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Poxviruses encode many if not all of the proteins required for viral
genome replication in the cytoplasm of the host cell. In this context,
we investigated the function of the vaccinia virus G5 protein
because it belongs to the FEN1-like family of nucleases and is
conserved in all poxviruses. A vaccinia virus G5 deletion mutant
was severely impaired, as the yield of infectious virus was reduced
by approximately two orders of magnitude. The mutant virions
contained an apparently normal complement of proteins but
appeared spherical rather than brick-shaped and contained no
detectable DNA. The inability of G5 with substitutions of the
predicted catalytic aspartates to complement the deletion mutant
suggested that G5 functions as a nuclease during viral DNA replica-
tion. Although the amount of viral DNA produced in the absence of
G5 was similar to that made by wild-type virus, the mean size was
approximately one-fourth of the genome length. Experiments with
transfected plasmids showed that G5 was required for double-strand
break repair by homologous recombination, suggesting a similar role
during vaccinia virus genome replication.

DNA processing � poxvirus genome replication

A ll studied DNA replication systems include multiple nucle-
ases that are involved in proofreading, processing of Oka-

zaki fragments, double-strand break repair (DSBR), homolo-
gous recombination (HR), and other processes. Poxviruses are
remarkable with regard to DNA synthesis because they replicate
within specialized ‘‘factories’’ in the cytoplasm of infected ani-
mal cells (1). The poxvirus-encoded replication proteins include
a DNA polymerase, primase fused to a predicted helicase, uracil
DNA glycosylase, processivity factor, DNA ligase, Holliday
junction resolvase, and a dedicated protein kinase (2). Two of the
above proteins have nuclease activities, namely the 3�-5� exonu-
clease domain of the DNA polymerase (3) and the Holliday
junction endonuclease (4). In addition, a nicking-joining enzyme
that can cleave at the apex of hairpin telomeres has been
described (5, 6). The activity associated with the polymerase
appears to be involved in both proof reading (3) and HR (7); the
Holliday junction endonuclease resolves DNA concatemers into
unit-length genomes (8), whereas the role of the nicking-joining
enzyme is uncertain because deletion of the implicated gene has
no discernible effect on replication (5).

Another putative nuclease encoded by the G5R gene of vaccinia
virus (VACV), the prototype poxvirus, was predicted from com-
putational analyses (9, 10). The G5 protein homologs, which are
conserved in all poxviruses and in some related nucleocytoplasmic
large DNA viruses, belong to the ubiquitous family of exo/
endonucleases known as the FEN1 family after its best-
characterized member, the human flap structure-specific endonu-
clease 1. The FEN1 family includes the 5�-3� exo domain of the
bacterial polymerase 1 catalytic subunit, archaeal and eukaryotic
flap endonucleases, and a variety of other, less well-characterized
nucleases (11, 12). Analysis of G5 and the orthologous proteins in
other poxviruses indicates that the main structural elements of the
FEN1 fold and the five aspartates that are involved in catalysis by

FEN1 family nucleases are conserved, making it likely that these
viral proteins possess nuclease activity (9, 10).

The G5 protein is made early after infection and is packaged
in the virus core (13). Temperature-sensitive (ts) G5 mutants
failed to initiate the formation of viral membranes but no defect
in viral DNA synthesis was noted, and DNA concatemers were
resolved into genome-length DNA at the non-permissive tem-
perature. Based on the phenotype of the ts mutants, it was
proposed that G5 was essential for an early stage in morpho-
genesis. However, the phenotype of the G5 mutant was enig-
matic because it failed to account for the predicted nuclease
activity of G5. Considering that some ts mutants of VACV have
anomalous phenotypes, we decided to reevaluate the function of G5
by isolating a deletion mutant. The phenotype of the mutant was
distinct from that of the previous ts mutants and consistent with a
nuclease function of G5. The G5 protein was required for HR,
DSBR and the production of full-length viral genomic DNA.

Results
Impaired Replication of a G5R Deletion Mutant. Although a previous
attempt to isolate a G5R deletion mutant using a neo and gus
selection and screening system failed (13), we succeeded in
replacing the G5R ORF with the gene encoding enhanced green
fluorescent protein (GFP) under control of a VACV promoter.
Small green fluorescent plaques were detected against the
background of large, round, non-fluorescent parental virus
plaques. The small-plaque mutant, v�G5, was clonally purified,
and deletion of the G5R gene was confirmed by DNA sequenc-
ing. The failure to isolate the deletion mutant in the previous
study was probably due to partial suppression of plaque forma-
tion by the antibiotic used for selection as well as the low
sensitivity of �-glucuronidase as a screening marker.

A one-step growth curve (Fig. 1A) documented the very low
reproduction of v�G5 in cell culture, which would account for
the small plaque phenotype. The yield of infectious virus was
estimated to range between 2–4 plaque-forming units (PFUs)
per cell. The poor growth and small plaque phenotype of v�G5
was confirmed in several other cell lines, indicating that there
was a general impairment in replication rather than a restricted
host range defect. To prove that an unrelated spontaneous
mutation or rearrangement was not responsible for the v�G5
phenotype, the G5R gene was restored to its original locus by
HR. The revertant virus reproduced to high titer and formed
plaques that were indistinguishable from wild-type (wt) VACV.

Transcomplementation of v�G5 with wt G5 but Not with Predicted
Catalytic Site Mutants. The titer of v�G5 increased by more than
a log when the cells were transfected, before infection, with a
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plasmid containing the wt G5R gene regulated by the cytomeg-
alovirus promoter (Fig. 1B), confirming that the replication
defect was due to the loss of the G5R gene. Transfection of the
G5R gene was routinely used to prepare high titer stocks of v�G5
in lieu of establishing a stable complementing cell line. In
contrast to the results obtained with the wt G5R, plasmids
expressing copies of the G5R gene in which the predicted
catalytic aspartate D33 or D198 was replaced by alanine did not
complement v�G5 (Fig. 1B). The latter result suggested that the
predicted nuclease activity of G5 is required for the function of
this protein in viral reproduction.

Defective Virion Morphogenesis in the Absence of G5. In agreement
with the low yield of infectious virions per cell, transmission
electron microscopy showed an almost complete absence of
characteristic brick-shaped mature virions in v�G5-infected
cells. In thin sections of v�G5-infected cells, viral structures were
represented by normal looking crescents and immature virus
particles, and dense, spherical rather than brick-shape particles
(Fig. 2). Cytoplasmic structures resembling DNA crystalloids,
seen under conditions in which mature virions do not form were
also present. Occasionally, membrane wrapping of dense imma-
ture particles was observed as occurs with normal mature
virions. The dense spherical particles observed in v�G5-infected
cells resembled aberrant virions lacking DNA that were previ-

ously found in cells infected with two DNA-packaging mutants
(14, 15) and a mutant defective in concatemer resolution (8).

The aberrant virus particles that accumulated in v�G5-
infected cells were purified in parallel with VACV mature
virions from wt VACV-infected cells. Opalescent bands of
similar intensity were seen in sucrose gradients containing
material from cells infected with v�G5 and wt virus. However,
comparison of negatively stained particles by electron micros-
copy showed that the mutant virus did not have the typical brick
shape of poxvirus virions but appeared more spherical, corre-
sponding to the dense particles seen by transmission electron
microscopy (Fig. 2, insets). Moreover, the specific infectivity of
the mutant particles was about 100-fold lower than that of wt
virions purified in parallel.

Analysis of Viral DNA in Defective Virions and Infected Cells. Mutant
and wt particles were immobilized on cover slips and stained with
4�,6-diamidino-2-phenylindole (DAPI), which binds avidly to
double-stranded DNA. Both mutant and wt virions were de-
tected with antibody to VACV, but only the latter stained
efficiently with DAPI (Fig. 3A). In contrast to the absence of
DNA in mutant virions, v�G5 DNA was present in the cyto-
plasmic factories, the sites of VACV DNA synthesis and virion
assembly (Fig. 3B). The DAPI staining coincided with the
staining by an antibody to the VACV L1 protein that was used
as a marker for the factory (Fig. 3B). The normal appearance of
viral factories suggested that there was no major quantitative
defect in DNA synthesis in v�G5-infected cells although the
DNA was not packaged into virions.

Real time PCR (qPCR) was used to quantify viral DNA in
virions and infected cells. The v�G5 virions contained at least
20-fold less DNA than wt virions as determined by analysis of the
material extracted using a standard DNA isolation procedure
(Fig. 4A). Nevertheless, the polypeptide compositions of the wt
and mutant particles, analyzed by SDS-polyacrylamide gel elec-
trophoresis, were nearly identical (Fig. 4B). To quantify viral
DNA synthesis, total DNA was extracted from cells infected with
v�G5 or wt virus at multiple times after infection and the amount
of viral DNA was determined by qPCR. Similar amounts of viral
DNA accumulated over 24 h in cells infected with v�G5 and wt
virus, although there was a short delay in the former (Fig. 4C).

Characterization of Viral DNA in Infected Cells. DNA from v�G5-
and wt virus-infected cells was analyzed by pulsed-field gel
electrophoresis and Southern blotting. In wt virus-infected cells,

Fig. 1. Replication of v�G5. (A) One-step growth curve. BS-C-1 cells were
infected with 10 PFU/cell of v�G5 or wt VACV for 1 h at 37 °C, washed three
times with medium, and incubated further at 37 °C. Duplicate samples were
harvested at indicated times post infection (p.i.) and virus titers were deter-
mined by plaque assay on BS-C-1 cells. (B) Complementation of v�G5 with
plasmids expressing wt or mutated copies of the G5 gene. At 18 h before
infection, cells were transfected with vector (V) or plasmids expressing wt G5
or G5 with amino acid substitutions D198A or D33A under control of the
cytomegalovirus promoter. Western blot with antibody to the V5 tag, present
on the C terminus of G5 expressed from plasmids, is shown at the bottom.

A B

Fig. 2. Electron microscopy of wt- and v�G5-infected cells and purified
virions. BS-C-1 cells were infected with wt VACV (A) or v�G5 (B) for 24 h, fixed,
embedded in Epon, and ultrathin sections were prepared. Abbreviations: Cr,
crescent membrane; IV, immature virion, MV, mature virion; Nu, nucleoid in
IV; D, dense spherical particle. Arrow points to a structure with the appearance
of a DNA crystalloid. Insets show typical wt (A) and mutant (B) virions that
were purified, adsorbed to grids, washed with water, and stained with 7%
uranyl acetate in 50% ethanol.
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genome length VACV DNA (185 kbp) along with lesser amounts
of dimers and diffuse smaller fragments were detected (Fig. 5A).
In contrast, most of the DNA from v�G5-infected cells was
present as a smear corresponding to genomic fragments ranging
from approximately 20 to approximately 200 kb, with a mean of
approximately 45 kbp (Fig. 5A). The amounts of v�G5 and wt
DNA that remained in the wells of the gel were not visibly
different, suggesting that branched DNA molecules did not
accumulate in the absence of G5.

The presence of numerous random nicks, that could cause
fragmentation of the double-stranded DNA upon isolation, was
ruled out by alkaline gel electrophoresis (Fig. 5B). To confirm
that the entire VACV genome was represented in the DNA
synthesized in cells infected with v�G5, the DNA was digested
with the restriction enzymes EcoRI and BglI and analyzed by
Southern blotting using total VACV genomic DNA as the probe.
As shown for EcoRI, there was no visible difference between the
restriction fragments of v�G5 and wt DNA (Fig. 5C).

Junction fragments are formed during VACV genome repli-
cation by synthesis around the hairpin termini (16). These
junctions are rapidly cleaved by the Holliday junction resolvase
to reform the hairpin termini of mature genomes. Unless
resolution is impaired, BstE II digestion of DNA from infected
cells yields predominantly 1.3-kb terminal fragments and only
trace amounts of the 2.6-kb junctions (17). Precisely this situa-

tion was found when v�G5 and wt VACV DNA was analyzed by
Southern blotting of samples at 6, 8, and 24 h.

In summary, viral genomic sequences in wt and mutant
virus-infected cells were replicated to approximately the same
level, but the mutant DNA was fragmented so that the amount

Fig. 3. Confocal microscopy of purified virions and cytoplasmic factories. (A)
Purified v�G5 and wt virions were adsorbed to cover slips and stained with
polyclonal rabbit anti-VACV antibody R8191 followed by a secondary anti-
body conjugated to Alexa Fluor 594 (red) (Molecular probes, Eugene, OR) and
DAPI (blue). (B) HeLa cells were infected with v�G5 or wt VACV for 8 h and
stained with DAPI (blue) or monoclonal anti-L1 antibody followed by a
secondary antibody conjugated to Alexa Fluor 594 (red). Arrows point to virus
factories adjacent to the larger nuclei.

Fig. 4. DNA content of virions and infected cells determined by qPCR. (A)
DNA was extracted from purified virions and analyzed by qPCR with primers
designed to anneal to the VACV C11L gene specific for VACV DNA. Data from
a representative experiment are shown. (B) Proteins from purified v�G5 and
wt virions were analyzed by SDS-polyacrylamide gel electrophoresis. A gel
stained with Coomassie blue is shown. The migration positions of marker
proteins are indicated on the right. The arrow points to a 28-kDa band
believed to be the precursor of the L4 protein, which was present in higher
amounts in v�G5 than wt virions. (C) DNA was extracted from infected BS-C-1
cells at indicated hours post infection (p.i.) and analyzed by qPCR as in panel
A. Data from a representative experiment are shown.

Fig. 5. Electrophoretic analysis of DNA. (A) Pulsed-field gel electrophoresis.
BS-C-1 cells were infected with wt VACV or v�G5 for the indicated times and
the cell pellets were embedded in agarose plugs and lysed with SDS, EDTA and
proteinase K. DNA was separated by electrophoresis, transferred to a mem-
brane and hybridized to total VACV DNA labeled with digoxigenin. Abbrevi-
ations: M, full length VACV genome; D, VACV genome dimer. (B) Alkaline gel
electrophoresis. Infected cell pellets were lysed in the wells and the DNA was
denatured with 50 mM NaOH, resolved by electrophoresis in a 1% agarose gel,
and detected by Southern blotting as in panel A. (C) Restriction enzyme
analysis. Cells were infected as in A and DNA was extracted with the Puregene
kit (Qiagen), digested with EcoRI, and analyzed by pulsed-field agarose gel
electrophoresis and Southern blotting as in panel A. Only the upper part of the
gel is shown.
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of genome-sized molecules was severely reduced. We hypothe-
sized that this genome fragmentation was caused by accumula-
tion of double-strand breaks (DSBs) and that the predicted
nuclease activity of G5 is involved in HR mediated DSBR.

HR Is Impaired in the Absence of G5. To investigate whether HR is
impaired in the absence of G5, we took advantage of the ability
of plasmids to replicate in cytoplasmic factories with the help of
VACV-encoded proteins (18, 19). The levels of HR in wt- and
v�G5-infected cells were quantified using a firefly luciferase
(LUC) assay that is dependent on the reconstitution of the LUC
gene from two overlapping fragments in separate plasmids (20).
The frequency of HR was 3- to 5-fold lower in the absence of G5
(Fig. 6A). In contrast, similar LUC values were obtserved when
the infected cells were transfected with a plasmid containing an
intact LUC gene, indicating that the reduced LUC in the
v�G5-infected cells was indeed due to a deficiency of HR rather

than defects in plasmid replication or gene expression. We also
assessed plasmid replication and recombination directly by
Southern blotting. DNA was extracted from duplicate samples used
to measure LUC expression, digested with restriction enzymes to
separate the LUC gene from the rest of the plasmid and with DpnI
to eliminate the input plasmid, and analyzed by Southern blotting
with a LUC DNA probe. Much less full-length LUC DNA was
formed when the two plasmids with overlapping LUC fragments
were transfected into cells infected with v�G5 compared to wt
virus, whereas similar amounts were present when the single
plasmid with an intact LUC gene was transfected (Fig. 6B).

A related DSBR assay was adapted from the protocol of
Gammon and Evans (21). The plasmid containing the intact
LUC gene used above was either digested with XhoI to create a
DSB between the promoter and the LUC ORF or with AflIII to
excise a segment of the LUC gene. The plasmids were trans-
fected individually or together into cells infected with mutant or
wt virus and LUC activity was subsequently determined. As a
positive control, the intact LUC plasmid was transfected. In the cells
infected with wt virus and transfected with the two plasmids, DSBR
resulted in 23% of the LUC activity of the intact plasmid, whereas
only 3% of the activity was obtained in the transfected cells that had
been infected with the mutant virus (Fig. 6C). Only low background
activity was obtained when either the XhoI- or AflIII-digested
plasmids were transfected individually (Fig. 6C) indicating that the
DSBR was dependent on HR.

Discussion
Identification of a poxvirus-encoded primase (22) suggested that
poxviruses might also encode an endonuclease that would
remove RNA primers in nascent DNA. The G5 protein seemed
a likely candidate as it belongs to the FEN1 nuclease family (9,
10), some members of which are flap endonucleases (11). We
isolated a VACV G5R deletion mutant and found that it was
defective, generating only 2–4 infectious units per cell. Isolation
of a revertant virus and transcomplementation with plasmid
encoding the wt G5R gene confirmed that the replication defect
was specific. Moreover, mutations of predicted catalytic aspar-
tates abrogated complementation, strongly suggesting that G5
functions as a nuclease in DNA replication. Although the level
of DNA replication determined by qPCR appeared unaffected,
pulsed-field gel electrophoresis showed that the viral DNA made
in the absence of G5 was a mixture of fragments, with a mean of
about 45 kb instead of 200-kb, full-length genomes. The DNA
fragments were double-stranded and representative of the entire
genome because digestion with restriction endonucleases yielded
the expected pattern. Furthermore, there was an excess of
mature DNA termini compared to junctions, indicating that
junction resolution had occurred. The presence of numerous
random nicks in the DNA or accumulation of Okazaki-size
fragments was ruled out by alkaline gel electrophoresis. There-
fore, it seems most likely that the subgenomic DNA fragments
result from DSBs, which occur in many systems at the replication
fork, and that these DSBs are not repaired in the absence of G5.
Assuming that the DSBs were random (i.e., Poisson-distributed)
and that the mean fragment length was 45 kb, then full-length (185
kb) genomes would be expected to comprise approximately 1% of
the total viral DNA. This estimated fraction of intact genomes is
compatible with the observed residual infectivity of v�G5.

Using a quantitative plasmid recombination assay developed
by the Evans laboratory (20), we found that HR was diminished
by 3- to 5-fold. In a second HR DSBR assay, we found a 7- to
8-fold decrease in cells infected with the G5R deletion mutant.
The deficiencies in DSBR and HR are likely to have the same
mechanistic cause as the two processes are intimately related
(23). In eukaryotic cells, HR-mediated DSBR involves the
resection of DNA ends to produce recombinogenic 3� single-
stranded tails. This process involves multiple nucleases including

Fig. 6. HR and DSBR. (A) Cells infected with v�G5 or wt virus were trans-
fected with two plasmids containing overlapping fragments of LUC and
another containing the �-gal gene. Recombination frequencies were deter-
mined in duplicate as described in Materials and Methods. Data from a
representative experiment are shown. (B) DNA from duplicate samples of
experiments in panel A were digested with DpnI, XhoI, and SpeI followed by
agarose gel electrophoresis and Southern blotting with a LUC gene probe.
Lanes: 1 and 2, wt virus; lanes 3 and 4, v�G5. Lanes 1 and 3, transfection with
two plasmids containing LUC gene fragments; lanes 2 and 4, transfection with
one plasmid containing complete LUC gene. (C) Plasmid pR406 was digested
with XhoI or AflIII and purified by agarose gel electrophoresis. The intact
plasmid or linearized plasmids individually or together were transfected into
cells infected with v�G5 (empty bar) or wt (filled bar) virus. The frequency of
recombination was determined by comparing the LUC activity in cells trans-
fected with linearized plasmids to that of intact plasmid. Insert is a diagram of
recombination needed for repair and LUC expression.
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Mre11, a 3�-5� exonuclease, and Exo1, a 5�-3� exonuclease and
flap endonuclease (23). An important next step will be to
characterize the putative nuclease activity of G5. Recently
Gammon and Evans (21) reported that the 3� exonuclease of
VACV DNA polymerase has a role in genetic recombination. In
addition, the VACV Holliday junction resolvase can cleave a
variety of branched DNA structures in vitro (4, 24, 25), although
it is expressed late in infection whereas G5 and the viral DNA
polymerase are expressed early. Thus, two or three nucleases are
potentially involved in poxvirus DSBR and HR.

Most of the DNA made in cells infected with the G5 deletion
mutant was not packaged in virus particles, even though junc-
tions were resolved to form mature termini. There might be a
length requirement for packaging DNA or mature termini might
be required at both ends of the genome. Still another possibility
is that G5 itself is required, since it is normally present in virus
cores (13). At least two other proteins are needed for packaging
DNA, namely a putative ATPase encoded by the A32 gene (14)
and the telomere-binding protein I6 (15). The absence of DNA
probably accounted for the spherical shape of the virions
because similar-shaped virions have also been found with the
A32 and I6 mutants.

The herpesvirus FEN1-family member is a ribonuclease
involved in host and early viral mRNA degradation (26). To
determine whether G5 also possessed such an activity, we
compared the steady state levels of a cellular mRNA, an early
VACV mRNA and an intermediate VACV mRNA in cells
infected with wt VACV and the G5 deletion mutant. No
differences were found suggesting that G5 does not affect
mRNA stability. This result was not surprising given that
VACV and other poxviruses encode decapping enzymes,
which regulate mRNA half-life (27, 28). Other nucleocyto-
plasmic large DNA viruses including iridoviruses, ascoviruses,
mimivirus, and one of the phycodnaviruses (but not other
phycodnaviruses or African Swine Fever virus) encode pre-
dicted Fen1-family nucleases. However, these proteins are no
more closely related to poxvirus G5 orthologs than they are to
the herpesvirus homologs, leaving the roles of these proteins
in viral reproduction an open question.

Materials and Methods
Cells and Viruses. Procedures for the preparation and maintenance of BS-C-1
cells and for the propagation, titration and purification of VACV have been
described (29). Recombinant VACV were derived from the WR strain (ATCC,
VR-1354) and constructed by transfection of a DNA segment with the se-
quence of interest and 500 bp flanks to allow HR. DNA segments were
assembled by overlapping PCR. In v�G5, the G5R gene except for the first 47
and last 46 nucleotides that overlap the promoters of adjacent genes was
replaced with the GFP gene preceded by a VACV synthetic early/late promoter.
A revertant, vG5-rev, was made from v�G5 by replacing the GFP gene with the
respective DNA and screening for non-fluorescent plaques.

Transcomplementation of v�G5 with Plasmids Expressing G5. The synthetic
human codon optimized G5R gene including a coding sequence for the
C-terminal V5 tag was prepared by GeneArt and cloned into the BamHI and
XhoI sites of pcDNA 3.1 (�) (Invitrogen) for expression under control of
cytomegalovirus promoter. Codons for aspartic acid residues D33 and D198

were replaced by codons for alanine using overlapping PCR, and mutant gene
copies were cloned into the same vector. To complement v�G5 function,
plasmids with wt or mutant copies of the gene were transfected with Lipo-
fectamine 2000 (Invitrogen) into BS-C-1 cells 18 h before infection with 0.01
PFU/cell of v�G5. Cells were collected 72 h after infection and virus titers
determined.

HR Assays. The assays were carried out as described (20) using plasmids with
the VACV P11 promoter kindly provided by D. H. Evans. Plasmids pRP406� and
pRP403�, containing the N- and C-terminal parts of LUC overlapping by 366
bp, and plasmid pRP7.5lacZ containing the �-galactosidase (�-gal) gene were
co-transfected into BS-C1 cells that had been infected with 5 PFU/cell of v�G5-
or wt virus and extracts were prepared 18–22 h later. Enzyme activities were
measured with a luminometer using the LUC (Promega) or �-gal (Clonetech)
detection kit, respectively. LUC activity was normalized for �-gal to account
for possible variation in transfection efficiency. The normalized LUC activity
was compared to the activity resulting from transfection of pRP406, which
contains the complete LUC gene, to determine the recombination frequency.
Recombination frequency was calculated using the formula: 100% � [LUC
(pRP406� � pRP403�)/�-gal]/[LUC (pRP406)/�-gal] as described (21). �he same
methods were used to measure DSBR (21).

qPCR. DNA was extracted from purified virions or infected cells with blood kit
(Qiagen) and used in qPCR reaction with SYBR Green PCR master mix (Applied
Biosystems) with primers C11pF: 5�AAACACACACTGAGAAACAGCATAAA and
C11pR: 5�ACTATCGGCGAATGATCTGATTATC designed to anneal to the VACV
C11L gene in an Eppendorf Mastercycler with Eppendorf realplex software.
Amplification conditions were 40 cycles 95°, 15 s and 60°, 60 s.

Pulsed-Field Agarose Gel Electrophoresis. Cell pellets from single wells of a
24-well plate of infected cells were washed once with PBS and embedded in
molten agarose plugs. The plugs were incubated in a solution containing SDS,
EDTA and proteinase K as described in the protocol provided by Bio-Rad. Elec-
trophoresis was performed in 1% agarose gel in CHEF-DR III apparatus (Bio-Rad)
at 5.8 V with a switching time gradient of 50–90 s, 120° angle for 22 h at 14 °C.

Southern Blotting. DNA resolved in agarose gels was fragmented with HCl,
denatured with alkali, neutralized, transferred overnight to positively
charged nylon membrane (Roche), and UV cross-linked to the membrane.
Hybridization with digoxigenin-dUTP labeled probe was performed using DIG
High Prime DNA Labeling and Detection kit (Roche).

Alkaline Agarose Gel Electrophoresis. BS-C-1 cells (2 � 105) infected with wt or
v�G5 were lysed in the wells of 1% agarose gel in 10 mM Tris pH 8.0, 10 mM
EDTA, 0.5% SDS for 15 min at room temperature; the concentration of NaOH
was adjusted to 50 mM and electrophoresis was carried out in 50 mM NaOH,
1 mM EDTA at 3 V/cm for 6 h and analyzed by Southern blotting.

Transmission Electron Microscopy. BS-C-1 cells were infected with 10 PFU v�G5
or wt virus per cell for 1 h at 37 °C. Unadsorbed virus was removed by washing
and the incubation continued for 12–20 h. Cells were fixed with 2% glutar-
aldehyde, embedded in Epon resin, and ultrathin sectioned samples were
prepared (30).
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