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Herpes simplex virus type 1 (HSV1) capsids undergo extensive
structural changes during maturation and DNA packaging. As a
result, they become more stable and competent for nuclear egress.
To further elucidate this stabilization process, we used biochemical
and nanoindentation approaches to analyze the structural and
mechanical properties of scaffold-containing (B), empty (A), and
DNA-containing (C) nuclear capsids. Atomic force microscopy ex-
periments revealed that A and C capsids were mechanically indis-
tinguishable, indicating that the presence of DNA does not account
for changes in mechanical properties during capsid maturation.
Despite having the same rigidity, the scaffold-containing B capsids
broke at significantly lower forces than A and C capsids. An
extraction of pentons with guanidine hydrochloride (GuHCl) in-
creased the flexibility of all capsids. Surprisingly, the breaking
forces of the modified A and C capsids dropped to similar values as
those of the GuHCl-treated B capsids, indicating that mechanical
reinforcement occurs at the vertices. Nonetheless, it also showed
that HSV1 capsids possess a remarkable structural integrity that
was preserved after removal of pentons. We suggest that HSV1
capsids are stabilized after removal of the scaffold proteins, and
that this stabilization is triggered by the packaging of DNA, but
independent of the actual presence of DNA.

atomic force microscopy � nanoindentation � penton � viral structure �
virus mechanics

Herpes simplex virus type 1 (HSV1) virions encapsidate their
152 kbp double-stranded DNA genome in an icosahedral

capsid that is surrounded by an amorphous protein layer, called
the tegument, and a lipid-containing envelope. Assembly of
herpesviruses is initiated in the nucleus where procapsids self-
assemble around a protein scaffold and subsequently mature
(1–4). This transformation is characterized by massive confor-
mational changes of the �200 MDa shell, resulting in stable,
mature capsids, and is in many aspects analogous to maturation
processes in bacteriophages (5, 6). The scaffold is proteolytically
cleaved and removed, whereas the outer shell transforms from
a spherical into an icosahedral shape (7, 8). The mature capsid
has an outer diameter of 125 nm with an overall shell thickness
of �15 nm (9). Capsomeres converge at their proximal ends,
forming a contiguous shell of �4 nm thickness that is only
interrupted by channels passing through all of the 162 capsom-
eres (10, 11). The capsomeres are hexamers (hexons) and
pentamers (pentons) of the major capsid protein VP5 that form
a shell with a triangulation number of T � 16. In total, 320
triplexes, each formed by a heterotrimer of 1 VP19c and 2 VP23
molecules, connect these capsomeres (10). One of the 12 capsid
vertices is occupied by the pUL6 portal (12). Three particle types
can be isolated from the nuclei of infected cells due to their
different sedimentation behavior: B capsids, which still have the
scaffold inside; the lighter A capsids, which are empty; and the
denser C capsids, which contain the DNA genome (13, 14). B and
A capsids are considered to be defective particles: B capsids
failed to properly initiate (3), and A capsids were unsuccessful
in completing (15) DNA packaging (1, 4).

B, A, and C capsids all have mature angularized shells, but
biochemical and electron microscopy experiments show that
there are differences in their protein composition and their
morphology (8, 16). However, it is unclear whether they also
differ in terms of mechanical properties (16, 17). Recently
developed nanoindentation techniques using atomic force mi-
croscopy (AFM) allow for the analysis of mechanical properties
of viruses at the single particle level (18–20). Such studies show
that DNA packaging increases the mechanical strength of cap-
sids of the minute virus of mice (21) and the bacteriophage �
(22). Studies on the maturation of murine leukemia virus and
HIV have revealed a mechanical switch that is linked to viral
infectivity (23, 24). Furthermore, it was shown that capsid
mutations can alter the mechanical strength of cowpea chlo-
rotic mottle virus and minute virus of mice (25, 26). Nanoin-
dentation techniques have also been used to analyze the
morphology of different capsids of one virus (e.g., the T � 3
and T � 4 hepatitis B capsids), which were shown to have
mechanically similar shells (27).

Here we studied the mechanical properties of scaffold-
containing B, empty A, and DNA-filled C capsids of HSV1.
Compared with B, the latter 2 capsid types showed identical
increased capsid stability. However, removal of capsid pentons
with 2.0 M GuHCl from both empty and DNA-filled capsids
reduced their mechanical stability to that of B capsids. Our data
suggest that HSV1 capsids are stabilized at their vertices upon
removal of the internal scaffold proteins and the initiation of
DNA packaging. The structural rearrangements responsible for
this capsid enforcement do not require maintaining the DNA
genome within the capsids, and they can be reversed by removing
the pentons with GuHCl.

Results
To study the mechanical and structural features of HSV1, we
isolated B, A, and C capsid fractions from the nuclei of HSV1-
infected cells. Following isolation, their morphology and purity
were analyzed by electron microscopy after negative contrasting
(Fig. 1 and Table 1). The scaffold-containing B capsids were
characterized by prominent capsomere morphology on their
surface, but displayed no additional internal contrast features
(Fig. 1A). The majority of the capsids in the A fraction displayed
a dark lumen, indicating that the contrasting agent uranyl acetate
had penetrated and filled the empty hollow capsid shells (Fig.
1B). The DNA-filled C capsids contained some internal uranyl
acetate as indicated by a darker internal rim that excluded a light
lumen (Fig. 1C). This suggests that the contrasting agent had
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penetrated the capsid shell, but could not completely fill it due
to the presence of DNA. The C fractions contained 70� to 150�
higher amounts of viral genomes than B or A fractions, as
detected by quantitative real time-PCR (see Materials and
Methods). Furthermore, immunoblot analysis showed similar
amounts of the major capsid proteins VP5, VP19c, and VP26 in
the different capsid populations (Fig. 2). The B capsid fraction
contained in addition large amounts of the scaffold proteins
VP21 and VP22a, whereas the A and C capsid fraction had only
traces. The minor capsid-associated proteins pUL17 and pUL25
were more abundant in the C capsid fraction, and roughly equal
in B and A capsid fractions.

An essential prerequisite for performing nanoindentation
experiments was imaging the capsids at high spatial resolution to
determine a particle’s center. Our atomic force microscopy
(AFM) images revealed the 2 different types of capsomeres,
hexons and pentons (Fig. 3A), and the triangular faces of the
icosahedral capsids (Fig. 3B). Furthermore, we determined the
capsid height from these images as 123.6 � 0.3 nm (n � 37),
123.1 � 0.5 nm (n � 51), or 122.6 � 0.3 nm (n � 35) for B, A,
or C capsids, respectively. After high-resolution imaging of a
capsid, the cantilever tip was directed at its center, and the
particle was indented by pushing the tip into the capsid. Fig. 4
shows a particle before (Panel A) and after indentation (Panel
B), and the corresponding height profile displayed a hole in the
middle of the particle after indentation (Panel C). Zooming in
on the capsid center, one can distinguish the individual capsom-
eres (Fig. 4 D and E). By numbering the capsomeres, we
identified those that had been displaced by indentation. Typi-
cally, multiple hexons were displaced or removed while the
adjacent capsomeres were still in place. It was thus possible to
purge adjacent hexons without disrupting the capsid integrity.
This showed the robustness of the HSV1 overall capsid structure.

The capsids’ material properties were determined by analyzing
the force indentation (FZ) curves obtained during the inden-
tation experiments (FZ in Fig. 5). The particle spring constant
k, indicating the capsids’ f lexibility, was obtained from the
linear part of the FZ curve, taking into account the cantilever’s
own spring constant (18). Usually, a drop in the force occurred
at the end of linearity (Fig. 5A, main panel), but occasionally
this occurred at a force which was slightly higher (Fig. 5A,
Inset). A drop in the force in the FZ curve is a signature of
capsid breakage.

The mechanical properties of A and C capsids were indistin-
guishable (Table 2). They had the same spring constant and
broke at a comparable force Fbreak of �5.7 nN and an indentation
of �17%. Thus, surprisingly, the presence of the DNA was not
noticed while indenting C capsids, despite its dense packing (9).
This finding can be related to experiments on phage � where the
mechanical properties of wild-type capsids were compared with
that of shorter genome mutants (22). Using a simple geometric
formula derived in ref. 28, we can calculate the relative DNA
packing density, �pack, inside HSV1 by �pack � 0.34 � Nbp/Vcapsid.
Here, Nbp denotes the number of base pairs (bp) and Vcapsid the
inner volume of the capsid. Assuming a spherical capsid shape
with an inner radius of 47.5 nm for HSV1 (11) and a genome
length of 152 kbp, we calculated 0.36 to be the relative DNA
packing density of HSV1 C capsids. This value is significantly
below the packing density of phage � capsids (�pack � 0.56;
calculated with an inner radius of 27.5 nm) (29), at which the
packaged � DNA became noticeable (22). These findings agree
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Fig. 2. Protein composition of HSV1 B, A, and C capsids. B, A, and C capsid
fractions before (�) and after (�) treatment with 2.0 M GuHCl were analyzed
by immunoblot. More GuHCl-treated than -untreated capsids were loaded to
demonstrate complete extraction of the proteins VP26, pUL17, pUL25, and the
scaffold VP21 and VP22a.
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Fig. 3. AFM images revealing the capsomere organization of icosahedral
HSV1 capsids. (A) Image of a B capsid with one triangular face highlighted in
the inset. The closed (red) arrows point at the pentons and the open (blue)
arrows point at the hexons on the 2-fold axes. The dots mark the 3 central
hexons in the middle of the triangular face. (B) Zoom-in on the same particle.
The lines mark the borders of the triangular faces of the icosahedral capsid.
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Fig. 1. Electron microscopy images of negatively contrasted HSV1 nuclear
capsids: (A) a scaffold-containing B capsid, (B) an empty A capsid, (C) a
DNA-containing C capsid, and (D) a penton-free B, (E) a penton-free A, and (F)
a penton-free C capsid. The capsids shown in D�F had been treated with 2.0
M GuHCl. As a result of the extraction of the pentons, these particles were
empty and had been filled with uranyl acetate. Depending on the exact focal
plane at which the image had been taken, one to several holes in the capsid
wall were visible (arrows in D). (Scale bar: 50 nm.)

Table 1. Characterization of nuclear capsid fractions

Fraction* B (n � 1,073) A (n � 969) C (n � 715)

B-like 82% 2% 16%
A-like 10% 73% 8%
C-like 8% 14% 71%

*A small percentage of the capsids could not be classified unequivocally in the
A and C fractions.
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with our data that the presence or absence of the DNA influ-
enced neither the spring constant nor the breaking force.

B capsids had the same spring constant as A or C capsids, but
they broke at much lower forces (Table 2). These findings were
surprising, as we did not expect the empty A capsids to be more
sturdy than the protein-filled B capsids. Hence, a structural
change that strengthens the capsid must take place while the
scaffold material leaves the capsids during maturation.

To study the material properties of B, A, and C capsids in more
detail, we extracted the pentons by incubating capsids with 2.0 M
GuHCl (10, 30). This GuHCl concentration also removes the
scaffold proteins from B capsids, the DNA from C capsids, and
the triplexes adjacent to the pentons, but not other triplexes (10).
We could thus investigate the influence of the vertices on the
mechanical characteristics and stability of the icosahedral cap-
sids, and whether DNA packaging into HSV1 capsids lead to
capsid reinforcement near the pentons (8, 16).

In electron microscopy (Fig. 1 D–F ) and AFM (Fig. 6) images
of GuHCl-treated capsids, the holes, where the pentons were
lacking, are clearly visible. All GuHCl-treated capsids had a dark
lumen after negative contrasting and imaging by electron mi-
croscopy, confirming that they had been emptied. Immunoblot
analysis confirmed the extraction of the scaffold proteins VP21
and VP22a from B capsids (Fig. 2). Furthermore, VP26, pUL17,
and pUL25 were removed from all 3 capsid types.

The FZ curves display a qualitatively comparable behavior for
pentonless capsids as for penton-containing capsids (Fig. 5). The
spring constant of all 3 capsid types decreased from 0.33 N/m to
�0.19 N/m (Table 2). The holes at the penton positions most
likely facilitated hexon rearrangements during capsid deforma-
tion, leading to a higher flexibility of the capsid shell. The
breaking force of the pentonless B capsids was nearly un-
changed.* However, that of the penton-free A and C capsids
decreased from �6 nN to �3 nN, and thus approached the
breaking force of B capsids.† Therefore, without the pentons, all
3 particle types had similar mechanical properties, and the
increased strength of A and C capsids, as compared with B
capsids, had its origin at or near the pentons.

Discussion
We have shown that the A and C capsids of HSV1 have similar
mechanical characteristics, whereas B capsids break at lower

forces. The present data are a strong indication that removing
the internal protein scaffold in combination with the packaging
process, which most likely occur concomitantly, induces confor-
mational changes in the nuclear capsid. The removal of the
scaffold might be linked to a potential local pH reduction as a
result of the incoming negative-charged DNA during packaging,
as proposed by McClelland et al. (32). Furthermore, stabilizing
proteins, which increase the mechanical strength of the capsids,
are possibly recruited during this process. A capsids are particles
that most likely have initiated packaging, and which have
undergone this structural modification to a degree that they
became mechanically indistinguishable from C capsids in our
AFM experiments. However, A capsids fail to complete pack-
aging and are empty (1, 15). The increased stability of A and C
capsids probably occurred through changes near the vertices, as
the removal of the pentons by 2.0 M GuHCl made them virtually
indistinguishable from B capsids.

Trus et al. (8) reported an electron density, termed CCSC for
C-capsid-specific component, indicating (despite its name) the
presence of a protein complex near the pentons of A and C
capsids. They proposed that an additional maturation step,
resulting from DNA packaging, may trigger this complex for-
mation. A capsids contain 7–8 CCSCs per capsid, and this
number increases to 27–33 on C capsids. This complex is
completely absent on A capsids derived from a HSV1 mutant
lacking pUL25, suggesting that the CCSC may be a heterodimer
of pUL25 and pUL17. These minor capsid-associated proteins
are required for DNA packaging. pUL25 seems to be necessary
for stable packaging or retention of DNA (33–35), and in the
absence of pUL17, the concatemeric DNA is neither cleaved nor
packaged (36, 37). As the pUL17/pUL25 complex is located near
the capsid vertices where it spans over the 2 penton-adjacent
triplexes, it is also extracted by treatment with GuHCl (8).

Our data, in conjunction with that of Trus et al. (8), indicate
that the increased strength of A and C capsids may be initiated,
accompanied, or followed by the formation of this CCSC in close
proximity to the vertices. Biochemical analyses detected similar
concentrations of pUL25 and pUL17 on A and B capsids (Fig.
2) (8, 16, 38). Thus, there may be 2 conformations of pUL25 and
pUL17 on the capsids: the CCSC near the vertices and a
structurally less-ordered population scattered around other qua-
si-equivalent sites (8). In addition to extracting pentons and
penton-adjacent proteins, the 2.0 M GuHCl treatment also
removes VP26, the smallest capsid protein that covers the
hexons, but not the pentons (30, 39). Biochemical experiments
revealed that B capsids contain slightly less VP26 than A or C
capsids (40, 41). However, in cryoelectron microscopy studies,
VP26 is already present on all hexamers in B capsids (11, 39).
Therefore, it is most likely not responsible for the stability
differences of nuclear HSV1 capsids.

*We performed control experiments of penton removal by extracting B capsids with 6.0 M
urea instead of 2.0 M GuHCl (10). These particles had identical mechanical properties: k �

0.20 � 0.02 N/m and Fbreak � 2.6 � 0.3 nN (n � 21).

†The GuHCl-treated A were slightly weaker than the B and C capsids, which could be due
to incomplete removal of pentons, as there was a slight variation in the number of
removed pentons. Nevertheless, our EM and AFM analyses showed that the majority of the
pentons was removed.

A B D EC

Fig. 4. Capsomere displacement as a result of capsid indentation. (A–C) Image of a B capsid before (A) and after (B) indentation with corresponding height
profiles (C). The height profiles were taken along the arrows in A and B. Indentation was performed with a force of 4.0 nN. The upper part of the ‘‘Before
indentation’’ curve in C shows the regular pattern of the capsomeres. (D and E) Zoom-in on the central parts of respectively (A and B), with additional numbering
of capsomeres. After indentation (E), the hexons with the numbers 8, 9, 12, 13, 14, 17, and 18 were displaced.
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Using a continuum mechanics approach to thin shells we can
estimate the capsids elastic (or Young’s) modulus E by

k � �Eh2/R, [1]

with the particle radius R, the shell thickness h, and a propor-
tionality factor � (18, 42). For �, a value of 1 is taken, a
reasonable approximation for various capsids (18, 25, 43). Even
though it may be argued whether HSV1 capsids possess a thin
shell (h/R �� 1), this equation has also been successfully applied
to thicker shells, such as that of cowpea chlorotic mottle virus
(25). Calculating the shells Young’s modulus with h � 4 nm as
the contiguous part of the shell and R � 49.5 nm as the average
radius of this contiguous shell (11) yields E � 1.0 GPa for HSV1
capsids. This approximate value, which could for instance be
refined by finite element simulations on detailed capsid models
(44), is comparable to the Young’s modulus of phage � capsids
(1.0 GPa) (22). However, as a result of the thin shell of the phage
� particles of �1.8 nm, the empty phage � capsids have a lower
spring constant (k � 0.13 N/m) than HSV1 nuclear capsids (k �
0.33 N/m). As the spring constant is proportional to the square
of the particle shell thickness (see Eq. 1), this would be expected.
The relative deformation at breakage of phage � capsids, which
is �10% to 12.5% of their diameter, is comparable to that of B
capsids, which broke at 12%. These measurements were per-
formed with roughly comparable loading rates (22). Interest-
ingly, A and C capsids broke at a higher indentation, namely

around 17%. This shows that the mechanical properties of B
capsids are similar to that of phage � particles, but that A and C
capsids have undergone stabilizing modifications that result in
increased capsid strength.

Our data also reveal a role of the vertex proteins for the
mechanical and structural properties of viral icosahedrons.
Because removing the pentons resulted in a dramatic decrease
of the spring constant for B, A, and C capsids, this corroborates
the importance of the vertex capsomeres in maintaining the
icosahedrons’ rigidity. This decrease in rigidity likely resulted
from the holes in the capsid shell, which alter the stress redis-
tribution occurring during particle deformation. Notably, the
spring constant of B capsids decreased from 0.33 N/m to 0.20
N/m, whereas their breaking force was only slightly reduced upon
penton removal. Hence, the breaking force and capsid flexibility
were decoupled in the B capsids of HSV1.

Liashkovich et al. (17) recently reported a spring constant of
HSV1 capsids of �0.5 N/m that is substantially higher than our
spring constant of 0.33 � 0.02 N/m. This apparent discrepancy
might have been due to different buffers. However, control
experiments on C capsids at 100 mM NaCl yielded a spring
constant of 0.29 � 0.03 N/m (n � 12), which was not significantly
different from our other measurements at 500 mM NaCl. Thus,
a 5-fold difference in the concentration of monovalent salts did
not influence the capsid rigidity in our system. Whereas we
studied the mechanical properties of nuclear capsids, Liashkov-
ich et al. (17) analyzed viral capsids that had been isolated from
viral particles secreted from infected cells, and thus most likely
contained significant amounts of tegument attached to them (45,
46). The tegument may well increase the particle spring constant,
as the latter is proportional to the square of the shell thickness
(see Eq. 1). If one assumes that the tegument has a comparable
Young’s modulus to the capsid, an increase by only 20% in
average shell thickness would be sufficient to explain the in-
creased spring constant of tegumented capsids. With a contig-
uous HSV1 capsid shell thickness of �4 nm, the tegument would
have to add an additional layer of only �0.8 nm to the capsids.

This reasoning is consistent with experiments on surface-
attached tegumented capsids that had been treated with 1 M
GuHCl (17), which extracts the DNA from C capsids but leaves

Fig. 5. Force-indentation (FZ) curves showing the force response of HSV1 capsids upon deformation. To calibrate the system, the reference curve FZ glass was
recorded by bending the cantilever on the glass. The indentation curve on the capsid is shown by FZ forward, and the FZ backward curve depicts the retraction
of the cantilever. The hysteresis between both curves shows the irreversibility of indentation after breaking. These large-scale disruptions appear permanent
because waiting for several hours did not result in reversal to the initial mechanical properties of the capsids. The FZ glass and FZ virus curves were shifted along
the x axis to have a coinciding contact point. The experiments were performed on B, A, and C capsids separately and at loading rates of �3 nN/sec. (A) Indentation
of a penton-containing A capsid showing a clear drop of the force within the linear indentation part. FZ 2 and FZ 3 show the strongly increased flexibility of the
particle for additional pushing cycles, indicating that the particle has been broken. (Inset) Indentation of a penton-containing A capsid showing the
sometimes-occurring difference between the end of linearity and the breaking of the particle. Whereas the particle in the main panel shows 2 clear breaking
events, the particle in the inset shows only one clear breaking event. (B) Indentation of a pentonless B capsid extracted with 2.0 M GuHCl. A qualitatively similar
indentation behavior was observed for pentonless and intact capsids.

Table 2. Mechanical properties of HSV1 nuclear capsids

Capsid type Fbreak, nN k, N/m
Relative

indentation* n

B 3.7 � 0.2 0.33 � 0.02 0.12 � 0.01 37
A 5.6 � 0.2 0.33 � 0.02 0.18 � 0.01 51
C 5.8 � 0.2 0.33 � 0.02 0.16 � 0.01 35
B � 2 M GuHCl 3.1 � 0.2 0.20 � 0.01 0.18 � 0.02 29
A � 2 M GuHCl 2.4 � 0.2 0.15 � 0.01 0.16 � 0.02 35
C � 2 M GuHCl 3.6 � 0.3 0.21 � 0.01 0.16 � 0.01 39

*Expressed in units of diameter.
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the pentons in place (47). Liashkovich et al. (17) assumed that
the decreased spring constant of viral capsids treated with 1 M
GuHCl was due to the loss of the internal DNA, and thus
suggested that the DNA of filled capsids is a major contributor
to the capsids’ mechanical properties. However, treating tegu-
mented capsids with 1 M GuHCl not only removed the DNA but
also solubilized tegument proteins (data not shown). This re-
duction in tegument may result in a thinner shell, and hence
capsid weakening. The GuHCl treatment reduces the spring
constant of tegumented capsids to 0.36 � 0.2 N/m (17). This
value is not significantly different from the spring constant that
we measured for the untegumented, nuclear capsids (Table 2).
Thus, the presence or absence of tegument proteins may be
responsible for the higher stiffness of viral capsids in comparison
with nuclear capsids.

Our data show that capsids that have undergone or initiated
DNA packaging are more stable than capsids that have not,
indicating that the replacement of the internal protein scaffold
by the genomic DNA triggers capsid reinforcement during HSV1
maturation. This capsid stabilization resulted in an increase of
the capsid strength, but not in capsid stiffening. Major structural
rearrangements seem to occur at the pentons that may be further
stabilized and reinforced by the CCSC, which is most likely a
heterodimer of pUL17 and pUL25. Further AFM indentation
experiments using capsids of HSV1 mutants lacking pUL25 or
pUL17 (33, 36) in combination with capsids treated with GuHCl,
urea, and trypsin (8, 16, 38) may reveal the contribution of these
proteins to capsid stability and mechanical reinforcement.

Materials and Methods
Preparation of Nuclear B, A, and C Capsids. BHK-21 cells were infected with 0.01
plaque-forming units per cell of HSV1 strain F (ATCC VR-733) for 2–3 days until
the cells had detached from the culture flasks. Infected cells were collected,
washed once with MNT buffer (30 mM MES, 100 mM NaCl, 20 mM Tris [pH 7.4]),
snap frozen, and stored in single-use aliquots at �80 °C. Nuclear capsids were
prepared from these cells as described previously (13, 14, 30, 46, 48). The 3
light-scattering bands corresponding to B, A, and C nuclear capsid fractions
were harvested from linear 20%–50% (wt/wt) sucrose gradients and analyzed
by electron microscopy after negative contrasting.

GuHCl or Urea Extraction of Capsids. Pentonless capsids were generated from
nuclear B, A, or C fractions as described (10, 30). Capsids were treated with 2.0
M GuHCl or 6.0 M urea for 30 min at 4 °C or 1 h at RT, respectively. Pentonless
A and C capsids were resuspended in 1� DNase I buffer (Promega) with 10 mM
DTT and protease inhibitors and treated with 0.1 U/�L DNase I (M6101;
Promega) for 30 min at 37 °C. The capsids were snap frozen in liquid nitrogen
after addition of 1/5 volume of 5� Tris NaCl-EDTA (TNE) buffer (2.5 M NaCl, 5
mM EDTA, 100 mM Tris-HCl [pH 7.5]).

Electron Microscopy. After adsorption onto carbon and Formvar-film coated
400 mesh copper grids (Stork Veco), the samples were washed with PBS and

distilled water before negative contrasting at pH 4.4 with 2% uranyl acetate
(Merck) in distilled water. Capsids were analyzed with an EM10CR transmis-
sion electron microscope (Carl Zeiss AG) at 80 kV.

Real-Time PCR. The DNA concentration of the HSV1 capsid preparations was
quantified by real-time PCR as described (49, 50). B and A capsid fractions
contained few genomes (3.1 � 109 � 2.2 � 109 or 1.4 � 109 � 1.0 � 109

genomes/fraction respectively), whereas C capsid fractions contained a higher
concentration (2.2 � 1011 � 8.8 � 1010 genomes/fraction). These data corre-
sponded to the concentration of C capsids that we had estimated in the B and
A fractions by electron microscopy. The values are mean values of 3 indepen-
dent capsid preparations analyzed in 1 or 2 independent PCR experiments
(error: SEM).

SDS-PAGE and Immunoblot. Protein samples were solubilized in sample buffer
(125 mM Tris-HCl [pH 6.8] with 4% wt/vol SDS, 20% vol/vol glycerol, 120 mM
ß-mercaptoethanol, bromophenol blue), heated to 95 °C and separated on
large linear 5%–15% polyacrylamide gradient gels (51). After transfer onto
nitrocellulose membrane (Pall Corporation), proteins were detected using
specific primary antibodies (anti-VP5 NC1, anti-VP19c NC2, anti-VP22a/VP21
NC3/4 [52], anti-VP26 [53], anti-pUL17 203 [54], anti-pUL25 ID1 [55]) and
secondary antibodies coupled to horseradish peroxidase (Pierce, Perbio Sci-
ence) for ECL detection (SuperSignal West Femto Maximum Sensitivity Sub-
strate; Pierce, Perbio Science).

Atomic Force Microscopy. Glass coverslips were cleaned in a KOH/ethanol bath
and treated with hexamethyldisilazane to render them hydrophobic, as be-
fore (18). HSV1 capsids were diluted in TNE buffer to a total volume of 100 �L
and pipetted onto a hydrophobic glass coverslip. After an incubation of 20
min, 100 �L of TNE buffer was added and the nanoindentation measurements
were started. A Nanotec Electronica AFM operated in jumping mode was
used, and all experiments were performed at room temperature in liquid.
Olympus OMCL-RC800PSA rectangular silicon nitride cantilevers, with a nom-
inal spring constant of 0.05 N/m, were used. The cantilevers were calibrated by
the method of Sader et al. (56) and had an averaged spring constant of 0.051 �
0.002 (SD) N/m. Throughout this text, when the standard deviation is used as
error, this is explicitly noted with SD. All other errors are SEM.
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Fig. 6. AFM images of a pentonless particle. (A) Top view of a pentonless B capsid with arrows pointing to 3 holes at the position of the missing pentons.
Three-dimensional rendered image with shadowing. (B and C) Zoom-in on the central part of the same particle after contrast enhancement. The vertices where
the pentons are missing are denoted with a red 5, the peripentonal hexons with P, the edge hexons with E, and the central hexons with C (2, 31). (D) Height profiles
of the same image along the 2-fold axes. Curve I shows the total profile, and curve II (Lower Inset) a zoom-in on the top part of this particle. The profiles clearly
reveal the P and E hexons as well as the holes where pentons are missing. The lateral distance between the hexons corresponds to �16–17 nm, and is consistent
with data obtained from cryo-EM reconstructions (2).
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