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To analyze the assembly of herpes simplex virus type 1 (HSV1) by triple-label fluorescence microscopy, we
generated a bacterial artificial chromosome (BAC) and inserted eukaryotic Cre recombinase, as well as
B-galactosidase expression cassettes. When the BAC pHSV1(17*+)blueLox was transfected back into eukaryotic
cells, the Cre recombinase excised the BAC sequences, which had been flanked with loxP sites, from the viral
genome, leading to HSV1(17%)blueLox. We then tagged the capsid protein VP26 and the envelope protein
glycoprotein D (gD) with fluorescent protein domains to obtain HSV1(17*)blueLox-GFPVP26-gDRFP and
-RFPVP26-gDGFP. All HSV1 BACs had variations in the a-sequences and lost the orilL but were fully
infectious. The tagged proteins behaved as their corresponding wild type, and were incorporated into virions.
Fluorescent gD first accumulated in cytoplasmic membranes but was later also detected in the endoplasmic
reticulum and the plasma membrane. Initially, cytoplasmic capsids did not colocalize with viral glycoproteins,
indicating that they were naked, cytosolic capsids. As the infection progressed, they were enveloped and
colocalized with the viral membrane proteins. We then analyzed the subcellular distribution of capsids,
envelope proteins, and nuclear pores during a synchronous infection. Although the nuclear pore network had
changed in ca. 20% of the cells, an HSV1-induced reorganization of the nuclear pore architecture was not
required for efficient nuclear egress of capsids. Our data are consistent with an HSV1 assembly model involving
primary envelopment of nuclear capsids at the inner nuclear membrane and primary fusion to transfer capsids

into the cytosol, followed by their secondary envelopment on cytoplasmic membranes.

Herpes simplex virus type 1 (HSV1) causes severe human
diseases such as herpes encephalitis or herpes keratoconjunc-
tivitis (18). Its double-stranded DNA genome of 152 kb that
codes for more than 80 open reading frames is enclosed in an
icosahedral capsid with a diameter of 125 nm. HSV1 is a
spherical, enveloped virus with a diameter of about 250 nm.
Between the capsid and the viral membrane, there is an amor-
phous, asymmetric layer, the tegument, which consists of about
20 different proteins (45, 74). HSV1 enters cells by fusion at
the plasma membrane or after endocytosis by fusion with an
endosomal membrane (19, 42, 66, 67, 82). After dynein-medi-
ated transport along microtubules (32, 56, 59, 81), capsids
reach the nuclear pore where the viral genome is released into
the nucleoplasm (68) for viral transcription and DNA replica-
tion (74). Progeny viral genomes are packaged into preas-
sembled nuclear capsids, which translocate to the inner nuclear
membrane. The subsequent steps of herpesvirus morphogen-
esis are controversial (12, 13, 65).

HSV1 capsids can leave the nucleus by primary envelopment at
the inner nuclear membrane (6, 64). According to the luminal or
single-envelopment hypothesis, these enveloped virions present in
the lumen of the nuclear envelope or the endoplasmic reticulum
are further transported within the secretory pathway, and ulti-
mately leave the infected cell upon fusion of a virion-containing
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vesicle or vacuole with the plasma membrane (12, 37, 55). Alter-
natively, according to the deenvelopment-reenvelopment hypoth-
esis, the luminal virions shed their primary envelope by fusion
with the outer nuclear membrane or membranes of the endoplas-
mic reticulum which is continuous with the nuclear envelope,
resulting in cytosolic capsids (12, 37, 64). A third recent hypoth-
esis suggested that nuclear capsids may also directly access the
cytosol through dilated nuclear pores whose central channels with
a regular width of about 50 nm may be widened sufficiently for
direct egress of nuclear capsids (55, 94). Whatever their origin
during egress, the cytosolic capsids can then be transported to the
organelle of secondary envelopment, e.g., the trans-Golgi net-
work (39, 89) or multivesicular bodies (11, 22). The resulting
vesicle containing one or several virions then fuses with the
plasma membrane, and releases virions into the extracellular me-
dium (reviewed in references 12, 37, and 64).

To study the dynamics of entry, assembly or egress, viral
particles can be labeled with fluorescent dyes or proteins to
circumvent the limitations of immunolabeling. Since the direct
attachment of fluorescence labels may alter the viral life cycle
or the growth kinetics, electron as well as immunofluorescence
microscopy are used to identify any potential differences be-
tween the wild type and the tagged strains (reviewed in refer-
ences 31 and 78). There are several HSV1 strains in which
fluorescent protein domains have been attached to structural
proteins. In HSV1(KOS)-GFPVP26, the small capsid protein
VP26 has been N-terminally labeled with green fluorescent
protein (GFP) (29). The addition of GFP to VP26 interferes
neither with cell entry and dynein-mediated microtubule trans-
port to the nucleus (30) nor with dynein and dynactin binding
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TABLE 1. HSV1 strains used in this study

Strain

HSV1(F)

HSV1(KOS)

HSV1(KOS)-tk12

HSV1(KOS)-AVP26
HSV1(KOS)-GFPVP26

HSV1(17*)

HSV1(17")blue

HSV1(17*)blueLox
HSV1(17*)blueLox-AVP26
HSV1(17")blueLox-GFPVP26
HSV1(17")blueLox-RFPVP26
HSV1(17*)blueLox-gDGFP
HSV1(17*)blueLox-GFPVP26-gDRFP
HSV1(17")blueLox-RFPVP26-gDGFP

Genotype Source or reference
Wild type ATCC VR-733
Wild type P. Spear, Northwestern University, Chicago, IL
AUL23, lacZ 92
AVP26, lacZ 28
GFPVP26 29
Wild type J. Subak-Sharpe, MRC, Glasgow, United Kingdom
AUL23, lacZ oriL.—, BAC genes This study
AUL23, lacZ oril.~ This study
AUL23, lacZ oriL. ™, AVP26, rpsLneo This study
AUL23, lacZ oriL~, GFPVP26 This study
AUL23, lacZ oriL.~, RFPVP26 This study
AUL23, lacZ oriL~, gDGFP This study
AUL23, lacZ oriL.~, GFPVP26, gDRFP This study
AUL23, lacZ oriL~, RFPVP26, gDGFP This study

to isolated capsids or capsid transport along microtubules in
vitro (96). The addition of GFP to the envelope glycoprotein
gB of HSV1 reduces plaque sizes by three- to fivefold and virus
titers by 100-fold (70), whereas the addition of GFP or yellow
fluorescent protein (YFP) to glycoprotein D (gD) seems to be
better tolerated (66, 80).

One method to generate herpesvirus mutants relies on bac-
terial artificial chromosomes (BACs) as vectors to manipulate
entire viral genomes in Escherichia coli (1). After bacterial
mutagenesis in E. coli, such BAC-cloned viral genomes are
transfected into eukaryotic cells, and the mutated viruses are
recovered. Since the first cloning of a herpesvirus as a BAC
(63), this technology has been used successfully to generate an
ever growing number of viral mutants. The faithful construc-
tion and examination of viral mutants is facilitated, if the exact
sequence of the targeted genome is known, as is the case for
HSV1 strain 17, which has been completely sequenced (60—
62, 69) (GenBank accession no. NC_001806).

Here we describe a new BAC of HSV1(17"), in which the
BAC sequences and a eukaryotic Cre recombinase expression
cassette were flanked by loxP sites. We labeled the capsid
protein VP26 and the envelope protein gD with fluorescent
proteins to generate single-color and dual-color fluorescence
viruses (cf. Table 1). Using these, we studied the subcellular
itinerary of capsids and viral envelope proteins during the viral
life cycle. Capsid egress from the nucleus commenced around
6 h postinfection (p.i.). The fluorescent viral capsids were fol-
lowed through the cytosol to cytoplasmic membranes labeled
by the fluorescent envelope protein, and dual-color fluores-
cence particles were secreted into the medium. Thus, the fluo-
rescently labeled structural proteins faithfully reflected the in-
tracellular trafficking of the wild-type HSV1 structural proteins
during assembly and egress. Although some cells showed a
dramatic reorganization of the nuclear pore network, changes
in the nuclear pore architecture did not correlate with efficient
nuclear capsid egress. Our data are most consistent with an
HSV1 assembly model involving primary envelopment of nu-
clear capsids at the inner nuclear membrane and fusion at the
outer nuclear membrane to transfer capsids into the cytosol,
followed by secondary envelopment of cytosolic capsids on
cytoplasmic membranes.

MATERIALS AND METHODS

Cells, viruses, and antibodies. BHK-21 (ATCC CCL-10) and Vero (ATCC
CCL-81) cells were grown in minimal essential medium with fetal calf serum, and
HSV1 was propagated in BHK-21 cells and purified as described previously (30,
81). John Subak-Sharpe provided HSV1(17"), Pat Spear provided the
HSVI(KOS) and HSV1(KOS)tk12 (92), Prashant Desai provided the
HSV1(KOS)-AVP26 (HSV1-KA26Z [28]) and HSV1(KOS)-GFPVP26 (HSV1-
K26GFP [29]), and the HSV1(F) was purchased from ATCC (VR-733; cf. Table
1). For single-step growth kinetics, BHK-21 cells were infected with a multiplicity
of infection (MOI) of 5 PFU/cell for 48 h, and the resulting culture supernatants,
as well as all virus preparations, were titrated on Vero cells (32). We used the
rabbit polyclonal antibodies (PAb) a-NC1 directed against VP5 (21), a-VP26
against VP26 (28), R69 against gB (35), or R45 against gD (20), as well as the
mouse monoclonal antibodies (MAb) 5C10 against VP5 (88), DL6 against gD
(34), 7520 against gE (4), and LP11 against gH (9). Nuclear pore complexes were
labeled with MAb 414 (Babco, Richmond, CA) (25).

Cloning of HSV1 as a BAC. To insert the BAC sequences together with a
B-galactosidase expression cassette and a single /oxP site into the UL23 locus of
HSV1, the recombination plasmid pblueLox-HomTK was constructed. The kana-
mycin resistance gene from pEYFP-ER (Clontech, San Jose, CA) was amplified
with primers Kan-fwd and Kan-rev (cf. Table 2; all primers were purchased from
MWG Biotech, Ebersberg, Germany), treated with NotI and Xbal, and cloned
into pUCI8ANdellinker (84), resulting in pUC18ANdellinker-Kan. DNA se-
quences homologous to 2 kb of UL23 and its flanking regions were amplified
from HSV1(17") DNA isolated from viral capsids (57). The 3’ sequence (nu-
cleotides [nt] 44591 to 46840) was amplified with 3'tk-fwd and 3'tk-rev, digested
with Xbal and Nhel, and ligated into pUC18ANdelinker-Kan cut with Xbal and
Ndel. The 5’ sequence (nt 47561 to 49773) was amplified with 5'tk-fwd and
5'tk-rev, digested with Bsp120I and Ndel, and ligated into the NotI- and Ndel-
cut product of the previous cloning step, resulting in pHomTK. The homology
cassette was released from pHomTK with Sall and cloned into the Sall site of
pblueLox (79), yielding the recombination plasmid pblueLox-HomTK.

To insert BAC sequences into HSV1(17"), 0.3 pg of virus DNA and 5 pg of
Pacl-linearized pblueLox-HomTK were cotransfected into 10° Vero cells (MBS
mammalian transfection kit; Stratagene, La Jolla, CA). After complete cyto-
pathic effects had developed, cells and supernatant were harvested. Recombinant
viruses were plaque purified three times. BHK-21 were inoculated with the
recombinant virus HSV1(17")blue at an MOI of 10 PFU/cell. Hirt extracts (48)
were prepared at 2 h p.i. and used to transform E. coli DH10B (44) under
chloramphenicol selection. Three clones of pHSV1(17")blue were analyzed by
restriction analysis. To introduce further mutations into the BACs, the Red
recombination enzymes (98) were either induced from plasmid pKD46 (24) in E.
coli DH10B harboring BACs or by heat shock in E. coli DY380, which has the red
genes inserted into the bacterial genome (54).

Insertion of a Cre recombinase gene. Two complementary oligonucleotides
containing a loxP site flanked by Nhel, Pacl, Xbal, and NotI restriction sites
(loxP-sense and loxP-antisense) were annealed and ligated into pUC18 digested
with BamHI and HindIII, resulting in pUCI8LoxP. A eukaryotic expression
cassette for Cre recombinase with an intron was excised from pCreln (79) with
Pacl and cloned into the Pacl site of pUCI8LoxP to yield pUCISLC. The
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TABLE 2. Oligonucleotides used in this study

Oligonucleotide Sequence (5'-3")
Kan-fwd ...l TAT AGC GGC CGC TAC AGG GCG CGT CAG GTG GC
Kan-rev.......cccoeeiiiiinnns AGC ATC TAG ATT AAT TAA GTG ATG GCA GGT TGG GCG TCG CTT G

..GGT GGC TTG AGC CAG CGC GTC CAG

CTA GCT AGC GTC GAC ATG CAT GTC TTT ATC CTG GAT TAC GAC CAA TCG CC

S'KAWA e AAA CAT ATG TCG ACG TAG ACG ATA TCG TCG CGC GAA CCC AGG
..AAG GGC CCT TAA TTA ACG TGG TGC ATC AGC GTG GCG ATC ACG ATG TGC
loxP-sense.......cccoovvevriincnnnnnns AGC TGC GGC CGC ATA ACT TCG TAT AAT GTA TGC TAT ACG AAG TTA TTT AAT TAA TCT AGA
GGG GCT AGC G
loxP-antisense ...........ccocueuuee AAT TCG CTA GCC CCT CTA GAT TAA TTA AAT AAC TTC GTA TAG CAT ACA TTA TAC GAA GTT
ATG CGG CCG C
Tet-fwd oo NNN NGC TAG CTG ATG TGC TTA AAA ACT TAC TCA
..NNN NGC TAG CTG ATT CCC TTT GTC AAC AGC AAT
5'BAC-5€nSE ....ovurvviinninns GGC CGC TCG ACA GCG ACA CAC TTG CAT CGG ATG CAG CCC GGT TAA CGT GCC GGC ACT A
5'BAC-antisense................... GGC CTA GTG CCG GCA CGT TAA CCG GGC TGC ATC CGA TGC AAG TGT GTC GCT GTC GAG C
3'BAC-sense ..CTA GAG GCC TGG GTA ACC AGG TAT TTT GTC CAC ATA ACC GTG CGC AAA ATG TTG TG
3'BAC-antisense................... CTA GCA CAA CAT TTT GCG CAC GGT TAT GTG GAC AAA ATA CCT GGT TAC CCA GGC CT
VP26rpsLneo-fwd................. CGA CAC CCC CAT ATC GCT TCC CGA CCT CCG GTC CCG ATG GCC GTC CCG CAG GCC TGG

TGA TGA TGG CGG GAT C

VP26rpsLneo-rev ................. CGC GCA TGC CAA GCG CCC GGA CGC TAT CGG TGG TAA CGG TGC TGG GGC GGT CAG AAG

AAC TCG TCA AGA AGG
VP26Hom-fwd..........cccceuuue ATG CCC GGC CGA TGA TGG
VP26Hom-rev.... ..CGC CGT GCT GAC CAG CCT AC

gDGFP-fwd.......coovviind CCC ACA TCC GGG AAG ACG ACC AGC CGT CCT CGC ACC AGC CCT TGT TTT ACG TGA GCA

AGG GCG AGG AG

gDGEFP-1ev....cciiiiiins CCC AAC CCC GCA GAC CTG ACC CCC CCG CAC CCA TTA AGG GGG GGT ATC TAC TTG TAC

AGC TCG TCC ATG

gDRFP-fwd ... CCC ACA TCC GGG AAG ACG ACC AGC CGT CCT CGC ACC AGC CCT TGT TTT ACG CCT CCT

CCG AGG ACG TCA TC

CCG GTG GAG TG

CCC AAC CCC GCA GAC CTG ACC CCC CCG CAC CCA TTA AGG GGG GGT ATC TAC AAG GCG

CGT AGT CGA GCT AGT CGA TCG TAC GAT ACG TCA G

tetracycline resistance cassette from pCP16 (16) was amplified with Tet-fwd and
Tet-rev, cut with Nhel, and cloned into the Xbal site of pUC18LoxP to construct
pUCISLCT. 50-bp double-stranded DNA oligonucleotides homologous to se-
quences upstream of the BAC cassette were obtained by annealing complemen-
tary oligonucleotides (5'BAC-sense/5'BAC-antisense and 3'BAC-sense/3'BAC-
antisense). These were ligated into the Nhel and Notl sites of pUCIS8LCT,
respectively, leading to pUCIS8LCTH. The complete 5.4-kb cassette was excised
with Nhel and Notl and inserted into the BAC pHSV1(17")blue, resulting in
pHSV1(17")blueLox.

Reconstitution of HSV1(177) strains from BACs. For transfection, BAC-DNA
was prepared from 500-ml overnight E. coli cultures using the NucleoBond BAC
100 kit (Macherey & Nagel, Diiren, Germany). A total of 5 X 10° Vero cells were
grown overnight, transfected with 2 pg of BAC-DNA (MBS mammalian trans-
fection kit), and cultured for several days until cytopathic effects developed.

Fluorescence tagging of the HSV1 proteins VP26 and gD. VP26 was N termi-
nally tagged with GFP by using pK26GFP (29). Sequencing of pK26GFP and of
the DNA of HSV1(KOS)-GFPVP26 (29) revealed that in addition to the first
four original codons of VP26, 50 bases in the noncoding region upstream of the
VP26 open reading frame (ORF) were missing. The deleted region began 55 bp
after the stop codon of UL34 (data not shown; P. Desai, unpublished data). For
pK26RFP, the GFP sequence in pK26GFP was removed and replaced with the
sequence of mRFP1 from pRSETB-mRFP1 (14). For pHSV1(17")-BAC mu-
tagenesis, an rpsLneo cassette was amplified from pRpsLneo (Gene Bridges
GmbH, Dresden, Germany) with VP26rpsLneo-fwd and VP26rpsLneo-rev. This
cassette replaced codons 4 to 7 of VP26 and interrupted its reading frame,
generating pHSV1(17")blueLox-AVP26. The cassette was subsequently re-
placed with the PCR products obtained from plasmids pK26GFP or pK26RFP
using the primers VP26Hom-fwd and VP26Hom-rev. The resulting BACs were
named pHSV1(17")blueLox-GFPVP26 or -RFPVP26.

gD was tagged with GFP or mRFP1 using an en-passant mutagenesis tech-
nique (87). The GFP insertion construct was amplified from pEP-EGFP-in (81)
with the primers gDGFP-fwd and gDGFP-rev and introduced into pHSV1(17")-
BACs. The mRFP1 sequence was amplified from pEP-mRFPI-in (81) with

gDRFP-fwd and gDRFP-rev. Positive clones were transformed with the plasmid
pBAD-I-Scel (87). I-Scel expression was induced by L-arabinose, and Red en-
zyme expression was induced by heat shock. The bacteria were grown with
chloramphenicol, ampicillin, and L-arabinose, and kanamycin-sensitive clones
were screened by restriction analysis.

DNA electrophoresis and Southern blotting. DNA fragments were separated
in agarose gels, blotted onto nylon membranes, hybridized, and probed with
digoxigenin (DIG)-labeled DNA probes (Roche, Mannheim, Germany). A
probe against BAC sequences was generated by PCR with primers BAC-fwd and
BAC-rev using the PCR DIG probe synthesis kit. A probe against the HSV1
replication origin oril. was produced with oriL-fwd and oriL-rev.

Sodium dodecyl sulfate-polyacrylamide gel electrophoresis and immunoblot-
ting. Protein samples were separated on linear 5 to 15% polyacrylamide gradient
gels (52). After transfer onto nitrocellulose membranes, the samples were incu-
bated with primary antibodies, followed by secondary antibodies coupled to
alkaline phosphatase (Dianova, Hamburg, Germany) and developed with BCIP
(5-bromo-4-chloro-3-indolylphosphate) and nitroblue tetrazolium salt.

Light microscopy. Vero cells grown on coverslips were infected with HSV1 at
an MOI of 10 PFU/cell. In some experiments (Fig. 7 and 8), the cells were
synchronously infected by inoculation with HSV1 for 2 h on ice in a small volume
and then further incubated at 37°C (32, 81). After 1 h, the cells were washed with
40 mM citric acid-135 mM NaCl-10 mM KClI (pH 3) to inactivate extracellular
virions (38, 95). Fresh medium was added, and at different time points the cells
were fixed and immunofluorescence labeling was performed as described previ-
ously (81). The HSV1 Fc receptor (33) was blocked by using 10% (vol/vol)
human serum of healthy, HSV1-seronegative volunteers (30). Secondary anti-
bodies were coupled to lissamine-rhodamine sulfonyl chloride, fluorescein iso-
thiocyanate (FITC), or Cy5 (Dianova). The specimens were analyzed on a
Axiovert 200M microscope equipped with an LSM 510 META confocal laser
scanning unit (Zeiss, Jena, Germany) using a Plan-Apochromatic X63 oil im-
mersion objective lens with a 1.4 numeric aperture. For a quantitative analysis of
the HSV1 egress pathway, at least 85 randomly chosen cells were scored for
several time points from 4 to 12 h p.i. Image acquisition and processing was
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FIG. 1. Generation of pHSV1(17")-BACs and tagging of VP26. (A and B) BAC sequences, a loxP site, and a B-galactosidase expression cassette were
inserted into the UL23 locus of HSV1(17") (A) to clone pHSV1(17")blue (B). (C and D) Restriction endonuclease digestions of HSV1(17") and three
different clones of pHSV1(17")blue BAC (B1/B2/B3) with Notl or EcoRIL Lanes: BL, pHSV1(17")blueLox; A, pHSV1(17")blueLox-AVP26; G,
pHSV1(17")blueLox-GFPVP26; R, pHSV1(17")blueLox-RFPVP26. Changes resulting from the BAC and Cre-insertion (*), different terminal and
internal joint restriction fragments (>), and band shifts caused by modifying VP26 (+) are indicated. (E) A Cre recombinase expression cassette and a
second loxP site were inserted under tetracycline selection to construct pHSV1(17*)blueLox. (F) Efficient excision of the BAC sequences by Cre
recombinase. Bglll or Notl digestions of pHSV1(17")blueLox (BL) and HSV1(17")blueLox (vBL). Differences in restriction fragments resulting from
Cre-mediated excision (*) and the terminal as well as joint fragments (>) are indicated. The DNA fragments were transferred to a nylon membrane and
hybridized with a DIG-labeled DNA probe against the BAC-encoded chloramphenicol resistance. (G to I) Fluorescence tagging of the capsid. The UL35
ORF encoding for the capsid protein VP26 was disrupted by inserting an rpsLneo selection/counterselection cassette into pHSV1(17")blueLox (G),
resulting in pHSV1(17")blueLox-AVP26 (H). In pHSV1(17")blueLox-GFPVP26 (I) and -RFPVP26 (not shown), this cassette was replaced by
sequences for GFP or mRFP1 at the 5’ end of the VP26 ORF. The sizes of the restriction fragments and molecular weight markers are given in kilobases.

performed by using the Zeiss LSM imaging software, ImageJ 1.35 (Wayne
Rasband; National Institute of Health [http://rsb.info.nih.gov/ij/]), and Adobe
Photoshop CS (Adobe Systems, San Jose, CA).

RESULTS

Cloning of HSV1 strain 17" as a BAC. The genes needed for
replication in E. coli (cat, oriS, repE, parB, and parA) were
inserted together with a single loxP site and a (-galactosidase
expression cassette driven by the simian virus 40 promoter (79)
into the thymidine kinase locus (UL23) of HSV(17") by ho-
mologous recombination in Vero cells (Fig. 1A). Vero cells
were infected with the resulting plaque-purified, recombinant
HSV1(17")blue (Fig. 1B and Table 1), and viral genome rep-
lication intermediates were isolated for the transformation of
E. coli.

The HSV1 genome consists of a unique long (UL) and
unique short (US) region which are flanked by inverted repeats
(reviewed in references 6 and 74). At the genome termini and
the junction between the long and short regions of the genome,

the a-sequences are located, which contain DNA packaging
signals. During replication, four isomers of viral DNA with
regard to the relative orientation of the UL and US region are
recovered in equimolar amounts. The restriction fragments
spanning the connection between the long and short region
were termed “joint fragments.” Please note that a circular
BAC contains two, but linear viral DNA contains only one
joint fragment. HindIII treatment revealed that the genome
configuration of UL and US was antiparallel in clones 1 and 3
and parallel in clone 2 (data not shown).

The pHSV1(17")blue clones were analyzed by restriction
enzyme digestion. Expected fragment sizes were calculated
according to the published HSV1(17") sequence (GenBank
accession no. NC_001806). Novel fragments resulting from the
BAC insertion were detected after Notl and EcoRI digestion
(Fig. 1B and asterisks in Fig. 1C and D, lanes B1, B2, and B3).
For the viral DNA (Fig. 1C, lane 17"), the genome termini and
the Notl joint fragment were not recovered as distinct bands.
Instead, there was a very weak, diffuse signal at around 3 kb
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(not shown) due to the varying numbers of the repetitive
400-bp a-sequence in HSV1 (27, 74). Furthermore, the a-se-
quence itself can contain various numbers of direct repeats
(27). In pHSV1(17")blue, the two joint fragments had definite
sizes that varied between clones (Fig. 1C, arrowheads in lanes
B1, B2, and B3). According to the published sequence, both
NotI joint fragments have a size of 2,918 bp, as in one clone
(Fig. 1C, lane B3), whereas other clones (Fig. 1C, lanes B1 and
B2) showed permutations of the joint fragment. Thus, the joint
fragments were fixed as definite structures in the BACs recov-
ered from E. coli but varied in length in the HSV1 genomes
isolated from eukaryotic cells. Due to the circular organization,
the 3'-terminal EcoRI fragment of linear HSV1-DNA forming
a diffuse band around 5.6 kb (Fig. 1D, arrowhead in lane 17%)
was absent in the BAC-DNAs. In all clones, the 2.0-kb BamHI
fragment spanning the transition between the US region and
the adjoining inverted repeat was reduced by about 50 bp (not
shown). Variations in a highly repetitive sequence in this non-
coding region have been observed before for individual HSV1
isolates (90).

All three pHSV1(17")blue clones were infectious after
transfection into Vero cells, and clone Bl was chosen for
further analysis and mutagenesis.

Stability of pHSV(17*)-BACs. Since repetitive regions could
provide targets for unwanted recombination in bacteria, the
stability of the HSV1-BACs was tested. After 20 passages of
pHSV1(17")blue in E. coli, no major changes were observed in
the restriction fragment patterns using six different enzymes
(Fig. 2A). However, one of the Notl joint fragments had de-
creased in size (Fig. 2A, arrowhead), suggesting that a deletion
had occurred in the highly repetitive a-sequences. Moreover,
an EcoRYV fragment also slightly shifted to a lower size (Fig.
2A, asterisk), probably by shortening of a repetitive sequence
in a noncoding region upstream of ULI (see also reference
90). However, BAC DNA prepared from both passages 1 and
20 induced cytopathic effects with comparable kinetics after
transfection into Vero cells (data not shown). The HSV1 rep-
lication origin oriL consists of a 144-bp palindrome which, in
addition, contains several direct repeats (47). All of the HSV1-
BACs we tested, including a BAC of HSVI(F) (86), had lost
their oriLL (Fig. 2B). In contrast, a PCR revealed no changes in
oriS between the HSV1(17") wild type and the corresponding
BACG:s (data not shown). Thus, with the exception of the indi-
cated changes, the BAC pHSV1(17")blue and its derivatives
were stably maintained in E. coli and retained their infectivity
upon transfection into eukaryotic cells.

Growth kinetics of HSV1-BAC derived viruses. The inser-
tion of foreign genes can attenuate the virus. Therefore, the
BAC sequences are often removed after transfection into eu-
karyotic cells (79, 97). This can be done by flanking the BAC
sequences with loxP sites and providing, with the BAC itself, a
eukaryotic Cre expression cassette containing an intron, which
prevents expression of functional Cre in bacteria but results in
self-excision in eukaryotic cells (79). We therefore generated
pHSV1(17")blueLox (Fig. 1E and cf. Table 1) by inserting a
second loxP site and a Cre expression cassette into
pHSV1(17")blue. Restriction analysis revealed no genomic
changes, apart from the intended insertion, and a shift in the
NotlI joint fragment (Fig. 1E and asterisks in Fig. 1C and D,
lanes BL). As for all other BAC modifications, we also per-
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FIG. 2. The pHSV1(17")-BACs were stable in E. coli but had lost
the oriL. (A) HSV1-BAC pHSV1(17")blue clone B1 was passaged for
20 generations in E. coli, and DNA of the first (lanes 1) and 20th (lanes
20) generation was digested with EcoRI, BamHI, EcoRV, HindIII,
BglII or Notl. The changes in a EcoRV (asterisk) and NotI (arrow-
head) fragment are indicated. (B) The palindromic oriL was lost after
BAC cloning. DNA from HSV1(17"), pHSV1(17")blueLox (BL),
HSV1(F), or the HSV1(F)-BAC pYEbacl102 (YE) was digested with
BamHI or Kpnl, transferred to a nylon membrane, and probed with a
probe specific for oril. and the neighboring sequences. Restriction
fragment sizes are indicated in kilobases.

formed restriction digestions with the enzyme BamHI, EcoRV,
HindIII, or BgllI, which generated the predicted fragment sizes
(data not shown). After transfection of pHSV1(17")blueLox,
plaques and cytopathic effects developed. The viral DNA of
HSV1(17")blueLox (Table 1) no longer contained a discrete
Notl joint fragment but diffuse bands at 2.6 and 3.5 kb (Fig. 1F).
Upon replication in eukaryotic cells, the region containing the
repetitive a-sequences had regained its size variability, and the
Cre recombinase had efficiently removed the BAC sequences
(Fig. 1F).

Compared to HSV1(17"), the BAC-derived virus HSV1(17%)
blue exhibited a moderate growth defect (Fig. 3A). HSV1(17%)
blueLox was slightly less attenuated than HSV1(17")blue, with
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FIG. 3. Growth kinetics of pHSV1(17")-BAC derived viruses. For single-step growth kinetics, BHK-21 cells were inoculated with 5 PFU/cell.
At the indicated time points, the supernatant was harvested and titrated on Vero cells in triplicates. (A) A comparison of HSV1(17"),
HSV1(17")blue, and HSV1(17")blueLox showed that the BAC-derived HSV1(17") strains were attenuated compared to the wild type and that
deleting the BAC sequences partially reversed this attenuation. (B) There was no difference in replication between HSV1(KOS)tk12 (tk~ lacZ™)
and its parental strain HSV1(KOS). (C) The titers of HSV1(17")blueLox-RFPVP26 and HSV1(17")blueLox-GFPVP26 were reduced about
fivefold and the titer of HSV1(17")blueLox-AVP26 was reduced tenfold compared to their parental strain HSV1(17")blueLox. (D) The titers of
HSV1(KOS)GFPVP26 and HSV1(KOS)AVP26 were reduced by 50% compared to their parental strain HSV1(KOS).

its titers being reduced ~5-fold compared to HSV1(17")
(Fig. 3A). Thus, HSV1(17*)blueLox was attenuated compared
to the wild type, but the excision of the BAC sequences
was beneficial. Similar to HSV1(17")blueLox, the mutant
HSV1(KOS)-tk12 (92) also contains a (3-galactosidase expres-
sion cassette instead of UL23, but HSV1(KOS)-tk12 showed
no growth defect in BHK cells compared to HSVI(KOS)
(Fig. 3B).

Fluorescence tagging of HSV1-VP26. To analyze the subcel-
lular distribution of HSV1 capsids, we replaced amino acids 1
to 7 of the capsid protein VP26 with GFP or red fluorescence
protein (RFP). First, the VP26 ORF was disrupted by inserting
a rpsLneo cassette (Fig. 1H), which was subsequently replaced
by GFPVP26 or RFPVP26 (Fig. 1J). Restriction analysis of the
resulting BACs pHSV1(17" )blueLox-AVP26, -GFPVP26, and
-RFPVP26 showed no alterations except the desired modifi-
cations and, again, permutations in the Notl joint fragments
(Fig. 1C and D, lanes A, G, and R). HSV1(17")blueLox-
GFPVP26 and -RFPVP26 secreted less infectious virus com-
pared to HSV1(17*)blueLox but produced higher titers than
HSV1(17")blueLox-AVP26 (Fig. 3C). Similarly, HSV1(KOS)-
GFPVP26 produced lower titers than HSV1(KOS), but there

was no growth difference between HSV1(KOS)-AVP26 and
HSV1(KOS)-GFPVP26 (Fig. 3D).

Vero cells were then infected with HSV1(17")blueLox-
GFPVP26 (Fig. 4A to D) or -RFPVP26 (data not shown),
fixed, and labeled with anti-VP26 and with anti-VP5, directed
against the major capsid protein. At 9 h p.i., GFPVP26 (Fig.
4A) was mostly localized in the nucleus, either on single cap-
sids or on capsid aggregates, but there were also many capsids
in the cytoplasm. The GFPVP26 signal (Fig. 4A and green area
in Fig. 4D) colocalized with the anti-VP26 labeling (Fig. 4B
and red area in Fig. 4D) on single capsids and nuclear capsid
aggregates (yellow area in Fig. 4D). VP5 was mostly detected
on nuclear capsids and aggregates (Fig. 4C and blue area in
Fig. 4D), where it colocalized with GFPVP26 and anti-VP26
(white area in Fig. 4D). Some GFPVP26-containing nuclear
capsids were stronger labeled by anti-VP5 (blue area in Fig.
4D) than other nuclear and cytoplasmic capsids (green and
yellow areas in Fig. 4D). Similar results were obtained with
HSV1(17")blueLox-RFPVP26 (data not shown). Thus,
GFPVP26 and RFPVP26 were recruited onto newly synthe-
sized nuclear capsids. Cytoplasmic and nuclear capsids con-
tained comparable amounts of GFPVP26 or RFPVP26, since
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FIG. 4. Fluorescence tagging of HSV1-VP26 and HSV1-gD. (A to D) Vero cells were infected with 10 PFU/cell of HSV1(17*)blueLox-
GFPVP26 for 9 h and labeled using antibodies directed against VP26 (B) or VP5 (MAb 5C10; C). GFPVP26 (A; green) colocalized with the
anti-VP26 (B, red) and anti-VP5 (C; blue) in the nucleus and the cytoplasm (white area in panel D). Nuclear capsids were stronger labeled with
anti-VP5 than cytoplasmic capsids (blue in panel D). Note the intranuclear capsid aggregates (asterisk in panel D). The nuclear rim is indicated
by a dashed line. (E to H) Vero cells were infected with 10 PFU/cell of HSV1(17*)blueLox-GFPVP26-gDRFP for 9 h (E and F) or 15 h (G and
H). The images were scaled identical for 9 h and 15 h p.i. to reflect the increase in viral proteins. After fixation and permeabilization, the cells were
labeled with anti-gD (MAb DL6; F and H) which colocalized with gDRFP (red areas in panels E and G). Note the higher concentration of
cytoplasmic capsids (G) and the weaker anti-gD labeling (compare panels F and H) at 15 h p.i. and the colocalization of gDRFP with the anti-gD
labeling. At 15 h, many capsids colocalized with gDRFP (yellow area in panel G). (I to L) Vero cells were infected with 10 PFU/cell of
HSV1(17")blueLox-RFPVP26-gDGFP for 9 h. After fixation and permeabilization, the cells were labeled with anti-gB (PAb R69; J) which
colocalized with gDGFP (I). Note the cytosolic capsids (red areas and open arrowhead in panel L), which do neither colocalize with gDGFP (green
and truquoise areas in panel L) nor with gB (blue and turquoise areas in panel L). In contrast, there was a large degree of colocalization between
gDGFP and gB (bright blue/turquoise areas in panel L). There were also several cytoplasmic capsids that colocalized with both gDGFP and gB
or either glycoprotein (filled arrowhead in panel L). All specimens were analyzed by laser scanning confocal fluorescence microscopy. Scale bar,
2 pm.

the intensity of their fluorescence was rather homogeneous. In Tagging of HSV1-gD. To determine the subcellular local-
contrast, the antibodies to VP26 and VPS5 had less access to the ization of envelope proteins, we added GFP or RFP to the
surface of cytoplasmic capsids, probably due to tegumentation C terminus of gD as described previously (66, 80; Charles

and envelopment. Whitbeck, unpublished data) and introduced these tags into
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FIG. 5. Characterization of HSV1(17")blueLox-RFPVP26-gDGFP.
The sequence for GFP was added to the 3" end of the US6 OREF to tag the
C terminus of gD. (A) Restriction analysis of pHSV1(17")blueLox
(blueLox), -RFPVP26, -gDGFP, and -RFPVP26-gDGFP with Notl or
Bglll/HindIII. The addition of GFP to VP26 was indicated by a Notl
bandshift from 6.7 to 7.3 kb (cf. Fig. 1C and J) and a Bglll/HindIII
bandshift from 17.2 to 17.9 kb (*). (B) A Bglll/HindIII bandshift from 4.4
to 5.1 kb (arrowheads) revealed the addition of GFP to gD. Restriction
fragment sizes are indicated in kilobases. (C) For single-step growth ki-
netics, BHK-21 cells were inoculated at an MOI of 5 PFU/cell. Samples
were taken from the supernatant and titrated on Vero cells in triplicates.

pHSV1(17")blueLox-RFPVP26 (Fig. 5Aand B)or pHSV1(17%)
blueLox-GFPVP26. The dual-color strains reached lower titers
and released infectious particles more slowly (Fig. 5C). Cells
were infected with HSV1(17")blueLox-GFPVP26-gDRFP and
labeled with the MAb DL6 (Fig. 4F and H) directed against
luminal amino acids 272 to 279 of gD located close to the
membrane (50). At 9 h p.i., gDRFP was mainly localized in
several cytoplasmic clusters (red area in Fig. 4E), which most
likely corresponded to the host membranes implicated in sec-
ondary envelopment. The gDRFP pattern (red area in Fig. 4E)
colocalized with the anti-gD labeling (Fig. 4F). At 15 h p.i.,
¢DRFP was distributed almost in the entire cytoplasm, had
accumulated in juxtanuclear regions and the nuclear envelope,
and was also detected in plasma membrane protrusions (red
area in Fig. 4G). Again, gDRFP colocalized very well with the
anti-gD signal (Fig. 4H); however, the relative intensity of

J. VIROL.

gDRFP increased from 9 to 15 h p.i. (compare the red area in
Fig. 4E to the red area in Fig. 4G), whereas the labeling
efficiency of the antibody decreased (compare Fig. 4F to
Fig. 4H).

The subcellular localization of GFPVP26 after infection
with the dual-color fluorescence strains was the same as for the
single-color virus. At earlier time points, the nuclei contained
single capsids and capsid aggregates (green area in Fig. 4E),
whereas later many capsids had left the nucleus and accumu-
lated in a juxtanuclear region that coincided with a high con-
centration of gDRFP (yellow area in Fig. 4G). Thus, efficient
capsid export from the nucleus had occurred between 9 and
15 h p.., and the majority of cytoplasmic capsids colocalized
with that region of the cytoplasm which had accumulated the
highest concentration of gD.

Since the detection of GFP is more sensitive than that of
RFP, we also analyzed HSV1-(17")-RFPVP26-gDGFP (Fig.
41 to L). At 9 h p.i., there were numerous cytoplasmic capsids
of which a large portion did not colocalize with either glyco-
protein and thus most likely represented unenveloped, naked
cytosolic capsids (open arrowhead and red area in Fig. 4L).
There were also cytoplasmic membranes which contained
gDGFP (green area in Fig. 4L) and/or gB (blue area in Fig. 4L;
colocalization turquoise in Fig. 4L) but no capsids. Other cap-
sids colocalized with gDGFP and gB (filled arrowhead and
white area in Fig. 4L), suggesting that RFPVP26, gDGFP and
gB (as well as GFPVP26 and gDRFP) had been correctly
targeted to the cytoplasmic site of HSV1 assembly.

Dual-color fluorescence HSV1 virions. We next analyzed the
protein composition of viral particles secreted from infected
cells (Fig. 6A). An anti-VP26 antibody detected a single
band at the expected molecular weight in wild-type and
HSV1(17")blueLox but no signal in HSV1(17")blueLox-
AVP26. The bands at around 40 kDa represented the fluores-
cent VP26 fusion proteins, which were incorporated in full
length into HSV1 particles. Probing with an anti-gD antibody
showed an increase in the molecular weight of gD, indicating
the incorporation of the full-length fusion protein into virions.
A fraction of gDRFP was most likely cleaved at the gD-RFP-
junction, since we still observed a minor signal at the original
gD position (Fig. 6A, lane GR). Similar results were obtained
for HSV1(17 ")blueLox-RFPVP26-gDGFP (data not shown).

Immunolabelings demonstrated that most, if not all
RFPVP26 particles with gDGFP also contained other HSV1
envelope proteins such as gB, gE, and gH (Fig. 6B). More than
80% of RFPVP26 particles colocalized with gDGFP (Fig. 6C
and filled arrowhead in Fig. 6B), and more than 70% colocal-
ized with both gDGFP and gB. There was a small fraction of
RFPVP26 particles that lacked detectable amounts of any gly-
coprotein (open arrowheads in Fig. 6B) and thus were most
likely nonenveloped capsids, which are also released after in-
fection with HSV1 wild type (30). There were also numerous
particles with fluorescent envelope but no fluorescent capsid
protein (turquoise areas in Fig. 6B). These were most likely
L-particles, which are secreted in considerable amounts from
infected BHK cells. L-particles contain HSV1 envelope and
tegument proteins but no capsids and thus on linear gradients
band at a lighter position than virions (73, 85). In summary, we
generated dual-color fluorescence HSV1(17") strains, which
produced virions incorporating both tagged structural proteins.



VoL. 82, 2008

B RFPVP26

17* BL A G GR

—— w—— e |\/ P 5
97 we| gDRFP
GOy s 4 oD
45
ww < |GFPVP26

32
22
14 VP26

7519
("]
Q
S
t 509
©
o
©
N
o
>
& 254
©
*

0.
gDGFP gDGFP a-gB  none
a-gB

NUCLEAR EGRESS AND ENVELOPMENT OF HERPES SIMPLEX VIRUS 3117

gDGFP_

-

a-gP

FIG. 6. Secretion of dual-color fluorescence HSV1 virions. (A) Virions were sedimented from the medium of cells infected with HSV1(17%),
HSV1(17")blueLox (BL), -AVP26 (A), -GFPVP26 (G), or -GFPVP26-gDRFP (GR), and analyzed by immunoblotting. An antibody directed
against VP26 detected no protein in HSV1(17*)blueLox-AVP26 but fusion proteins of the expected molecular weight in HSV1(17*)blueLox-
GFPVP26 and -GFPVP26-gDRFP. An antibody directed against gD (PAb R45) detected gD and gDRFP at the expected molecular weights.
Possibly, the fusion protein was cleaved to some extent, leading to an additional gD signal in HSV1(17")blueLox-GFPVP26-gDRFP. The capsid
protein VP5 (PAb o-NC1) served as a loading control. (B) BHK-21 cells were infected with 0.01 PFU/cell of HSV1(17")blueLox-RFPVP26-
gDGFP. Particles secreted from the infected cell were harvested at 71 h p.i.; adsorbed to glass coverslips; labeled with antibodies against the viral
membrane glycoproteins gB, gD, gE, or gH (a-gP); and analyzed by fluorescence microscopy. Most RFPVP26-positive particles colocalized with
gDGFP and the respective glycoprotein (filled arrowhead), but some lacked detectable gDGFP or glycoprotein labeling (red areas and open
arrowhead). The gDGFP particles, which did not colocalize with RFPVP26, but with the respective other glycoprotein may represent L-particles
(blue/turquoise areas in the overlay). (C) Quantification of the colocalization of RFPVP26 particles with gDGFP and gB.

Time course of HSV1 nuclear egress and assembly. The
nuclear pores are the gateways of the nuclear envelope that
control macromolecular transport between the cytosol and the
nucleoplasm. Recent studies suggested that nuclear pore com-
plexes can become dilated during a herpesvirus infection and
that HSV1 capsids with their diameter of 125 nm might also
directly traverse through such pores to the cytosol (55, 65, 94).
To obtain an overview of the HSV1 induced changes in the
nuclear pore network, we infected Vero cells with 10 PFU/cell
of either HSV1(17")blueLox or of HSV1(17")blueLox-
GFPVP26-gDRFP and analyzed them from 2.5 to 12 h p.i. For
the first, the small capsid protein VP26 was labeled with spe-
cific antibodies (data not shown [but cf. Fig. 4 and 8]), whereas
for the latter VP26 (Fig. 7A to E) and gD (Fig. 7F to J) were
detected by their intrinsic fluorescence. The nuclear pores
were labeled with MAD 414 (25), which recognizes phenylala-
nine-glycine (FG) repeats present in several proteins of the
nuclear pore complexes (26) (Fig. 7K to O).

At 2.5 h (results not shown) and at 4 h p.i., the cells con-
tained almost no nuclear capsids, but some incoming capsids
derived from the inoculum were still located on the nuclear rim
(Fig. 7A and green area in Fig. 7P) (cf. references 31, 32, and

81). As the infection progressed, many cells contained increas-
ing numbers of nuclear capsids, and capsid aggregates devel-
oped in more and more nuclei (cf. Fig. 7C). At 8 h p.., and
more prominently at 10 h p.i.,, newly synthesized capsids had
reached the cytoplasm (arrowheads in Fig. 7R and S) and later
often accumulated there in clusters (Fig. 7E and T). Newly
synthesized gDRFP was detected as early as 4 h p.i. (Fig. 7F).
From 6 to 12 h p.i.,, more and more gD was concentrated in
cytoplasmic clusters (Fig. 7G and J). At 10 h p.i. and more so
at 12 h p.i., the cytoplasmic capsids colocalized with gD in
these clusters (yellow areas in Fig. 7S and T).

Labeling of the DNA (data not shown) or the nuclear pores
enabled a distinction of nuclear from cytoplasmic capsids by
confocal fluorescence microscopy. Nuclear capsids rarely co-
localized with gD and, if so, only did so in the nuclear periph-
ery (results not shown). Several cytoplasmic capsids did not
colocalize with gD (arrowheads in Fig. 7R, S, and T), but as the
infection progressed many had translocated to those regions of
the cytoplasm that also contained a high concentration of gD
(Fig. 7T and cf. Fig. 4L). According to the luminal pathway
hypothesis (12, 37, 55), HSV1 capsids acquire their final enve-
lope at the inner nuclear membrane, and one would expect a
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FIG. 7. Time course of HSV1 nuclear egress and assembly. Vero cells were inoculated with 10 PFU/cell of HSV1(17*)blueLox-GFPVP26-
gDRFP for 2 h at 4°C to allow efficient binding and synchronous infection. Unbound virus was removed by extensive washing, the cells were
transferred to 37°C, and fixed at 4 h p.i (A, F, K, and P), 6 h p.i (B, G, L, and Q), 8 h p.i (C, H, M, and R), 10 h p.i (D, I, N, and S), or 12 h p.i
(E, J, O, and T). GFPVP26 (A to E; green areas in panels P to T) and gDRFP (F to J; red areas in panels P to T) were detected by their intrinsic
fluorescence. After permeabilization, the cells were labeled with MAb 414 against nucleoporins (K to O; blue areas in panels P to T) and analyzed
by confocal laser scanning microscopy. To evaluate the relative subcellular localization of capsids (GFPVP26), viral envelope proteins (gDRFP),
and nuclear pores (MAb 414), the signals were overlaid and displayed in color (P, Q, R, S, and T). The nuclei (nuc) and some cytoplasmic capsids,
which do not colocalize with gD and thus appear green in the overlays (arrowheads in panels Q and R), are indicated. The specimens were analyzed

by confocal laser scanning microscopy.

stronger colocalization of GFPVP26 with gDRFP at the nu-
clear envelope and throughout the entire cytoplasm. However,
our data were most consistent with the deenvelopment-reen-
velopment hypothesis of HSV1 assembly (12, 37, 64), which
predicts that initially cytosolic capsids do not colocalize with
¢DRFP, but upon secondary envelopment in the cytoplasm
acquire their secondary, final envelope containing gDRFP.
Changes in the nuclear pore network during HSV1 infec-
tion. The nuclear pores in mock-infected cells were mostly
randomly distributed over the entire nuclear surface, yielding a

ring-like, rim appearance of the nuclear pore network around
the nucleus in confocal images (Fig. 8A). Moreover, several
cytoplasmic spots contained a high concentration of nuclear
pore antigens (open arrowhead in Fig. 8A). Some cells showed
a particularly weak labeling, and others showed a particularly
strong labeling, which most likely reflected cell-cycle-depen-
dent changes in the concentration of nuclear pores and in the
organization of the nuclear pore had (10, 58). At 8 h p.i., the
morphology of the nuclear pore network had changed in some
cells. Occasionally, the nuclear envelope appeared to be ex-
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FIG. 8. Changes in the nuclear pore network during HSV1 nuclear capsid egress and assembly. Vero cells were inoculated with 10 PFU/cell
of HSV1(17%)blueLox or of HSV1(17")blueLox-GFPVP26-gDRFP for 2 h at 4°C to allow efficient binding and a rather synchronous infection.
Unbound virus was removed by extensive washing, and the cells were transferred to 37°C and fixed at 4, 6, 8, 10, or 12 h p.i. After permeabilization,
they were labeled with the antibody directed against nuclear pore proteins and analyzed by confocal laser scanning microscopy. (A) Representative
confocal sections through the nucleus. Different NPC labeling phenotypes were classified as “regular,” “folded” (fold), “irregular,” or “cluster.”
Open or filled arrowheads indicate cytoplasmic or nuclear NPC aggregates, respectively. (B) Quantification of NPC phenotypes in infected cells
at different times postinfection. Note that between 6 h and 8 h p.i., the number of cells characterized by altered nuclear pore architecture increased
for both viruses. (C) Quantification of capsid egress from the nucleus. The cells with were classified according to their concentration of cytoplasmic
capsids into “none,” “less than 10” (<10), “10 to 50” (10-50), and more than 50 (>50). Note that between 6 h and 8 h p.i. the amount of cytoplasmic
capsids increased for both viruses. (D) The extent of nuclear capsid release into the cytoplasm did not correlate to the different nuclear pore
architectures. For all time points between 6 and 12 h p.i., the cells were pooled and classified according to the extent of capsid egress and assigned
to different NPC phenotypes.

tended or invaginated into the nuclear interior, as suggested by like and the apparently invaginated nuclear envelopes was
a dotted line appearance of nuclear pore complexes within the interrupted by large gaps (Fig. 8A, “irregular”). The most
boundaries of the ring-like labeling of the outer nuclear diam- striking phenotype displayed nuclei with a ring-like labeling of
eter (Fig. 8A, “fold”). In some cells, the labeling of the ring- rather low intensity, and instead the nuclear pores had been
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clustered on the nuclear envelope (Fig. 8A, “cluster,” filled
arrowhead).

Since the morphology of the nuclear pore network was het-
erogeneous after HSV1 infection, we randomly sampled cells
for several time points p.i. and sorted them, depending on their
nuclear pore labeling, into five different classes: weak or no
label, regular, fold, irregular, and cluster (Fig. 8A). For the
mock-infected cells, almost 90% of the nuclei were character-
ized by a “regular” morphology (Fig. 8B). At 8 h p.i., ca. 20 to
25% of the cells had acquired the described changes in the
nuclear pore network (fold, irregular, and cluster). The frac-
tion of cells characterized by changes in the nuclear pore ar-
chitecture then did not change further up to 12 h p.i. The
different distribution of the nuclear pore phenotypes in the
uninfected, mock-treated cells reflected the heterogeneity in
the nuclear pore architecture among different cell popula-
tions (compare HSV1(17")blueLox to HSV1(17")blueLox-
GFPVP26-gDRFP in Fig. 8B).

For all time points, the infected cells were also categorized
into four classes according to the stage of the HSV1 infection
as judged by the amount of cytoplasmic capsids (Fig. 8C). At 4 h
p.i., almost 90% of the cells infected with HSV1(17")blueLox
and ca. 40% of those infected with HSV1(17")blueLox-
GFPVP26-gDRFP contained fewer than 10 cytoplasmic cap-
sids but no nuclear capsids (cf. Fig. 7A and P), suggesting that
most if not all of these cytoplasmic capsids were derived from
the inoculum (30, 81). At 8 h p.i., ca. 25 to 50% of the cells
contained more than 10 cytoplasmic capsids. This proportion
increased at later time points. However, particularly at 12 h
p.i., many cells had been lost due to cytopathic effects and
detachment. Overall, more cytosolic capsids of HSV1(17*)blueLox
than of HSV1(17")blueLox-GFPVP26-gDRFP were detected,
which most likely reflected that the infection with the dual-color
fluorescence HSV1 strain progressed slower (cf. Fig. 5C).

Intriguingly, the number of cells characterized by changes in
the nuclear pore network increased (Fig. 8B) with kinetics
similar to those of the accumulation of cytoplasmic capsids
(Fig. 8C). We therefore sought to determine whether, inde-
pendent of the time point, reorganization of the nuclear pore
network correlated with the amount of capsids that had
egressed from the nucleus to the cytoplasm. All cells recorded
from 6 to 12 h p.i. were therefore sorted into the four classes
depending on the concentration of cytoplasmic capsids (none,
fewer than 10, 10 to 50, and more than 50), and further into the
five classes depending on the morphology of the nuclear pore
network but irrespective of the time point postinfection ana-
lyzed (Fig. 8D). Of the cells containing a high concentration of
cytoplasmic capsids (i.e., more than 10), 80 or 60% had an
apparently regular nuclear pore network after infection
with HSV1(17")blueLox or HSV1(17")blueLox-GFPVP26-
gDRFP, respectively. However, ca. 20 to 25% of all cells show-
ing no cytoplasmic capsids were characterized by HSV1 in-
duced changes in the architecture of the nuclear pore network
(fold, irregular, and cluster). This proportion remained rather
constant for HSV1(17*)blueLox and increased up to ca. 40%
for HSV1(17")blueLox-GFPVP26-gDRFP as the concentra-
tion of cytoplasmic capsids increased to more than 50 per cell.
The amount of cytoplasmic capsids was not higher in cells in
which the nuclear pore architecture was not regular. In another
experiment with a slower infection at a lower MOI, 50 to 75%
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of the cells with a high amount of cytoplasmic capsids showed
major changes in the nuclear pore architecture (data not
shown). Thus, surprisingly the organization of the nuclear pore
network was less heterogeneous among cells infected with a
higher MOI.

In summary, the percentage of cells characterized by HSV1
induced alterations in the nuclear pore architecture increased
around 8 h p.i. irrespective of whether VP26 and gD were
tagged or not. Nevertheless, irrespective of the virus dose or
strain, the HSV1-induced changes in the nuclear pore network
were not a prerequisite for HSV1 nuclear capsid egress,
since many cytoplasmic capsids were present in cells with an
apparently regular nuclear pore distribution.

DISCUSSION

Characterization of HSV1(17*) BACs. We constructed dual-
color fluorescence HSV1(17") strains to analyze the subcellu-
lar localization of capsid, envelope, and host structures during
assembly and egress. Although HSV1 has been cloned as a
BAC before, these were either based on strain F (49, 86),
whose sequence has not been published, or had a packaging
signal at an ectopic position (76, 83). We decided, like Giera-
sch et al. (43), to clone the fully sequenced genome of
HSV1(17"). We obtained infectious BAC clones containing
internal and terminal joint fragments of different length.
Whereas in eukaryotic cells the terminal and internal frag-
ments of the HSV1 genome display heterogeneity with respect
to the number of a-sequences (27, 74), the joint fragments in
the BACs were frozen in a definite arrangement. Recombina-
tion between direct repeats has also been reported for another
BAC-cloned herpesvirus (3). Such undesired mutations may
not only occur during BAC mutagenesis but also after con-
structing HSV1 mutants by homologous recombination in cell
culture and sometimes remained undetected for decades, even
with recombinant strains used in clinical trials (23). Another
important question is whether these alterations are of func-
tional relevance. The copy number and composition of the
a-sequence varies between different HSV1 strains (6, 27, 74),
isolates from the same individual during different episodes of
recurrence (90), and within the population of a specific HSV1
strain (27, 74, 91). HSV1 BAC genomes with different a-se-
quences from E. coli can be used to study the biological fitness
of such clones. Notably, all HSV1 BACs analyzed in the
present study remained infectious, and the DNA fragments
harboring the a-sequences immediately regained heterogeneity
after transfecting the genomes back into eukaryotic cells.

All HSV1-BAC clones we analyzed lacked the 144-bp oriL,
which displays a notorious instability upon cloning (93). This
palindromic sequence has only been maintained in an E. coli
strain that lacks several DNA repair and recombination genes
and thus increases the stability of inverted repeats and palin-
dromes (47). However, such a strain is not suitable for BAC
mutagenesis, since the oriL most likely would become unstable
as soon as recombination enzymes required for mutagenesis
would be expressed. Since oriL is not required for replication
in cell culture, its absence will not hamper most experiments.
However, deleting the oril results in reduced mortality and
pathogenicity in a corneal mouse in vivo infection model (7).
For such studies, it may become necessary to construct HSV1
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mutants by combining BAC mutagenesis with recombination
in eukaryotic cells. Mutagenesis may be performed in an HSV1
BAC lacking oriL. and one of its neighboring essential genes.
The respective DNA fragment harboring the lacking elements
may be maintained in the special E.coli strain and, after co-
transfection with the mutated BAC into eukaryotic cells, rep-
lication-competent HSV1 mutants with intact oriL. may be gen-
erated.

The expression of Cre recombinase led to the deletion of the
BAC sequences after transfection into eukaryotic cells and
faster replication, as reported for pseudorabies virus, human
cytomegalovirus, and murine gammaherpesvirus 68 (2, 79, 97).
The lower infectivity of HSV1(17")blueLox compared to
HSV1(17") was probably neither due to the insertion of a
B-galactosidase expression cassette nor to the deletion of
UL23 but might have been caused by the deletion of oril.. We
cannot exclude that there were additional differences between
the HSV1(17")-BACs and HSV1(17"). HSV1(strain F)-BAC
viruses are not attenuated compared to the wild type (86).
Interestingly, already the mere addition of a single loxP site
into HSV1(17") can result in a threefold titer reduction (43).
Despite its slight attenuation, we considered the BAC
pHSV1(17")blueLox a useful base for the construction of
dual-fluorescence strains.

Dual-color fluorescence HSV1(17*). HSV1(KOS)-GFPVP26,
in which GFP has been added to VP26 (29), has the same cell
entry characteristics as HSV1(KOS) (30). Sufficient amounts
of GFP-labeled VP26 remained bound to capsids, so that their
subcellular localization and motility could be analyzed in living
cells (J. Janus, K. Dohner, A. Wolfstein, F. Biittner, S. Schmidt,
and B. Sodeik, unpublished data). Moreover, GFPVP26-labeled
capsids were used to study microtubule mediated transport of
HSV1 capsids in vitro (96). Using antibodies specific
to VP26 and VPS5, we confirmed that the GFPVP26 and
RFPVP26 signals represented HSV1 capsids (30; the present
study) and that the fusion proteins gDRFP and gDGFP colo-
calized with a gD labeling, as recently also described for
gDYFP (80). Adding GFP to gD reduced the amount of in-
fectious virus secreted from BHK-21 cells. The addition of
YFP to the cytosolic tail of gD was less detrimental to virus
growth in Vero cells, whereas, after amplification in a neuro-
blastoma cell line, the titers are decreased (80). Thus, manip-
ulating gD has different effects in different cell lines. The cy-
toplasmic tail of gD is dispensable for growth in cell culture
(41), but adding GFP or RFP to it may reduce its affinity to
tegument or envelope proteins (17, 40). However, ultimately
HSV1 particles that incorporated both fluorescent fusion pro-
teins and contained several other envelope proteins were se-
creted. Thus, the trafficking of the fluorescence-labeled gD was
similar to untagged HSV1 glycoproteins. These dual-color flu-
orescence HSV1 strains provide promising tools for the anal-
ysis of assembly and egress (the present study), as well as for
the study of cell entry (K. Dohner, C.-H. Nagel, and B. Sodeik,
unpublished data). Moreover, these strains allow the detection
of all subviral particles containing tagged VP26 and gD, irre-
spective of their interaction and possible masking by host fac-
tors or other HSV1 structural proteins.

Nuclear pore network during HSV1 nuclear capsid egress
and assembly. During HSV1 infection, many host organelles
and also the cytoskeleton change their morphology and sub-
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cellular organization. These HSV1-induced changes are collec-
tively summarized under the term cytopathic effects. For ex-
ample, the membranes containing antigens of the Golgi
apparatus are scattered over the entire cytoplasm rather than
being localized in a tight juxtanuclear cluster, and the micro-
tubules are marginalized to the cell periphery (5, 36, 51).
Moreover, the nuclear envelope is severely modified during
HSV1 infection (8, 46, 53, 77), resulting also in a reorganiza-
tion of the nuclear pore network (55, 71). Together with the
recent electron microscopy observations that some nuclear
pores appear to become dilated during infection with alpha-
herpesviruses, this has led to the hypothesis that HSV1 induces
changes in the nuclear pore network, and the widening of the
lumen of individual nuclear pores might generate a channel
large enough to allow a passage of nuclear capsids directly into
the cytosol (55, 94). In this scenario, the capsids would step
aside and bypass the barriers posed by the nuclear lamina and
the inner and outer nuclear membranes.

Simultaneous recording of the subcellular localization of
nuclear pore complexes, capsids, and envelope proteins al-
lowed us to distinguish both nuclear from cytoplasmic capsids
and virions in vesicles from cytosolic capsids. In accordance
with Leuzinger et al. (55), the nuclear pore network was mod-
ified as the HSV1 infection progressed. However, in the ma-
jority of cells containing many cytoplasmic capsids, the nuclear
pore architecture was not changed, suggesting that changes in
the nuclear pore architecture were not required for efficient
nuclear egress. Our data are consistent with studies using
HSV1 deletion mutants. Without US3 (72) or the glycopro-
teins gB and gH (40) capsids can acquire a primary envelope at
the inner nuclear membrane but are stuck in the perinuclear
space between inner and outer nuclear membrane, presumably
due to an inability to catalyze primary fusion. In the absence of
UL31 (15) or UL34 (75), capsids are defective in primary
budding, and nuclear capsids accumulate but are also unable to
use potentially dilated nuclear pores as gateways to the cytosol.
Leuzinger et al. (55) proposed that the changes in the nuclear
pore labeling observed by fluorescence microscopy may reflect
an extension of the luminal channel of individual nuclear pores
as detected by electron microscopy. However, the apparent
holes in the nuclear envelope may not contain bona fide nu-
clear pore proteins at their rims. If they would indeed lack
nuclear pore proteins, they may not have arisen from dilation
of preexisting pore complexes but might have been generated
by HSV1-catalyzed fusion of the inner with the outer nuclear
membrane. Moreover, the nuclei with irregular or clustered
nuclear pore architectures might have clustered several nu-
clear pore complexes within a small area of the nuclear enve-
lope rather than indeed enlarged the nuclear pore channel.
The latter scenario agrees well with many electron microscopy
studies that reported that the integrity of individual nuclear
pores appeared intact until late in herpesvirus infection (40, 46,
64, 65, 72).

Our data are consistent with nuclear capsids leaving the
nucleus via primary budding and primary fusion to release
capsids into the cytosol rather than with a direct passage
through a dilated nuclear pore. In addition, only later in in-
fection gD had accumulated in the membranes surrounding
the nucleus, whereas gD was rather prominent on cytoplasmic
membranes, where it often colocalized with capsids. The cyto-
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plasmic capsids that did not colocalize with gD and gB most
likely represented cytosolic capsids rather than capsids inside
virions. The resulting cytosolic capsids would then be trans-
ported to cytoplasmic membranes to acquire a final envelope
by secondary envelopment. Our results are expected for cap-
sids that follow the deenvelopment-reenvelopment pathway,
whereas the luminal pathway for HSV1 egress predicts that
capsids should already acquire gD and gB at the inner nuclear
membrane and that all cytoplasmic capsids colocalize with all
viral membrane proteins.

These dual-color fluorescence strains will be valuable tools
for evaluating the fate of other host organelles and the cy-
toskeleton during the viral life cycle, for studying the dynamics
and sequence of events in HSV1 assembly and entry in living
cells, and for further characterizing the phenotypes of muta-
tions in HSV1 structural proteins. Such studies will result in
further insights into the HSV1-induced cytopathic effects and
whether these are kinetically linked to HSV1 nuclear capsid
egress, assembly, and secretion of infectious particles or
whether they constitute bona fide bystander effects of viral
infection.
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