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The herpes simplex virus type 1 ICP35 assembly protein is involved in the formation of viral capsids. ICP35
is encoded by the UL26.5 gene and is specifically processed by the herpes simplex virus type 1 protease encoded
by the UL26 gene. To better understand the functions of ICP35 in infected cells, we have isolated and
characterized an ICP35 mutant virus, AICP35. The mutant virus was propagated in complementing 35] cells,
which express wild-type ICP35. Phenotypic analysis of AICP35 shows that (i) mutant virus growth in Vero cells
was severely restricted, although small amounts of progeny virus were produced; (ii) full-length ICP35 protein
was not produced, although autoproteolysis of the protease still occurred in mutant-infected nonpermissive
cells; (iii) viral DNA replication of the mutant proceeded at wild-type levels, but only a very small portion of
the replicated DNA was processed to unit length and encapsidated; (iv) capsid structures were observed in
AICP35-infected Vero cells by electron microscopy and by sucrose sedimentation analysis; (v) assembly of VP5
into hexons of the capsids was conformationally altered; and (vi) ICP35 has a novel function which is involved

in the nuclear transport of VP5.

The herpes simplex virus type 1 (HSV-1) DNA is synthe-
sized as large concatemers, processed into unit-length mole-
cules, and encapsidated into capsids in the infected-cell nu-
cleus (16, 19). The viral capsid is an icosahedral protein shell
consisting of 162 capsomers, 150 hexons, and 12 pentons (47).
Three types of capsids, designated A, B, and C, can be
separated by sucrose gradient sedimentation of nuclear lysates
from HSV-1-infected cells (12). The C capsids contain the viral
genome and are able to mature into infectious virions. The A
capsids are thought to result from aborted assembly; they have
the same protein content as C capsids but lack DNA (12, 29).
The B capsids also lack DNA but are thought to be interme-
diates in capsid assembly (29, 30), because they are distin-
guished by the presence of large amounts of the viral assembly
protein, ICP35 (VP22a) (1, 3, 25).

Detailed studies of B capsids have shown that they are
composed of at least seven proteins, VPS5, VP19c, Na (VP21),
ICP35 (VP22a), VP23, N, (VP24), and VP26 (1, 13, 27, 38, 42).
The major capsid protein, VPS5, which has an apparent molec-
ular mass of 150 kDa, accounts for about 70% of the mass of
the capsid surface shell (38, 42). Genetic analysis of a VP5
deletion mutant virus demonstrated that no capsid structures
were obtained in the absence of VPS5 and therefore that VPS is
essential for viral growth (7). It has been shown that 960 copies
of VPS5 are present in each capsid and that it is the structural
subunit of the capsomers, both the hexons and the pentons
(27). It appears that VP5 holds different conformations in the
hexons and the pentons, because a panel of monoclonal
antibodies (MADb) specific for VPS5 can discriminate the hexons
from the pentons (41). In addition to VP5, there are approx-
imately 1,100 copies of ICP35 but only approximately 100 of N,
and Nb per capsid (26, 27). The remaining capsid proteins are
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present at approximately 400 to 1,000 copies per capsid (26,
27).

Genetic and functional analyses clearly demonstrated that
the HSV-1 genome encodes a protease, designated Pra, re-
sponsible for the processing of ICP35 (21-23). Moreover, N,
and Nb are products of the protease, resulting from autopro-
teolytic cleavage. Pra is encoded by the UL26 gene, and ICP35
is encoded by the UL26.5 gene. UL26 and UL26.5 genes have
their own promoters and are transcribed as two mRNAs which
coterminate at the 3’ end but have different 5’ ends (15, 20,
24). The UL26 gene encodes 635 amino acids; UL26.5 encodes
329 amino acids initiating at a methionine which corresponds
to residue 307 of the UL26 open reading frame (20). There-
fore, ICP35 shares sequence identity with the C-terminal 329
amino acids of Pra. Antibodies against ICP35 detected the
protease in addition to unprocessed and processed forms of
ICP35 (ICP35 c,d and e,f, respectively) (3). A temperature-
sensitive (ts) mutant, #1201, showed reduced processing of
ICP35 c,d to ef and failed to package viral DNA at the
nonpermissive temperature (33, 34, 36). However, the fs lesion
was mapped in the UL26 gene, upstream of the UL26.5 gene
encoding ICP35 (33). Pra expressed in both eukayotic cells and
Escherichia coli has been demonstrated to specifically cleave a
site near the C terminus of ICP35 and Pra (21-23). A second
autoproteolysis site was first identified in the N terminus of the
homologous protease gene product of cytomegalovirus, and
cleavage at this site releases the catalytic domain of the
protease (45). For HSV-1, the N-terminal autoproteolysis
occurs between Ala-247 and Ser-248 of Pra and generates Na
and the catalytic domain N, (VP24) (Fig. 1A) (6, 8, 21-23, 31,
43). An additional autocleavage site was identified in the
catalytic domain of the cytomegalovirus protease but not in the
HSV-1 protease (2, 44).

We recently reported the isolation and characterization of
the HSV-1 protease deletion mutant virus 7100 (9). In m2100-
infected Vero cells, normal amounts of ICP35 c,d were pro-
duced but failed to be processed into e,f. In addition, assembly
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FIG. 1. (A) Polypeptide products of UL26 and UL26.5 open reading frames. The HSV-1 protease (Pra), substrate (ICP35 c.d). and cleavage
products Prb, N, (VP24), Na, Nb (VP21), and ICP35 e.f (VP22a) are described in the text. The sites of cleavage of Pra and ICP35 c.d are indicated
by arrows. The UL26 amino acid numbers of N and C termini of each protein are indicated. (B) The UL26 and UL26.5 open reading frames of
HSV-1 wt and mutant A/CP35 genomes. Plasmid pRB4057 containing the UL26 and UL26.5 genes (EcoNI-Pst1 fragment) was kindly provided by
B. Roizman (20). Restriction enzyme sites are shown on the top line: B, BamHI; S. Sphl; N. Nhel: D, Dral: D, an extra Dral site generated only

in plasmid pM307L and the mutant AICP35 genome.

of VPS5 into the hexons of capsids was conformationally altered
in mutant-infected cells, although formation of the pentons
appeared to be normal. It is still unclear whether the process-
ing of ICP35 is essential for viral growth. Because ICP35 is
present in large amounts in B capsids and absent from mature
virions, it has been postulated that ICP35 is analogous to the
scaffold protein of double-stranded DNA bacteriophage (5,
26). Since no ICP35 mutant virus has been isolated, the precise
role of ICP35 during the viral life cycle is basically unknown.

In this report, we describe the isolation and characterization
of an ICP35 mutant virus. Our results indicate that although
ICP35 plays an important role during capsid assembly and
maturation of the virion, it is not absolutely essential for viral
growth.

MATERIALS AND METHODS

Cells and viruses. Vero cells were grown and maintained as
described previously (17). The growth medium for the neomy-
cin-resistant cell lines BMS-MG22, X4 (9), and 35J (see below)
included 250 pg of the antibiotic G418 per ml.

The HSV-1 wild-type (wt) strain KOS1.1 and HSV-2 wt
strain 186 were propagated and assayed as described previ-

ously (17, 18). The mutant virus AICP35 was grown in the
ICP35-expressing 35J cell line.

Plasmids. Plasmid pRB4057 of HSV-1 F was kindly pro-
vided by B. Roizman, University of Chicago (Fig. 1B) (21). The
construction of pM307L was described previously (9); this
plasmid was derived from pRB4057 by changing CCCAT
GAAC (Pro-Met-Asp) to CCTTTAAAC (Pro-Leu-Asp) by
standard PCR techniques. Therefore, pM307L encodes the
HSV-1 protease with the Met-to-Leu change at residue 307.
Since residue 307 (Met) of the protease is also the start codon
for ICP35, the mutation should eliminate the synthesis of
full-length ICP35 molecules. In addition to the desired base
substitution for the M307L change, the silent mutation gener-
ated an extra Dral site. Mutations in pM307L were confirmed
by DNA sequencing. pUCICP35 was constructed by ligating
the 2-kb Hpal-Hindlll fragment of pRB4057 into the Smal-
HindIII sites of pUCI18. Thus, pUCICP35 encodes ICP35
expressed from its own promoter.

Isolation of mutant AICP35 virus. An ICP35 mutant virus
was constructed by cotransfection of X4 cells with infectious
KOS1.1 DNA and plasmid pM307L. The progeny viruses from
the marker transfer were tested for their ability to grow in X4
and Vero cells. One of the more than 200 viruses tested could
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TABLE 1. Titers of mutant AICP35 virus generated in 35J cells

Titer (PFU/ml) in:

Virus Titer ratio
Vero cells 357 cells (Vero/35J)
wt 9.8 X 108 7.0 X 108 14
AICP35 <2 x10% 9.6 x 108 <21 %1075
1.0 X 107

“ Titers of viral stocks were determined by plaque assay on the cell lines
indicated, and plaques were counted 2 days p.i.

b Large plaques.

¢ Very small plaques. Because of size, numbers may not be accurate.

grow in X4 cells but was unable to grow well in Vero cells. This
virus was designated AICP35.

Isolation of ICP35-expressing cell lines. Vero cells were
transformed with plasmid pUCICP35 and pSVneo as de-
scribed previously (10, 40). G418-resistant colonies were grown
into cultures and screened for their ability to complement the
growth of AICP35. The cell clone 35J, derived from a culture
transfected with plasmid pUCICP35, yielded the highest level
of complementation and lowest level of revertants (Table 1).
X4 cells, derived from a culture transfected with plasmid
pRB4057, yielded lower levels of complementation of AICP35
(results not shown).

Analysis of viral DNA and proteins. Viral DNA for marker
transfer was prepared as described previously (10). For South-
ern blot analysis, total and encapsidated (DNase I-treated)
DNAs were prepared from Vero or 35J cells infected with wt
or AICP35 virus at a multiplicity of infection (MOI) of 10 PFU
per cell and analyzed essentially as described by Shao et al.
(39). To quantitate data, the intensity of radioactivity hybrid-
izing to the BamHI S fragments in DNase I-treated samples
was scanned and the number of counts per minute to the
BamHI S fragment in AICP35-infected Vero cells in the
presence of phosphonoacetate (400 pg/ml) was subtracted
from the values obtained from the infected-cell DNA in the
absence of phosphonoacetate.

For Western immunoblot analysis of infected-cell lysates,
cell monolayer cultures were infected with KOS1.1 or AICP35
virus at an MOI of 10 and harvested as indicated in Results.
Sodium dodecyl sulfate-polyacrylamide gel electrophoresis
(SDS-PAGE) was performed as described previously (10, 43).
The proteins were transferred to nitrocellulose filters by
electrophoresis. Detection of immune complexes on blots by a
Western blot procedure involving a color reaction for the
alkaline phosphatase activity was conducted as specified by the
manufacturer (Promega Biotec, Madison, Wis.). The anti-
ICP35 MAb MCA406 (1:1,000 dilution; Serotec, Oxford, En-
gland) was used to detect ICP35 protease-related products Pra,
Prb, Na, and Nb. A rabbit polyclonal antiserum (1:200 dilu-
tion) raised against a polypeptide containing the C-terminal 25
amino acids was used to determine Pra, Na, and polypeptides
containing C-terminal cleavage products, and N, was detected
by a polyclonal antiserum (N-term rAb; 1:200 dilution) raised
against N, (43).

Electron microscopy. Infected cells to be examined in the
electron microscope were centrifuged into a small (0.3-ml)
pellet, fixed with 2.5% glutaraldehyde in 0.1 M phosphate
buffer (pH 7.4) for 24 h at 4°C, and postfixed with 2% OSO,
for 1 h at 24°C. Pellets were then washed in water, dehydrated
in graded concentrations of acetone, embedded in Epon 812,
and cut into sections (~70 nm thick) with a Richert Ultracut E
ultramicrotome. Sections were stained with a saturated solu-
tion of uranyl acetate in methanol for 20 min at 60°C and then
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with 0.25% lead citrate for 2 min at 24°C and examined in a
JEOL 100CX transmission electron microscope operated at 80
keV.

Sucrose gradient sedimentation. Vero cells were infected
with 10 PFU of virus per cell for 16 h, and nuclei were
prepared as described by Shao et al. (39). The nuclei were
suspended in 0.5 ml of buffer containing 10 mM Tris (pH 7.5),
1 mM EDTA, and 1 mM dithiothreitol with 1% Triton X-100
and 10% glycerol and lysed by sonication. After clarification by
low-speed centrifugation, nuclear lysates were layered on 20 to
50% sucrose gradients as described by Desai et al. (7) and
centrifuged at 25,000 rpm for 60 min in a Beckman SW41
rotor.

Indirect immunofluorescence. Indirect immunofluorescence
was performed as described previously (10, 35). The anti-
ICP35 MAb MCA406 (1:100 dilution); anti-VP5 MAb 8F5
(1:40 dilution [41]), 5C (1:40 [41]), or MAD 3B (1:75 dilution
[41]); and fluorescein-conjugated goat anti-mouse antibody
(1:150 dilution) were used.

RESULTS

Isolation of ICP35 complementing cell lines and the mutant
AICP35 virus. Studies were initiated to determine the role of
ICP35 during capsid assembly by characterizing HSV-1 ICP35
mutant viruses. We recently reported isolation of a cell line
(X4), derived from a culture transfected with plasmid
pRB4057 encoding both protease and ICP35. Since X4 cells
could complement the growth of the HSV-1 protease mutant
m100 (9), we expected that it would also serve as an efficient
host for the isolation of ICP35 mutant viruses.

The ICP35 mutant plasmid, pM307L, was constructed by
changing the ICP35 initiation codon ATG (Met) to TTA
(Leu). Thus, pM307L encodes the HSV-1 protease with a
Met-to-Leu change at residue 307, which should eliminate the
synthesis of intact ICP35 (Fig. 1B). Recent studies demon-
strated that this mutant HSV-1 protease retained all the
functional activity of wt protease (9). The mutation in pM307L
was transferred into the wt HSV-1 KOS1.1 genome by marker
transfer. Over 200 plaque isolates resulting from cotransfec-
tion of X4 cells were tested for their ability to grow on X4 cells
relative to Vero cells. One isolate formed small plaques on X4
but formed extremely small plaques on Vero cells.

We then used this putative ICP35 mutant to screen cell lines
derived from cultures transfected with a plasmid pUCICP35
encoding only wt ICP35. One cell line, 35J, yielded the highest
level of complementation (Table 1). X4 cells yielded a lower
level of complementation and smaller plaques than 35J cells
did (results not shown). Like X4 cells, 35J cells were derived
from a single cell colony. The putative ICP35 mutant virus was
plaque purified three times on 35J cells and designated as
AICP35.

Analysis of viral mutant AICP35. To ensure that the engi-
neered mutation had been introduced into the recombinant
virus, we analyzed the mutant genome by Southern blotting
(Fig. 2). Total viral DNA isolated from AICP35-infected V35J
cells was digested with BamHI or Dral or both and hybridized
with plasmid pRB4057, containing the wt UL26 and UL26.5
genes as a probe. wt and AICP35 viral DNAs contained four
identical hybridizing fragments: BamHI-G (7.8 kb), BamHI-U
(2.3 kb), BamHI-d’ (863 bp), and BamHI-¢’ (797 bp) (Fig. 2,
lanes 1 and 3). Two overlapping Dral fragments were observed
in Dral-digested wt DNA (31 and 25 kb [lane 2]). In contrast,
the AICP35 DNA generated a new Dral fragment of 1.0 kb
because of the engineered mutation (lane 4). This was further
confirmed by BamHI-Dral double digestions (compare lanes 5
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FIG. 2. Southern blot analysis of KOS1.1 and AICP35 genomes.
Total DNAs from wt KOSI1.1-infected cells (lanes 1, 2, and 5) or
AICP35-infected cells (lanes 3, 4, and 6) were digested with BamHI,
Dral, and BamHI-Dral, respectively. Digested DNAs were separated
on a 0.8% agarose gel, blotted onto a nylon membrane, and hybridized
to 3?P-labeled plasmid pRB4057 (Fig. 1B). The locations of molecular
size markers are shown at the left (lanes 1 to 4) and right (lanes 5 and
6).

and 6); the BamHI d’ fragment (863 bp) of AICP35 DNA was
cleaved at the extra Dral site at codon 307 to generate a new
801-bp fragment (lane 6). These results demonstrate that the
intended mutation was successfully introduced into the recom-
binant genome.

Phenotype of the mutant. (i) Protease-related proteins
expressed by AICP35. The viral mutant AICP35 was analyzed
for expression of protease-related polypeptides. Vero, BMS-
MG?22, and 35]J cells were either mock infected or infected with
virus. Cell extracts were prepared at 9 h postinfection (p.i.),
separated by SDS-PAGE, and analyzed by Western blotting
(Fig. 3). No ICP35 was detected in mock-infected extracts (Fig.
3A, lane 1), indicating that 35J cells did not express ICP35
constitutively. We were able to examine the expression of
ICP35 from 35] cells after HSV-2 infection, since MAb
MCA406 recognizes HSV-1 ICP35 but not HSV-2 ICP35
(lanes 2 and 3) (14, 42). The amount of ICP35 produced by 35J
cells after HSV-2 infection was comparable to that produced
by HSV-1-infected Vero cells (compare lanes 3 and 4), and the
processing of ICP35 was most probably due to activity of the
HSV-2 protease. BMS-MG22 cells, derived from cultures
transformed with plasmid pM307L, expressed only the HSV-1
protease, containing a Met-to-Leu change at residue 307, after
infection (9). Normal amounts of the protease (Pra) were
produced in AICP35-infected Vero and BMS-MG22 cells and
were processed into Prb, Na, and Nb, but no ICP35 was
detected (lanes 7 and 8, and results not shown). ICP35 c,d was
produced from 35J cells and processed into e,f after AICP35
infection (lane 9).

Our results demonstrate that the mutation in AICP35 elim-
inates the synthesis of full-length ICP35. We also examined
whether a truncated form of ICP35 is synthesized by initiation
from the second Met codon of UL26.5 located 176 residues
downstream of M307L. Cell extracts (9 h p.i.) were prepared
and analyzed by Western blotting with MAb MCA406 (Fig. 3B,
lanes 1 through 5) and a polyclonal antiserum specific for the
C-terminal 25 residues of the protease and ICP35 (lanes 6
through 8). Both antibodies recognized a new protein in the
mutant-infected cell extract (lanes 3 and 8) that was absent in
the wt-infected cell extract (lanes 2 and 7). The apparent
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FIG. 3. Western blot analysis of HSV-1 protease-related polypep-
tides in wt- or AICP35-infected cells. (A) Vero (lanes 2, 4, and 7),
BMS-MG22 (lanes 5 and 8), and 35J cells (lanes 1, 3, 6, and 9) were
mock infected (lane 1) or infected with HSV-2 (lanes 2 and 3), KOS1.1
(lanes 4 to 6), or AICP35 (lanes 7 to 9). Total proteins were prepared
at 9 h p.i., separated by SDS-PAGE (12.5% polyacrylamide), and
transferred to a nitrocellulose filter. The filter was probed with a MAb
MCA406 specific for ICP35. (B) Vero cells were mock infected (lanes
1 and 6) or infected with wt (lanes 2 and 7) or AICP35 (lanes 3 and 8)
virus. Total proteins were prepared at 9 h p.i., separated by SDS-
PAGE (15% polyacrylamide), and transferred to nitrocellulose filters.
Samples from the sucrose gradient (see Fig. 7) fraction 12 of wt-
infected Vero nuclear lysate (lane 4) and fraction 10 of AICP35-
infected nuclear lysate (lane 5) were used as controls. The filters were
probed with MAb MCA406 specific for ICP35 (lanes 1 through 5) and
a polyclonal antiserum specific for the C-terminal 25 amino acids of
the protease and ICP35 (lanes 6 through 8).

molecular mass of this protein is approximately 20 kDa, close
to the predicted size of an ICP35 protein initiated from the
second AUG of ICP35. The 20-kDa protein appeared to be
processed, because the lower-molecular-mass protein could be
detected only by MAb MCA406, not by the polyclonal anti-
serum specific for the C-terminal 25 residues (results not
shown). It is noteworthy that the amounts of this 20-kDa
protein produced were much lower than those of ICP35 and
showed an approximately equal molar ratio with Pra. At
present we do not know whether this 20-kDa protein repre-
sents an initiated product or a degradation product of the Pra
containing an M307L change.

(ii) Growth properties. The growth property of mutant
AICP35 was examined for its ability to form plaques on Vero
and 35]J cells. As indicated in Table 1, wt virus formed plaques
equally well on both cell types. In contrast, AICP35 gave rise to
large plaques only on 35J cells but formed extremely small
plaques on Vero cells. No large plaques were observed at the
lowest dilution tested (Table 1). Notably, these small plaques
on Vero cells often had several rounded cells in their center
and usually disappeared 4 to 5 days p.i. The quantitative
amount of mutant virus used in this study was determined by
using ICP35-expressing 35J cells. Our results demonstrated
that there is a growth defect for AICP35 and that this growth
defect can be efficiently complemented by expression of the wt
ICP35 from 35J cells.

To more quantitatively assess the growth characteristics of
the mutant virus, we carried out a yield experiment. Vero and
35J cells were infected with either wt or AICP35 at an MOI of
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FIG. 4. Single-step growth analysis of wt and mutant AICP35 in
Vero and 35J cells. Cells were infected with either wt or mutant
AICP35 at an MOI of 0.1 PFU per cell and harvested at various time
p.i. Progeny virus titers were determined in 35J cells (A) and Vero cells
(B). Symbols: B, wt yields in Vero cells; O, wt yields in 35J cells; [,
AICP35 yields in Vero cells; €, AICP35 yields in 35J cells.

0.1 PFU per cell, and harvested at various times p.i. Progeny
virus titers were determined on 35J cells for virus yield (Fig.
4A) and on Vero cells for determination of reversion fre-
quency (Fig. 4B). The results of these experiments indicated
that the AICP35 mutant was severely restricted for growth on
Vero cells (Fig. 4A). The yield of AICP35-infected Vero cells
was more than 500-fold lower than that of AICP35-infected 35J
cells at 24 h p.i. and reached the level of input of virus only at
48 h p.i. (Fig. 4A). To ensure that this low level of replication
represents AICP35 progeny and not revertants, we also deter-
mined titers of identical samples on Vero cells (Fig. 4B). Less
than 1% of the progeny virus from AICP35-infected Vero cells
at 24 h p.i. formed plaques on Vero cells (compare Fig. 4A and
B). The small amounts of wt virus detected in mutant stocks
are the results of homologous recombination between the
AICP35 DNA and wt ICP35 DNA resident in the 35J cell line.
To explore this further, we passaged the mutant virus on Vero

J. VIROL.

TABLE 2. Effect of MOI of wt and AICP35 on Vero cells’

- - VS
Viral yield (burst size) Ratio of burst size

Virus ~ MOI
frus Vero 35 (353/Vero)
KOS 50 1.3 x10%(87) 1.3 X 10% (59) 0.68
1.0 33x10%(220) 1.0 X 10% (45) 0.21
0.1 25x%10%(170) 2.2 X 10% (100) 0.59
AICP35 50 9.0X10°(0.6) 6.2 X 107 (28) 47
1.0 60X 10°(0.4) 9.0 X 107 (45) 103
0.1 8.4 x10*(0.056) 6.2 % 107 (28) 500

“ T25 flasks of Vero and 35J cells were infected at the MOIs indicated at 37°C
and harvested at 24 h p.i. Virus yield was determined by plaque assay on 35J cells.

" Burst size (PFU per cell) was calculated on the basis of 1.5 X 10° Vero cells
and 2.2 X 10° 35J cells per flask.

cells and determined the titer of progeny virus. A decrease in
the 35J/Vero ratio was observed, indicating the increased
occurrence of revertants. This was also confirmed by the
reappearance of ICP35 as examined by Western blotting
(results not shown). We conclude, therefore, that the full-
length ICP35 is important but not essential for viral growth in
cell culture.

To determine whether MOI affects the yield of AICP35
virus, we infected Vero cells with wt or mutant virus at MOIs
of 5, 1, and 0.1 and determined the titer of progeny virus (24 h
p.i) on both 35J cells (Table 2) and Vero cells (results not
shown). The defect of AICP35 growth on Vero cells appeared
to be more severe at low MOI. The ratio of the burst size on
35J cells to the burst size on Vero cells is approximately 50:1 to
100:1 at MOIs of 5 and 1 but 500:1 at an MOI of 0.1.

(iii) Analysis of viral DNA. We then examined the pheno-
type of AICP35 with regard to replication and the processing of
viral DNA. Total DNA was isolated from mock-, wt-, or
AICP35-infected Vero or 35J cells at 16 h after infection.
Equal amounts of DNA were digested with BamHI and
hybridized with *?P-labeled HSV-1 BamHI-K junction frag-
ment (Fig. 5). wt amounts of mutant AICP35 BamHI-K were

1 23 456 7 8 9

-

2.3~

FIG. 5. Ability of the AICP35 mutant to process viral DNA. Vero
cells or 35J cells were mock infected or infected with wt HSV-1 or
AICP35, and total DNA (lanes 1 to 4) and DNase I-treated DNA
(lanes 5 to 9) were prepared at 16 h p.i. as described in Materials and
Methods. An equal amount of DNA sample was digested with BamHI,
separated on a 0.8% agarose gel, blotted onto a nylon membrane, and
hybridized to **P-labeled BamHI-K junction fragment. Lanes: 1 and 5,
wt-infected Vero cells; 2 and 6, wt-infected 35J) cells; 3 and 7,
AICP35-infected Vero cells; lanes 4 and 8, AICP35-infected 35J cells.
Viral DNA isolated from AICP35-infected Vero cells at 16 h p.i. in the
presence of phosphonoacetic acid was treated as same as others. K, Q,
and S, HSV-1 genome BamHI restriction fragments. The locations of
molecular size markers in kilodaltons are shown at the left.
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detected in infected Vero cells (Fig. 5, compare lanes 1 and 3),
indicating that similar amounts of wt and mutant DNA were
synthesized. The 3?P-labeled BamHI-K junction fragment hy-
bridized not only to the junction fragment BamHI-K but also
to BamHI-S and BamHI-Q end fragments, indicating that viral
DNA was processed into unit-length molecules in wt-infected
Vero cells (lane 1). However, only a very small portion of
replicated viral DNA was processed into unit-length molecules
in AICP35-infected Vero cells (lane 3). This defect was re-
stored in AICP35-infected complementing 35J cells (lane 4).
To confirm these results, we also analyzed DNase I-treated
samples from wt- and AICP35-infected cells (lanes 5 through
9). As a control for the detection of input viral DNA, mutant
viral DNA isolated from infected Vero cells in the presence of
a specific HSV DNA synthesis inhibitor, sodium phosphono-
acetate, was used (lane 9). DNase I-resistant BamHI fragments
K, S, and Q were detected in wt-infected Vero and 357 cells as
well as in AICP35-infected 357 cells (lanes 5, 6, and 8), but only
a small amount of viral DNA was detected in AICP35-infected
Vero cells (lane 7), suggesting that a limited portion of AICP35
viral DNA concatemers was encapsidated. To quantitate these
results, the intensity of radioactivity hybridizing to the BamHI
S fragments in DNase-I treated samples were scanned, and the
relative amounts of HSV-1 DNA in each sample were deter-
mined. In this particular experiment, the amount of AICP35
DNA encapsidated in Vero cells was about 7% of the amount
of wt DNA. From these experiments, we concluded that (i)
mutant viral DNA replication proceeded at the wt level but
only a small portion of the replicated mutant DNA was
processed to the unit-length size and encapsidated and that (ii)
cleavage is required for DNA encapsidation.

(iv) Electron-microscopic studies. Thin sections of virus-
infected cells were examined by electron microscopy to deter-
mine whether viral mutant AICP35 formed capsids when
grown in nonpermissive cells. Vero and 35J cells were infected
with wt or AICP35, harvested, fixed with 2.5% glutaraldehyde
at 16 h p.i, and prepared for electron microscopy as described
in Materials and Methods. Cells infected with wt HSV-1 were
found to contain the three expected capsid types, A, B, and C
capsids (Fig. 6A). One characteristic of B capsids is that they
contain an inner core. AICP35-infected cells were also found
to contain capsids, but the majority lacked the core and were of
the electron-transparent (A capsid) type (Fig. 6B). Although
very few dense-cored C capsids were observed, they were not
evident in this field. Our results demonstrate that capsid
structures were formed in the absence of full-length ICP35.

(v) Sucrose sedimentation analysis. An alternative way to
study the formation of capsid structures is to examine mutant-
infected cell lysates in sucrose density gradients (12). Nuclear
extracts from wt- or AICP35-infected cells were subjected to
centrifugation through 20 to 50% sucrose gradients, and
fractions were collected. The first 18 of 24 total fractions were
subjected to SDS-PAGE and analyzed by Western blotting
with MAb MCAA406 specific for ICP35 (Fig. 7). The Western
blot showed that only Nb and ICP35 e,f were observed in
fractions 11 to 17 of wt-infected cell lysates (Fig. 7A, lanes 12
to 18). N,, the catalytic domain of the protease, was also
detected in the same fractions as Nb and ICP35 e,f when the
polyclonal antiserum specific for N, was used (results not
shown). This is in agreement with published data in which only
processed forms of the protease (N, and Nb) and ICP35 e.f are
associated with B capsids (3, 12, 43). In contrast, no ICP35 e,f
was detected in AICP35-infected Vero cell lysates and only Nb
was detected in fractions corresponding to the position of wt B
capsids (Fig. 7B, lanes 9 through 14). Notably, the 20-kDa
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protein detected in AICP35-infected cells was not associated
with capsid structures (Fig. 3B, lane 5).

(vi) Cellular distribution and conformation of VPS in
AICP35-infected Vero cells. We recently reported that assem-
bly of VPS5, the major capsid protein, into capsids was affected
and that reactivity with conformation-dependent MAbs 8F5
and 5C, but not 3B (41), was dramatically reduced in the
HSV-1 protease mutant-infected cells (9). Three-dimensional
image reconstruction and the cryoelectron microscopy exper-
iments suggested that MAbs 8F5 and 5C specifically recognize
hexons of B capsids and 3B recognizes pentons of B capsids
(41). To determine whether assembly of VP5 was altered in the
absence of ICP35, we also tested the ability of these MAbs to
recognize VPS5 in AICP35-infected Vero cells.

Vero cells were infected with either wt or AICP35 at an MOI
of 20 PFU per cell and stained at 6 h p.i. with VP5 MADb 8F5
or 3B. VP5 appeared to accumulate in wt-infected cell nuclei
when MAD 8F5 was used (Fig. 8B). In contrast, only some cells
(1 to 3%) could be recognized by MAb 8F5 in AICP35-infected
cells, but reactivity was reduced (Fig. 8C). It was necessary to
double the exposure time for Fig. 8C in order to clearly show
positive reactivity. This would suggest, in agreement with the
mutant viral DNA encapsidation results from the DNase I
digestion experiment, that only a small portion of VP5 was
correctly assembled in the observed capsids and that they all
localized in the infected-cell nucleus. Reactivity to MAb 8F5
was restored in mutant-infected 35J cells (Fig. 8D). When
MAD 3B was used, VP5 showed a nuclear staining pattern in
wt-infected cells (Fig. 8F). However, VP5 lost its ability to
localize into the nucleus and showed approximately equal
intensity of both cytoplasmic and nuclear staining in AICP35-
infected cells (Fig. 8G). In mutant-infected 35J cells, VPS5
relocalized into the nucleus (Fig. 8H). These findings suggest
that (i) 3B recognized both cytoplasmic and nuclear VPS5 and
(ii) ICP35 has a novel function which is involved, directly or
indirectly, in the nuclear transport of VP5.

DISCUSSION

We and others have previously demonstrated that the
HSV-1 protease encoded by the UL26 gene is essential for
viral growth (9, 33, 34). One would assume that the substrate of
the protease, ICP35, should also be required for viral growth.
The striking characteristic of AICP35 from this report was that
in the absence of full-length ICP35, a small portion of repli-
cated mutant AICP35 DNA was encapsidated and mutant
progeny virus were produced. The growth ability of the mutant
was significantly restricted relative to that of wt virus, as
reflected by its extremely small plaque size and by a titer that
was 100- to 1,000-fold lower than that of wt virus. Consistent
with its small plaque size, its burst size was 50- to 500-fold
lower than that of wt virus. However, the reduced burst size did
not reflect a delay in the production of progeny virus by the
mutant, because no significant increase in viral yield was
observed even at 48 h p.i. The slight increase in infectious virus
(Fig 4A) at 48 h is most probably due to complementation of
growth of AICP35 by revertants since the titer of revertants on
Vero cells also increased slightly at 48 h (Fig. 4B).

Since a 20-kDa protein was observed only in AICP35-
infected cell extracts, we could not rule out the possibility that
this truncated protein retains some residual functions of ICP35
and is responsible for its phenotype. However, its low abun-
dance in infected-cell extracts and our inability to detect it in
capsid structures suggest that it is not performing the function
of intact ICP35. In addition, the 20-kDa protein did not appear
to interfere with the functions of wt ICP35, because AICP35
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FIG. 6. Electron micrographs of thin sections of wt- and AICP35-infected cells. Vero cells were infected with wt or AICP35 virus at an MOI
of 10 PFU per cell. The cells were fixed and prepared at 16 h p.i. as described in Materials and Methods. (A) wt-infected Vero cells; (B)
AICP35-infected Vero cells. Magnifications, X100,000. A, B, and C capsids are indicated in panel A.

mutant virus grew normally in 35J cells. Nevertheless, in this
report we have clearly demonstrated that full-length ICP35 is
not essential in tissue culture, although the growth of AICP35
mutant on nonpermissive cells was severely restricted.

The growth properties of mutant AICP35 are not unique for
ICP35. It has been reported that mutations in certain genes,
such as the ICPO (37) and alkaline nuclease (39, 46) genes,
cause similar growth properties. In both cases, mutant viruses
were severely compromised when grown in nonpermissive
cells, but a limited amount of infectious progeny virus was
produced in the absence of ICPO or alkaline nuclease. Like
AICP35, both ICPO and alkaline nuclease mutants displayed
more severe defects at low MOI (37, 39, 46). The role of ICPO
in the HSV-1 life cycle is unclear, but its functions could be
partially substituted by a cell factor(s) during certain stages of
the cell cycle (4).

One obvious model to explain why ICP35 is not essential is
that the defect of mutant AICP35 can be compensated by Na
(VP21). Na, one of the autoproteolytic products of HSV-1
protease, contains the entire ICP35 sequence within its C-
terminal 329 residues (Fig. 1A). The fact that the growth of
mutant AICP35 was improved at higher MOIs would suggest
that Na may substitute for ICP35 functions. Results from our
laboratory and others have indicated that capsid structures
could be formed in the absence of Na (9, 33, 34, 37). In the
present study, we also demonstrated that capsid structures
could be observed in the absence of full-length ICP35 (VP22a).
However, no capsid structures were detected in the absence of
both Na and ICP35 (32). These results would further support
the model that Na may substitute for ICP35 during the
formation of capsids under certain conditions.
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FIG. 7. Sucrose gradient analysis of nuclear lysates from infected
Vero cells. Vero cells were infected with either wt (A) or AICP35 (B)
at an MOI of 10 PFU per cells for 16 h. Nuclear extracts were
prepared, layered onto a 20 to 50% sucrose gradient, and centrifuged
at 25,000 rpm for 1 h in a Beckman SW41 rotor. Fractions were
collected, and proteins from fractions 1 to 18 were subjected to
SDS-PAGE (lanes 2 to 19). After the transfer, the nitrocellulose filter
was probed with MAb MCA406 specific for ICP35 (9, 42). The
sedimentation direction is from left to right. Lane 1 contains wt-
infected cells used as markers for ICP35 c to f.

Another interesting question raised from the growth pheno-
type of AICP35 mutant on nonpermissive cells is whether there
is another substrate besides ICP35 for the viral protease and
whether that substrate, rather than ICP35, is essential for viral
growth. At present, we do not have any evidence to support or
refute this hypothesis.

We recently reported that structure of the major capsid
protein VP5 was conformationally altered in the HSV-1 pro-
tease mutant (m100)-infected cells (9). The reactivity of VPS
with MAb 8F5 and 5C, but not 3B, was markedly reduced in
m100-infected Vero cells (9). Similar but not identical results
were also obtained with AJCP35-infected Vero cells. The
similarity between m100 and AICP35 is that MAb 3B recog-
nized VPS5 in both mutant-infected cells, indicating that assem-
bly of VPS5 into capsid pentons is not altered in the absence of
either the protease or full-length ICP35. One difference be-
tween these two mutants is that the reactivity of VPS5 with MAb
8F5 was almost eliminated in m100-infected cells but could still
be detected in a small portion of AICP35-infected cells. It is
unlikely that detection of VP5 with MADb 8F5 in a small portion
of AICP35-infected cells was due to wt virus contamination in
the mutant stock, because MAb 5C did not recognize VPS in
any AICP35-infected cells (11).

Whether the major capsid protein VPS5 has different confor-
mations in type A, B, and C capsids is unclear. Our previous
results (9, 41) and the present study strongly suggest that VP5
displays different conformations during capsid maturation.
Since MAD 3B is conformationally dependent and recognizes
only native VPS5 (41), our results suggest that VPS5 in the
absence of N and Na or ICP35 and even VPS5 as found in the
cytoplasm is not denatured and assembly into pentons can
occur in the cytoplasm. The findings that MAb 8F5 recognized
nuclear VPS5 in only a small portion of AICP35-infected cells
and MADb 5C did not recognize VPS5 at all in AICP35-infected
cells (11) indicate that at least two different conformations are
involved in assembly of VPS5 into hexons. Three-dimensional
reconstruction of mutant AICP35 capsids may address these
differences in VP5 conformations from wt B capsids.

Because VPS5 was recognized by MAb 8F5 in only small a
portion of AICP35-infected cells, the question remains
whether hexons were assembled correctly in a small portion of
mutant-infected cells or whether assembly of hexons was
altered in all of the mutant-infected cells, with only a few
recognized by MAb 8F5. We favor the latter hypothesis for two
reasons. First, on the basis of the more severe phenotype of
m100 versus AICP35, it is conceivable that VP5 conformational
alteration in AJCP35-infected cells is not as severe as in
m100-infected cells; and, second, some of the AICP35-infected
cells showed reduced but detectable levels of VPS5 (Fig. 8C).
The reactivity of VPS5 with MAb 8F5 in most of the mutant-
infected cells could simply be below the level of detection.
Since an MOI of 20 PFU per cell was used to infect cells for
immunofluorescence, it is possible that few cells were infected
with higher MOIs than the others and that more Na was
produced to substitute functions of ICP35 in these cells.

If the major capsid protein VPS5 has different conformations
during capsid maturation, determination of the conformation
is most probably dependent on its interactions with other viral
capsid proteins. In this report, we demonstrate that ICP35 is
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involved in the nuclear transport of the major capsid protein
VP5. The inability of VPS5 to localize into the infected-cell
nucleus in the absence of ICP35 could be restored when ICP35
was provided in trans from complementing 35J cells. These
studies, however, could not distinguish whether ICP35 is
directly or indirectly involved in the process of VPS5 nuclear
localization. After this paper was submitted, Nicholson et al.
reported that VPS5 was efficiently transported to the nucleus in
the presence of ICP35 in coexpression experiments (28).

In recent studies, we showed that VP5 pentons localized
exclusively in the nucleus of protease mutant (1m100)-infected
cells when MAD 3B was used (9). In the absence of ICP35, only
a portion of VPS5 localizes in the nucleus. It is likely that the
10-fold-higher expression levels of ICP35 compared with the
protease in wt-infected cells (27) are normally responsible for
transporting VPS5 into the nucleus. Partial nuclear localization
of VP5 may be due to the lower levels of the protease or to
other viral or cellular proteins involved in the nuclear transport
of VP5. We note that the inability of VPS5 to localize in the
nucleus may contribute to the growth defect observed with
mutant AICP35, because VPS5 is essential for viral replication
).

One unique feature of ICP35 is its abundance in B capsids
and its absence in the mature virion. It is not yet clear how
ICP35 is disassociated from B capsids during the DNA pack-
aging. Another function of ICP35 may be to ensure the process
of encapsidation. DNase I experiments indicated that approx-
imately 7% of wt levels of AICP35 DNA was encapsidated.
However, yield experiments indicated that only 0.5% of wt
levels of viral progeny was produced at an MOI of 5. The MOI
effect could not account for the observed difference (an MOI
of 10 was used for DNase I experiments). These results argue
that not all of the encapsidated viral DNAs form infectious
virus in the absence of ICP35. One possible role that ICP35
may have is to ensure that DNA packaging occurs in a
coordinated manner in which packing is tightly coupled to loss
of ICP35 from the B capsid. Future studies on capsid matura-
tion will hopefully shed additional light on the precise role(s)
of protease and ICP35 in herpesvirus maturation.
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