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The concerted action of four viral glycoproteins and at least one
cellular receptor is required to catalyze herpes simplex virus 1 entry
into host cells either by fusion at the plasma membrane or intra-
cellularly after internalization by endocytosis. Here, we applied
cryo electron tomography to capture 3D intermediates from Her-
pes simplex virus 1 fusion at the plasma membrane in their native
environment by using two model systems: adherent cells and
synaptosomes. The fusion process was delineated as a series of
structurally different steps. The incoming capsid separated from
the tegument and was closely surrounded by the cortical cytoskel-
eton. After entry, the viral membrane curvature changed concom-
itantly with a reorganization of the envelope glycoprotein spikes.
Individual glycoprotein complexes in transitional conformations
during pore formation and dilation revealed the complex viral
fusion mechanism in action. Snapshots of the fusion intermediates
provide unprecedented details concerning the overall structural
changes occurring during herpesvirus entry. Moreover, our data
suggest that there are two functional ‘‘poles’’ of the asymmetric
herpesvirion: one related to cell entry, and the other formed during
virus assembly.

cryo electron tomography � herpesvirus � synaptosomes � glycoproteins

Membrane fusion is essential for cell–cell fusion during
development, intracellular membrane trafficking, exo-

and endocytosis as well as virus entry into and egress from cells.
Herpes simplex virus type 1 (HSV-1) enters host cells via
membrane fusion. HSV-1 is the prototype of the family Herpes-
viridae, which includes a number of other human pathogens like
varicella zoster virus, cytomegalovirus, Epstein–Barr virus, and
Kaposi’s sarcoma-associated herpesvirus. It has a complex struc-
ture consisting of an icosahedral, DNA-containing capsid, which
is asymmetrically located within the virion and surrounded by an
amorphous protein layer called the tegument, and a membrane
envelope heterogeneously studded with morphologically distinct
spikes formed by 12 different glycoprotein species (1). Five of
these glycoproteins (gB, gC, gD, and the complex of gH and gL)
mediate the entry of HSV-1 into host cells (2). The specific mode
of entry is cell-type dependent. Neurons and Vero cells (an
African monkey kidney cell line) are infected by direct fusion at
the plasma membrane and subsequent release of the capsid into
the cytosol, whereas in keratinocytes and HeLa cells, the primary
step in entry involves endocytosis (3). After initial attachment by
a nonessential interaction of the viral glycoprotein gC with
heparan sulfate proteoglycans on the plasma membrane, entry
proceeds by binding of gD to one of its three known cellular
receptors: herpesvirus entry mediator (HVEM), nectin-1, or
modified heparan sulfate (2). The heterodimer gH/gL and the
homotrimer gB are required for membrane fusion (2). So far, it
is unclear how the interactions between the four essential
entry-associated viral glycoproteins are coordinated to mediate
membrane fusion (4, 5) and what role the recently discovered gB
receptor PILR� (6) has.

Here, we applied cryo electron tomography (cryo-ET) to
probe the early events of HSV-1 infection comprehensively and

in unprecedented detail. Using several adherent cell lines and
synaptosomes as host systems, we addressed the structural
reorganization of pathogen and host upon interaction. In par-
ticular, a systematic study addressing the intermediate states, i.e.,
the native dynamics of the fusion process in three dimensions at
close to macromolecular resolution was missing. We character-
ized (i) entry sites at the plasma membrane, including changes
in the membrane curvature during entry, and the fate of the
glycoprotein spikes; (ii) the orientation of the asymmetric virion
in relation to the plasma membrane during fusion; (iii) structural
clues as to how the virus traverses the dense cortical actin barrier
underneath the plasma membrane; and (iv) the details of the
functional ‘‘gymnastics’’ of the herpesvirus glycoprotein spikes
during fusion, that have been suggested (4) based on the
available crystal structures (7, 8) and similarities to other viral
fusion systems (9).

Results
HSV-1 Enters Vero, PtK2, and HFF Cells by Fusion at the Plasma
Membrane. Cells grown on a holey carbon support film of an
electron microscopy grid were inoculated with HSV-1 and
vitrified in growth medium. These native samples were directly
examined in the frozen hydrated state by electron microscopy.
We initially chose Vero cells as an established model system for
HSV-1 fusion at the plasma membrane (10, 11). These adherent
cells are not especially thin. Cellular cryo-ET (12), however, is
limited to specimen areas with a maximal thickness of �1 �m
(13), and therefore we could only analyze the outer rims of Vero
cells. Two other cell types susceptible to HSV-1 infection, human
foreskin fibroblasts (HFF) and rat kangaroo kidney cells (PtK2)
(11, 14), provided an extended, sufficiently f lat cell periphery,
and thus were also included in our study, although their mode of
entry was unknown. The cells were pretreated with nocodazole,
a microtubule depolymerizing drug, to prevent dynein driven
transport of incoming capsids from the periphery toward the cell
nucleus (10, 11).

Entry events were captured in the cell lines Vero, PtK2, and
HFF. All three were found to be entered by fusion of the HSV-1
envelope with the plasma membrane (Fig. 1 for PtK2; data for
HFF and Vero cells not shown) as demonstrated by the presence
of nonenveloped cytosolic capsids 2 minutes after the onset of
infection, and recognition of the corresponding fusion sites at the
plasma membrane. Taking advantage of the 3D tomographic
information, we identified the sites of virus entry at the plasma
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membrane by virtue of the unique structural signature of the
viral glycoproteins and the tegument (Fig. 1 D–G).

The glycoprotein spikes protruded in dense clusters from the
plasma membrane at the entry site. The majority of the tegument
density—the so-called outer tegument (15)—formed a dense
layer just underneath the plasma membrane, clearly correspond-
ing in shape and extent to the patch of glycoprotein spikes on the
outer face of the plasma membrane. The volume of this tegument
density was consistent with the volume of the tegument in
complete virions (1). The capsid was typically separated from
most of the tegument density and did not show evidence for any
densities that could be ascribed to the tegument (Fig. 1 C–G
and J).

Capsids released into the cell were located close to actin
filaments [Fig. 1C and supporting information (SI) Movie S1].
To exclude the possibility that the actin organization had been
modified by nocodazole, which might affect the cortical cytoskel-
eton, we performed experiments in the absence of nocodazole.
The overall actin network organization in untreated cells near
the viral entry sites resembled that of nocodazole treated cells
(Fig. 1 J and K), but the number of capsids in the peripheries of
untreated cells was lower (14).

HSV-1 Entry into Synaptosomes. Due to the specimen thickness,
tomography of virus entry events was restricted to the cell
periphery, resulting in a low number of analyzable events.
Viruses were rarely observed entering at the outer rim of

adherent cells, hence there was a shortage of side-views of the
glycoprotein patches on the cell membrane and the underlying
tegument (Fig. 1 J and K). To analyze the structural dynamics of
entry by fusion more extensively, we therefore shifted to synap-
tosomes, a smaller host system that was completely accessible by
cryo-ET. Synaptosomes are physiologically active endings of
neurons prepared by homogenization and fractionation of brain
tissue (16, 17). Neurons are authentic host cells for herpesvi-
ruses, and they have been characterized as a model host system
for HSV-1 cell entry (C. H. Nagel, A. Binz, S. Borzsutzky,
R. Bauerfeind, and B.S., unpublished data). Moreover, presyn-
aptic regions of neurons express nectin-1, an HSV-1 entry
receptor, at high levels at the plasma membrane (18).

Viruses entered exclusively into the presynaptic part (Fig. 2A
and B and Movie S2). The overall morphology of glycoprotein
spikes and tegument at the entry site was analogous to our
observations in intact cells. The tomograms from synaptosomes
have higher quality due to the thinner specimens; therefore, we
exploited them for a more detailed analysis. To trap different
intermediate stages of the fusion process and thereby reveal its
structural dynamics, we analyzed tomograms of synaptosomes
inoculated with HSV-1 at a variety of infection times and
temperatures ranging from 1 to 60 min and from 10 to 37°C,
respectively (for details see Materials and Methods and Table S1).
The actual fusion at the plasma membrane occurred within
seconds. We detected cytosolic capsids inside synaptosomes
after only 1 min of incubation at 37°C. Surprisingly, the mem-

Fig. 1. HSV-1 enters PtK2 cells by fusion at the plasma membrane. (A) Low-magnification electron micrograph of a PtK2 cell grown on a grid and inoculated
with HSV-1 virions for 5 min at 37°C after virus binding on ice for 2 h and pretreatment with nocodazole. Whereas the central cellular areas were too thick for
imaging and appear black, the cell periphery was sufficiently thin to allow tomographic imaging. The cell outline is accentuated by a blue, dashed line, a
neighboring cell by a dotted blue line. The frame marks the area of a higher magnification projection image shown in B. Some virions are visible along the plasma
membrane; the arrowhead highlights a capsid hardly recognizable in the projection image. Black dots are colloidal gold markers used for alignment of the tilt
series. (C) A 3.2-nm-thick slice of the tomographic reconstruction of the boxed area in B reveals the cytosolic capsid and intracellular structures like
macromolecular assemblies and actin filaments (dashed box). (D–G) Four different 3.2-nm-thick slices of the partial, denoised volume containing the capsid. (D)
In a slice just above the plasma membrane, glycoprotein spikes cut in the stalk region appear as dots. (E) Directly underneath the plasma membrane, tegument
protein density and the upper end of the capsid are visible. (F) An actin bundle neighbors the viral capsid and occupies the area underneath the capsid (G). (H–I)
Stereoview of the surface rendering from the volume boxed in C. A dense actin network (red) underlies the incoming capsid (light blue) and the tegument
(orange). The cell membrane, the glycoproteins, and macromolecular complexes are not displayed. (J) An 8.1-nm-thick slice from a tomogram of a PtK2 cell
inoculated for 2 min in the absence of nocodazole. Two capsids of recently entered virions are visible. The one on the left entered from the top, and the right
one from the side at the area where the glycoprotein spikes emerge from the membrane. (K) Surface rendering of the tomogram presented in J: capsid (light
blue), tegument (orange), glycoproteins (yellow), cell membrane/viral membrane (dark blue), actin (dark red; upper part cut away), and cellular vesicles (purple).
(Scale bars: A, 1 �m; and B–K, 100 nm.)
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brane fluidity at 10°C was sufficient to enable entry, whereas no
fusion intermediates were detected at 4°C. Capsids were located
close to the entry site, judged by glycoprotein spikes and
tegument at the plasma membrane, even after 60-min incubation
at 37°C.

Structural Dynamics of HSV-1 During Entry. Summarizing the data
based on 51 tomograms, we present a gallery of characteristic
slices through the tomograms and corresponding schematic
drawings for the six major steps into which we divided the entry
process (Fig. 3 A–F and A�–F�). Of the 66 viral entry interme-
diates, we allocated 45 structures to the steps A–F, comprising
15, 1, 4, 5, 9 and 11 events, respectively. These numbers support
the notion that the fusion pore represented the most short-lived
intermediate. Twenty-one structures represented heterogeneous
intermediates between state A and B (Fig. S1).

The first morphological stage was virus attachment to the
plasma membrane (Fig. 3A). We observed a prominent gap
between the viral and the cellular membrane. The width of this
gap (�20 nm) corresponded to the length of the longest glyco-
protein spikes protruding from the virus. This primary interac-
tion of the virus with the host cells involved a large contact area,
apparent as an indent of the plasma membrane. Next, the viral
and synaptosomal membranes came close together, and a fusion
pore formed (Fig. 3B). The pore enlarged and allowed mixing of
the viral content with the cytosol (Fig. 3C). The viral envelope,
which had been integrated into the cell membrane, initially
maintained its curvature. Subsequently, and consistent with
earlier reports (10, 19), the capsid and potentially some bound
inner tegument advanced into the cytosol, whereas the outer
tegument remained attached to the membrane (Fig. 3D). Akin
to entry into cells, the capsid was not surrounded by any densities
assignable to tegument proteins. The curvature of the former
viral membrane decreased (Fig. 3E) and the number of glyco-
proteins and the amount of tegument at the entry site declined
(Fig. 3F) until no respective densities remained.

Intermediate Glycoprotein Conformations During Pore Formation and
Dilation. Three-dimensional renderings of the short-lived fusion
pore (Fig. 3B) are presented in Fig. 4 and in Movie S3. The virion

pole where the membrane is in close proximity to the capsid (1)
was located close to the pore opening and can be seen through
the pore neck from inside the cell (Fig. 4B), whereas most of the
tegument mass was distant to the fusion pore. The pore diameter
of �25 nm (Fig. 5C) reflected a state after the frequent
reversions to the hemifusion state known as ‘‘f lickering’’ (20),
and thus the beginning of lateral pore expansion. Detailed
analysis of the region between the viral and cell membranes next
to the pore revealed bent V- or Y-shaped densities connecting
the two membranes and possibly represented glycoprotein com-
plexes undergoing conformational changes (Fig. 5 A, C, and D).
In HSV-1 inoculated Vero cells, another example of V/Y-shaped
structures was captured next to an early contact site just before
pore formation, perhaps corresponding to hemifusion as indi-
cated by the elongated neck shape and a pointed membrane
contact (Fig. 5 E–H). In both stages, early contact and pore
dilation, the V/Y-complexes had an arm length of up to �15 nm.
The component of the V/Y-complex proximal to the viral
membrane was in both cases curved, whereas the segment

Fig. 2. HSV-1 enters the presynaptic part of synaptosomes. (A) A 16-nm-thick
slice of a tomogram from a synaptosome inoculated with HSV-1 for 60 min at
25°C. A capsid is localized inside the presynaptic element on the left charac-
terized by abundant synaptic vesicles. A smaller postsynaptic fraction (right) is
still attached via adhesion molecules to the synaptic cleft. Glycoprotein spikes
are visible on the outer phase; tegument proteins correspond to the local
densities near the cytoplasmic phase of the plasma membrane. Note structural
changes between the entire virion (upper left corner) and the one that had
entered the synaptosome. (B) Surface rendering of one virion and the synap-
tosome from the tomogram in A: capsid (light blue), tegument (orange),
glycoproteins (yellow), cell membrane/viral membrane (dark blue), actin (dark
red), vesicles (purple), synaptic vesicles (only partially segmented—metallic
green), synaptic cleft (light green), and postsynaptic density (green). (Scale
bars, 100 nm.)

Fig. 3. Structural dynamics of HSV-1 during entry into synaptosomes. Dif-
ferent steps during HSV-1 entry into synaptosomes, for details refer to text.
(A–F) Slices of 2.7 to 12.8 nm thickness of various tomographic reconstructions
from HSV-1 entry intermediates; (A� and F�) represent the corresponding
schematic drawings. (A and A�) The virus attached to the plasma membrane by
interaction of specific glycoproteins with cellular receptors. (B and B�) Fusion
pore formation close to the capsid proximal side of the asymmetric virion (see
Movie S3 and Fig. 4 for 3D representation). A part of the carbon film is present
in the upper left. (C and C�) The capsid entered the cell, and the viral mem-
brane was integrated into the cellular membrane while keeping its curvature,
being most prominent in patches studded with glycoprotein spikes. (D and D�)
The membrane was partly bent, and most of the tegument remained at the
entry site. (E and E�) Glycoproteins were spread along the plasma membrane.
(F and F�) The membrane curvature returned to a more flattened, regular
organization, and the glycoproteins were removed from the surface. (Scale
bars, 100 nm.)
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connecting to the plasma membrane was straight. The major
difference between early contact and pore dilation was that the
angles between the glycoprotein segment and the plasma mem-
brane decreased from �50° to �40° concomitant with a change
from a tapered contact of the viral and plasma membrane to a
more parallel arrangement. Moreover, the shape of the ‘‘hinge’’
connecting the two components of the complex changed from a
globular structure of �5 nm in diameter to an elongated one of
�8 nm in length. A small structure close to the potential lipid
mixing region connecting the two different membranes was
observed in both states.

Discussion
In this study, we monitored the native structural dynamics during
HSV-1 entry into adherent host cells and synaptosomes in
unprecedented detail. We captured several intermediates, in-

cluding the very short-lived events of pore formation and dilation
by imaging single virions during the entry process in the frozen
hydrated state. By only using high quality virus inocula (see
Materials and Methods), we consider it most reasonable that the
virions captured here at the plasma membrane represented
functional intermediates in the cell entry of HSV-1 that were
suspended from further progression into the cytosol by sudden
freezing. Thus, they provide valuable, physiologically relevant in
situ snapshots of the fusion dynamics.

In adherent cells, cytosolic capsids were located between actin
bundles, which appeared to enclose the capsids (Fig. 1). Viruses
are known to modulate the host’s cytoskeleton and associated
pathways (21, 22). Rearrangement of the actin cytoskeleton
during entry via endocytosis was reported for HSV-1 (23). Thus,
we suppose that the actin bundles had reorganized upon viral
stimulation to facilitate capsid entry and to remove the dense
cytoskeletal barrier. The morphological appearance of the cor-
tex—bundles and filaments—implies that there was no local
actin depolymerization around the capsid. However, the actin
network from adherent cells at this resolution has so far only
been visualized in intact filopodia (24). A direct control of the
cytoskeleton organization from a cell at exactly the same area
before virus entry is not feasible with the technique used here.
To evaluate this aspect in full detail, the potential players in the
respective signaling pathways need to be identified.

The viral membrane dynamics changed its curvature into
extremely bended structures during the entry process (Fig. 3).
We consider this a native feature because in cryo electron
microscopy, in contrast to electron microscopy of fixed samples,
membranes are preserved in their native state. The curvature
was possibly stabilized by the distinct lipid contents of this
domain (25) and by clusters of the glycoprotein spikes, which are
present in the highly curved regions (Fig. 3 C–E) and which
interact with the tegument.

Some of the glycoprotein spikes must represent the postfusion
state of the glycoproteins gH/gL and gB. However, most glyco-
proteins were not recruited to the fusion site, and resembled
those seen on the virus (1). Our data (Figs. 3–5) support the
notion that only a small number of glycoprotein spikes is
sufficient to catalyze HSV-1 cell entry. We did not detect any
particular structure indicative for a large multisubunit complex
formed by numerous spikes and receptors. Glycoproteins were
densely clustered on both extracellular virions and the plasma
membrane after fusion so that any postfusion conformation
complexes would have been difficult to detect.

The glycoproteins and the tegument remained at the plasma
membrane after the capsid was released into the cytosol (Figs.
1–3). This implies a continued contact of the tegument proteins
with the cytoplasmic tails of the viral glycoproteins after fusion.
During the subsequent events (Fig. 3), the membrane curvature
flattened and the amount of glycoproteins and the tegument
density decreased. The glycoproteins perhaps diffused away and
were recycled or degraded until finally no glycoproteins re-
mained at the entry site; the tegument possibly dissociated.

The HSV-1 virion has an asymmetric structure, characterized
by a noncentric localization of the capsid. We propose that this
asymmetric structure of the virion is related to different func-
tions and results in two functional poles (Fig. S2). One pole of
the virion is associated with virus assembly during secondary
envelopment at cytoplasmic membranes and is characterized by
a dense ‘‘cap’’ of tegument proteins (1). Some of these tegument
proteins interact with the cytosolic tails of various glycoproteins
(26, 27). These interactions impede lateral movement of glyco-
proteins in the membrane and maintain dense clusters of gly-
coprotein spikes on this pole. Bulky, non-entry-associated gly-
coprotein spikes in close proximity to gD may act as spacers and
prevent binding of gD to its cellular receptor (Fig. 6A). On the
opposite virion pole, where the capsid almost contacts the viral

Fig. 4. Detailed analysis of a fusion pore. (A–C) Surface renderings of the
volume from Fig. 3B in different orientations (see Movie S3 for complete
tomogram). (A) Rendering of the virus with parts of the synaptosomal plasma
membrane in the same orientation as in the tomographic slice shown in Fig.
3B and Movie S3. (B) The virus was rotated vertically for �60° to allow a better
view into the fusion pore. (C) Cut-away view of all features apart from the
capsid; the orientation was changed to provide a perpendicular view of the
pore. Colors used are light blue (capsid), orange (tegument), yellow (glyco-
proteins), dark blue (viral membrane), and red (cell membrane). Cellular
elements of the synaptosome were excluded from rendering for clarity. (Scale
bar, 100 nm.)

Fig. 5. Glycoprotein bridges are formed prior and next to the fusion pore. (A)
A 2.7-nm-thick slice from the volume presented in Fig. 4. Continuous V- and
Y-shaped structures are localized between the two membranes. (B) Zoom into
the area marked by box corners in A. (C) Line plot of pixel intensities from the
pore cross-section (see rectangle in A). The pore diameter of this entry inter-
mediate was �25 nm as measured between the maxima for the membrane.
The gray values within the pore are higher than those of the surrounding
vitreous ice. (D) Schematic drawing of membrane and protein structures from
A with emphasis on connective densities and membranes. (E–G) Subsequent
2.7-nm-thick slices from a tomogram of an inoculated, nocodazole-treated
Vero cell. The capsid of the virion is marked by a star. The arrowhead (E)
highlights the contact between the plasma membrane and the viral envelope.
The arrows in (E–G) point to prominent protein complexes between the two
membranes and close to the contact site. (H) Schematic drawing of the
connecting densities and membrane structures in F and G. (Scale bars; A,
40 nm; B and E, 20 nm.)
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envelope, tegument material is sparse and, as such, are glyco-
protein spikes. The larger spacing between the latter prevents
sterical hindrance, and this pole may present the entry-
associated glycoproteins in a functional arrangement (Fig. 6B).
Such a preference for the capsid proximal side of the viral
membrane to participate in the fusion pore was, in fact, observed
in our study (Figs. 4 and 5). Therefore, we assign the entry
function to this pole, thereby introducing the concept of a
functional bipolar and structurally asymmetric virion.

Based on the current view (4, 5) of the sequence of events in
HSV-1 fusion, we suggest a refined model for the fusion mech-
anism of HSV-1, which is compatible with the observed glyco-
protein intermediates during pore formation and dilation (Fig.
5). At the ‘‘entry pole,’’ gD may bind to its cellular receptor (Fig.
6C) and subsequently undergo the necessary conformational
changes (28) that activate gH/gL (Fig. 6D). Like viral class I
fusion proteins, gH contains hydrophobic alpha-helices (29). The
heterodimer gH/gL perhaps changes conformation, and one
segment binds to the plasma membrane. This connects the two
membranes, pulls them together and enables lipid mixing as
shown for mutants lacking gB (30). Based on the lower molecular
weight of the gH/gL heterodimer compared with the gB ho-
motrimer, we suggest allocating the small structure close to the
lipid mixing region of the viral and the plasma membrane (Fig.
5 D and H) to a gD-gH/gL complex (31, 32). The conformational
switch of gH/gL then recruits gB to the gD-gH/gL complex. The
observed V/Y-complexes in Fig. 5 had an arm length of �15 nm,
thus possibly representing gB (33). The gB, a class III fusion
protein, has features of both class I and class II fusion proteins
and shares structural homologies with the class III fusion protein
glycoprotein G of vesicular stomatitis virus (7). The x-ray
structures of the pre- and postfusion states of the latter lead to
an assignment of putative conformational changes and interme-
diates (34, 35). Accordingly, we suggest analogous to the V/Y-
shaped structures (Fig. 5) that gB might flip out one segment that
binds to the plasma membrane forming the elongated neck like
structure (Fig. 6E). Finally, the fusion pore forms and expands
facilitated by gB (Fig. 6F).

The suggested assignments of glycoproteins are mainly based
on single structures derived from the tomograms presented in
Fig. 5. Because cryo electron microscopy of biological material
provides low-contrast images with a low signal to noise ratio, but
with the advantage of avoiding artifacts caused by fixation,
dehydration, and staining, these structures do not stand out very
strongly against the background. However, the detected glyco-
protein intermediate structures were very similar, although they
originated from experiments with two different host systems,
synaptosomes and Vero cells. Therefore, we think that these
intermediates are representative for the HSV-1 fusion mechanism.

In the case of one fusion effector, crystal structures of
truncated viral glycoproteins at different pH have revealed
distinct pre- and postfusion conformations, and suggested a
fusion mechanism by deducing hypothetical intermediate struc-
tures and molecular dynamics for all three classes of viral fusion
proteins (9). However, membrane fusion during the entry of
herpesviruses or poxviruses and during intracellular membrane
traffic requires the interaction of several effectors (36, 37). Here,
we present the first direct observation of several intermediates
in virus fusion during cell entry in a native environment at close
to molecular resolution, i.e., snapshots of a multicomponent
fusion machinery in action.

Materials and Methods
Purification of HSV-1. Extracellular HSV-1 virions (wild type strain 17�) were
produced from African green monkey kidney (Vero) cells (CCL-81; American
Type Culture Collection) or human foreskin fibroblasts (HFF) cells (kindly
provided by Prashant Desai, University of Baltimore, Baltimore, MD) and
purified and characterized by plaque titration and real-time PCR with previous
DNase treatment as described (1, 14, 38). Viruses produced from Vero cells had
a genome/pfu ratio of 6 and viruses from HFF cells of 11.

Infection of Cells Grown on Grids. Au-grids with holey carbon films [either
Quantifoil (Quantifoil) or C-flat (Protochips)] were glow-discharged for 20 s
and preincubated with growth medium at 37°C and 5% CO2. Rat kangaroo
kidney cells (PtK2: CCL-56; American Type Culture Collection), HFF cells, or Vero
cells were grown on the grids in their respective growth medium: alpha-
minimum essential medium for PtK2 and HFF and D-MEM for Vero (both
Invitrogen) supplemented with 10% FCS (Sigma-Aldrich), 100 units/ml peni-

Fig. 6. Schematic model for the fusion mechanism based on the identified intermediates. (A) The bulky glycoprotein spikes in close proximity to gD, which are
not involved in cell entry, act as spacers. Thus, gD cannot bind to its specific receptor, and the fusion process is not initiated. (B) Fusion can only be initiated if
the contact of the entry-associated glycoprotein gD with its cellular receptor is not sterically hindered. (C) Binding of gD to its receptor might be paralleled or
preceded by nonessential interactions of gB with heparan sulfate proteoglycans. (D) After receptor binding, gD undergoes a conformational change and
interacts with gH/gL. This induces gH/gL to also change conformation and to flip out one segment that binds to the plasma membrane. This connects the two
membranes, brings them close together and enables lipid mixing (E). Glycoprotein B is recruited to the gD/gH/gL complex by the conformational switch of gH/gL
and binds to the plasma membrane (F). The fusion pore forms stabilized by gB.
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cillin, and 100 �g/ml streptomycin (both Invitrogen) for 15 h. After pretreat-
ment with 50 �M nocodazole (Sigma-Aldrich) for PtK2 and 7 �M nocodazole
for HFF and Vero for 2 h, the cells were cooled on ice and infected with 106 pfu
of HSV-1 produced from Vero cells per 25 �l of medium and grid. Virus binding
to the cells was allowed for 2 h on ice; the samples were then warmed up to
37°C for 2–5 min. After adding 3 �l of colloidal gold particles (15 nm, protected
with BSA), excess fluid was absorbed with filter paper. The samples were
vitrified by plunge freezing in liquid ethane and stored in liquid nitrogen. Cells
incubated without nocodazole were treated likewise.

Preparation of Inoculated Synaptosomes. Isolation of synaptosomes from the
forebrain of a 6-week-old male Wistar rat was adapted from Leenders et al.
(39). After harvesting the F4 fraction from the 15%/23% interface of a four
step (23%, 15%; 10%, 3%) Percoll gradient (Sigma-Aldrich), the synaptosomes
(typical diameter �0.5 �m) were centrifuged for 15 min at 15,000 � g and 4°C
and resuspended in 1 ml of RPMI 1640 w/Glut 25 mM Hepes medium (Invitro-
gen) containing 0.1% BSA (Sigma–Aldrich). The synaptosomes from 1 brain
were activated at 37°C for 30 min and inoculated on ice with 109 pfu HSV-1
produced from HFF cells. Binding was allowed for 60 min on ice. Washing was
carried out by centrifugation steps of 5 min at 3,500 � g and 4°C. The
subsequent incubation times (1, 2, 5, 10, 30, or 60 min) and temperatures
(10°C, 18°C, 25°C, 37°C or on ice) were varied for individual experiments.
Finally, 3 �l of sample were applied to holey carbon films on Cu-grids (Quan-
tifoil; glow-discharged for 20 s), 3 �l of colloidal gold particles (10 nm,
protected with BSA) were added, and vitrified as described above.

Cryo electron Tomography. Data were collected on a Philips CM300 FEG and a
Tecnai Polara (FEI) transmission electron microscope, both equipped with a
GATAN GIF 2002 postcolumn energy filter (Gatan), and images were collected

with a 2K � 2K Multiscan CCD camera (Gatan). The microscopes were operated
at 300 kV and a final magnification of 43,974 and 37,248 giving a pixel size of
0.68 nm and 0.81 nm at the specimen level, respectively. Tilt series were
collected covering a minimum angular range of 120°, with an angular incre-
ment of 2°, 2.5°, or 3°. Defocus was measured along the tilt axis after each tilt
and automatically maintained at �12 �m � 0.5 �m. The total electron dose
received at the specimen level was kept between 50 and 100 electrons/Å2. The
exposure time was adjusted to the tilt angles by a 1/cos scheme.

Image Processing. Alignment, reconstruction, extraction of subtomograms,
and further image processing were performed using the EM (40) and TOM (41)
software packages implemented in MATLAB (Mathworks). Tilted images were
aligned using gold beads as fiducial markers. Three-dimensional reconstruc-
tions were calculated using weighted back projections. Visualization and
segmentation was performed using Amira 4.1 (TGS) and Bsoft (42). Nonlinear
anisotropic denoising (43) and Gaussian filtering was applied before segmen-
tation. Final figure preparation and drawings were performed in PhotoShop
CS2 (Adobe) and Canvas X (ACD Systems International).
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