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Herpes simplex virus type 1 capsids bud at nuclear membranes and Golgi membranes acquiring an

envelope composed of phospholipids. Hence, we measured incorporation of phospholipid precursors

into these membranes, and quantified changes in size of cellular compartments by morphometric

analysis. Incorporation of [3H]-choline into both nuclear and cytoplasmic membranes was significantly

enhanced upon infection. [3H]-choline was also part of isolated virions even grown in the presence of

brefeldin A. Nuclei expanded early in infection. The Golgi complex and vacuoles increased substantially

whereas the endoplasmic reticulum enlarged only temporarily. The data suggest that HSV-1 stimulates

phospholipid synthesis, and that de novo synthesized phospholipids are inserted into nuclear and

cytoplasmic membranes to i) maintain membrane integrity in the course of nuclear and cellular

expansion, ii) to supply membrane constituents for envelopment of capsids by budding at nuclear

membranes and Golgi membranes, and iii) to provide membranes for formation of transport vacuoles.

& 2012 Elsevier Inc. All rights reserved.
Introduction

Herpes simplex virus type 1 (HSV-1) is composed of 4 morpho-
logical distinct substructures: the core containing the viral DNA, the
icosahedral capsid built of 162 capsomers, the tegument surround-
ing the capsid, and the viral envelope with embedded glycoproteins
(Roizman and Knipe, 2001). The way of assembly of these different
structures is highly complex (Roizman, Knipe, and Whiley, 2007).
Capsids are assembled within nuclei and then transported to the
nuclear periphery. There they bud at the inner nuclear membrane
(INM) acquiring the viral envelope and tegument (Granzow, 2001;
Leuzinger et al., 2005). The result is a fully enveloped virion within
the perinuclear space (PNS) that is delineated by the INM and outer
nuclear membrane (ONM). The ONM continues into the INM at the
sites of thousands of nuclear pores (Maul, 1977; Wild et al., 2009)
which are occupied by the nuclear pore complexes (Goldberg and
Allen, 1995; Lim and Fahrenkrog, 2006). The ONM also continues
into membranes of the rough endoplasmic reticulum (RER) and is,
like the RER, studded with ribosomes. Capsids have been reported to
overcome the nucleocytoplasmic barrier after impairment of nuclear
ll rights reserved.
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membranes (Borchers and Oezel, 1993; Klupp et al., 2011) which
have been suggested to result in dilation of nuclear pores (Wild
et al., 2009).

Transportation of virions out of the PNS is controversially
discussed (Roizman et al., 2007). Currently, the most favored idea
is that perinuclear virions are de-enveloped by fusion of the viral
envelope with the ONM releasing tegument and capsids into the
cytoplasmic matrix as suggested for the first time in 1969
(Stackpole, 1969) to explain the presence of naked capsids within
the cytoplasmic matrix. These capsids need then to be re-envel-
oped by budding at the trans-Golgi network to become infective
(Skepper et al., 2001). During de-envelopment the viral envelope
derived by budding from the INM is inserted into the ONM.
Recently, it was shown that dozens of capsids can bud simulta-
neously at the INM (Wild et al., 2009). The question thus arises
about the origin of lipids necessary for envelopment at the INM.

The Golgi complex plays a crucial role in herpes virus envelop-
ment and in formation of transport vacuoles. Capsids are assumed to
bud at vesicles of the trans Golgi network concomitantly forming
the viral envelope and the transport vacuoles (Mettenleiter, 2004;
Mettenleiter et al., 2006), a process referred to as wrapping.
Alternatively, capsids were shown to bud into large vacuoles
(Homman-Loudiyi et al., 2003; Leuzinger et al., 2005) and at
membranes of any site of the Golgi complex (Leuzinger et al.,
2005; Wild et al., 2002). Furthermore, enveloped virions were

www.elsevier.com/locate/yviro
www.elsevier.com/locate/yviro
dx.doi.org/10.1016/j.virol.2012.04.004
dx.doi.org/10.1016/j.virol.2012.04.004
dx.doi.org/10.1016/j.virol.2012.04.004
mailto:pewild@access.uzh.ch
dx.doi.org/10.1016/j.virol.2012.04.004


E. Sutter et al. / Virology 429 (2012) 124–135 125
demonstrated within lateral cisternae of the Golgi complex
(Leuzinger et al., 2005; Torrisi et al., 1992; Wild et al., 2002).
Membranes of lateral cisternae containing virions showed indica-
tions for fission which results in formation of transport vacuoles
(Palade, 1975). Wrapping, budding of capsids into vacuoles, and
formation of transport vacuoles by fission require membranes that
need to be provided either by recruitment from other cellular sites,
e.g. by recycling from the plasma membrane via endocytosis as
shown in secretory cells (Orci et al., 1981) or by de novo synthesis.

Although envelopment plays an essential role in formation of
infective HSV-1 virus particles mechanisms of budding and fusion
as well as origin and metabolism of lipids are poorly investigated.
One of the first studies suggested that [3H]-choline labeled lipids
become part of the viral envelope during budding at nuclear
membranes (Asher et al., 1969). Incorporation of [32P]-phosphate
into sphingomyelin was increased in HSV-1 infected skin fibro-
blasts whereas incorporation into other phospholipids was unal-
tered. The distribution of [32P]-phosphate labeled phospholipids
in the viral envelop was shown to be identical to that of cellular
membranes (Steinhart et al., 1981). Lipid analysis revealed that
the lipid composition of the envelope differs from that of host cell
nuclear membranes but was not identical to that of Golgi
membranes (van Genderen et al., 1995).

The high demand for membranes used for herpes virus envel-
opment per se and for formation of transport vacuoles prompted
us to investigate cell membrane alterations during HSV-1 infection
by measuring incorporation of [3H]-choline into nuclear mem-
branes and cytoplasmic membranes, and by quantifying cellular
compartments by transmission electron microscopic (TEM) mor-
phometry. To address the budding activity at the inner nuclear
membrane, we also imaged the nuclear surface by high resolution
scanning electron microscopy (Cryo-FESEM). We show that [3H]-
choline incorporation into both nuclear and cytoplasmic mem-
branes is significantly enhanced during HSV-1 infection suggesting
de novo phospholipid synthesis to provide membranes needed for
maintenance of cellular compartments and for viral envelopment.
Results

Incorporation of [3H]-choline into nuclear and cytoplasmic

membranes increases after HSV-1 infection

Electron microscopy confirmed that the procedure for isolation
of nuclei yielded a nuclear fraction consisting merely of nuclei
surrounded by nuclear membranes and some cytoplasmic mem-
branes (Fig. 1A) whereas the cytoplasmic fraction contained
Fig. 1. Electron micrograph of (A) the nuclear fraction showing nuclei surrounded b

(B) cytoplasmic fraction containing pure membranes, and (C) isolated virions contam

membranes but also from viral envelopes.
exclusively membranous compartments (Fig. 1B). The procedure
applied for virus purification yielded mainly intact virions and
some contamination with membranous material (Fig. 1C). Phos-
pholipid composition varies throughout the cell. The major com-
ponent in all membranes is phosphatidylcholine (van Meer et al.,
2008). Its diacylglycerol backbone carries a phosphate esterified to
choline. Therefore, we used [3H]-choline for studying lipid meta-
bolism during HSV-1 infection. For this, we added 1 mCi/ml [3H]-
choline 4 h prior to harvesting, isolated nuclei, and extracted lipids
from both the nuclear and cytoplasmic fraction. Scintillation
counting revealed a significant higher level of [3H]-choline in the
nuclear fraction at 9, 12 and 16 hpi (Fig. 2A), and in the cytoplasmic
fraction at 12 and 16 hpi (Fig. 2B) of HSV infected cells compared to
mock infected cells. Therefore, we concluded that de novo synthe-
sized phospholipids are incorporated first into nuclear membranes
and later also into cytoplasmic membranes during HSV-1 infection.
Since virions can be transported into RER cisternae some of the
radioactivity may be related to the viral envelope of these virions
that originated from budding at the INM.

[3H]-choline is incorporated into viral envelopes

Formation of progeny virus requires large amount of membranes
that may derive from budding at INM, ONM, RER (Darlington and
Moss, 1968; Leuzinger et al., 2005), and at Golgi membranes. To
assess whether de novo synthesized lipids are used for viral
envelopment we exposed HSV-1 infected cells to [3H]-choline for
4 h at 10 hpi and harvested virus at 24 hpi. Inspection by TEM
revealed that the purification did not result in entirely pure virus
fractions. Nonetheless, the statistically significant difference in the
amount of [3H]-choline between HSV-1 samples and mock samples
is assumed to be due to the presence of virions. Therefore, the signal
of [3H]-choline measured in lipids extracted from the intracellular
virus fraction and extracellular virus fraction (Fig. 2) indicates that
de novo synthesized phospholipids became part of the viral envel-
ope. Addition of BFA 15 min prior to [3H]-choline exposure resulted
in a decline of radioactivity of about �40% compared to untreated
cells. The number of intracellular virions, compared to virions
harvested from untreated cells, was �60% lower (Fig. 2C). BFA
disassembles the Golgi complex within minutes (Hess et al., 2000)
which led to accumulation of virions in the PNS and RER cisternae
(Fig. 3). Therefore, we conclude that [3H]-choline incorporated into
nuclear membranes became part of the viral envelope during
budding of capsids at the INM and that [3H]-choline remained in
the envelope of virions which were transported from the PNS into
RER cisternae. Radioactivity in samples supposed to contain extra-
cellular virions was low after BFA treatment but significantly higher
y intact INM but disrupted ONM and some additional cytoplasmic membranes,

inated with some membranous fragments which may have derived from cellular



Fig. 2. [3H]-choline incorporation into nuclear lipids (A) and cytoplasmic lipids

(B) in cells exposed to 1 mCi/ml [3H]-choline 4 h prior to harvesting for lipid

extraction was significantly higher after HSV-1 infection than after mock infection.

[3H]-choline incorporation into the viral envelope of intracellular (C) and extra-

cellular virions (D) after exposure to BFA from 10 to 14 hpi in cells harvested at

24 h after inoculation with HSV-1 at MOI 5. Despite purification did not result in

absolute pure virus fractions the statistical difference between HSV-1 samples and

mock samples is assumed to account for the presence of lipids from the viral

envelope. The approximate number of virions were determined by TEM on

negatively stained samples and calculated per 300 ml volume obtained after

purification. Level of significance nnpo0.01, nnpo0.001, n¼4.

Fig. 3. TEM image taken from a HSV-1 infected cell exposed to BFA at 8 hpi and

harvested at 24 hpi as described in material and methods. The RER (rer) is

congested with virions. The nucleus is tangentially sectioned so that nuclear pores

(np) become apparent. Bar, 500 nm.

Fig. 4. Nuclear volume (A) and nuclear surface area (B) of HSV-1 or mock infected

cells as calculated from confocal microscopic images. Mean nuclear volume of

HSV-1 infected cells was by a factor of 1.3–1.5 significantly larger compared to

mock infected cells, and the nuclear surface by a factor of 1.16–1.28 at 9, 12 and

16 hpi. Level of significance nnpo0.01, nnnpo0.001, n¼25.
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than in samples obtained from mock infected cells (Fig. 2D). The
detection limit of the method applied is 104 particles/10 ml (Laue
et al., 2009). Though the radioactivity in samples, which are
supposed to contain extracellular virions, was significantly higher
than in samples obtained from mock infected cells (Fig. 2D) it cannot
be deduced with certainty that the higher radioactivity was due to
[3H]-choline of extracellular virions.

Nuclear volume increases during HSV-1 infection

Nuclear volume has been shown to increase in HEp-2 cells
(Simpson-Holley et al., 2005), H2B cells (Monier et al., 2000) and
Vero cells (Wild et al., 2009) infected with HSV-1. To quantify
alterations at the membrane compartments concerned with
envelope formation we first determined the nuclear volume and
the nuclear surface area on confocal images on the basis of the
half axes a, b and c. Nuclear volume of HSV-1 infected Vero cells
was by a factor of 1.27 higher at 9 hpi compared to mock infected
cells (Fig. 4A). The nuclear surface area was 1.15 times higher
than in mock infected cells (Fig. 4B). Theoretically, the surface is
expected to enlarge by a factor of 1.15 if the volume expands by a
factor of 1.27 indicating that the calculation of the surface are
based on the measured axes is fairly appropriate. After 9 hpi,
nuclei did not further expand. Expansion of nuclear volume and
surface area demands enlargement of nuclear membranes sug-
gesting that the incorporated [3H]-choline was used for de novo

phospholipid synthesis to maintain membrane integrity early in
infection. After 9 hpi, however, nuclear size remained constant.
Therefore, [3H]-choline incorporation later in infection is consid-
ered very likely to be needed for viral envelopment by budding of
capsids at the INM. To investigate the fate of these membranes,
we next carefully examined the nuclear periphery in cells pre-
pared for electron microscopy at improved resolution.

Neither inner nor outer nuclear membrane enlarges in addition to

nuclear expansion

If it was true that perinuclear virions are de-enveloped by
fusion with the ONM the ONM would be expected to enlarge – at



Fig. 5. The nuclear periphery of HSV-1 infected cells at 16 hpi or 20 hpi (H) imaged by TEM of cryo-fixed monolayers. (A) Budding of capsids starts by thickening of the

INM that becomes the viral envelope. (B–E) Later in infection budding may be accompanied by duplication of the INM finally resulting in formation of a vacuole or a pouch.

(F) Duplication of the INM (i) seems to occur independently from budding. (G) Accumulation of virions between the ONM (o) and INM (i) with a budding capsid. (H) Virions

in the PNS and RER at 20 hpi. (I) The PNS continues into the RER; both contain virions. (K) RER at the cell periphery containing virions. Bars, 200 nm.
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least temporarily – possibly forming folds and/or duplications.
Transmission electron microscopy revealed that the INM and
ONM are layered in parallel at 9 and 12 hpi. However, at 16 hpi,
the INM was found to form duplication mainly at sites of budding
capsids (Fig. 5A to F) as well as invaginations at which capsids
bud (Fig. 5G). The ONM did not show any folds or duplications.
Morphometric analysis performed on 25 nuclei selected at ran-
dom did not reveal any statistical difference of the surface area
between INM and ONM (data not shown) indicating that nuclear
membranes did not enlarge in addition to the overall enlargement
related to nuclear expansion as shown by confocal microscopic
analysis. On the other hand, virions accumulated in the PNS
(Fig. 5G and H) and in adjacent RER cisternae (Fig. 5I) suggesting
that a considerable amount of membranes are used for envelop-
ment, and that these membranes are not immediately inserted
into the ONM via fusion. Consequently, large amounts of
membrane constituents must be provided for budding at the
INM. Furthermore, virions were found in RER cisternae elsewhere
in the cytoplasm (Fig. 5K) leading to the assumption of intralum-
inal transportation form the PNS into the RER.

Numerous capsids bud simultaneously trough the nuclear

membrane

For transmission electron microscopy, sections of 50–80 nm
thickness are prepared. The chance to find a budding capsid in a
given section plane through the nucleus is thus rather low. The
highest mean number of budding capsids was 1.25 per nuclear
profile at 12 hpi counted on 25 randomly selected cell profiles.
Therefore, we applied a sophisticated cryo-technique for visuali-
zation of the nuclear surface in the frozen hydrated state by
scanning electron microscopy. As shown in Fig. 6, more than



Fig. 6. (A) View onto the ONM (o) and a small area of the INM (i) in a HSV-1 infected cell 14 hpi imaged by Cryo-FESEM exhibiting at least 25 budding capsids (some are

indicated by arrows) and irregularly distributed nuclear pores (arrowheads) and (B) nuclear surface of a mock infected cell with hundreds of nuclear pores. Bars, 400 nm.

Fig. 7. (A) Cell volume of HSV-1 or mock infected cells calculated on the basis of

the nuclear volume and data obtained by morphometry on TEM images as

described in material and methods, and (B) of hypothetical cone-shaped cells

calculated on the basis of the cell area measured on FESEM images shown in Fig. 7.

Level of significance npo0.05, nnpo0.01, nnnpo0.001, n¼25.
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25 capsids bud simultaneously at the nuclear surface. The
diameter of enveloped virions is about 200 nm, the surface area
of the viral envelope 0.125 mm2. Therefore, a minimum of 3.1 mm2

membrane area, equaling �500,000 phospholipid molecules
(Kucerka et al., 2006), needs to be supplied instantly.

Cell volume increases after HSV-1 infection

The mean cell volume was calculated on the basis of the
nuclear and cytoplasmic density obtained by morphometric
analysis of electron micrographs at low magnification, and on
the nuclear volume obtained from confocal images. The mean cell
volume of HSV-1 infected cells was �3400 mm3 at 9 and 16 hpi,
and about �4800 mm3 at 12 hpi compared to �2000 mm3 (9 and
12 hpi) and �2300 mm3 (16 hpi) of mock infected cells (Fig. 7A).
These data are fairly in line with the volume of the hypothetical
cone-shaped cells calculated on the basis of the cell area (Fig. 7B)
measured in FESEM images (Fig. 8) so that the cell volume is
probably not, or not much, overestimated. Even though the data
were overestimated e.g. at 12 hpi the conclusion can be drawn
that cell volume increases during the first 12 h of HSV-1 infection.
The cell surface area also enlarges concomitantly to cell volume
expansion as can be roughly estimated on FESEM images (Fig. 8).
Hence phospholipids are required for maintaining plasma mem-
brane integrity during cell expansion starting early in infection.

The RER is temporarily enlarged during HSV-1 infection

The ONM continues into RER lamellae so that virions can be
transported from the PNS into RER cisternae (Fig. 5I and K).
Membranes inserted into the ONM during de-envelopment may
hence be shifted to adjacent RER lamellae that would result in
enlargement of the RER. Therefore, we estimated the surface
density of the RER (Svr) by morphometric analysis applying the
point counting method (Weibel, 1979), and calculated its surface
area (Sr) per mean cell volume (Fig. 9A). The surface area of the
RER (Sr) was significantly enlarged at 12 hpi compared to 9 hpi
(po0.001), and to mock infected cells (po0.001). At 16 hpi,
however, Sr was again at the level at 9 hpi. The number of capsids
in the cytoplasmic matrix was lower at 12 hpi compared to 16 hpi
(Fig. 9B). This suggests that the membranes responsible for RER
enlargement are not viral envelopes of perinuclear virions that
fused with RER membranes or with the ONM followed by
subsequent shifting to the RER. RER expansion might be rather
related to enhanced lipid synthesis (van Meer et al., 2008) and/or
to the synthesis of vast amounts of proteins necessary for herpes
virus replication.

The Golgi complex enlarges prior to fragmentation

The Golgi complex is a highly dynamic organelle that may
enlarge by 150% within 12 h after a short initial stimulation for
secretion of parathyroid hormone (Wild et al., 1985). The Golgi
complex is difficult to study because of its shape and its
sensitivity to improper fixation and processing for electron
microscopy (Wild et al., 2001). Electron microscopy based on
cryo-fixation, which leads to improved retention of lipids
(Weibull et al., 1984) and improved spatial and temporal resolu-
tion, revealed intact Golgi fields consisting of varying numbers
of stacks in mock and HSV-1 infected cells. To quantify changes
in the size of the Golgi complex during HSV-1 infection we



Fig. 9. (A) Surface area of RER, Golgi complex and vacuoles containing virions was

estimated by morphometric analysis of 5 independent experiments. RER was

significantly larger at 9 and 12 hpi after HSV-1 infection than after mock infection

whereas the Golgi complex was larger at any time point of sampling. Considering

that membranes of vacuoles originated from the Golgi complex the entire surface

at 16 hpi is more than twice of the size at 12 hpi. Level of significance npo0.01,
nnpo0.001, n¼5 and (B). Phenotype distribution in HSV-1 infected cells at 9, 12

and 16 hpi. B-INM¼budding capsids at the INM, B-Golgi¼budding capsids at

Golgi membranes, Vac¼virions in transport vacuoles, Capsids¼naked capsids in

the cytoplasm, Total¼total of virus particles, TEV¼total enveloped virus particles.

Fig. 8. FESEM images of mock (A) and HSV-1 and (B) infected cells at 12 hpi demonstrating enlargement of cells in HSV-1 infection. Bars, 10 mm.

E. Sutter et al. / Virology 429 (2012) 124–135 129
estimated its surface density (Svg) by morphometric analysis, and
calculated the absolute surface area of the Golgi complex (Sg) per
mean cell volume. The data (Fig. 9A) show significant enlarge-
ments of Golgi membranes at 9, 12 and 16 hpi compared to mock
infected cells. The surface area (Sg) at 9 hpi was 112% larger
compared to that of mock infected cells. At 12 hpi it was 71%
larger than at 9 hpi, and 278% higher compared to mock infected
cells. At 16 hpi, the Sg of intact Golgi cisternae was reduced but
still 15% higher than at 9 hpi and 58% larger compared to mock
infected cells. Adding the surface area of transport vacuoles to
that of Golgi membranes at 16 hpi, the total surface area was
305% larger compared to the Golgi complex at 9 hpi. The data
suggest that enhanced synthesis of membrane constituents has
started prior to 9 hpi to provide membranes for the Golgi complex
that is needed for envelopment and formation of transport
vacuoles. Budding of capsids at Golgi membranes, a process
referred to as wrapping, results in concomitant formation of a
concentric vacuole containing a single virion (Leuzinger et al.,
2005). The mean number of capsids involved in envelopment by
wrapping was �1/cell profile at 12 hpi and �2/cell profile at 16
hpi (Fig. 9B). On the other hand, Golgi fields contained fully
enveloped virions within cisternae. The mean number of virions
in Golgi cisternae was �4/cell profile and �7/cell profile at
12 and 16 hpi, respectively. Golgi membranes exhibited indica-
tions for fission (Fig. 10A). Fission is assumed to result in
transport vacuoles as a normal event in the secretory pathway
(Palade, 1975). Vacuoles or dilated Golgi cisternae showed up to
10 virions in a given section plane (Fig. 10B and C) raising the
questions how and where the particles had entered the vacuoles.
After 16 hpi, the Golgi complex did not appear as an entity
(Fig. 10D). Enlargement of the surface area of Golgi membranes
and the high number of virions suggest that de novo synthesized
phospholipids are needed to facilitate viral envelopment at the
Golgi level and formation of transport vacuoles.
HSV-1 reduces fluid-phase endocytosis

Constituents inserted into the plasma membrane during exo-
cytosis are known to recycle back to the Golgi complex in
secretory cells (Orci et al., 1981). To investigate whether enlarge-
ment of the Golgi complex could be due to incorporation of
recycled plasma membrane constituents fluid-phase endocytic
activity was assayed by measuring the uptake of HRP. Medium
was replaced by medium containing HRP after 5, 9, 12 and 16 hpi,
and HRP uptake was measured 15 min after incubation. Endocy-
totic activity in HSV-1 infected cells remained unchanged
between 5 and 16 hpi whereas it significantly increased in mock
infected cells (Fig. 11), indicating that fluid-phase endocytosis at
least is not involved in enlargement of the Golgi complex.



Fig. 10. TEM images of the Golgi complex and vacuoles in HSV-1 infected Vero cells. (A) Golgi complex at 12 h of HSV-1 infection containing a tangentially sectioned virion

in a laterally dilated cisterna with indications for fission (arrow). Note focal thickening of membranes by deposition of an electron dense substance. (B–D) At 16 hpi Golgi

membranes are dispersed over large areas. Golgi cisternae (arrow) and vacuoles contain one or numerous, often tangentially sectioned virions. Whether these structures

are true vacuoles or whether they are dilated Golgi cisternae cannot always be addressed in a given section plane. Bars, 200 nm.
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HSV-1 inhibits mitosis

Phospholipid metabolism in growing cells depends to a large
extend on the cell cycle. Signals promoting phospholipid synth-
esis act early in G1 or even in M phase (Jackowski, 1996).
However, arrested cells continue to produce phospholipids
(Jackowski, 1994; Jackowski, 1996). HSV-1 arrests the cell cycle
in the G1/S phase and S phase (de Bruyn Kops and Knipe, 1988;
Ehmann et al., 2000) that may lead to reduction of phospholipid
synthesis related to mitotic activity. Determination of the mitotic
rate revealed that cell cycle is blocked by HSV-1 leading to nearly
complete decline of mitotic activity at 6 hpi whereas mitotic
activity in mock infected cells declined much later (Fig. 12). The
significantly higher incorporation of [3H]-choline into phospholi-
pids of cell cycle arrested cells suggest that HSV-1 stimulates
per se phospholipid synthesis.
Discussion

Budding of capsids at the INM requires membranes that need
to be supplied either prior to or concomitantly to budding. If
capsids are released from the PNS into the cytoplasm via de-
envelopment the viral envelope has to fuse with the ONM.
Consequently, the ONM will enlarge by the amount of the
inserted membrane area corresponding to the surface area of
the number of viral envelopes that fuses with the ONM. Therefore,
the ONM gets folded as a result of this membrane insertion unless
the equivalent of the inserted membrane area is shifted to the
RER, which would lead to RER expansion, or recycled to the INM,
e.g. by lateral movement at sites of nuclear pores (Fig. 13). If
membrane constituents will recycle back to the INM they can be
reused for budding. In this case, no or little additional phospho-
lipids are needed to enable budding at the INM. An alternative



Fig. 11. Fluid phase endocytosis of HRP by Vero cells infected with HSV-1

compared to mock infected cells. HRP uptake remained constant in HSV-1 infected

cells but was significantly increased in mock infected cells at 9, 12 and 16 h of

incubation. Level of significance nnpo0.01, nnnpo0.001, n¼3.

Fig. 12. Percentage of cells in mitosis determined by counting DAPI stained nuclei.

The rate of cells in mitosis declined to 1.8% at 3 hpi, and was close to zero at 6 hpi

with HSV-1 compared to mock infected cells. Level of significance npo0.05,
nnnpo0.001, n¼6.

Fig. 13. Possible fate of the viral envelope derived by budding at the INM. 1)

Budding of capsids results in loss of INM that needs to be replaced. 2) Insertion of

INM into the ONM by fusion resulting in enlargement of the ONM. 2a) Inserted

INM might be shifted back along the rim of nuclear pores. 2b) Inserted membranes

might be shifted into RER membranes. 2c) Enlarged ONM might become folded.

3) INM remains on the viral envelope during intraluminal transportation into

Golgi cisternae for packaging. Note: fusion starts immediately after close apposi-

tion of two membranes followed by formation of the fusion pore. The character-

istic feature of virions in the PNS is the dense envelope. After fusion with the ONM

the inserted dense membrane equals the surface of the viral envelope.

E. Sutter et al. / Virology 429 (2012) 124–135 131
pathway for virions to be released from the PNS is by intraluminal
transportation via adjacent RER cisternae directly into the Golgi
complex for packaging into transport vacuoles. In this case, large
amounts of membranes are needed for capsid envelopment at the
nuclear level.

Incorporation of [3H]-choline detected in the nuclear fraction
clearly indicates that phospholipids are supplied by de novo synth-
esis induced by HSV-1. Newly synthesized phospholipids are prob-
ably required early in infection for maintaining membrane integrity
of nuclei that expand during HSV-1 infection as also shown for
HEp-2 (Simpson-Holley, 2005) as well as for maintaining plasma
membrane integrity of expanding cells. Later in infection, it is
considered very likely that de novo synthesized phospholipids are
predominantly required for capsid envelopment because of the
following reasons: i) on average, 1.83 capsids/mm2 bud at the INM
12 hpi with HSV-1 (Wild et al., 2009) giving a total of �915 capsids
per mean nuclear surface of 500 mm2. The surface area of the
envelope of a HSV-1 virion with a diameter of 200 nm (Grunewald
et al., 2003) is 0.125 mm2, consequently that of 915 capsids 115 mm2.
This is 23% of the entire nuclear surface at 12 hpi. ii) HSV-1 virions
accumulate in the PNS (Fig. 5) as repeatedly shown in HSV-1
infected cells (Campadelli-Fiume et al., 1991; Darlington and Moss,
1968; Stannard et al., 1996; Torrisi et al., 1992). Virion accumulation
in the PNS is enhanced late in infection (Leuzinger et al., 2005) or
after BFA treatment (Whealy et al., 1991). In cells infected with HSV-
1 mutants lacking glycoprotein B (Farnsworth et al., 2007) or US3
(Poon et al., 2006; Reynolds et al., 2002; Wisner et al., 2009) huge
numbers of virions accumulate in the PNS. All these virions
originated by budding through the INM. iii) HSV-1 virions have
access to RER cisternae (Fig. 5) as has been shown by many authors
(Farnsworth et al., 2007; Gilbert et al., 1994; Granzow et al., 1997;
Nii et al., 1968; Radsak et al., 1996; Schwartz and Roizman, 1969;
Stannard et al., 1996). The presence of virions within RER cisternae
indicates intraluminal virion transportation from the PNS into
adjacent RER cisternae (Nii et al., 1968; Schwartz and Roizman,
1969). If these virions are indeed intraluminally transported, the
envelope originated from the INM is not inserted into the ONM. iv)
[3H]-choline was detected in intracellular virions after BFA treat-
ment which results in Golgi disassembly within minutes (Hess et al.,
2000) and in accumulation of virions in the PNS and RER. Fig. 3
shows at least 32 virions within RER cisternae proving that virions
can be intraluminally transported and that their envelopes are
definitely not inserted into the ONM.

De-envelopment by fusion of all the viral envelopes with the
ONM would result in substantial enlargement of the ONM as
outlined above. Besides a few duplications, there were no indica-
tions for nuclear membrane enlargement besides that related to
nuclear expansion. The ONM is part of the RER. Membrane
constituents may be shifted towards the RER. The RER was only
temporarily enlarged early in infection suggesting that it was not
related to budding of capsid at the INM followed by de-envelop-
ment. RER enlargement rather reflects enhanced synthesis of
phosphatidylcholine (van Meer et al., 2008). If de-envelopment
really takes place membrane constituents may recycle back to the
INM and can be reused for envelopment. In this case, no newly
synthesized phospholipids are required. [3H]-choline incorpora-
tion peaking at 12 hpi does not support this idea.

Virions located in the PNS have the ability for intraluminal
transportation into RER, which was demonstrated to continue into
Golgi complex (Leuzinger et al., 2005; Wild et al., 2002). These
virions can then be transported directly into Golgi cisternae for
packaging into transport vacuoles following the well known
secretory pathway (Palade, 1975). In this case, the INM would be
the final envelope of some of the progeny virus implying that
phospholipid composition of the viral envelope would be identical
to that of the INM. Lipid analyses of the HSV-1 envelope revealed
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that its phospholipid composition was more similar – but by no
means identical – to the phospholipid composition of Golgi
membranes than to that of nuclear membranes (van Genderen
et al., 1995). This led to the suggestion that phospholipid composi-
tion of cell membranes involved in envelope formation might alter
during infection (van Genderen et al., 1995). If the viral envelope
indeed derives from both nuclear and Golgi membranes as sug-
gested (Leuzinger et al., 2005) its lipid composition will be a
combination of the phospholipids of these two membrane com-
partments. Interestingly, phospholipids composition of pseudo
rabies virus envelope was shown to resemble more that of the
inner nuclear membrane (Ben-Porat and Kaplan, 1971).

[3H]-choline was also incorporated into membranes of the
cytoplasmic fraction. It can be deduced from the morphometric
data that newly synthesized phospholipids were used for enlarge-
ment of the RER early in infection, to maintain plasma membrane
integrity during cell expansion, and to provide membranes for
envelopment at the Golgi level. Capsids bud at the trans Golgi
network (Mettenleiter, 2004; Mettenleiter et al., 2006) or into
Golgi cisternae or Golgi derived vacuoles (Homman-Loudiyi et al.,
2003; Leuzinger et al., 2005). After BFA treatment, envelopment at
the Golgi level ceases. The radioactivity detected on isolated
intracellular virions after BFA treatment was �40% lower than
that detected on virions isolated from untreated cells. This suggests
that in untreated cells �60% of the signals may have derived from
viral envelopes acquired by budding at nuclear membranes, and
�40% by budding at Golgi membranes. The radioactivity detected
in samples supposed to contain extracellular virions is assumed to
be related to virions released after cell lysis.

Our data indicate that newly synthesized phospholipids are
used for envelopment at both the nuclear and Golgi level, which is
in line with data obtained from [3H]-choline labeling of pseudo
rabies virus infected rabbit kidney cells (Ben-Porat and Kaplan,
1971; Ben-Porat and Kaplan, 1972). Choline is esterified to
diacylglycerol forming phosphatidylcholine, and to ceramide
forming sphingomyelin. Phosphatidylcholine is the most abun-
dant phospholipid in eukaryotic cell membranes comprising
40–50% of the phospholipid mass. It contributes �58% of the
phospholipids in nuclear and RER membranes, and �55% to Golgi
membranes (Henneberry et al., 2002). Sphingomyelin is present
on Golgi membranes contributing �15% of the phospholipids
(van Meer et al., 2008). Therefore, [3H]-choline is an excellent
compound for studying phospholipid metabolism. In contrast to
[3H]-choline, incorporation of [32P]-phosphate, [3H]-ethanola-
mine and [14C]-ethanolamine was unaltered or even decreased
in HSV-2 infected cells (Daniel et al., 1981).

In conclusion, this study, combining for the first time labeling
of phospholipid precursors and morphometric analysis of orga-
nelles involved in envelopment, revealed clear evidence that
HSV-1 induces de novo synthesis of phospholipids, which are
required for maintenance of membrane integrity of expanding
nuclei early in infection, for formation of viral envelops by
budding at the INM and at Golgi membranes, and for formation
of vacuoles for transportation of virions towards the cell periph-
ery. The data favor the theory of intraluminal virion transporta-
tion out of the PNS resulting in loss of nuclear membranes
produced on a large scale to enable budding of capsids at the INM.
Materials and methods

Cells and viruses

Vero cells (European Collection of Cell Cultures) were grown in
Dulbecco’s modified minimal essential medium (DMEM; Gibco,
Bethesda, MD) supplemented with penicillin (100 U/ml), streptomycin
(100 mg/ml) and 10% fetal calf serum (FCS; Gibco). Wild-type HSV-1
strain F was propagated in Vero cells.

Infection of cells

Cells were infected with HSV-1 at a multiplicity of infection
(MOI) of 5 plaque forming units (PFU) per cell in DMEM without FCS
and kept at 37 1C for 1 h to allow adsorption prior to incubation at
37 1C in DMEM supplemented with 2% FCS or without FCS.

[33H]-choline incorporation

Cells were grown in 75 cm2 tissue culture flasks for 48 h prior
to inoculation with HSV-1 in low choline content (1 mg/l)
Eagle’s minimal essential medium (EMEM; Bioconcept, Allschwil,
Switzerland). For assessment of [3H]-choline incorporation into
cytoplasmic and nuclear membranes, medium was replaced by
4 ml medium containing 1 mCi/ml [3H]-choline (PerkinElmers,
Waltham, MA, USA) 4 h prior to harvesting. Cells were harvested
using trypsin at 9, 12 or 16 hpi for lipid extraction from both the
nuclear and cytoplasmic fraction to determine [3H]-choline con-
centration by scintillation counting. 25 ml aliquots were removed
to determine the actual cell number for normalization of counts.

For measurement of [3H]-choline incorporation into viral envel-
opes, cells were grown in 75 cm2 tissue culture flasks for 48 h prior
to inoculation with HSV-1 (MOI 5) in low choline content medium.
Cells were exposed to 1 mCi/ml [3H]-choline (4 ml medium) from
10 to 14 hpi. Brefeldin A (BFA, 1 mg/ml medium) was added to the
medium 15 min prior to [3H]-choline exposure. At 24 hpi, extra-
cellular virus was harvested from the medium, and cell associated
virus was isolated after two sequences of freezing (�80 1C) and
thawing of the cell cultures. Virus was purified by centrifugation
through 25% sucrose in Hanks balanced salt solution (HBSS; Gibco)
at 52,000 g for 2 h at 4 1C. Pellets were re-suspended in 300 ml H2O.
Lipids were extracted as described below.

For determination of the actual number, virions were adsorbed for
10 min onto carbon coated parlodion films mounted on 300 mesh/
inch copper grids by placing them on 10 ml droplets of viral suspen-
sion, briefly washed and stained with Na-phosphotungstic acid,
pH 7.0, for 1 min as described (Wild, 2008). Virions were counted
on 5 different fields under a TEM (CM12; Philips, Eindhoven, The
Netherlands) and calculated per 300 ml viral suspension.

Separation of nuclear and cytoplasmic fraction

Cells grown in 75 cm2 tissue culture flasks were detached using
trypsin and collected in 10 ml medium. Nuclei were isolated in ice-
cold solutions using digitonin to enhance fractionation according
to Bronfman (Bronfman et al., 1998). Cells were centrifuged at 200g

for 10 min, resuspended in 1.5 ml PBS, transferred to Eppendorf
tubes, and centrifuged in a mini spin Eppendorf centrifuge oper-
ated at maximal speed (10,000g) for 30 s. The pellet was resus-
pended in 600 ml buffer A (0.25 M sucrose and 3 mM imidazole, pH
7.4) containing 1 mg/ml digitonin, and immediately centrifuged at
maximal speed for 30 s. The pellet was again resuspended in 600 ml
buffer A and transferred to a Dounce homogenizer. After 6 passes,
the suspension was transferred into Eppendorf tubes and centri-
fuged at maximal speed for 30 s. The supernatant containing the
cytoplasmic fraction was used for lipid extraction. The pellet
containing the nuclear fraction was resuspended in 600 ml H2O
for lipid extraction.

To assess the presence of nuclear membranes and the quality of
the isolation procedure, the nuclear fraction was controlled by
electron microscopy (Fig. 1A) employing a conventional fixation
protocol including fixation with 2.5% glutaraldehyde in 0.1 M NaK
phosphate, pH 7.4, at 4 1C for 1 h, postfixation with 1% osmium
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tetroxide in 0.1 M Na/K-phosphate, pH 7.4, at 4 1C, dehydration in a
graded series of ethanol followed by 2 changes in acetone, and
embedded in Epon followed by polymerization at 60 1C for
2.5 days. Sections of 50–60 nm thickness were stained with uranyl
acetate and lead citrate, and analyzed in a TEM (Philips CM12)
equipped with a slow-scan CCD camera (Gatan, Pleasanton, CA,
USA) at an acceleration voltage of 100 kV. To control the cytoplas-
mic fraction and the purified virus, aliquots were used for negative
staining with Na-phosphotungstic acid, pH 7.0, as described above,
and examined in a Philips CM12 electron microscope.

Lipid extraction for determination of radioactivity

Lipids were extracted at room temperature according to the
procedure described by Bligh and Dyer (Bligh, 1959). 500 ml
chloroform and 1 ml methanol were added to 300 ml of suspen-
sions (nuclear fraction, cytoplasmic fraction or virus) in glass
tubes, vortexed 4 times within 10 min, and kept at room tem-
perature for at least 30 min. After adding 500 ml chloroform and
vortexing for 1 min, 500 ml of distilled water was added, the
sample vortexed again for 1 min, and then centrifuged at 800g for
10 min to separate the lipid containing solvent phase from the
aqueous phase. The solvent phase was collected in Eppendorf
tubes that were placed on a warm plate (40 1C) in a safety hood
for evaporation. Lipids were dissolved in 50 ml chloroform/metha-
nol (4:1) immediately prior to using 5 ml aliquots for scintillation
counting (LS 6500, Beckman Coulter Fullerton, CA, USA) according
to the recommendation of the manufacturer.

Cryo-fixation for transmission electron microscopy

Cells grown on sapphire disks placed in 6-well-plates were
frozen in a high-pressure freezing unit (HPM010; BAL-TEC,
Balzers, Liechtenstein) as described in detail (Wild et al., 2001).
The samples were then transferred to a freeze-substitution unit
(FS 7500; Boeckeler Instruments, Tucson, Arizona) precooled to
�88 1C for substitution with acetone and subsequent fixation
with 0.25% glutaraldehyde and 0.5% osmium tetroxide rising the
temperatures gradually to þ2 1C to achieve good contrast of
membranes. Cells were then embedded in Epon at 4 1C followed
by polymerization at 60 1C for 2.5 days. Sections of 50–60 nm
thickness were stained with uranyl acetate and lead citrate, and
analyzed by TEM at an acceleration voltage of 100 kV.

Field emission scanning electron microscopy (FESEM)

Cells were grown for 2 days on cover slips of 10 mm in
diameter (Mattek, Ashland, MA, USA) placed in 6-well-plates
prior to inoculation. At 9, 12 or 16 hpi, 2.5% glutaraldehyde in
0.1 M Na/K-phosphate, pH 7.4, was added to the warm medium.
Then dishes were kept at 4 1C for 1 h, medium replaced by 0.1 M
Na/K-phosphate, and stored at 4 1C over night. Cells were post
fixed with 1% osmium tetroxide in 0.1 M Na/K-Phosphate, pH 7.4,
at 4 1C, critical point dried (BAL-TEC, CPD 030, Balzers, Liechten-
stein), coated with 5 nm gold in a high vacuum sputtering device,
(BAL-TEC SCD500), and examined in a FESEM (Supra 50 VP, Zeiss,
Oberkochen, Germany) at an acceleration voltage of 3 kV using
the inlens secondary electron detector.

Cryo-field emission scanning electron microscopy (Cryo-FESEM)

HSV-1 infected and mock infected cells grown in cell culture
flasks were trypsinized and centrifuged at 150g for 8 min and
prepared for examination in the frozen hydrated state as
described (Wild et al., 2009). In brief, pellets were resuspended
in fresh medium, fixed with 0.25% glutaraldehyde medium for
30 min at room temperature, and subsequently frozen – between
two flat aluminum specimen carriers (scraped surfaces) with a
TEM grid (12 mm) as a spacer – in a high-pressure freezing
machine HPM010 (BAL-TEC). The frozen specimens were frac-
tured in a freeze-fracturing device BAF 060 (BAL-TEC) at �120 1C
and about 10�7 mbar, and, after partial freeze-drying (‘‘etching’’)
at �105 1C for 2 min, coated with platinum/carbon by electron
beam evaporation. Then, specimen were transferred under high
vacuum onto the cryo-stage in the SEM (LEO Gemini 1530, Zeiss,
Oberkochen, Germany) for imaging at –115 1C and 5�10�7 mbar
at an acceleration voltage of 5 kV using the inlens secondary
electron detector.
Confocal microscopy

Cells were grown for 2 days on cover slips of 12 mm in
diameter (Assistent, Sondheim, Germany). Then cells were
infected with HSV-1 at a MOI of 5 and incubated at 37 1C for 9,
12 or 16 h. After fixation with 2% formaldehyde for 25 min at
room temperature, the cells were permeabilized with 0.1% Triton-
X-100 at room temperature for 7 min and blocked with 3% bovine
serum albumin in phosphate-buffered saline (PBS) containing
0.05% Tween (PBST). To ascertain infectivity, cells were labeled
with antibodies against the tegument protein VP16 (gift from B.
Roizman, Chicago; USA) at a dilution of 1:1000 in PBST followed
by a secondary anti-rabbit antibody (Alexa594; Invitrogen, Basel,
Switzerland) at a dilution of 1:500 in PBST. After staining nuclei
with DAPI, cells were embedded in glycergel containing 1,4-
diazabicyclo[2.2.2]octane (DakoCytomation, Glostrup, Denmark)
and analyzed using a confocal laser scanning microscope (SP2,
Leica, Wetzlar, Germany).
Morphometric analysis

Nuclei of Vero cells are triaxial ellipsoids. Therefore, the
absolute mean nuclear volume (Vn) and the absolute mean
nuclear surface area (Sn) were calculated on the basis of the half
axes (a, b, c) measured in 25 DAPI stained nuclei after deconvolu-
tion of confocal images according to the equations
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On the basis of the absolute mean nuclear volume, the
absolute mean cell volume can be evaluated by electron micro-
scopic morphometric analysis of thin sections. For this, 20 images
were sampled at random per experiment on cryo-fixed cells of
5 independent experiments at a final magnification of 6300�.
From these images nuclear density (Vvn) and cytoplasmic density
(Vvcy) were estimated applying the point counting method
(Weibel, 1979) according to the equations Vvn¼Pn/(PnþPcy) and
Vvcy¼Pcy/(PnþPcy), whereby Pn are points hitting the nucleus, and
Pcy are points hitting the cytoplasm. On the basis of the absolute
nuclear volume obtained from confocal images, the absolute
mean cell volume (Vc) was calculated as Vc¼Vn/Vvn. The volume
of discoid-like structures can easily be overestimated by point
counting on thin sections. In order to get an idea of the cell
volume to be expected, the mean area (Fc) occupied by cells
grown on cover slips was measured on FESEM images using the
Analysis Five software (Olympus, Hamburg, Germany). Assuming
cells are cone-shaped with a central height (h) of 10 mm the mean
volume was calculated taking the measured area Fc as base of the
cones according to the equation Vc¼Fc�h/3.
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Knowing the absolute cell volume, the surface area of cell
organelles can be calculated and expressed in absolute values per
mean cell volume. To determine the surface area of membrane
compartments including INM, ONM, RER, Golgi complex and
vacuoles containing virions, images of cryo-fixed cells were col-
lected at random by TEM at a final magnification of 57,300� from
cells of 5 independent experiments. On these images the length of
membranes was measured applying the point counting method
using a multi purpose test system with 180 test points P and a test
line length d corresponding to 182 nm at this given magnification.
From these data, the surface density of the INM (Svi) and ONM
(Svo) was calculated using the equations Svi,o¼4Ii,o/dPn, whereby
Ii,o are the number of intersections of the test lines d with the INM
and ONM, respectively, and Pn the number of point hitting the
nucleus. Then the absolute area of the nuclear membrane folds was
calculated per mean nuclear volume: Si¼Svi�Vn and So,¼Svo�Vn.
Similarly, the length of cytoplasmic membranes was measured,
and the surface density of the RER (Svr) Golgi complex (Svg) and
vacuoles containing virions (Svv) was estimated according the
equation Svr,g,v¼ Ir,g,v/dPcy, whereby Ir,g,v are intersections of the
test lines with RER, Golgi or vacuolar membranes, and Pcy are
points hitting the cytoplasm. The mean surface area of RER (Sr) of
Golgi complex (Sg) and of vacuoles (Sv) was calculated per mean
cell volume: Sr,g,v¼Svr,g,v�Vvcy�Vc.
Phenotype distribution

The presence of virus particles in thin sections for TEM is very
irregular depending on the onset of infection and the section
plane. To estimate distribution of virus particles, 25 cell profiles
were selected at random at each time point, virus particles
counted and expressed as mean number per cell profile.
Endocytosis assay

Fluid-phase endocytosis was measured according to (Steinman
et al., 1974). Cells were grown in 6-well-plates for 48 h prior to
inoculation. After 5, 9, 12 and 16 h medium was replaced by
DMEM containing 1 mg/ml horse radish peroxidase (HRP; Sigma-
Aldrich, Buchs, Switzerland) and cells were incubated at 37 1C for
30 min. Cells were then washed 5 times for 4 min with DMEM,
incubated in DMEM supplemented with 5% FCS at 37 1C for
30 min and rinsed twice in PBS. One ml of 0.05% Triton X-100
was added and cells were kept on ice for 10 min. Cells were
scraped and homogenized by repetitive pipetting (20 times). HRP
enzymatic activity was assayed at 460 nm after 15 min of reaction
time using 0.342 mM O-dianisidine dihydrochloride (Acros
Organics, Geel, Belgium) and 0.003% H2O2 in 0.5 M Na-phosphate,
pH 5.0, containing 0.3% Triton X-100 as substrate. Data were
normalized to the actual cell number.
Determination of mitotic activity

Cells were seeded on glass cover slips (Assistent) placed in
6-well-plates at a density of 5�105 cells per well. After 48 h the
cells were infected with HSV-1 at MOI of 5 or mock-infected. After
0, 3, 6, 9 or 12 h of incubation cells were washed briefly with PBS,
fixed with 2% formaldehyde for 30 min at room temperature, and
washed briefly with PBS. Nuclei were stained with 40,6-diami-
dino-2-phenylindole (DAPI). Cells were embedded in fluorescence
mounting medium (DakoCytomation, Glostrup, Denmark) on
glass slides. Nuclei were counted under a fluorescence micro-
scope, and the percentage of cells in anaphase and metaphase was
determined.
Statistical analysis

Mean and standard deviation of [3H]-choline uptake, morpho-
metric data and endocytosis assays were calculated and com-
pared by a multiple t test using the software GraphPad Prism 3.
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for antibodies, Elisabeth Högger-Manser and Mirela Vitanescu for
technical advice and support. The study was supported by the
Foundation for Scientific Research at the University of Zürich.
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