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The herpes simplex virus type 1 (HSV-1) mutant KUL25NS, containing a null mutation within the UL25
gene, was isolated and characterized by McNab and coworkers (A. R. McNab, P. Desai, S. Person, L. L. Roof,
D. R. Thomsen, W. W. Newcomb, J. C. Brown, and F. L. Homa, J. Virol. 72:1060-1070, 1998). This mutant was
able to cleave the concatemeric products of viral DNA replication into monomeric units, but in contrast to
wild-type (wt) HSV-1, they were degraded by DNase treatment, indicating that they were not stably packaged
into virus capsids. I have examined the packaging of the KUL25NS genome and an HSV-1 amplicon in cells
infected with the mutant virus. In contrast to the previous results, a low level of KUL25NS DNA was resistant
to DNase digestion, indicating that it was retained in capsids. The proportion of this packaged DNA present
as full-length genomes was much lower than in cells infected by wt HSV-1, and there was a significant
overrepresentation of the long terminus and underrepresentation of the short terminus. KUL25NS was less
impaired in stably packaging amplicon DNA than in packaging its own genome, and the packaged molecules
contained approximately equimolar amounts of the two terminal fragments. Below about 100 kbp, the pack-
aged amplicon molecules exhibited an abundance and size distribution similar to those generated using wt
HSV-1 as a helper, but the mutant was relatively impaired in packaging longer amplicon molecules. Both
packaged genomic and amplicon DNAs were retained in the nuclei of KUL25NS-infected cells. These results
suggest that the UL2S5 protein may play an important role during the later stages of the head-filling process,

prior to release of capsids into the cytoplasm.

The pathways of herpes simplex virus type 1 (HSV-1) ge-
nome replication and virion morphogenesis converge at the
stage of DNA maturation and encapsidation. The substrates
for DNA packaging are the concatemeric products of DNA
synthesis and a preassembled icosahedral structure, designated
the procapsid, in which the capsid shell proteins surround an
internal proteinaceous scaffold (20, 21, 26, 41). Encapsidation
proceeds by a complex mechanism in which the cleavage of
concatemers into monomeric units is tightly coupled with their
insertion into the procapsid (for a review, see reference 10).

An integral component of the scaffold is the virus-encoded
protease, activation of which is necessary for the conversion of
the procapsid into a more angularized and stable capsid form
(6, 8, 23, 24, 26). Three types of angularized capsid are seen in
the nuclei of infected cells (9, 10, 25). C capsids result from
insertion of the viral genome and the concomitant loss of the
scaffold and represent the precursors of infectious virus parti-
cles. B capsids retain an internal scaffold, while A capsids
contain neither DNA nor scaffold. The A and B capsid forms
are considered to be dead-end products, and it is thought likely
that the former are generated as a consequence of abortive
DNA-packaging events (2, 30, 32).

In addition to the major components of the procapsid, six
other viral proteins, encoded by the genes UL6, UL1S5, UL17,
UL28, UL32, and UL33, are necessary for cleavage and pack-
aging of concatemeric HSV-1 DNA. Mutants with lesions in
these genes exhibit a characteristic phenotype in which viral
DNA accumulates in the form of concatemers, genomic ter-
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minal fragments are absent, the nucleus contains B but not C
capsids, and the replicated viral DNA is susceptible to the
action of exogenously added DNase (10, 12, 28).

Studies of mutants affected in a seventh viral protein, the
UL25 product, have suggested that this product also plays an
important role in the generation of DNA-containing capsids.
Addison et al. (3) characterized two temperature-sensitive (ts)
mutants with lesions in UL25. One of these, ts1204, had a
defect in initiating infection at the nonpermissive temperature
which could be overcome by an initial brief incubation at the
permissive temperature. In addition, both ts1204 and the sec-
ond mutant, ts1208, were defective at a later stage of infection.
Although the question was not directly examined, it was con-
cluded that efficient viral DNA synthesis occurred, since viral
polypeptide production was very similar to that of wild-type
(wt) HSV-1. Both mutants assembled capsids in the nuclei of
cells incubated at nonpermissive temperature, albeit in smaller
numbers than wt virus, and the majority of these had the
appearance of B capsids in the published electron micro-
graphs. The most striking feature, however, was the absence of
detectable DNA-containing C capsids, suggesting that the mu-
tants were defective at the stage of DNA encapsidation.

A UL25-null mutant (KUL25NS) was subsequently isolated
in a complementing cell line, and its behavior was character-
ized in the parental untransformed Vero cells (15). The virus
synthesized viral DNA, but only A and B capsids were present
in infected cell nuclei. Like the mutants defective in DNA
packaging, replicated KUL25NS DNA was completely suscep-
tible to added DNase. However, a crucial difference was that
both unit-length KUL25NS genomes and terminal genomic
DNA fragments were detected in infected cells. These data
reveal a novel phenotype for an HSV-1 mutant in which cleav-
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age of concatemeric DNA occurs in the absence of stable DNA
packaging. Based largely upon the accumulation of A capsids,
McNab et al. (15) concluded that rather than uncoupling cleav-
age and packaging, the absence of the UL25 protein may have
resulted in an abortive packaging process in which viral DNA
was only transiently associated with the capsid. The essential
function of the UL25 protein during DNA packaging was
therefore deduced to be in retaining DNA in capsids.

UL2S5 protein has been detected in preparations of procap-
sids; A, B, and C capsids; and virions. Consistent with a role in
DNA retention, C capsids contain more UL25 protein than B
capsids, which in turn contain more than procapsids (4, 11, 15,
22, 31, 39, 43). In addition, UL25 protein has recently been
reported to interact with both capsid shell proteins and viral
DNA, suggesting a possible role in anchoring the genome to
the capsid (22).

A convenient approach to investigating the cis-acting ele-
ments and frans-acting functions that participate in the HSV-1
DNA encapsidation process employs amplicons: bacterial plas-
mid vectors into which have been inserted functional copies of
a viral DNA replication origin and a packaging signal (1, 7, 19,
34, 35). When cells transfected with the amplicon are super-
infected with wt HSV-1, the presence of the two viral cis-acting
signals allows the plasmid to be replicated as a concatemer and
packaged in virus particles. During the course of experiments
in which baby hamster kidney (BHK) cells were transfected
with an amplicon and superinfected with the UL25-null mu-
tant, KUL25NS, I unexpectedly observed that significant
amounts of the replicated amplicon were stably packaged. This
finding prompted a more detailed examination of the packag-
ing of mutant genomes and amplicon DNA in Vero and BHK
cells.

MATERIALS AND METHODS

Cells and viruses. BHK 21 clone 13 (hereafter referred to as BHK) cells were
grown in Glasgow minimal essential medium (MEM) supplemented with 10%
tryptose phosphate broth, 10% newborn calf serum, 100 U of penicillin/ml, and
100 pg of streptomycin/ml. After transfection or infection, the cells were main-
tained in Glasgow MEM supplemented with 5% newborn calf serum and the
same antibiotics (EC5). Vero cells were maintained throughout in Dulbecco’s
MEM containing 5% fetal calf serum and the same antibiotics (EFCS5). The
HSV-1 UL25- and UL28-null mutants (KUL25NS and gCB) were propagated on
Vero cell-derived complementing cell lines, 8-1 and C1, respectively (15, 40).
Stocks of wt HSV-1 (strain 17 syn™ [14]) were prepared and titrated in BHK or
Vero cells. Wt HSV-1 strain KOS, the parent of KUL25NS (15), and a pheno-
typically wt virus, 25R22, generated by marker rescue of KUL25NS with a cloned
HSV-1 fragment containing the UL25 gene of HSV-1 strain 17 syn™ (a kind gift
of P. Targett-Adams), were also used in some experiments.

Plasmids. Amplicon pSA1 (Fig. 1c) contains a copy of the HSV-1 orig DNA
replication origin and a 200-bp packaging signal spanning the junction between
two tandem a sequences inserted into the vector pAT153 (1). Plasmids pGX2
and pGX153 contain the HSV-1 BamHI K and P fragments (Fig. 1a), respec-
tively, inserted into pAT153. Since BarmHI K contains sequences from both the
long repeat (Ry) and the short repeat (Rg), pGX2 can hybridize to fragments
originating from the joint region and both termini. Plasmids suitable for specific
detection of the joint region and either the L or S terminus of HSV-1 DNA were
derived by introducing deletions that removed the a sequence and all of one
terminus from pGX2. Thus, plasmid pBE1 contains sequences corresponding to
HSV-1 nucleotides 596 to 2905 of TR, and pBN1 and pST17 contain sequences
corresponding to nucleotides 148825 to 150562 and 148825 to 151857, respec-
tively, of TRy (Fig. 1b; nucleotide numbering taken from reference 14).

Virus infection and DNA analysis. Monolayers of BHK or Vero cells in
35-mm-diameter petri dishes were infected with 5 PFU of wt HSV-1 or
KUL25NS/cell in a volume of 200 pl. One hour after the addition of virus, the
inoculum was removed; the cells were washed with 0.14 M NaCl, exposed to 0.1
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M glycine-0.14 M NaCl (pH 3.0) for 1 min to inactivate residual virus, and
washed with maintenance medium; and incubation continued for 18 h at 37°C in
2 ml of EC5 or EFCS, as appropriate. The medium was removed, and the cells
were resuspended in Tris-buffered saline (137 mM NaCl, 5 mM KCI, 0.7 mM
Na,HPO,, 5.5 mM glucose, 25 mM Tris-HCI, pH 7.4) and divided into two equal
samples, which were used to prepare total cellular and DNase-resistant (encap-
sidated) DNAs (36). The cells from both samples were pelleted and resuspended
in 184 pl of reticulocyte standard buffer (10 mM Tris-HCI [pH 7.5], 10 mM KClI,
1.5 mM MgCl,) containing 0.5% NP-40. An equal volume of 2X CLB (20 mM
Tris-HCI [pH 7.5], 2 mM EDTA, 1.2% sodium dodecyl sulfate, 1 mg of protease
[Sigma grade XIV]/ml) was either added immediately (total cellular DNA) or
after incubation in the presence of 200 pg of DNase I/ml, with occasional mixing,
for 20 min at 37°C (encapsidated DNA). After the addition of protease, all
samples were incubated for 1 h at 37°C, extracted sequentially with phenol and
chloroform, and precipitated with ethanol, and the nucleic acids were redissolved
in 10 mM Tris-HCI (pH 7.5)-1 mM EDTA containing 5 pg of RNase A/ml and
50 U of RNase T1/ml. Control experiments (data not shown) indicated that
incubation of cells infected with wt HSV-1 or KUL25NS in the presence of
DNase I for times between 5 and 300 min did not affect the recovery of DNase-
resistant DNA.

The preparation of nuclear and cytoplasmic DNAs was similar except that
after initial resuspension in reticulocyte standard buffer containing 0.5% NP-40,
the cells were first incubated for 10 min on ice and centrifuged for 10 s at 2,000 X
g to pellet the nuclei. Gel analysis of the DNAs was performed as previously
described (37). Samples of DNA corresponding to the yield from 4 X 10° cells
were cleaved with various enzymes, and the resulting fragments were separated
by agarose gel electrophoresis, transferred to a Hybond-N membrane (Amer-
sham), and detected by hybridization to appropriate 3*P-labeled probes. In most
experiments with DNA from cells that received the amplicon pSA1, Dpnl was
included in the enzyme reaction to specifically digest unreplicated input plasmid
DNA. Phosphorimages of Southern blots were acquired using the Personal
Molecular Imager and analyzed with Quantity One software (Bio-Rad).

DNA transfections. Monolayers of cells in 35-mm-diameter petri dishes were
transfected by the calcium phosphate procedure followed by treatment with
dimethyl sulfoxide at 4 h (38). Each monolayer received 0.5 ml of precipitate
containing 0.5 pg of pSAl and 12 pg of calf thymus carrier DNA. Two hours
after treatment with dimethyl sulfoxide, the transfected cells were infected with
5 PFU of wt HSV-1 or KUL25NS/cell in a volume of 200 ul and treated as
described above prior to the preparation of DNA.

PFGE. Nuclei and cytoplasm were prepared and treated with DNase as de-
scribed above. Digestion was terminated by the addition of one-third volume 4 X
CLB plus gel loading buffer, and the samples were mixed gently to minimize
shearing of DNA. Electrophoresis was carried out on a Bio-Rad DR-II appara-
tus. Samples were loaded onto a 1% agarose (Bio-Rad; pulsed-field gel electro-
phoresis [PFGE]-certified) gel in 0.5X Tris-borate-EDTA using a pipette with a
wide tip, and the DNAs were resolved with a voltage gradient of 6 V/cm for 18 h
at 14°C and a linear switch time gradient from 1 to 15 s. After electrophoresis,
the gels were stained with ethidium bromide, photographed, and blotted. A
45-min treatment of the gel with 0.25 M HCI was included prior to the alkali
denaturation step.

Total DNA from infected cells was analyzed by embedding the cells in 1%
agarose (CleanCut; Bio-Rad) blocks and performing lysis and proteinase K
digestion in situ as recommended by the manufacturer. The blocks were washed,
and pieces containing one-third of the cells from a 35-mm-diameter petri dish
were inserted into the wells of a precast 1% agarose gel. Electrophoresis and
subsequent treatment of the gel were as described above.

RESULTS

Packaging of KUL25NS DNA in Vero cells. Vero cell mono-
layers were infected with wt HSV-1 or the UL25-null mutant
KUL25NS, and total cellular and DNase-resistant DNAs were
prepared at 2 h postinfection (p.i.) (before viral DNA synthesis
had commenced) and 20 h p.. Samples were cleaved with
BamHI and analyzed by Southern blot hybridization to a la-
beled pGX153 probe that detects the BamHI P fragment (Fig.
2a). The signals obtained for the 2-h-p.i. total-DNA samples
represent input DNA. It was frequently observed that a more
intense signal was obtained with stocks of KUL25NS than with
wt HSV-1, presumably because of the presence of larger num-
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FIG. 1. HSV-1 and amplicon DNAs. (a) Structure of the HSV-1 genome showing the positions of the unique (U, and Uyg) and repeated (TR,
IR, IR, and TRy) regions of the genome. The a sequence is shaded, and for simplicity only single copies are shown at the L terminus and joint.
The locations of BamHI fragments K, P, Q, and S are indicated. (b) Expanded representation of the BamHI joint fragment, K, and terminal
fragments, S and Q. The regions within these fragments corresponding to the inserts in plasmids pBE1, pBN1, and pST17 are shown as shaded
boxes. (¢) Structure of the amplicon, pSA1 (4.4 kbp). The fragments containing orig and the packaging signal are shown as thickened lines. The
relative positions of the Ub and Uc regions (which contain the pacl and pac2 signals, respectively) are indicated. The site of cleavage for packaging
(arrow) occurs within the DR1 element between Ub and Uc. E, H, B, S, and P indicate the positions of EcoRI, HindIll, BamHI, Sall, and Pst1
restriction endonuclease sites. (d) The upper line represents the structure of a concatemer generated by pSA1 replication (only two complete
copies of the monomeric plasmid are depicted). Cleavage and packaging of concatemeric DNA generates molecules with Uc and Ub at opposite
ends (lower line). Digestion of packaged DNA with PstI (P) or Sall (S) yields fragments corresponding to pSA1 monomers plus specific terminal
fragments. The terminal Sa/l fragments containing Uc and Ub (equivalent to the L and S termini of the viral genome) are 1.3 and 3.1 kbp,

respectively. The sizes of the corresponding PstI terminal fragments are 3.5 and 0.9 kbp.

bers of noninfectious particles. Examination of the lanes con-
taining DNA prepared 20 h p.i. reveals that the two viruses
accumulated similar amounts of replicated DNA. In each case,
a proportion of the viral DNA was resistant to digestion with
DNase I (i.e., it had been stably packaged in virus capsids), but
this was much greater in the case of wt HSV-1. Approximately
30 and 0.8% of the replicated wt HSV-1 and KUL25NS DNAs,
respectively, were recovered in the DNase-resistant samples.
In order to confirm that the lesion in UL25 was responsible
for the phenotype, parental Vero cells and the Vero-derived
complementing line 8-1, which express only UL25 (15), were
infected with wt HSV-1 and KUL25NS. DNase-resistant
DNAs were prepared 20 h p.i., and BamHI-digested samples
were analyzed using pBE1 and pBN1 as probes (Fig. 2b). In 8-1
cells, each of the probes detected similar amounts of packaged
wt HSV-1 and KUL25NS DNA:s. In contrast, in Vero cells, the
amounts of packaged wt HSV-1 and KUL25NS DNAs were
approximately 2-fold higher and 10-fold lower, respectively,
than in 8-1 cells. Thus, the lesion in UL25 of KUL25NS is

responsible for a reduction in DNA packaging efficiency of at
least 20-fold in Vero cells.

The amounts of radioactivity in the bands corresponding to
the joint fragment, the long terminus, and the short terminus
(BamHI fragments K, S, and Q, respectively) were measured,
and the ratio of joint to terminal fragment was calculated for
each lane in Fig. 2b. In the case of fragment S from the long
terminus, the measurement included the major fragment con-
taining a single copy of the a sequence plus the fragments
corresponding to the presence of two and three copies. For wt
HSV-1 in both cell lines, and KUL25NS in 8-1 cells, the ratios
were, as expected, close to unity. However, for KUL25NS in
Vero cells, there was a significant overrepresentation of the L
terminus (1.6-fold) and an underrepresentation of the S ter-
minus (2.3-fold) compared to the joint fragment.

Packaging of KUL25NS DNA in BHK cells. The behavior of
KUL25NS was similarly investigated in BHK cells. Total and
DNase-resistant DNAs were prepared 20 h p.i. with wt HSV-1,
KUL25NS, or the UL28-null mutant gCB. BamHI-digested
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FIG. 2. Packaging of KUL25NS DNA in Vero and 8-1 cells. (a) Monolayers of Vero cells were infected with wt HSV-1 or KUL25NS, and total
and DNase-resistant (res) DNAs were prepared at either 2 or 20 h p.i. as indicated above the lanes. Samples were cleaved with BamHI, and the
fragments were resolved by electrophoresis through a 0.8% agarose gel, transferred to a nylon membrane, and hybridized to **P-labeled pGX153
(containing BamHI P) DNA. (b) Monolayers of Vero (V) or 8-1 cells were infected with the indicated virus, and DNase-resistant DNA was
prepared 20 h p.i. Duplicate samples, cleaved with BamHI, were hybridized to either pBE1 or pBN1 as shown. The numbers below the lanes
indicate the ratio of radioactivity present in the joint (K) to that in terminal (S or Q) fragments. The measurement for the L-terminal fragment
included the bands containing one (labeled S), two, or three (bands above S) copies of the a sequence. It should be noted that BamHI fragments
K, Q, and S of KUL25NS (strain KOS) are slightly smaller than the corresponding fragments of wt HSV-1 (strain 17 syn™). The panels were
obtained from single phosphorimager exposures of the washed membrane (i.e., all lanes were processed identically).

DNA was analyzed by hybridization to pGX2, which detects
the joint fragment and both termini. The total-cellular-DNA
samples (Fig. 3a) show that KUL25NS and wt HSV-1 repli-
cated to similar levels (as judged by fragment K), but greatly
reduced levels of terminal fragments were present in the
KUL25NS DNA. In contrast, the proportion of KUL25NS
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DNA packaged was much lower than for wt HSV-1. For both
viruses, the amounts of terminal fragment detected in the
total- and DNase-resistant-DNA samples were similar, sug-
gesting that most of the terminal fragments detected in the
total-DNA samples originate from molecules that have already
been packaged. DNA from the mutant gCB was detected in the
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FIG. 3. Packaging of KUL25NS DNA in BHK cells. (a) Monolayers of BHK cells were infected with the viruses indicated, and total and
DNase-resistant (res) DNAs were prepared 18 h p.i. Samples, cleaved with BamHI, were analyzed by hybridization to *?P-labeled pGX2
(containing BamHI K) DNA. (b) Monolayers of BHK cells were infected with wt HSV-1 or KUL25NS as indicated, and DNase-resistant DNA
was prepared 20 h p.i. Duplicate samples, cleaved with BamHI, were hybridized to labeled pBE1 or pST17 as indicated, and the numbers below
the lanes containing DNase-resistant DNA indicate the ratio of radioactivity present in the joint (K) to that in terminal (S or Q) fragments,
measured as described in the legend to Fig. 2. All lanes were processed identically.
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FIG. 4. Time course for KUL25NS DNA replication and packaging in BHK cells. Monolayers of BHK cells were infected with KUL25NS, and
total and DNase-resistant (res) DNAs were prepared at the indicated times (h p.i.). BamHI-cleaved samples were analyzed by hybridization to

32P-labeled pBE1 (top) or pST17 (bottom).

total-DNA samples but not the DNase-resistant-DNA sam-
ples, in agreement with previous results (40) and confirming
that the low levels of DNase-resistant KUL25NS DNA de-
tected are not a result of incomplete nuclease digestion.

The above-mentioned data indicate that KUL25NS displays
similar phenotypes in Vero and BHK cells: namely, that DNA
was stably packaged but at a greatly reduced level compared to
that in wt HSV-1. However, the data differ in two important
aspects from the results obtained with the same virus by Mc-
Nab et al. (15). Those workers found first, that similar amounts
of KUL25NS and wt HSV-1 genomic termini were present in
total cellular DNA and, second, that the replicated DNA of the
mutant was completely susceptible to DNase digestion.

An independent experiment was performed with BHK cells
to examine separately the L- and S-terminal fragments of wt
HSV-1 and KUL25NS in total cellular and DNase-resistant
DNAs (Fig. 3b). Comparison of the total-cellular-DNA sam-
ples harvested 18 h p.i. again revealed similar replication of the
two viruses but lower levels of KUL25NS terminal fragments.
Quantification of the blot indicated that the amounts of the L
(BamHI S)- and S (BamHI Q)-terminal fragments in total
cellular DNA from KUL25NS-infected cells were reduced at
least 2- and 10-fold, respectively, relative to those in wt HSV-1.
The amount of terminal fragment detected in total DNA was,
in each instance, similar to the amount present in the corre-
sponding DNase-resistant-DNA sample, indicating that total
cellular DNA contains relatively few free termini of either wt
HSV-1 or KUL25NS DNA. It should be noted, however, that

precise quantification of the amounts of terminal fragments in
these experiments is difficult, particularly in the total-cellular-
DNA samples, because of the presence of a background smear
of hybridization.

The ratios of joint fragment to L terminus for packaged wt
HSV-1 and KUL25NS DNAs were 0.87 and 0.32, respectively,
and the corresponding values for the S terminus were 0.78 and
3.00. Thus, as noted in Vero cells, there is relative overrepre-
sentation of the L terminus and underrepresentation of the S
terminus in packaged KUL25NS DNA. The proportions of wt
HSV-1 and KUL25NS DNAs packaged in the experiments
shown in Fig. 3 were assessed from measurements of the ra-
dioactivity present in the BamHI K fragments. For wt HSV-1,
41 and 26% of the total DNA was recovered in the DNase-
resistant fractions, with the amounts of packaged KUL25NS
DNA in the corresponding experiments being 0.9 and 3.9%,
respectively. Thus, packaging of the mutant was reduced ap-
proximately 6- to 40-fold compared to wt HSV-1. These values
are representative of the variation noted in a large number of
independent experiments, but they need to be interpreted with
caution, since it is clear that relative packaging efficiency is not
constant throughout the KUL25NS genome.

Figure 4 shows a time course for KUL25NS DNA replica-
tion and packaging in BHK cells. Each of the terminal frag-
ments (BamHI Q and S) accumulates to similar levels in the
total and DNase-resistant fractions throughout the course of
the infection, with no evidence for an excess of unpackaged
termini at any stage. Visual inspection also reveals that at all
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is overrepresented and the S terminus is underrepresented in
packaged DNA.

PFGE of packaged KUL25NS DNA. Monolayers of BHK
cells infected with wt HSV-1 or KUL25NS were incubated in
the absence or presence of phosphonoacetic acid (PAA) to
block viral DNA synthesis. The cells were fractionated into
nuclei and cytoplasm, and DNase-resistant DNA was prepared
so as to minimize the degree of shearing. Samples were re-
solved by PFGE, and the gel was blotted and hybridized to

J. VIROL.
(b) KUL25NS wit wit KUL25NS
+ -+ - M -+ -+ ==PAA
-
<152
<70
- <5
pBE1 (R) pST17 (Rg)

FIG. 5. PFGE analysis of packaged genomic DNAs. (a) Monolay-
ers of BHK cells were infected with wt HSV-1 or KUL25NS as indi-
cated and incubated in either the presence (+) or absence (—) of 200
g of PAA/mI. At 18 h p.i., the cells were fractionated into nuclei (N)
and cytoplasm (C), and DNase-resistant DNA was prepared by a
gentle method without phenol extraction. Samples were subjected to
PFGE, and the gel was blotted and hybridized to **P-labeled pGX153
(which contains BamHI P). (b) Monolayers of BHK cells were infected
with wt HSV-1 or KUL25NS and incubated for 17 h in either the
presence (+) or absence (—) of 200 pg of PAA/ml. Duplicate samples
of DNase-resistant nuclear DNA were resolved on a pulsed-field gel
and blotted. The membrane was divided in two and hybridized to pBE1
or pST17, as indicated. The markers (M) are 5-kbp ladders (Bio-Rad),
and the positions of the 5- and 70-kbp fragments are shown. The
152-kbp band corresponds to full-length HSV-1 DNA. (¢) Monolayers
of BHK cells were infected with KUL25NS, 25R22, wt HSV-1 strain 17
syn” (wt 17), or wt HSV-1 strain KOS (wt KOS) as indicated and
incubated for 17 h. The cells were harvested, embedded in agarose,
lysed, and digested with proteinase K in situ. Samples were resolved on
a pulsed-field gel, blotted, and hybridized to pGX2. The positions of
the wells and of 152-kbp linear genomes are indicated.

labeled pGX153 (which detects BamHI P). Figure 5a shows
that no viral DNA was detectable in the samples obtained from
cells treated with PAA, and hence any present in the untreated
samples must represent newly synthesized, and not input,
DNA. Wt HSV-1 DNA was detected in both the nucleus and
cytoplasm, and major bands corresponding to full-length ge-
nomes were present in each instance. In contrast, KUL25NS
DNA was present only in the nuclear fraction. The abundance
and distribution of KUL25NS fragments of less than about 125
kbp was very similar to that of wt HSV-1 in the nucleus, but the
amount of full-length genomes was reduced over 20-fold.

A similar experiment was performed in which duplicate sam-
ples of nuclear DNase-resistant DNA were resolved by PFGE.
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FIG. 6. Replication and packaging of pSA1 in BHK cells. Mono-
layers of BHK cells were transfected with pSA1 and superinfected with
either wt HSV-1 or KUL25NS. At 17 h p.i,, total cellular, cytoplasmic
DNase-resistant (res; C), and nuclear DNase-resistant (N) DNAs were
prepared. Samples, cleaved with BamHI plus Dpnl, were hybridized to
*2P-labeled pBE1 DNA. The positions of the BamHI K and S frag-
ments of the viral DNA and of pSA1 monomers are indicated.

The two halves of the blot were hybridized to probes specific
for R, and Rg (pBEl and pST17, respectively) (Fig. 5b).
Again, both probes detected abundant full-length wt HSV-1
genomes but very small amounts of similarly sized KUL25NS
molecules. The distributions of molecules smaller than approx-
imately 125 kbp were similar for both viruses. Interestingly, the
probe specific for the S terminus hybridized primarily to mol-
ecules greater than 50 kbp in size, whereas fragments between
about 5 and 50 kbp were more strongly detected with the
L-terminal probe.

Total DNAs from cells infected with wt HSV-1 (strain 17
syn™) and KUL25NS were also examined by PFGE. In this
experiment, two other phenotypically wt viruses were included:
HSV-1 strains KOS (the parent of KUL25NS) and 25R22,
which was generated by marker rescue of the KUL25NS lesion.
Viral DNA was detected by hybridization to labeled pGX2.
Figure 5c shows that each of the viruses generated concate-
meric DNA that was retained in the wells of the gel. Similar
amounts of linear genomes were present in the cells infected
with 25R22 and the two wt strains, but the amount of linear
KUL25NS DNA was over 30-fold lower. This result is consis-
tent with the observations that the terminal fragments of
KUL25NS are less abundant than those of wt HSV-1 in total
cellular DNA. In addition, the data indicate that HSV-1 strain
17 syn™ cleaves and packages DNA with efficiency similar to
that of the true parent (strain KOS) and the rescuant virus
(25R22).

Packaging of amplicon DNAs in cells infected with
KUL25NS. BHK cells were transfected with the amplicon
pSA1 and subsequently superinfected with wt HSV-1 or
KUL25NS. Total DNA and DNase-resistant nuclear and cyto-
plasmic DNAs were prepared, and samples cleaved with a
combination of BamHI and Dpnl were analyzed by hybridiza-
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tion to labeled pBE1 DNA (Fig. 6). The use of this probe
allows detection of the amplicon at the same time as the viral
joint and L-terminal fragments. It can be seen that the two
viruses replicate pSA1l to similar extents and that similar
amounts of packaged pSA1 are present in the nuclear DNase-
resistant DNA fractions. In contrast, approximately sixfold less
of the viral BamHI K fragment was present in the packaged
nuclear fraction from KUL25NS-infected cells, in agreement
with the earlier results obtained in untransfected cells. Both
packaged amplicon and viral genomes were present in the
cytoplasm of wt HSV-1- but not KUL25NS-infected cells.

Quantification of several independent repeat experiments
indicated that stable packaging of replicated pSA1 molecules
in KUL25NS-infected cells occurred with between 30 and
100% of wt efficiency. Thus, KUL25NS appears significantly
less impaired in packaging replicated amplicons than in pack-
aging its own genome.

Terminal fragments of packaged amplicons. As shown in
Fig. 1d, packaged amplicons consist of tandem head-to-tail
repeats of the input plasmid. The packaging signal in pSAl
corresponds to the fragment containing Uc-DR1-Ub that
spans two tandem copies of the a sequence. The Uc and Ub
regions of the a sequence lie adjacent to the L and S termini,
respectively, of the HSV-1 genome, and the site for cleavage of
concatemeric DNA lies within DR1 (for a review, see refer-
ence 27). Digestion of replicated and packaged pSAl mole-
cules with PstI or Sall generates fragments the size of linear-
ized pSAL1 plus specific smaller fragments from each terminus
(Fig. 1d). The 1.3- and 3.1-kbp fragments generated by Sall
digestion of packaged pSA1 terminate in Uc and Ub, respec-
tively, and are therefore equivalent to the L and S termini of
the viral genome. The sizes of the corresponding PstI terminal
fragments are 3.5 and 0.9 kbp, respectively.

To examine the termini of packaged amplicons, DNase-
resistant nuclear DNA from cells transfected with pSA1 and
superinfected with either wt HSV-1 or KUL25NS was digested
with Dpnl plus either Sall or Pst1. The fragments were detected
by hybridization of the blot to labeled pAT153 DNA. As shown
in Fig. 7, the digest patterns and relative abundance of the
terminal fragments were essentially indistinguishable for the
two helper viruses. Therefore, in contrast to genomic
KUL25NS DNA, there is no evidence for one terminus being
present in significantly greater amounts than the other.

PFGE analysis of packaged amplicon DNA. DNase-resistant
DNA from the nuclei and cytoplasm of cells transfected with
pSAL1 and superinfected with either wt HSV-1 or KUL25NS
was prepared and analyzed by PFGE as described above, ex-
cept that the probe was labeled pAT153 DNA. Figure 8 shows
that with a wt helper, packaged DNA was present in both the
nuclear and cytoplasmic fractions, although molecules smaller
than about 100 kbp were in relatively lower abundance in the
cytoplasm. This is in agreement with the findings of Vlazny et
al. (42), who reported that although capsids in the nucleus
contain defective genomes comprising integral numbers of re-
peats up to the length of a standard HSV-1 genome, only the
largest species are present in cytoplasmic capsids. Although
not clearly resolved in this gel, the characteristic ladder of
packaged nuclear molecules described by Vlazny et al. (42) was
apparent in other experiments.

Packaged amplicons were found only in the nuclei of
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FIG. 7. Terminal fragments of packaged pSA1 DNA. Monolayers
of BHK cells were transfected with pSA1 and superinfected with either
wt HSV-1 or KUL25NS. DNase-resistant DNA was prepared from the
nuclei of infected cells 18 h p.i., and samples were cleaved with either
Pstl plus Dpnl (P) or Sall plus Dpnl (S). The fragments generated were
detected by hybridization to **P-labeled pAT153 DNA. The positions
and sizes (in kilobase pairs) of the four terminal fragments and the
position of unit-length pSA1 molecules are indicated.

KUL25NS-infected cells. The size distribution was very similar
to that of the corresponding fraction from cells infected with wt
HSV-1 with the exception that the largest molecules were
present in lower amounts. Interestingly, the bands correspond-
ing to the largest packaged amplicons in the nuclear and cyto-
plasmic fractions of cells infected with wt HSV-1 exhibited a
slightly faster mobility than genome-length HSV-1 DNA (de-
tected by reprobing of the blot with labeled pGX153). It is not
clear whether these molecules are actually shorter than stan-
dard genomes or if the difference in migration arises because
of some other property, for example, their tandemly reiterated
structure or lower G+C content.

In control experiments, cells transfected with pSA1 and su-
perinfected with wt HSV-1 or KUL25NS were incubated for
18 h in the absence or presence of 200 pg of PAA/ml prior to
the preparation and analysis of DNase-resistant DNA. Hybrid-
ization to labeled pAT153 DNA failed to detect any pSAl
DNA in the samples incubated with PAA (data not shown),
demonstrating that the signals observed in Fig. 8 are not due to
the presence of unreplicated input pSA1 molecules.

DISCUSSION

The experiments presented in this paper extend the charac-
terization of the HSV-1 UL25-null mutant KUL25NS. The
principal findings are that (i) stable packaging of the
KUL25NS genome into a DNase-resistant form occurs at low
efficiency, (ii) the L terminus is overrepresented and the S
terminus is underrepresented in packaged KUL25NS DNA

J. VIROL.
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FIG. 8. PFGE analysis of packaged amplicon DNA. BHK cell
monolayers were transfected with pSA1 and superinfected with either
wt HSV-1 or KUL25NS. Nuclear and cytoplasmic DNase-resistant
DNAs were prepared and analyzed by PFGE as described in the
legend to Fig. 5, except that the probe was **P-labeled pAT153. The
markers (M) are a 5 kbp ladder (Bio-Rad), and the positions of the 5-
and 70-kbp fragments are shown. The blot was reprobed with labeled
pGX153, and the position of unit-length HSV-1 genomes (152 kbp) is
indicated.

molecules, (iii) the null mutant packages amplicon DNA rel-
atively more efficiently than it packages its own genome, (iv)
the two termini of packaged amplicons are present in similar
amounts, and (v) neither packaged viral genomes nor ampli-
cons are transported into the cytoplasm in KUL25NS-infected
cells. In contrast to the results of McNab and coworkers (15),
there was little evidence that cleavage of concatemers into
genome monomers was nearly as efficient as in cells infected
with wt HSV-1 or to support the suggestion that in the absence
of the UL25 protein significant amounts of cleaved DNA failed
to be retained in capsids. The reason why large amounts of
DNase-sensitive unit-length KUL25NS genomes were ob-
served by McNab et al. (15) but not in this study is not clear,
but the use of different cell lines is unlikely to be the explana-
tion, since I observed similar behavior of KUL25NS in Vero
and BHK cells (Fig. 2). One possible explanation is that in my
experiments full-length KUL25NS genomes were indeed effi-
ciently packaged into capsids and subsequently released as
previously proposed (15), but they were then rapidly degraded.
Although this possibility cannot be fully excluded, such a
marked difference in cellular behavior seems unlikely. As de-
scribed in detail below, my analysis of the terminal fragments
of KUL25NS in total and DNase-resistant DNAs can best be
reconciled with a model in which packaging of KUL25NS



VoL. 75, 2001

DNA is initiated but fails to go to completion. Despite this
important difference, the data presented in this paper never-
theless support two important conclusions of McNab et al.
(15), namely, that the UL25 protein is not absolutely required
for DNA cleavage and that it does play an essential role at
some stage between the initiation of encapsidation and the
release of DNA-containing capsids into the cytoplasm.

The mechanism of HSV-1 DNA encapsidation remains rel-
atively poorly understood, and many fundamental issues, such
as the polarity of packaging, remain to be resolved. It has
previously been noted for several herpesviruses that during
DNA packaging only one terminus, that containing the con-
served pac2 signal, is associated with high-molecular-weight
concatemeric DNA (13, 16, 17, 29, 33, 44). This observation
provides tentative support for a model in which the direction-
ality of packaging of herpesvirus DNA is controlled by the
initial insertion of the pac2-containing terminus into the capsid
(16, 17). Since the pac2 signal of HSV-1 lies within the Uc
region at the L terminus, the model predicts that this end is
inserted into the capsid and packaging proceeds towards the S
terminus. The DNA being packaged remains associated with
the concatemer until a terminating cleavage event occurs that
generates the S terminus of the packaged genome and exposes
a free L terminus on the concatemer, which is available to
reinitiate the packaging process. Two different cleavage events
are therefore envisaged to be associated with HSV-1 DNA
packaging. The first would occur to initiate the packaging of a
DNA concatemer and would generate free L- and S-terminal
fragments, with the L terminus being inserted into a capsid and
the S terminus remaining unencapsidated. The second type
would generate the S terminus of a packaged genome and a
free L terminus, allowing packaging to progress along the con-
catemer.

Consideration of the composition of the DNA samples al-
lows several of the results presented here to be evaluated in
light of the above proposals. It is reasonable to assume that
when infected cells are harvested for the preparation of total
or DNase-resistant DNA, capsids that have either completed
or are still in the process of packaging DNA are present in the
nucleus. Additionally, although some release of DNA from
partially filled capsids may occur, it seems probable that
DNase-resistant molecules shorter than unit length correspond
closely to the portion of an incompletely packaged genome
that is first inserted into the capsid.

Figures 3b and 4 indicate that not only were terminal frag-
ments less abundant in total DNA from KUL25NS-infected
cells than in that from cells infected with wt HSV-1, but also
that the KUL25NS S terminus was present in significantly
lower abundance than the L terminus. Since the initial cleav-
age of concatemeric DNA to begin packaging would be ex-
pected to generate equimolar amounts of the two terminal
fragments in total DNA, this suggests that the S terminus is less
stable than the L terminus, in agreement with the suggestion
that, following the first cleavage event on a concatemer, the L
terminus is inserted into a capsid while the S terminus remains
unprotected.

The relative impairment of KUL25NS DNA packaging was
least when assessed by the amount of L-terminal fragment
(BamHI S) present in the DNase-resistant fraction or by hy-
bridization to a probe from R; (Fig. 3b and 5b). In some
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experiments, only an approximately twofold reduction in
BamHI S was observed in KUL25NS-infected cells, demon-
strating that the initiation of DNA packaging is not greatly
impaired in the mutant. The frequent aborting of packaging at
an early stage (i.e., prior to the second cleavage event, which
would generate a full-length genome), rather than the failure
to retain a cleaved full-length genome in the capsid, could
explain the presence of the empty A capsids seen in
KUL25NS-infected cells (15). It is pertinent to note that if such
early abortive packaging events were to occur at sites along a
concatemer separated by the length of a single viral genome,
they might possibly result in the generation of the unencapsi-
dated unit-length molecules seen by McNab et al. (15). These
ideas, however, remain to be tested experimentally.

Support for a model in which the direction of packaging of
the HSV-1 genome is from L to S is provided by the observed
overrepresentation of the L terminus and underrepresentation
of the S terminus of KUL25NS in DNase-resistant DNA (Fig.
2 and 3) and also by the data obtained upon hybridization of
samples resolved by PFGE to probes from R; (pBEl), U,
(pGX153), and Rg (pST17). The R, probe was able to hybrid-
ize to much smaller fragments of wt and KUL25NS DNase-
resistant DNAs than the Rg probe (Fig. 5). If packaging oc-
curred from L to S, the R;, U;, and Rg probes would be
expected to hybridize efficiently to fragments larger than ap-
proximately 3, 48, and 128 kbp, respectively. The detection of
fragments smaller than 128 kbp by the Rg probe is probably
because of limited shearing of DNA occurring during extrac-
tion. Evidence for such shearing is provided by the presence of
a smear of DNA extending down to about 50 kbp in the wt
HSV-1 cytoplasmic fraction, in which only full-length packaged
genomes would be expected to be present (Fig. 5a). Ideally,
DNase treatment could be performed on agarose-embedded
cells prior to PFGE. However, in such experiments, we have
encountered difficulty in inactivating the enzyme prior to cap-
sid lysis and protease digestion, resulting in poor recovery of
packaged DNA.

The PFGE analysis of packaged KUL25NS and wt HSV-1
DNAs also indicated that although the mutant was impaired in
the overall level of DNA it packaged, the difference was much
smaller for molecules up to about 100 kbp in size than for those
closer in size to full-length genomes (Fig. 5). This observation
suggests that the UL25 protein may play a role in the final
stages of inserting a genome length of DNA into the capsid.
Several possible modes of action can be envisaged, some of
which are analogous to well-characterized events occurring
during DNA encapsidation by double-stranded DNA bacterio-
phages (for reviews, see references 5 and 18). For example, the
UL25 protein could be involved in overcoming some rate-
limiting step or energy barrier as the DNA content of the
capsid increases, promoting a change in capsid structure to
allow insertion of more DNA, stabilization of the interaction
between the packaging complex and capsid, or enhancing the
activity of the terminase. The presence of larger amounts of
UL2S5 protein in C capsids than in procapsids or B capsids (11,
15, 31, 43) suggests that, like the bacteriophage lambda protein
gpD (5, 18), its role in DNA packaging may be related to its
incorporation into capsids actively packaging DNA. The low
level of S-terminal fragment and the weak band of unit-length
DNA seen in the pulsed-field gels nevertheless indicate that,
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even in the absence of UL25 protein, a small proportion of
apparently full-length genomes are packaged.

Experiments using plasmid pSAl demonstrated that
KUL25NS stably packaged replicated amplicon DNA rela-
tively more efficiently than it packaged its own genome and in
amounts approaching that encapsidated in the presence of wt
HSV-1 (Fig. 6 and 8). As noted with the genomic DNAs, the
difference in packaging efficiency between cells infected with
wt HSV-1 and KUL25NS was most apparent in the highest-
molecular-weight species. In contrast to KUL25NS genomic
DNA, however, the Uc-containing termini (equivalent to the L
terminus of viral DNA) were not represented at significantly
higher levels in packaged DNA than those containing Ub
(equivalent to the S terminus) (Fig. 7). These results are again
compatible with the mutant being relatively unimpaired in
cleavage to initiate packaging and the early stages of capsid
filling. Unlike concatemeric genomes, in which directly re-
peated copies of the packaging signals are separated by a full
genome length, replicated pSA1 molecules contain direct re-
peats of the Uc-DR1-Ub fragment at approximately 4.5-kbp
intervals. Thus, even though the later stages of head filling may
proceed inefficiently in KUL25NS-infected cells, the presence
of regularly spaced packaging signals gives ample opportunity
for the occurrence of cleavage events to terminate packaging,
as was previously observed to occur with tandemly repeated
defective HSV-1 DNA (42).

In agreement with previous work (42), in cells infected with
wt-HSV-1 only the largest packaged amplicon molecules were
transported from the nucleus into the cytoplasm. As noted
above for genomic DNA, a proportion of packaged amplicon
molecules in KUL25NS-infected cells appeared to be of sizes
similar to these species (Fig. 8) but were nevertheless retained
in the nucleus. These observations suggest that, although not
absolutely necessary for DNA cleavage and packaging, the
presence of UL25 protein in the capsid may be an important
trigger for translocation into the cytoplasm. If the acquisition
of a full complement of UL25 protein by the C capsid is one of
the requirements for recognition by the transport machinery
and incorporation of the protein occurs during the late stages
of capsid filling, this may provide an explanation for why cap-
sids containing only short amplicon molecules or defective
genomes are selectively retained in the nucleus.

In summary, the results presented in this paper identify
possible roles for the UL25 protein during the late stages of
DNA encapsidation and in the maturation of the virus particle.
Although other possibilities cannot be conclusively excluded,
the imbalance between the abundance of L and S termini in
stably packaged KUL25NS DNA is most simply explained by a
model in which the directionality of packaging of the HSV-1
genome is from L to S.
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