red. (Bar = 50 A)

ized conditions (2). We estimate the resolution of both recon-
structions (T = 3 and T = 4) to be 11 A. As reference
structures, we used our T = 4 Cp147 map [(2); currently at a
resolution of 7.9 A; J.F.C., unpublished results], after band-
limiting it to the same resolutlon and a T = 3 Cp147 map, also
at ~11 A resolution, which has not been published before.
After imposing a common normalization, difference maps
were calculated for both T = 4 and T = 3 capsids.

Serial sections through both difference maps are presented
in Fig. 3. This analysis accommodates a 7-fold redundancy in
the sense that the T = 3 and T = 4 capsids were calculated
independently, and there are three quasiequivalent sites on the
T = 3 capsid and four quasiequivalent sites on the T = 4 capsid.
The density at each of these sites was calculated independently
in the reconstructions, and the results obtained are mutually
consistent. Significant positive density is seen in the difference
maps only in the vicinity of the 3-fold axes and at a radius from

the capsid center that corresponds to the outer surface of the
contiguous shell (Fig. 3).

To convey the locations of this additional density, surface
renderings of the capsids are presented in stereo in Fig. 4. In
these representations, the reference Cpl47 capsids are en-
coded in blue, and the additional density present on Cpe
capsids is encoded in red. This density is clearly visible in the
60 holes at the local 3-fold axes of the T = 3 capsid and is absent
from the holes on the 5-fold and global 3-fold axes of that
capsid. Similarly, on the T = 4 capsid, this density is present
at the holes on the local and global 3-fold axes and absent from
the holes at the 5-fold and quasi-6-fold axes. In each case, three
separate strands of density are seen, one emanating from each
subunit around the hole in question. We conclude that these
strands represent three copies of the extraneous octapeptide
and note that they emerge from either side of the hammer-
headed dimer near the point at which the spike protrusion

without imposition of this symmetry. The localized density seen in the fifth row of sections is also at (other) local 3-fold sites. In the T=4 difference
map, positive densities are seen at the same distance below the spike tip: again, they are 3-fold symmetric (see Fig. 4), althugh in this case, the
symmetry is less evident because the sectioning plane is less perpendicular to the local symmetry axes. In the bottom row of panels, section (O)
through the T=3 capsid is shown as restricted in resolution from 11 A to 15 A and to 20 A. Significant positive density persists in the difference
map, although at 20 A resolution, it is no longer resolved into three separate elements. (Bar = 100 A.)
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Fi6. 5. Model of the HBV capsid protein dimer. The locations of
the amino acids that have now been localized are marked: (i) the N
terminus (this study), shown with the polypeptide chain at this point
oriented as suggested by our difference maps (Fig. 4); (ii) the C
terminus (5); and (iif) the loop covering residues 78—83 (7). The
position of Cys 61 has also been inferred (Discussion). In most respects,
this model confirms and supports that of Bottcher ef al. (1), but has
been revised in light of more recent information. The handedness,
originally assigned arbitrarily (1), has been switched on the basis of an
experimental determination (7). There are also minor differences in
the positions assigned to residue 149, which we assign to the inner
surface with the chain direction as shown, and the N terminus, which
we place ~10 A farther up from the bottom of the molecule, as shown.

enters the contiguous shell. A consensus site for the N
terminus of the assembly domain, thus localized, is marked on
a model of the dimer in Fig. 5.

DISCUSSION

The approach that we have used to determine the site occupied
by the N terminus of HBcAg appears to have considerable
potential as a method for localizing specific residues on
proteins of interest by inserting peptides of 10 to 20 residues
at targeted sites and detecting them as bulk labels by cryo-EM.
Moreover, this observation has implications for regulation of
HBYV assembly.

Residue Localization by Difference Imaging Based on Pep-
tide Insertions or Deletions. Genetic engineering of proteins
readily allows residues to be inserted or deleted at designated
sites. We now consider the size, sequence, and likely insertion
sites of peptides for difference-imaging experiments. Termini,
particularly C termini, are often surface exposed and relatively
unconstrained and should make promising targets. Surface
loops should also be promising insertion points, provided they
are not located at inter-subunit interfaces. In this context, we
note that extended hydrophilic sequences are likely to be
surface exposed, as are sites known to be sensitive to prote-
olysis or other posttranslational modifications. However, in
dealing with an unknown structure, it is not generally known
a priori which amino acids reside in surface loops. In practice,
a certain amount of trial and error is likely to be needed and
limited proteolysis in conjunction with microsequencing
should provide an effective way of probing for amenable
insertion sites. Alternatively, candidates may be identified
from multiple sequence alignments of related proteins. For
example, this approach reveals the feasibility of insertions at
position 84 in the loop at the tip of the HBcAg spike (see Fig.
1 of ref. 22) and will be applicable to increasing numbers of
proteins as the sequence database continues to expand.

Two important parameters are the sizes of peptides for
insertion or deletion and the resolution required to visualize
them. The smaller the peptide, the more precise a localization
may be anticipated. On the other hand, the detectability of
smaller peptides will be more sensitive to noise. Previously, a
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12-kDa subunit was detected by difference imaging of herpes-
virus capsids at 30-35 A resolution (24, 25) and a loop of ~3
kDa was detected by comparing a cryo-EM map of adenovirus
at 30 A resolution with a 3 A map of its hexons (23). Here we
have been able to detect reproducibly an octapeptide of less
than 1 kDa in maps at ~11 A resolution. Resolution of this
order is not an absolute requirement to visualize an octapep-
tide, as the additional density remained clearly visible in our
difference map when the resolution was limited to 15 Aoreven
20 A (see Fig. 3 Bottom).

How precise is our localization? Assigning the N terminus to
the point at which the additional density seen in the difference
map meets the surface of the unmodified capsid (Fig. 4) we
estimate this point to be specified to within *5 A or so in all
three dimensions. The difference peptide is ~7 A i in apparent
width (Fig. 4) so that its center should be within ~4 A of either
edge. Although this estimate of precision is smaller than our
resolution (11 A), we note that localization depends on
detecting the position of the center of mass of a feature seen
in the difference map, which is less reliant on resolution per se.

The relationship between resolution and visibility of mobile
elements on proteins poses an interesting paradox that invites
further study. Although mobile elements are generally not
visible in high-resolution crystallographic density maps, some
of them should be visible in cryo-EM-derived maps at lower
resolution (23), albeit not in full conformational detail. In
practice, their visibility will depend on such factors as size, the
dimensional scale of the disordering, and the resolution and
statistical quality of the density map.

The amino acid sequence inserted may also be optimized for
the purpose at hand. (In the present work, the construct used
was readily available and no effort was made to optimize the
appended sequence.) Ideally, the insert should assume a
compact conformation, preferably a loop, so that the entry and
exit points are in close proximity. Possibly, hydrophobic se-
quences may be suitable for this purpose because they should
assume compact conformations, although they may compro-
mise solubility. In principle, a peptide of ~10-20 residues with
a compact conformation and its two ends close together would
be ideal; thus, the beta-hairpin (30) or a short loop stabilized
by a disulfide bond appear to be promising candidates.

Finally, the imposed change in primary structure should not
alter the fold or oligomerization state of the rest of the protein
if a clearcut answer is to be obtained by difference imaging.
After a construct has been obtained, useful indications that the
desired fold has been achieved can be obtained by optical
spectroscopy and for its oligomerization state by sedimenta-
tion analysis. Ultimately, a more stringent condition for iso-
morphous insertion is that the difference map obtained should
contain only a single localized peak of additional density. This
condition was met in the current analysis (Fig. 3).

Distinction Between HBcAg and HBeAg Antigens. Substan-
tial additions may be effected at the N terminus of the HBV
capsid protein without impairing its ability to polymerize (19,
20). Nevertheless, native HBeAg, with its 10-residue N-
terminal extension, remains unassembled in vivo, although
other constructs with similarly sized extensions, such as Cpe,
do assemble readily. It has been determined that Cys —7 in the
residual propeptide forms an intramolecular disulfide bond
with Cys 61 (31, 32), and it has been inferred that this bond
somehow impedes assembly. In native HBcAg lacking Cys —7,
Cys 61 forms an intermolecular disulfide bond with the same
residue in the other subunit. This disulfide is not required for
folding or assembly because proteins in which Cys 61 is
substituted do assemble correctly (32), but presumably it
reinforces an already stable capsid.

We have localized the N terminus to the side of the spike
(Fig. 5). This assignment places it close to Cys 61 according to
the following argument: residues 78—83 form the loop at the
top of the spike (7) and the known location of the C terminus
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(5) indicates which of the two helices that emerge from the
loop leads to the C terminus and, conversely, which leads to the
N terminus. The latter helix is primarily responsible for
intersubunit interactions at the dimer interface. Thus, Cys 61
should be ~26 A (17 residues at 1.54 A per residue) along this
helix from the spike tip, placing it just inside the contiguous
shell and quite close to the N terminus of the same subunit
(Fig. 5). In essence, the above arguments recapitulate those of
Bottcher et al. (1) but are bolstered by experimental localiza-
tion of N terminus and that inferred for Cys 61.

We do not yet know the azimuthal setting of Cys 61 around
the helical axis, but presumably it is poised to interact across
the dimer interface to form the Cys 61/Cys 61 disulfide bond
(Fig. 5). In principle, a cysteine connected to the N terminus
by a six-residue linker could interact with Cys 61 on the same
subunit in one of two ways: (i) by reaching across the dimer
interface; or (if) by folding back around the outside of the
spike. In option i, the linker would be likely to impede dimer
formation and thus capsid assembly (1). However, this argu-
ment assumes that unpolymerized HBeAg is monomeric and
such is not the case, as we have found (unpublished work) that
the HBeAg construct (residues —10 to 149), expressed in E.
coli, is a dimer at physiological ionic strength and neutral pH,
under both reducing and oxidizing conditions. Moreover, the
propensity of this dimer for assembly, although diminished
compared with Cpe, is not eliminated. Thus, mechanism ii
appears more likely.

Several possibilities remain open to explain the nonparticu-
late nature of native HBeAg. It may be that the protein is
exported from the cytoplasm so rapidly that it never builds up
a critical concentration for capsid assembly, or that the native
propeptide causes the precursor protein to assume a confor-
mation that prevents it from becoming assembly competent, or
that conformational effects accompanying formation of the
Cys 61/Cys —7 disulfide bond, somehow transmitted through
the molecule, affect the polymerization sites at the tips of the
dimer arms.
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