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The smallest capsid proteins (SCPs) of the human herpesviruses differ substantially in size and sequence
and are thought to impart some unique aspects of infection to their respective viruses. We used electron
cryomicroscopy and antibody labeling to show that the 8-kDa SCP of human cytomegalovirus is attached only
to major capsid protein subunits of the hexons, not the pentons. Thus, the SCPs of different herpesviruses
illustrate that a protein can evolve significantly in sequence, structure, and function, while preserving its role
in the architecture of the virus by binding to a specific partner in a specific oligomeric state.

The herpesviruses are large, double-stranded DNA viruses
whose capsids share a high degree of structural similarity. The
representative human herpesviruses—herpes simplex virus
type 1 (HSV-1, a member of the alphaherpesvirus subfamily),
human cytomegalovirus (HCMV, a member of the betaher-
pesvirus subfamily), and Kaposi’s sarcoma-associated herpes-
virus (KSHV, a member of the gammaherpesvirus subfami-
ly)—all possess icosahedral capsids built from four structural
proteins. The major capsid protein (MCP) is known as VP5 in
HSV-1, pORF25 in KSHV, and MCP (pUL86) in HCMV. It
can form hexons, which make up the faces of the icosahedral
capsid, and pentons, which make up the vertices. The pentons
and hexons are connected by trimers formed by the two minor
capsid proteins. Finally, the smallest capsid protein (SCP)—
known as VP26 in HSV-1, pORF65 in KSHV, and SCP
(pUL48/49) in HCMV—decorates the outside of the capsid.
These SCPs range in size from 16 kDa in KSHV to 8 kDa in
HCMV.

The SCPs are of great interest since they share the least
sequence homology among the capsid proteins of herpesvi-
ruses (21). The other major and minor capsid proteins of the
herpesviruses share relatively high sequence similarity, so the
overall capsid structure is very similar among species, but the
conformations, locations, and functions of the SCPs may be
more diverse. The SCP of HCMV has been shown to be es-
sential for HCMV infection in vivo (3), whereas its counterpart
in HSV-1, VP26, is dispensable for HSV-1 infection (6, 10). In
KSHV, although the presence of SCP (pORF65) is used as a
hallmark of KSHV infection for diagnostic purposes, whether
it is essential for KSHV infection remains unknown.

The HCMV SCP has been difficult to study because of its
small size and because the inherent difficulties in culturing
HCMV have limited the achievable resolution of its three-

dimensional (3D) structure. Recent biochemical and immuno-
precipitation studies by Lai and Britt confirmed that the SCP
interacts specifically with the MCP (13). Based on architectural
similarities, it was proposed that the HCMV SCP, like the
SCPs of HSV-1 and KSHV (15, 19, 24), binds to MCP hexon
subunits only (5, 7). However, these suggestions could not be
verified by these structural studies because of the low resolu-
tions (�35 Å) of the HCMV capsid maps. At such resolutions,
protein boundaries cannot be resolved, and it is difficult to
recognize structural features of proteins as small as SCP. In
fact, even at 8.5-Å resolution, at which �-helices can be re-
solved, it has proven difficult to clearly delineate VP26 in
HSV-1 hexons because of its extensive and interdigitated in-
teractions across a large area of the MCP upper domain (23)
and because its secondary structure consists mainly of �-sheets
(20). Because there are no reverse-engineering systems to gen-
erate an SCP-minus HCMV capsid for comparative structural
studies as has been done with HSV-1 (19, 24), biochemical
techniques, such as antibody labeling, seem to be the only
available practical means by which to directly localize the
HCMV SCP.

We have improved our HCMV purification and electron
cryomicroscopy (cryoEM) imaging techniques such that we
were able to obtain sufficient data to reconstruct the HCMV
capsid to a higher resolution (22 Å) than previously achieved.
Using anti-SCP antibody labeling, we show that the SCP of
HCMV binds only to the tips of MCP hexon subunits.

Culture and imaging of HCMV capsids. HCMV has been
difficult to culture in sufficient quantities for high-resolution
structural studies, since the capsids tend to aggregate within
cellular debris. The standard HCMV capsid purification pro-
tocol (11) involves growing human foreskin fibroblasts to 90%
confluence, infecting them with very-high-multiplicity-of-infec-
tion HCMV stocks (�5 particles/cell), lysing them to release
the nuclei, and breaking the nuclei to release the capsids. We
improved on this protocol by resuspending the capsids in a 1%
solution of NP-40 and sonicating mildly with a Branson probe
to dislodge the capsids from the debris before purifying and

* Corresponding author. Mailing address: Department of Pathology
and Laboratory Medicine, University of Texas Medical School at
Houston, 6431 Fannin St., MSB 2.280, Houston, TX 77030. Phone:
(713) 500-5358. Fax: (713) 500-0730. E-mail: z.h.zhou@uth.tmc.edu.

1327



concentrating them. HCMV-infected cells collected from a
total of 20 two-liter roller bottles were used to generate about
40 �l of concentrated HCMV capsids for the experiments in
this study.

To generate the antibody-labeled HCMV capsids, we added
a fivefold excess of purified monoclonal anti-SCP antibody
(11.2.23; 1 mg/ml) (12) to 20 �l of capsid sample and incubated
it overnight at 4°C. We used negative-stain electron micros-
copy with 2% uranyl acetate to evaluate the extent of antibody
labeling by observing capsid cross-linkage and aggregation
caused by the dual Fab arms of the antibodies. The antibody-
labeled capsids were centrifuged in a desktop Eppendorf cen-
trifuge at 13,000 � g for 20 min to remove unbound antibodies
and concentrate the capsids. The sample was then resuspended
in phosphate-buffered saline and sonicated in a water bath for
30 s to loosen the aggregated capsids.

We used established cryoEM procedures to image the cap-
sids (1). Briefly, 3 �l of purified sample was applied to holey
grids and quickly frozen in liquid ethane, such that the capsids
were suspended in a thin layer of vitreous ice across the holes
of the supporting film. Focal-pair image frames were acquired
using a 200-kV JEOL 2010F electron microscope with a field
emission gun. This microscope was also equipped with a Gatan
US4000 4k- by 4k-pixel charge-coupled device (CCD) camera,
which allows us to obtain more image data from a single sam-
ple of ice-embedded capsids than is possible using a micro-
scope with a traditional film-loaded camera. Digital cryoEM
images were recorded at an effective magnification of 83,100�
on the CCD (60,000� on the film plane), corresponding to an
effective pixel size of 1.805 Å/pixel at the specimen level, with
a specimen dosage of approximately 12 electrons/Å2/micro-
graph. Focal-pair 4k- by 4k-pixel CCD images were recorded
and preprocessed for translation and rotation correction using
the JAMES semiautomatic data collection program (1). The
electron beam was underfocused, with a 1.5-�m difference
between the close-to-focus (�1 �m under focus) and far-from-
focus (�2.5 �m under focus) images. For data processing, all
images were averaged by combining adjacent pixels to yield a
final sampling size of 3.61 Å/pixel on the specimen scale.

The micrographs of unlabeled HCMV capsids (Fig. 1A)

show clean, evenly spaced capsids. In contrast, the antibody-
labeled capsids (Fig. 1B) are surrounded by rings of capsid-
bound antibodies and interspersed with clumps that may con-
sist of antibodies nonspecifically bound to debris. The
antibodies appear to completely surround the capsids, suggest-
ing that most or all of the binding sites on the capsid surface
were successfully saturated.

Localization of SCP on antibody-labeled capsids. Image
processing and 3D reconstruction were performed using the
IMIRS software package running on a Dell Dimensional 4500
workstation with Microsoft Windows XP (14, 22). 3D visual-
ization was carried out using Iris Explorer (NAG, Downers
Grove, Ill.) with custom-designed modules. We computed a 3D
reconstruction of the antibody-labeled HCMV capsid to an
effective resolution of 22 Å from 446 particles (Fig. 2A). We
also reconstructed the unlabeled capsid from 479 particles and
scaled it to the same resolution (Fig. 2B). The effective reso-
lutions of the maps were estimated based on the criterion that
the Fourier shell cross-correlation coefficient between two in-
dependent reconstructions must be 0.5. A closer view of the
antibody-labeled capsid (Fig. 2C) reveals extra densities, not
seen in corresponding locations on the unlabeled capsid, that
we attributed to antibodies attached to SCP on the capsid
surface. These antibodies appear to be bound to the hexons,
have a rough Y shape when examined closely (Fig. 2D), and
are not seen in the vicinity of the pentons or the triplexes.
Although the images of the unlabeled capsids contained
enough data to obtain an �10-Å structure, the antibody-la-
beled capsid was reconstructed only to 22 Å because the flex-
ible antibody densities would have been averaged out and
would not be as clearly visible at a higher resolution.

We next took 3.61-Å-thick central slices through the density
maps, perpendicular to the twofold axes (Fig. 3A). These slices
further illustrate the extra antibody-attributed densities at-
tached to the surface of the labeled capsid but not the unla-
beled capsid. A closer view of the cross section, illustrated by
contour displays, reveals that the antibody densities are bound
to the hexons of the labeled capsid (Fig. 3C), whereas the
pentons of the labeled and unlabeled (cf. pentons in Fig. 3C
and D) capsids are essentially identical.

FIG. 1. CryoEM micrographs of purified HCMV capsids. (A) Unlabeled capsids. (B) Capsids labeled with monoclonal anti-SCP antibodies,
visible as clumps of density surrounding the capsids.
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We then obtained a difference map (Fig. 3B) by subtracting
the unlabeled capsid structure (Fig. 2B), filtered to 22 Å, from
the antibody-labeled structure (Fig. 2A) and superimposing
the difference onto the unlabeled map (Fig. 3B). The differ-

ence map confirms that the significant extra densities on the
antibody-labeled capsid are bound only to hexons, not to pen-
tons or triplexes. There are some small areas of difference that
might not be part of the antibody densities. These may be

FIG. 2. 3D reconstructions of HCMV anti-SCP labeled and unlabeled capsids at 22-Å resolution. For clarity, the structures are colored according to
radius (see color bar), so densities at different radial distances from the particle center are colored differently. (A) Antibody-labeled capsid, with
antibody-attributed densities colored in purple. (B) Unlabeled capsid. (C) Close-up of boxed area from panel A. Antibody-attributed densities are
attached only to MCP subunits of hexons (H), not pentons (arrow). (D) Another close-up clearly showing attachment of antibody to tip of hexon subunit.
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caused by slight surface variations between the labeled and
unlabeled capsid maps, since maps of moderate resolution
reconstructed from modest numbers of particles are expected
to show some statistical fluctuations. In addition, the antibody-
attributed densities appear variable and unevenly distributed
for several reasons. First, the antibodies are flexible at the Fc
hinge, so these regions may not be visible after icosahedral
averaging. Second, there may have been uneven antibody bind-
ing due to steric hindrance between antibody molecules, such
that not all of the possible SCP binding sites were saturated.

Implications of SCPs in viral specificity. The SCPs of hu-
man herpesviruses have several common features: they are
small and highly basic, and they decorate the surface of the
capsid by binding to MCP subunits of hexons. However, they
are highly variable across different herpesviruses (Fig. 4) and
appear to have different functions in regard to capsid assembly
and infection. In HSV-1, VP26 is not essential for capsid as-
sembly or replication in vitro (6, 8, 10, 17), but it is required for
production of infectious virus in vivo (10). In HCMV, the SCP
is required for viral infection in vitro (3). The overall capsid
structure of the channel catfish virus, a distant relative of the

human herpesviruses, is almost identical to that of the other
herpesviruses despite the absence of an SCP homolog (2),
suggesting that the protein does not contribute to the overall
organization of the capsid. The binding of SCP to the tips of
the HCMV hexons suggests that it may be involved in inter-
actions with the viral tegument, although previous structural
studies have shown that the HCMV tegument proteins bind
both hexons and pentons (7).

Various methods have been used to show that the SCPs
interact with the MCPs. Studies of recombinant SCP-minus
HSV-1 capsids revealed that VP26 interacts with VP5, but only
in the hexon conformation (19, 24). 3D reconstruction has
shown that VP26, which is composed mainly of �-sheets (20,
23), forms a ring of horn-shaped densities around the HSV-1
hexons (19, 24). Similarly, we recently used anti-pORF65 an-
tibody labeling to show that pORF65 binds only to hexons in
the KSHV capsid (15). Our reconstruction of the antibody-
labeled HCMV capsid shows that SCP, like its homologs in
other human herpesviruses, binds the tips of MCP hexon sub-
units. However, we cannot discern the exact shape of the pro-
tein or the precise location of its attachment to the MCP.

FIG. 3. Thin slices and difference mapping of unlabeled and antibody-labeled HCMV capsids. (A) Central slice down the twofold axis of the
antibody-labeled (left) and unlabeled (right) HCMV capsid structures from Fig. 2. Extra densities attributed to bound antibodies are visible as a
discontinuous ring around the capsid (left). (B) Difference map confirming the binding of anti-SCP antibodies to hexons but not pentons. The 3D
structure of the unlabeled capsid (Fig. 2B) was subtracted from that of the labeled capsid (Fig. 2A), and the difference map (red densities) was
superimposed onto the structure of the unlabeled capsid. (C and D) Contour maps showing close-up of twofold slice of unlabeled (D) and
antibody-labeled (C) capsids. Antibody-attributed densities bound to hexons (H) but not pentons (P) can be seen.
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Because the HCMV SCP is so small, it is not likely to form a
ring like VP26 unless it takes on an unusual conformation,
such as a ribbon shape. Further experiments designed to re-
move SCP from the capsids will be required to determine the
exact shape of the protein.

It is also not clear why SCP binds only to hexons and not to
pentons. This may be related to local differences between MCP
subunits in pentons and hexons, such as differences in packing
or electrochemical properties. The MCP of HSV-1, VP5, has
been shown to have different electrochemical properties in
pentons and hexons (4). The key region of VP26 that has been
shown to interact with VP5 (9) contains basic residues that may
interact with an acidic polyproline loop in the VP5 upper
domain (4). A similar mechanism may be at work in HCMV, as
the sequence in SCP that has been found to interact with MCP
(13) also contains basic residues. An atomic model of the
HCMV MCP upper domain and a subnanometer-resolution
HCMV capsid map revealing the MCP-SCP interface will be
required to identify the corresponding SCP-interacting resi-
dues. All these questions await further investigation. Never-
theless, it can be said that the herpesvirus SCPs are unique
capsid proteins that represent an unusual example in which a
protein evolves extensively in its amino acid sequence, 3D
structure, and function while preserving its architectural prop-
erty of binding to a specific partner in a specific oligomeric
state.
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