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The herpes simplex virus type 1 (HSV-1) immediate-early (IE) protein ICP0 has been implicated in the regula-
tion of viral gene expression and the reactivation of latent HSV-1. Evidence demonstrates that ICP0 is an
activator of viral gene expression yet does not distinguish between a direct or indirect role in this process. To
further our understanding of the function of ICP0 in the context of the virus life cycle, site-directed mutagen-
esis of the consensus C;HC, zinc finger domain was performed, and the effects of these mutations on the growth
and replication of HSV-1 were assessed. We demonstrate that alteration of any of the consensus C;HC, cysteine
or histidine residues within this domain abolishes ICP0-mediated transactivation, alters the intranuclear
localization of ICP0, and significantly increases its stability. These mutations result in severe defects in the
growth and DNA replication of recombinant herpesviruses and in their ability to initiate lytic infections at low
multiplicities of infection. These viruses, at low multiplicities of infection, synthesize wild-type levels of the IE
proteins ICP0 and ICP4 at early times postinfection yet exhibit significant decreases in the synthesis of the
essential IE protein ICP27. These findings reveal a role for ICP0 in the expression of ICP27 and suggest that

the multiplicity-dependent growth of a0 mutant viruses results partially from reduced levels of ICP27.

Herpes simplex virus type 1 (HSV-1) and type 2 (HSV-2)
infections proceed from a primary lytic infection in the periph-
ery to a lifelong state of latency in sensory neurons, character-
ized by episodes of virus reactivation and lytic infection. The
regulatory mechanisms that control HSV gene expression, the
establishment and maintenance of latency, and the reactivation
of latent virus are complex and involve interactions between
host- and virus-specific factors.

The genes of HSV-1 and HSV-2 are classified into three
kinetic classes, immediate-early (a), early (B), and late (y),
based on their temporal expression during productive infec-
tions (37, 38, 61). The immediate-early genes (a0, a4, a27,
a22, a47, and aX) are the first to be transcribed after infection
(references 5 and 61 and references therein). Subsequent ex-
pression of early genes, whose products are largely involved in
replication of the virus genome, and late genes, which encode
many of the structural components of the HSV virion, requires
the prior synthesis of a gene products (14, 15, 36, 57). Three of
the a gene products, infected-cell proteins 0, 4, and 27 (ICPO,
ICP4, and ICP27), cooperatively regulate the expression of all
kinetic classes of virus genes (23, 30, 47, 52, 56-58, 62, 76, 78).
ICP4 is an essential protein that functions as both a repressor
and an activator of transcription. In concert with ICP0, ICP4
activates the expression of early and late genes while repress-
ing its own expression, as well as that of the a0 gene (14, 32, 42,
43,51, 57, 60). ICP27, another essential protein, is required for
the expression of 8 and y genes during the HSV life cycle. This
protein appears to act primarily at the posttranscriptional level
(47, 59, 62, 65, 67, 73); however, recent evidence supports a
more direct role for ICP27 in the regulation of gene expression
(59).

The events that control HSV latency and the balance be-
tween the lytic and latent state are not clear. Latent HSV-1 and

* Corresponding author. Phone: (212) 305-8149. Fax: (212) 305-
5106. E-mail: sjs6@columbia.edu.

8602

HSV-2 appear to express primarily the latency-associated tran-
scripts, whose function(s) is unknown (26, 69). Current evi-
dence suggests that ICPO functions in the reactivation of latent
HSV-1, since it was shown to be both necessary and sufficient
for the reactivation of latent virus in model systems (33, 82).

ICPO is a 775-amino-acid nuclear phosphoprotein with an
apparent molecular mass of 110 kDa (56, 78). It has been
shown to increase the expression of reporter genes from a
diverse range of viral and cellular gene promoters in transient-
expression assays. However, these experiments do not differ-
entiate between a direct and/or indirect role for ICPO in the
activation of transcription (9, 12, 19, 21, 22). Mutational anal-
yses of ICP0, in transient-expression assays and in the context
of the virus genome, identified regions that are essential for
transcriptional activation and wild-type virus growth kinetics
(9, 11, 12, 19-21, 70). One such region contains a consensus
C,HC, zinc finger motif (4, 24), a zinc-binding domain found
in a functionally diverse set of proteins with roles in transcrip-
tion, differentiation, oncogenesis, DNA repair, and recombi-
nation (27, 28).

All alphaherpesviruses for which the DNA sequence is avail-
able encode proteins related to HSV-1 ICPO (27). Although
the function(s) of these proteins has yet to be established, they
all appear to participate in the regulation of virus gene expres-
sion (11, 12, 19, 20, 22, 33, 48, 49, 74, 79, 82). Structural
analysis of the C;HC, zinc finger domain from one of these
proteins, the product of equine herpesvirus gene 63 (EHV-63),
demonstrates that this domain conforms to a BRaf structure,
comprising three antiparallel beta-strands and an amphipathic
alpha-helix (4, 24). This domain does not appear to bind DNA
or RNA in vitro (24). Mutagenesis of the HSV-1 ICP0 C;HC,
domain, and swaps between this domain and its homolog,
EHV-63, suggest that these two domains may perform similar
functions (4, 18).

This report presents a detailed mutational analysis of the
C;HC, domain of HSV-1 ICP0. Evidence is provided that the



Vor. 71, 1997

consensus C;HC, cysteines and histidine are essential for ICP0
function in the context of a productive infection and in tran-
sient-expression assays. We further demonstrate that ICPO is
required for efficient expression of the essential IE gene prod-
uct ICP27 in low-multiplicity infections. Our results support
the conclusion that ICPO functions as an initiator of the pro-
ductive virus life cycle and that in the absence of functional
ICPO, the probability of establishing a lytic herpesvirus infec-
tion at low multiplicities is dramatically reduced.

MATERIALS AND METHODS

Cells and viruses. Vero cells were maintained in Dulbecco’s modified Eagle’s
medium (DMEM) (Gibco BRL, Grand Island, NY) supplemented with 5%
bovine calf serum (Hyclone Laboratories Inc., Logan, Utah). 0-28 (63) and L7
(64) cells are derivatives of Vero cells that express the HSV-1 a0 gene under the
control of its cognate promoter. These cells were maintained in DMEM supple-
mented with 5% bovine calf serum and 500 pg of G418 per ml. U20S cells (80)
were maintained in the same manner as Vero cells. 293T cells (16) were main-
tained in DMEM supplemented with 10% fetal calf serum. The media were
supplemented with 100 U of penicillin per ml and 100 pg of streptomycin (Gibco
BRL) per ml unless otherwise noted. The viruses used in this study were wild-
type HSV-1 (Glasgow strain 17), IE-0:LacZ and vCM2/7 (11), vCPcO0 (55), d1403
(70), and the 0 mutant viruses vC116G, vH126A, and vC116G/C156A (this
study).

Plasmid DNAs. Plasmid pSS7 contains the a0 gene from HSV-1 (KOS) (31).
Plasmid pDS17, which contains the a0 cDNA (81) and associated regulatory
sequences, was constructed by replacing the Mlul-EcoRI fragment of pDS16 (81)
with the corresponding fragment from pOXB (12). Plasmid pCM2/7 has been
described previously (11). Plasmid pDSE-17B was created by destruction of the
Asp718 site located 3’ of the HSV-1 sequences in pDS17. Plasmid pIBI31-0-103/
214 contains the Xhol-Asp718 fragment of the a0 cDNA (81), which encodes the
ICP0 C3HC, zinc finger motif, in pIBI31. Construction of plasmids pT/A-C116G,
pT/A-C119G, pT/A-H126A, pT/A-C129G, pT/A-C129H, pT/A-C134G, pT/A-
H136A, pT/A-C139A, pT/A-C142G, pT/A-C153A, and pT/A-C156A is described
below. Plasmids pEL0-C116G, pEL0-C119G, pEL0-HI126A, pELO0-C129G,
pELO0-C134G, pEL0-C153A, and pELO-C156A were constructed by replacing the
Xhol-Asp718 fragment of the «0 cDNA in pDSE-17B with the corresponding o0
C,;HC, mutant fragment from pT/A-C116G, pT/A-C119G, pT/A-H126A, pT/A-
C129G, pT/A-C134G, pT/A-C153A, or pT/A-C156A, respectively. Plasmids
pEL0-C129H, pEL0-H136A, pEL0-C139A, and pEL0-C142G were constructed
by replacing the Xhol-Munl fragment of the a0 cDNA in pDSE-17B with the
corresponding C;HC, mutant fragment from pT/A-C129H, pT/A-H136A, pT/
A-C139A, or pT/A-C142G, respectively. Plasmid pEL0-C116G/C156A was con-
structed by replacing the MunI-Miul fragment of pEL0-C116G with the corre-
sponding fragment from pEL0-C156A. Plasmid pIGA103 contains the HSV-1 a4
promoter (—323 to +32) in pIC20H (29). Plasmid pCPC-4P-luc (53), containing
the firefly luciferase gene under the control of the HSV-1 a4 promoter (—323 to
+32), was constructed by insertion of the BamHI fragment of p19luc (75) into
pIGA103. ptk-LUC, containing the firefly luciferase gene under the control of
the HSV-1 thymidine kinase promoter (—200 to +58), has been described
previously (50). pEL-PgC-luc, containing the firefly luciferase gene under the
control of the HSV-1 glycoprotein C promoter (—1339 to +34), was constructed
by insertion of the BamHI fragment of p19luc (75) into pTB2 (12).

Mutagenesis. Sequential PCR mutagenesis of the Xhol-4sp718 fragment of
the a0 cDNA (81) was performed as described previously (3) with minor mod-
ifications. The sequences of the primers (Columbia University Cancer Center,
New York, N.Y. or Genset Corp., La Jolla, Calif.) used are as follows. Flanking:
pIBI31-0-103/214 5'3’, 5'-ACCGCCTCTCCCCGCGCGTT-3'; pIBI31-0-103/
214 3'5', 5'-GGGGAAAGCCGGGGAACGTG-3'. Mutagenic: C116 5'3', 5'-G
GCGACGTGGGCGCCGTGTG-3"; C116 3'5', 5'-CACACGGCGCCCACGT
CGCC-3'; C119 5'3", 5'-GCGCCGTGGGGACGGATGAG-3'; C119 3'5',
5'-CTCATCCGTCCCCACGGCGC-3'; H126 5'3', 5'-ATCGCGCCCGCCCT
GCGCTG-3"; H126 3’5", 5'-CAGCGCAGGGCGGGCGCGAT-3'; C129 53,
5'-CCTGCGCGGCGACACCTTCC-3'; C129 3’5", 5'-GGAAGGTGTCGC
CGCGCAGG-3"; CI129H 5'3', 5'-CCTGCGCCACGACACCTTCC-3'; C129H
3’5", 5'-GGAAGGTGTCGTGGCGCAGG-3"; C134 5'3', 5'-CCTTCCCGGGC
ATGCACCGC-3'; C134 3'5', 5'-GCGGTGCATGCCCGGGAAGG-3"; H136
5'3',5'-CGTGCATGGCGCGCTTCTGC-3'; H136 3'5", 5'-GCAGAAGCGCG
CCATGCACG-3'; C139 5'3', 5'-ACCGCTTCGCGATCCCGTGC-3'; C139
3’5", 5'-GCACGGGATCGCGAAGCGGT-3'; C142 5’3", 5'-CATCCCGGGC
ATGAAAACCT-3"; C142 3'5', 5'-AGGTTTTCATGCCCGGGATG-3"; C153
5'3', 5'-CGCAACACCGCCCCGCTGTG-3"; C153 3’5", 5'-CACAGCGGGGC
GGTGTTGCG-3'; C156 5'3', 5'-CCTGCCCGCTGGCCAACGCC-3"; C156
3’5, 5'-GGCGTTGGCCAGCGGGCAGG-3'.

Primary PCR amplification mixtures contained 1 ng of pIBI31-0-103/214, 150
nM mutagenic primer, 150 nM flanking primer, 200 pM deoxynucleoside
triphosphates (Pharmacia Biotech, Uppsala, Sweden), 10 mM Tris-HCI (pH 9.0),
50 mM KCl, 1.5 mM MgCl,, 1% Triton X-100, 7.5% glycerol, 1 mM spermidine
(pH 7.0), and 2 U of Tag DNA polymerase (Promega, Madison, Wis.). Primary
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PCR products were purified on Qiaquick Spin columns (Qiagen, Chatsworth,
Calif.). Secondary PCR amplifications were performed as above, with minor
modifications. Reaction mixtures contained 750 nM flanking primers (pIBI31-0-
103/214 5’3" and pIBI31-0-103/214 3'5") and 5% (50 to 100 ng) of each sibling
primary amplification product. Secondary amplimers were ligated into pPGEM-T
(Promega) to create plasmids pT/A-C116G, pT/A-C119G, pT/A-H126A, pT/A-
C129G, pT/A-C129H, pT/A-C134G, pT/A-H136A, pT/A-C139A, pT/A-C142G,
pT/A-C153A, and pT/A-C156A. The DNA sequences of the cloned fragments
(Xhol-Asp718) were verified by cycle sequencing with AmpliCycle (Perkin-
Elmer, Foster City, Calif.). The mutated C;HC, domain coding sequences were
introduced into the a0 cDNA in pDSE-17B, as described above.

Transient-expression assays. (i) Transfection. Transfections were performed
by the calcium phosphate method as described previously (55, 77), with the
addition of a 1-min glycerol shock with 1 ml of 15% glycerol in HEPES-buffered
saline (3). All transfection mixtures contained a total of 15 wg of DNA: 1 pg of
the indicated luciferase reporter plasmid; 0, 0.1 (data not shown), or 1 pg of the
indicated wild-type or mutant o0 cDNA; and carrier plasmid.

(ii) Transient-expression assays. Transfected Vero cell monolayers were har-
vested at 48 h posttransfection. Luciferase activity was quantified with a Berthold
Lumat LB9501 luminometer (Wallac Inc., Gaithersburg, Md.), as described
previously (7). Luciferase activities were determined from triplicate transfections
in two independent experiments.

Western blot analyses. (i) Transfected cells. Vero cells were transfected with
15 pg of plasmid DNAs, as described above. 293T cells were transfected, as
previously described (55), with 15 pg of DNA. At 48 h posttransfection, the cells
were scraped into ice-cold phosphate-buffered saline (PBS) and collected by
centrifugation at 4°C. Cell pellets were solubilized in 300 wl (Vero) or 600 pl
(293T) of 1.5X sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-
PAGE) sample buffer (41) and boiled for 10 min. The proteins were separated
by SDS-PAGE (41) and transferred to nitrocellulose membranes (72). Immu-
nodetection of ICPO was performed as previously described (54) with rabbit
polyclonal antibody CLU7 (43). The relative levels of ICPO were quantified by
densitometric analysis using an AGFA ARCUS II scanner and NIH Image 1.51.

(ii) Infections. Western blot analysis of virus-specified proteins was performed
as described previously (43), with one addition. HSV-1 VP5 was detected with
rabbit polyclonal antibody NC-1 (provided by G. Cohen, Department of Micro-
biology, University of Pennsylvania). The proteins were quantified by densito-
metric analysis using an AGFA ARCUS II scanner and NIH Image 1.51.

Immunofluorescence. (i) Transfections. Vero cells were transfected with 0.5,
2, or 15 ng of plasmid DNAs encoding the indicated wild-type or mutant form of
ICPO, as described above. Carrier plasmid DNA was used to adjust all transfec-
tion mixtures to contain a total of 15 wg of DNA. At 48 h posttransfection, the
cell monolayers were rinsed with PBS, fixed with 3.7% formaldehyde in PBS for
30 min, permeabilized with 100% acetone at —20°C for 10 min, and stored at 4°C
in PBS. Immunodetection of ICPO was performed with polyclonal antibody
CLU7 (43), diluted 1:200 in PBS. Fluorescein isothiocyanate-conjugated second-
ary goat anti-rabbit immunoglobulin G antibodies (Kirkegaard and Perry, Gaith-
ersburg, Md.) were diluted 1:200. Preparations were viewed under a Leitz Dialux
microscope with optical systems for the selective visualization of fluorescein.
Representative fields of cells were photographed with Ektachrome P1600 film
(Eastman Kodak, Rochester, N.Y.), using a Nikon UFX-DXII photographic
system.

(ii) Fluorescent-focus assays. Fluorescent-focus assays were performed as
previously described (11), with minor modifications. Briefly, Vero cells were
infected at a multiplicity of infection (MOI) of 0.01 with wild-type HSV-1 or the
o0 mutant virus vC116G, vH126A, or vC116G/C156A. At 8 h postinfection, ICP0O
was detected by indirect immunofluorescence, as described above. The relative
particle-to-PFU ratios of these viruses were calculated from the number of
positively staining cells at 8 h postinfection relative to the titer of each virus on
L7 cells.

(iii) Virus spread. Vero cells were seeded in 60-mm plates on sterile glass
coverslips and infected at a MOI of 0.01 with wild-type HSV-1 or the a0 mutant
virus vC116G, vH126A, or vC116G/C156A. The cells were fixed and permeabil-
ized at the indicated times postinfection, and ICP0O was detected by indirect
immunofluorescence, as described above.

Construction of «0 mutant viruses. (i) Transfections. Vero cells were trans-
fected as previously described (43). Transfection mixtures contained 12.5 pg of
plasmid DNA (pEL0-C116G, pEL0-H126A, or pEL0-C116G/C156A), linearized
with HindIII, and 100 PFU of IE-0:LacZ nucleocapsids (66). vCPc0 (55) and
vCM2/7 (11) have been described.

(ii) Purification of recombinant viruses. Recombinant herpesviruses with mu-
tations in the a0 gene were generated as previously described (43). The site-
directed mutations in the a0 C;HC, domain were verified by direct sequence
analysis of PCR-amplified virus DNAs, as described below.

Analysis of virus DNAs. (i) DNA preparation. Virus DNAs were prepared for
PCR and Southern blot analysis as previously described (35, 43).

(ii) Amplification and sequencing of recombinant «0 viruses. The site-di-
rected mutations in the recombinant virus DNAs were verified by direct PCR
sequencing of 195-bp PCR amplimers of the a0 cDNA. The sequences of the
primers used for PCR amplification and sequencing are as follows: 3337U, 5'-C
CTCGAGAGGACGGGGGGAGC-3"; 3510L, 5'-GCGTCACGCCCACTATC
AGGTAC-3'.



8604 LIUM AND SILVERSTEIN

(iii) DNA probes. The probes used throughout this study consisted of the
5.2-kb SstI-Asp718 fragment of the a0 gene (—810 to +4382) and the 4.5-kb
Sall-Ddel fragment of the a4 gene. The probes were labeled with [a->*P]dCTP
(3,000 Ci/mmol; DuPont NEN, Boston, Mass.) by random priming (Boehringer
Mannheim, Indianapolis, Ind.).

(iv) Southern blot analysis. Infected-cell DNA was digested with SacI and PstI
or with NotI and Pstl. Digested DNAs were separated by agarose gel electro-
phoresis and transferred to SS-Nytran filters (Schleicher & Schuell, Keene,
N.H.). Southern blot hybridization with a 5.2-kb a0 probe (—810 to +4382) was
performed as specified by the manufacturer. The blots were washed as recom-
mended and exposed to Biomar Blue film.

Virus growth assays. (i) Burst size. Burst size analysis was performed with two
independent isolates for each of the recombinant a0 viruses (vC116G, vH126A,
and vC116G/C156A) as previously described (43). The titers of all viruses were
determined prior to analysis by using the ICPO-complementing cell line L7 (64).
Virus yields at 2 and 24 h postinfection were determined by titrating on L7 cells.

(ii) Growth curves. The titers of all virus stocks (HSV-1 strain 17, vCPc0,
vCM2/7, vC116G, vH126A, vC116G/C156A, and di1403) were determined prior
to growth analysis by titrating on the ICPO-complementing cell line L7 (64). Vero
cells were infected at a MOI of either 0.1 or 10, and the virus yields were
determined as previously described (43) on L7 cells. Growth curves represent the
average of three independent infections, each titrated in duplicate.

DNA replication and genome-to-PFU ratios. (i) Replication. Vero cells (10°)
were infected at a MOI of either 0.1 or 10. Infections were halted by freezing
(—80°C) at 1 and 16 h postinfection, and total infected-cell DNAs were prepared
as described previously (43). Equivalent amounts of infected-cell DNAs were
blotted to GeneScreen Plus by using a MINIFOLD II Slot-Blot System (Schlei-
cher & Schuell), and cross-linked by UV irradiation with a Stratalinker 2400
(Stratagene, La Jolla, Calif.). The virus DNAs were hybridized, as specified by
the manufacturer, with a 4.5-kb fragment of the HSV-1 a4 gene, described
above. The blots were washed as recommended and visualized by autoradiogra-
phy. Virus replication was quantified by PhosphorImager analysis (Molecular
Dynamics Phosphorlmager 445SI) with ImageQuaNT software.

(ii) Genome-to-PFU ratios. The genome-to-PFU ratios (10) were determined
by comparing the amount of HSV-1 DNA in infected cells at 1 h postinfection to
the number of PFU per ml for the corresponding virus. These values were then
compared to the genome/PFU ratio of wild-type HSV-1. Briefly, Vero cells were
infected at a MOI of 10, and infected-cell DNAs were prepared at 1 h postin-
fection as described previously (43). Virus DNAs were quantified by hybridiza-
tion and PhosphorImager analysis, as described above.

Extraction of ICP0 from infected cells. Vero cells (3 X 10°) were infected at
an MOI of 0.5 or 40. At 8 h postinfection the infected-cell monolayers were
rinsed twice with 5 ml of ice-cold PBS and scraped into 600 pl of ICPO lysis buffer
containing 20 mM HEPES-KOH (pH 7.5), 0.25% Nonidet P-40 (vol/vol), 400
mM NaCl, 10 mM MgCl,, 10% (vol/vol) glycerol, 50 wg of DNase I per ml, 50
wg of RNase I per ml, 1 mM phenylmethylsulfonyl fluoride, 0.1 mM r-1-chloro-
3-(4-tosylamido)-4-phenyl-2-butanone (TPCK), and 0.1 mM v-1-chloro-3-(4-to-
sylamido)-7-amino-2-heptanone (TLCK) (Boehringer Mannheim). The cell ly-
sates were incubated for 20 min at 4°C, sonicated for 2 min with a Sonifier 450
(Branson, Danbury, Conn.), and clarified by centrifugation at 16,000 X g for 15
min at 4°C. The pellets and the supernatants were solubilized in 1.5X SDS-
PAGE sample buffer (41), and the levels of ICPO and ICP27 in these fractions
were determined by Western blot analysis, as described above.

Immunoprecipitation of 3°S-labeled ICP0, ICP4, and ICP27. (i) S labeling.
Vero cells were infected at a MOI of 0.5. At the indicated times postinfection,
the cell monolayers were rinsed twice with Met-free DMEM (Gibco BRL) and
incubated at 37°C for 30 min in the presence of 200 puCi of Trans*>S Label (ICN
Pharmaceuticals Inc., Costa Mesa, Calif.) in 500 wl of Met-free DMEM supple-
mented with 1% dialyzed bovine calf serum. Infected-cell lysates were prepared
as described above for the extraction of ICPO.

(ii) Pulse-chase. Vero cells were infected at a MOI of 0.5 and labeled with
Trans*S Label for 30 min at 2.5 h postinfection, as described above. At 3 h
postinfection, the infected-cell monolayers were rinsed twice with DMEM and
chased for 0, 2, or 4 h. Following the chase, infected-cell lysates were prepared
as described above for the extraction of ICPO.

(iii) Immunoprecipitation. Infected-cell lysates (200 pl) and 3 pl of antibody
to ICP0O (CLU7), ICP4 (1114), or ICP27 (CLU38) (43) were mixed for 1 h at 4°C
prior to the addition of 25 ul of a 50% (vol/vol) suspension of GammaBind Plus
Sepharose (Pharmacia) in ICPO lysis buffer, and the mixtures were incubated for
another 1 h at 4°C with constant mixing. The beads were washed three times with
RIPA buffer (10 mM Tris-HCI [pH 8.0], 150 mM NaCl, 1% Triton X-100
[vol/vol], 1% sodium deoxycholate, 0.1% SDS, 1 mM phenylmethylsulfonyl flu-
oride, 0.1 mM TPCK, 0.1 mM TLCK) for 15 min at 4°C, resuspended in 25 .l of
2X SDS-PAGE sample buffer (41), and boiled for 10 min. The proteins were
separated by SDS-PAGE and visualized by either fluorography using Entensify
(DuPont NEN) or PhosphorImager analysis. We note that this procedure results
in the quantitative immunoprecipitation of ICP0, ICP4, and ICP27 from infect-
ed-cell extracts. The relative levels of ICP0, ICP4, and ICP27 were determined
by PhosphorImager analysis using ImageQuaNT software.

Analysis of infected-cell RNAs. (i) RNA preparation. Vero cells were infected
at a MOI of 0.5, and total infected-cell RNAs were prepared by using the High
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Pure RNA isolation kit (Boehringer Mannheim) as specified by the manufac-
turer.

(ii) RT-PCR. The abundance of a0, a4, and «27 RNAs in HSV-1-infected cells
was determined by coupled reverse transcription-PCR (RT-PCR) with the EZ
rTth RNA PCR kit as specified by the manufacturer (Perkin-Elmer), with mod-
ifications. Briefly, reaction mixtures contained 65 nM [a->>P]dCTP (3,000 Ci/
mmol) and 900 nM of primer (0-RF3’5’, 4-2, or ICP27-L-RT [see below]). RT
was performed in the presence of only primers complementary to the a0, a4, and
«27 RNAs (0-RF3'5’, 4-2, or ICP27-L-RT). Following reverse transcription,
secondary primers for PCR (0-RF5'3’, 4-1, or ICP27-U-RT) were added to the
corresponding reaction mixtures. The number of PCR cycles for these amplifi-
cations was 20, as the amplification of the a0, a4, and a27 RNAs was determined
to be linear under our conditions through =28 PCR cycles. The absence of
contaminating DNA in each RNA sample was demonstrated by performing PCR
in the absence of RT. The sequences of the primers used in this analysis are as
follows: 0-RF5'3’, 5'-GAGGAAGACCCCGGCAGTTGCG-3'; 0-RF3'5’, 5'-
GCGTCACGCCCACTATCAGGTAC-3"; 4-1, 5'-CGACACGGATCCACGAC
CCGAC-3'; 4-2, 5'-GATCCCCCTCCCGCGCTTCGTC-3'; ICP27-U-RT, 5'-A
GCCGCCGCGACGACCTGGAA-3'; ICP27-L-RT, 5'-CTGTGGGGCGCTG
GTTGAGGAT-3'. The DNA sequences of 4-1 and 4-2 are similar to those
described previously (40). These primers result in the amplification of a 228-bp
fragment of the a0 RNA, a 100-bp fragment of the a4 RNA, and a 220-bp
fragment of the a27 RNA. The reaction products were quantified by Phosphor-
Imager analysis, as described above.

RESULTS

Experimental design. The C;HC, domain of HSV-1 ICPO is
distinguished from the related domains of several ICPO ho-
mologs (27) by the presence of two nonconsensus amino acids
with the potential to coordinate zinc, histidine 126, and cys-
teine 129 (Fig. 1). The positions of these amino acids, as well
as their potential to participate in the coordination of zinc,
suggested that the C;HC, domain of HSV-1 ICPO could rep-
resent an alternative C;HC, zinc finger (4, 27) (Fig. 1). Thus,
the objective of this study was to determine (i) whether these
nonconsensus amino acids are important for the structure
and/or function of the C;HC, domain and (ii) which cysteines
and histidine(s) within this domain are essential for ICPO func-
tion. Additionally, we further characterized the role of ICP0 in
the growth and replication of HSV-1. Accordingly, each of the
cysteine and histidine residues within the C;HC, domain were
altered by mutagenesis, and the effects of these mutations on
ICPO function were assessed in transient-expression assays and
in the context of a productive virus infection.

Mutagenesis. Sequential PCR mutagenesis of the Xhol-
Asp718 fragment of the a0 cDNA (81) was performed to
change each of the cysteine or histidine residues in the ICP0
C;HC, domain to either an alanine (A), glycine (G), or histi-
dine (H) (Fig. 1). The predicted DNA sequences of these
mutant fragments of the a0 gene were verified, and the frag-
ments were introduced into the o0 cDNA (81). The resulting
mutant cDNA constructs encode the following single amino
acid changes within the C;HC, domain: C116G, C119G,
H126A, C129G, C129H, C134G, HI136A, C139A, C142G,
C153A, or C156A (Fig. 1). The double mutant C116G/C156A
encodes two amino acid changes within the C;HC, domain
(Fig. 1), and this domain is deleted in CM2/7 (12) (Fig. 1).
Based upon the solution structures of the C;HC, zinc fingers
from the promyelocytic leukemia proto-oncoprotein (PML)
and EHV-63 proteins, the above single amino acid changes
within the ICP0 C;HC, domain would be predicted to disrupt
one of two Zn*>* coordination sites within this domain. Mu-
tagenesis of cysteine-116 and -156 (C116G/C156A) would be
predicted to abolish Zn** coordination (4, 6).

Transient-expression assays. The ability of ICPO to activate
gene expression from a wide range of viral and cellular gene
promoters has been used extensively as a measure of its func-
tion in mutational analyses (9, 11, 12, 19, 21, 23). Therefore,
the ICPO mutants described in Fig. 1 were screened in tran-
sient-expression assays for their ability to activate gene expres-
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FIG. 1. Consensus herpesvirus C;HC, zinc fingers and the mutations constructed in the HSV-1 ICP0 C;HC, domain. (Top) Alignment of the consensus C;HC,
zinc finger amino acid sequence, the HSV-1 ICP0 C;HC, domain (aa 116 to 156), and the related domains of several herpesvirus ICPO homologs. The conserved
cysteines and histidine of these domains are indicated in boldface type, and the pairs of Zn®"-coordinating amino acids are indicated by roman numerals. The
nonconsensus cysteine and histidine within the HSV-1 ICP0 C;HC, domain are boxed. (Bottom) Site-directed mutagenesis of the HSV-1 a0 gene was performed to
alter each of the cysteine and histidine residues within the consensus ICP0 C;HC, zinc finger into either a glycine or an alanine, as described in Materials and Methods.
Cysteine-129 was also changed to a histidine. The mutations are indicated in boldface type and are underlined, and the names of the mutant proteins indicate the amino

acid changes and their positions in HSV-1 ICPO0.

sion from each of the three major temporal classes («, B, and
v) of HSV promoters (Fig. 2). This analysis demonstrates that
mutagenesis of consensus cysteine (amino acids [aa] 116, 119,
134, 139, 142, 153, and 156) or histidine (aa 136) residues in the
C;HC, domain of ICPO0, or deletion of this domain (CM2/7),
results in the loss of ICPO-mediated transactivation (Fig. 2).
Mutagenesis of the nonconsensus histidine in this domain (his-
tidine-126) had no effect on the activity of ICPO (Fig. 2). In
contrast, alteration of cysteine-129, another nonconsensus res-
idue, results in a 60 to 80% reduction in ICPO-mediated trans-
activation (Fig. 2). Thus, our results demonstrate that the con-
sensus cysteine and histidine residues of the C;HC, domain
are required for ICPO-mediated transactivation and suggest
that these amino acids constitute a functional C;HC, zinc
finger domain (27). They further suggest a role for cysteine-129
in this domain, which is consistent with the conservation of this
residue in ICPO from HSV-1 and HSV-2 (Fig. 1).

Cysteine-129 of HSV-1 ICPO is not a consensus C;HC, res-
idue and thus would not be predicted to participate in the
coordination of Zn** by this domain. To exclude the possibility
that this amino acid participates in the coordination of zinc, we
next asked whether histidine, another zinc-coordinating amino
acid, could functionally replace cysteine at this position in
ICPO. Accordingly, the o0 mutant C129H (Fig. 1) was con-
structed and screened for its ability to mediate transactivation.
Our results demonstrate that replacement of cysteine-129 by a
histidine (C129H) abolishes ICPO-mediated transactivation
while replacement of this amino acid by glycine (C129G) does
not (Fig. 2). These findings argue against a role of cysteine-129
in zinc coordination. Rather, they are consistent with a spatial
requirement for cysteine at this position or with a role for this
residue in disulfide bonding.

To exclude the possibility that the loss of reporter gene
expression resulted from decreased abundance of the mutant
forms of ICP0, the accumulation of these proteins in trans-
fected cells was determined by Western blot analysis (Fig. 3).

Our findings reveal that their abundance, with the exception of
H126A, was increased approximately six- to eightfold relative
to that of wild-type ICPO (Fig. 3). Based on this observation,
cotransfection assays were performed to determine whether
the increased abundance of the mutant proteins was squelch-
ing transcription. This analysis suggests that the loss of re-
porter gene expression (Fig. 2) did not result from squelching,
as the relative levels of ICPO-mediated transactivation did not
increase with decreasing amounts of transfected effector plas-
mids (data not shown). Therefore, the decreased transactiva-
tion potential of the ICPO mutants did not result from alter-
ations in their abundance (Fig. 2 and 3). These data establish
a correlation between mutagenesis of the C;HC, domain, the
loss of ICPO-mediated transactivation, and an increase in the
accumulation of ICPO.

Intranuclear localization of ICPO0. In transfected or infected
cells, ICPO is found predominantly in the nucleus, where it
colocalizes with, and modifies, ND10 domains (2, 25, 45). The
association of ICPO with ND10s results in the dispersal of
ND10-associated proteins (25, 46). Although the relevance of
these observations in the context of a productive herpesvirus
infection is unknown, the redistribution of ND10-associated
proteins may represent a pre- or posttranscriptional event that
results in favorable intracellular conditions for HSV gene ex-
pression and/or DNA replication (25).

Previous studies have demonstrated that mutations in ICP0
alter its intranuclear localization and its ability to disperse the
ND10-associated proteins PML and sp100 (25, 46). These
studies indicate that the carboxy terminus of ICP0 (aa 680 to
767) is required for targeting of ICPO to ND10s and that the
C;HC, domain is required for the dispersal of PML and sp100
(25, 46). However, the mutant proteins used in those studies
had large deletions in ICP0O. Therefore, we asked whether
point mutations within the C;HC, domain alter the intracel-
lular localization of ICPO.

Vero cells were transfected with plasmids directing the ex-
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FIG. 2. ICPO-mediated activation of reporter gene expression in cells co-
transfected with plasmids directing the expression of wild-type HSV-1 ICPO or
the indicated mutant ICPO proteins and reporter plasmids encoding the firefly
luciferase gene under the control of the ICP4 (A), thymidine kinase (B) or
glycoprotein C (C) promoter from HSV-1. Total-cell extracts were prepared at
48 h posttransfection, and luciferase activities were quantified as described in
Materials and Methods. Luciferase activities derived from cells expressing the
mutant ICPO proteins are expressed relative to those of cells expressing wild-type
ICPO. Cells transfected with reporter plasmids only are indicated (Mock).

pression of wild-type ICPO or the mutant ICPO proteins
C116G, H126A, C116G/C156A, or CM2/7 (Fig. 1). At 48 h
posttransfection, the intracellular distribution of ICP0 was de-
termined by indirect immunofluorescence (Fig. 4). This anal-
ysis demonstrates the following. (i) Wild-type ICPO and
HI126A localize in highly regular punctate nuclear structures
(Fig. 4), a subset of which are defined as ND10 domains (44).
(ii) The intranuclear distribution of C116G is highly irregular
(Fig. 4), as it was found in both micropunctate and large
nuclear granules. (iii) The double mutant C116G/C156A and
the deletion mutant CM2/7 are distributed diffusely through-
out the nuclei of transfected cells, suggesting that these pro-
teins fail to associate with ND10 domains (Fig. 4).

To address the possibility that the increased abundance of
CM2/7, C116G, or C116G/C156A in transfected cells (Fig. 3)
altered their intranuclear localization, Vero cells were trans-
fected with 0.5, 2, or 15 pg of plasmid DNAs, and ICPO was
detected by indirect immunofluorescence. The intensity of
ICPO staining in transfected cells increased with the quantity of

J. VIROL.

transfected DNA, yet the intranuclear distribution of ICP0
remained essentially unchanged (data not shown). Thus, the
aberrant localization of CM2/7, C116G, and C116G/C156A
does not result from their increased abundance. This conclu-
sion is further supported by our observation that the abun-
dance of C116G and C116G/C156A in transfected cells is
equivalent (Fig. 3) yet their intranuclear distribution is very
different (Fig. 4).

Construction of recombinant herpesviruses. The o0 cDNAs
pEL0-C116G, pEL0-H126A, and pELO-C116G/C156A were
introduced into the HSV-1 genome by homologous recombi-
nation. The resulting recombinant viruses (vC116G, vH126A,
and vC116G/C156A, respectively) direct the expression of the
mutant proteins C116G, H126A, and C116G/C156A, respec-
tively (Fig. 1). The predicted sequence arrangements of the a0
genomic loci and the sequences encoding the mutant ICPO
C;HC, domains were verified by Southern blot analysis (Fig. 5)
and DNA sequencing (data not shown). The viruses vCPc0
(55), which expresses the a0 cDNA (81), and vCM2/7 (11)
have been described previously.

Recombinant virus growth. Growth curves were generated
to assess the effects of mutations in the C;HC, domain on the
growth of HSV-1 in tissue culture. Vero cells were infected at
MOIs of either 0.1 or 10 and harvested at the indicated times
postinfection. Virus yields were determined by titration on the
ICPO-complementing cell line L7. Our findings demonstrate
that in high-multiplicity infections, mutagenesis of the ICP0
C;HC, domain has only a small effect on the growth rates and
yields of the mutant viruses relative to vCPc0, the parent
cDNA virus. The o0 mutant viruses vCM2/7, vC116G,
vH126A, and vC116G/C156A and the a0 deletion virus d/1403
exhibited a slight delay in growth kinetics at early times postin-
fection (Fig. 6B), yet their yields were similar to those of vCPc0
or wild-type HSV-1 at 24 h postinfection (Fig. 6B). In low-
multiplicity infections, viruses with deleterious mutations in
the C;HC, domain (vCM2/7, vC116G, and vC116G/C156A)
exhibited growth kinetics and yields similar to those of the a0
deletion virus d/1403 (Fig. 6A). However, at very late times
postinfection (48 to 72 h), these mutants yielded wild-type
levels of virus (Fig. 6A). This result is consistent with the
multiplicity-dependent growth of «0 mutant viruses.

Previous studies reveal that mutagenesis, or deletion, of the
a0 gene from HSV-1 results in high particle/PFU ratios (10, 11,
70). Here, analyses were performed to determine the relative
genome/PFU (10) and particle/PFU ratios for wild-type
HSV-1, vCPc0, vCM2/7, vC116G, vH126A, vC116G/C156A,
and d/1403. The genome/PFU ratios of these viruses were
determined by comparison of the levels of DNA hybridization
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FIG. 3. Western blot analysis of the abundance of ICPO in transfected cells.
Vero or 293T cells were either mock transfected (Mock) or transfected with
plasmids directing the expression of wild-type ICPO or the indicated mutant ICP0O
proteins. Cell extracts were prepared at 48 h posttransfection, and the relative
abundance of ICPO was determined by Western blot analysis, using the rabbit
polyclonal antibody CLU7 (anti-ICP0), as described in Materials and Methods.
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FIG. 4. Intracellular localization of ICP0. Vero cells were either mock transfected or transfected with plasmids directing the expression of wild-type ICPO or the
indicated mutant ICPO proteins. At 48 h posttransfection, the cells were fixed and reacted with the rabbit polyclonal antibody CLU7 (anti-ICPO0) followed by fluorescein
isothiocyanate-conjugated secondary antibodies. Representative fields of cells were photographed using a Leitz Dialux microscope with optical systems for the selective
visualization of fluorescein and the Nikon UFX-DXII photographic system.

from samples prepared at 1 h postinfection to the titer of each
virus stock as assayed on L7 cells (see Fig. 8). Our analyses
demonstrate that all viruses tested, with the exception of
dl1403, exhibit wild-type genome/PFU ratios (see Fig. 8). The
particle/PFU ratios of wild-type HSV-1, vC116G, vH126A, and
vC116G/C156A were also determined, as described in Mate-
rials and Methods, and confirm the genome/PFU ratios.
Therefore, all viruses tested, with the exception of d/1403,
exhibit wild-type genome/PFU ratios (see Fig. 8). This finding
was dependent upon titration of these viruses on the comple-
menting cell line L7, as titration of these viruses on the com-
plementing cell line 0-28 (63) or U20S (80) consistently un-
derrepresented their titers by 30- to 100-fold (data not shown).
Thus, mutations in the C;HC, domain that abolish ICPO-me-
diated transactivation alter the intranuclear localization and
accumulation of ICPO, and impair the growth and replication
of HSV-1 at low MOIs do not alter the particle/PFU ratios of
recombinant herpesviruses (see Fig. 8).

These analyses demonstrate that the C;HC, domain is re-
quired to achieve wild-type virus growth kinetics in low-multi-
plicity infections. They further establish a correlation between
the ability of ICP0 to mediate transactivation (Fig. 2) and virus
growth (Fig. 6).

Virus spread in tissue culture. Indirect immunofluorescence
was used to examine the effect of disrupting the ICPO0 C;HC,
domain on the progression of virus infections at low multiplic-
ities. This analysis demonstrated the following. (i) At 8 h
postinfection, ICP0 was localized predominantly in the nuclei
of infected cells (Fig. 7). The number of positively staining cells
in each infected-cell monolayer and the intensities of ICP0
staining were equivalent for all viruses tested (data not shown).
(ii) At 12 h postinfection, wild-type HSV-1 and vH126A had
initiated secondary infections, as demonstrated by the forma-
tion of syncytia and foci of infected cells. In contrast, in mono-
layers infected with vC116G or vC116G/C156A, ICPO was re-
stricted to single cells (Fig. 7). (iii) At 16 h postinfection,
wild-type HSV-1 and vH126A were spreading (Fig. 7). How-
ever, vC116G and vC116G/C156A only occasionally initiated

Wild-type ICPO
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CMm2/7

C116G/C156A

productive infections, as indicated by the rare formation of foci
of infected cells (Fig. 7). (iv) At 24 h postinfection, all of the
cells in the monolayers infected with wild-type HSV-1 or
VH126A contained virus, as indicated by the presence of ICPO
(Fig. 7). However, in monolayers infected with vC116G or
vC116G/C156A, ICP0 was found predominantly in single cells
and rarely spread (Fig. 7). Thus, unlike wild-type HSV-1 or
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FIG. 5. Southern blot analysis of wild-type and recombinant virus DNAs.
Infected-cell DNAs were digested with SaclI (S) and PstI (P) or NotI (N) and PstI,
electrophoretically separated in agarose gels, and transferred to nylon mem-
branes. The blots were hybridized with a randomly primed «0 probe (—810 to
+4382), as described in Materials and Methods. The 0 loci of wild-type HSV-1
and vCM2/7 contain two introns (IVS-1 and IVS-2); these loci in the a0 cDNA
viruses vCPc0, vC116G, vH126A, and vC116G/C156A lack both IVS-1 and
IVS-2.
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FIG. 6. Growth of wild-type HSV-1 or o0 mutant viruses. The titers of all
viruses were determined on L7 cell monolayers prior to growth analyses. Vero
cells were infected with wild-type HSV-1, vCPc0, vCM2/7, vC116G, vH126A,
vC116G/C156A, or the a0 deletion virus d/1403, with either 0.1 (A) or 10 (B)
PFU per cell, and the infections were stopped at the indicated times postinfec-
tion. The resulting virus yields were titrated on L7 cell monolayers. Growth
curves represent the average of three independent infections, each with the titer
determined in duplicate.

vH126A, vC116G and vC116G/C156A rarely established pro-
ductive infections in tissue culture at low multiplicities. There-
fore, in the absence of functional ICPO, the probability of
establishing a lytic herpesvirus infection at low MOIs is signif-
icantly decreased.

DNA replication. Having shown that mutations in the
C;HC, domain impair the growth of HSV-1, we sought to
determine the basis for this defect. Therefore, we examined
virus DNA replication in cells infected with the C;HC, mutant
viruses. Vero cells were infected at a MOI of either 0.1 or 10,
and total infected-cell DNAs were prepared at 1 and 16 h
postinfection. The accumulation of virus DNAs was deter-
mined by DNA hybridization with a probe complementary to
the HSV-1 a4 gene. In high-multiplicity infections, all viruses
with the exception of d/1403 exhibited similar levels of DNA
replication at 16 h postinfection (Fig. 8). In contrast, at low
MOIs, the recombinant viruses vCM2/7, vC116G, and
vC116G/C156A exhibited a 12-fold reduction in DNA replica-
tion relative to vH126A, vCPc0, or wild-type HSV-1 (Fig. 8).
These data imply that the defect in the replication cycle of
vCM2/7, vC116G, and vC116G/C156A occurs prior to the ini-
tiation of DNA synthesis.

Accumulation of virus-specified proteins. To further char-
acterize the growth and replication defects of viruses with
mutations in the ICPO C;HC, domain, the abundance of rep-
resentative proteins from each of the three major kinetic
classes of virus genes was determined by Western blot analysis.

J. VIROL.

Vero cells were infected at a multiplicity of 0.1 (data not
shown), 1, or 10, and cell extracts were prepared at the indi-
cated times postinfection. Infected-cell proteins were detected
by using antibodies that recognize the IE proteins ICPO, ICP4,
and ICP27, the early protein glycoprotein B (gB), and the late
proteins alpha-trans-inducing factor (a-TIF) and virion protein
5 (VPS) (Fig. 9). We note that the subtle difference in the
mobilities of ICP0 from HSV-1 strain 17 and the recombinant
viruses represents strain variations between the a0 gene from
HSV-1 strain 17 and the a0 cDNA (81). This analysis demon-
strates that in high-multiplicity infections (MOI = 10), all
viruses tested with the exception of d/1403 accumulated nearly
wild-type levels of these proteins (Fig. 9A). However, in low-
multiplicity infections (MOI = 0.1 [data not shown] or 1),
vCM2/7, vC116G, and vC116G/C156A accumulated low levels
of ICP27, gB, o-TIF, and VPS5, while the abundances of ICPO
and ICP4 were unaffected (Fig. 9B). Thus, mutations in the
C;HC, domain result in significant defects in the accumulation
of virus-specified proteins at low MOIs.

Further analysis of the abundance of virus-specified proteins
in cells infected with the «0 deletion virus d/1403 reveals that
this virus accumulated increased levels of the IE protein ICP4
relative to wild-type HSV-1 (Fig. 9B). This increase is a reflec-
tion of the higher particle/PFU ratio of d/1403 (11, 70). How-
ever, the abundance of the IE protein ICP27 was significantly
decreased in cells infected with d/1403 (Fig. 9B). This obser-
vation clearly implies inherent differences between the regula-
tion of the expression and/or synthesis of ICP4 and ICP27 at
early times of infection.

Based on the growth and replication of vCM2/7, vC116G,
vC116G/C156A, and d/1403 (Fig. 6 to 8), decreases in the
abundance of early and late virus proteins in cells infected with
these mutants were expected (Fig. 9). However, a decrease in
the abundance of the essential IE protein ICP27 was unex-
pected, as IE gene transcription is independent of de novo
protein synthesis (Fig. 9) (13, 38, 71). Previous studies dem-
onstrated that ICP27 is required for the expression of HSV
early and late genes in productive infections (65, 67, 73).
Therefore, significant decreases in the accumulation of ICP27
would be predicted to result in defects in the accumulation of
early and late virus proteins and in virus growth. These obser-
vations support our conclusion that ICP0 regulates the expres-
sion of ICP27 and that the multiplicity-dependent growth of a0
mutant viruses is due, in part, to low levels of ICP27.

Previous studies have demonstrated that ICPO is difficult to
extract from infected cells (1, 34). Thus, to control for the
recovery of ICPO, experiments were performed to address the
solubility of wild-type and mutant forms of this protein in
infected cells by using an extraction method developed to en-
hance the recovery of virus proteins (see Materials and Meth-
ods) (Fig. 10). This analysis reveals that all viruses tested, with
the exception of d/1403, accumulated nearly identical levels of
soluble ICPO and ICP27 (Fig. 10A). However, the relative
abundance of insoluble ICPO was increased in cells infected
with vC116G or vC116G/C156A (Fig. 10B). Thus, point mu-
tations in the C;HC, domain appear to decrease the solubility
of ICP0. We further noted that the mutant ICPO protein
CM2/7 did not partition with the insoluble fraction (Fig. 10B).
It is interesting that substitution mutations within the C;HC,
domain reduced the solubility of ICPO while deletion of this
domain appeared to cause the opposite effect.

To exclude the possibility that the altered solubility of the
mutant proteins was a general property in cells infected with
vCM2/7, vC116G, or vC116G/C156A, the solubility of ICP27
was also examined. Unlike ICPO, ICP27 is highly soluble (Fig.
10). This analysis further demonstrates that at low MOIs the
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FIG. 7. Analysis of HSV-1 infections by indirect immunofluorescence. Vero cells were infected with the indicated viruses at a MOT of 0.01. At the indicated times
postinfection, the cells were fixed and reacted with the rabbit polyclonal antibody CLU7 (anti-ICP0) followed by FITC-conjugated secondary antibodies. Representative
fields of cells were photographed by using a Leitz Dialux microscope with optical systems for the selective visualization of fluorescein and the Nikon UFX-DXII
photographic system. At 16 and 24 h postinfection, two fields of cells infected with vC116G or vC116G/C156A are shown to indicate the restricted growth of these

viruses and their rare spread.

abundance of ICP27 in cells infected with v€M2/7, vC116G, or
vC116G/C156A was reduced 12-fold relative to that of wild-
type HSV-1 or vH126A (Fig. 10).

Synthesis of IE proteins. Having shown that mutations in the
a0 gene, which result in a loss of function (Fig. 2), also result
in defects in the accumulation of ICP27 in low-multiplicity
infections, we performed experiments to examine the synthesis
of IE proteins at early and late times postinfection. Vero cells
were infected at a MOI of 0.5 with wild-type HSV-1 or the
mutant viruses and pulse-labeled for 30 min with *3S at 3.5 and
8 h postinfection (as described in Materials and Methods).
ICPO, ICP4, and ICP27 were quantitatively immunoprecipi-
tated and separated by SDS-PAGE (Fig. 11). At 3.5 h postin-
fection, all of the viruses tested, except dl1403, synthesized
nearly equivalent amounts of ICP0 and ICP4 (Fig. 11). How-

ever, in cells infected with vCM2/7, vC116G, vC116G/C156A,
or dI1403, the synthesis of ICP27, relative to ICP4, was reduced
(Fig. 11; Table 1). At 8 h postinfection, these mutants exhibited
significant reductions in the synthesis of ICP0, ICP4, and
ICP27 relative to wild-type HSV-1, vCPc0, or vH126A (Fig.
11). These data further support the notion that ICPO regulates
the expression and/or synthesis of ICP27 at early times postin-
fection and that ICPO may regulate the expression of other IE
gene products at late times.

Stability of ICP0. Based on the observation that the accu-
mulation of mutant forms of ICPO in cells infected with
vCM2/7, vC116G, or vC116G/C156A is nearly wild type (Fig.
9) despite significant reductions in the synthesis of ICPO (Fig.
11), we predicted that these mutations increase the stability of
ICPO. Therefore, pulse-chase experiments were performed to
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FIG. 8. DNA replication of wild-type and mutant viruses. Vero cells were
either mock infected (Mock) or infected with wild-type HSV-1, vCPc0, vCM2/7,
vC116G, vH126A, vC116G/C156A, or the a0 deletion virus d/1403, at either low
(MOI = 0.1) or high (MOI = 10) MOIs. Total infected-cell DNAs were pre-
pared at 1 and 16 h postinfection, and 10-fold dilutions (0.1X) of DNAs were slot
blotted to nylon membranes. The infected-cell DNAs were hybridized with a
probe complementary to the HSV-1 o4 loci, and the relative abundance of virus
genomes was determined by PhosphorImager analysis using ImageQuaNT soft-
ware, as described in Materials and Methods. Note that prior to these analyses,
all virus titers were determined on the ICP0O-expressing cell line L7.

determine the ¢, , of wild-type and mutant forms of ICP0. Vero
cells were infected at a MOI of 0.5, pulse-labeled with *3S for
30 min at 2.5 h postinfection, and cither harvested immediately
or chased for 2 or 4 h (as described in Materials and Methods).
ICPO, ICP4, and ICP27 were quantitatively immunoprecipi-
tated and analyzed by SDS-PAGE (Fig. 12; ICP27 not shown).
This analysis demonstrates that the stability of CM2/7 and
C116G/C156A was increased approximately 2.5-fold relative to
that of wild-type ICPO. The ¢, ,, of wild-type ICP0 was approx-
imately 1.5 h, whereas the ¢, ,, of these ICP0O mutants appeared
to be greater than 3 h. The stability of ICP4 (Fig. 12B) and
ICP27 (data not shown) was not affected by these alterations in
ICPO. These findings explain the above discrepancy between
the synthesis of ICPO (Fig. 11) and its accumulation (Fig. 9).

Synthesis of ICP0, ICP4, and ICP27 at early times of infec-
tion. Elshiekh et al. (17) demonstrated that synthesis of ICP0
precedes, and is important for, the maximal accumulation of
IE mRNAs. We show in Fig. 11 that the synthesis of ICP27 in
cells infected with vCM2/7, vC116G, vC116G/C156A or dl1403
is decreased at early times postinfection. Therefore, IE protein
synthesis was examined at very early times postinfection to
ascertain the order of expression of ICP0, ICP4, and ICP27.
Vero cells were infected at a MOI of 0.5 and pulse-labeled for
30 min at the indicated times, as above. ICP0, ICP4, and ICP27
were quantitatively immunoprecipitated and analyzed, as de-
scribed in Materials and Methods. This analysis demonstrates
that a0 mutant viruses synthesized low levels of ICP27, relative
to wild-type HSV-1, at early times postinfection (Fig. 13). They
further reveal that the synthesis of ICPO, ICP4, and ICP27
proceeds in an ordered cascade, with the synthesis of ICP0
preceding that of ICP4 and ICP27 (Fig. 13). Thus, these find-
ings support a role for ICPO in the synthesis of ICP27 at early
times postinfection.

Accumulation of a0, a4, and «27 RNAs. Mutagenesis of
consensus C;HC, residues within ICPO, or deletion of the a0
gene, leads to significant reductions in the synthesis of the
essential immediate-early protein ICP27 in infected cells.
Therefore, the abundance of «27 RNA in low-multiplicity in-
fections was examined. Vero cells were infected at a MOI of
0.5, and total RNAs were extracted at 2, 4, and 7 h postinfec-
tion. The relative abundance of the a0, a4, and «27 RNAs was
determined by RT-PCR under conditions where amplification
of target sequences was linear and no amplification occurred in

J. VIROL.

the absence of RT. The accumulation of IE RNAs at 2 h
postinfection was not altered in cells infected with any of the
viruses tested (Fig. 14). However, at 4 h postinfection in cells
infected with vC116G/C156A or di1403, the abundance of a27
RNA was reduced fourfold (Fig. 14) while the abundance of a0
RNA in cells infected with vC116G/C156A was reduced two-
fold. No significant reduction in the abundance of a4 RNA was
observed. At 7 h postinfection, the abundance of IE RNAs in
cells infected with these mutants was reduced 4- to 10-fold
relative to that in cells infected with the parent cDNA virus
vCPc0 (Fig. 14). Thus, ICPO augments the accumulation of its
own RNA and is required for the accumulation of wild-type
levels of a27 RNA. We further note that in contrast to high-
multiplicity infections (17), the IE RNAs examined continued
to accumulate at late times in low-multiplicity infections and
that this accumulation appears to be dependent on the pres-
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FIG. 9. Accumulation of virus-specified proteins in infected cells. Vero cells
were infected with the indicated viruses at a MOI of either 10 (A) or 1 (B), and
infected-cell extracts were prepared at the indicated times. The relative abun-
dance of the indicated HSV proteins was determined by Western blot analysis
using the mouse monoclonal antibody 58S (anti-ICP4) or the rabbit polyclonal
antibody CLU7 (anti-ICP0), CLU38 (anti-ICP27), R69 (anti-gB), anti-aTIF, or
NC-1 (anti-VP5). Secondary antibodies were conjugated to horseradish peroxi-
dase, and immunoblots were developed with the chemiluminescent substrate
LumiGLO. The abundance of the indicated HSV proteins was quantified, as
described in Materials and Methods.
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FIG. 10. Solubility of ICPO in cells infected with wild-type HSV-1 or a0
mutant viruses. Vero cells were infected with the indicated viruses at either low
(MOI = 0.5) or high (MOI = 40) MOIs, as indicated. At 8 h postinfection,
infected-cell lysates were prepared, as described in Materials and Methods, and
the soluble (A) and insoluble (B) protein fractions were separated by centrifu-
gation. The relative abundance of the indicated proteins was determined by
Western blot analysis using the rabbit polyclonal antibodies CLU7 (anti-ICP0)
and CLU38 (anti-ICP27). Secondary antibodies were conjugated to horseradish
peroxidase, and immunoblots were developed with the chemiluminescent sub-
strate LumiGLO. The abundance of the indicated HSV proteins was quantified,
as described in Materials and Methods.

ence of functional ICPO (Fig. 14). Thus, at late times postin-
fection, ICPO affected the accumulation of IE RNAs.

DISCUSSION

This study examined the role of the consensus C;HC, zinc
finger of ICPO in the growth and replication of HSV-1. Muta-
tions in the a0 gene were constructed to alter each of the
cysteine and histidine residues within this domain, and the
effects of these mutations on ICPO function were examined in
transient-expression assays and in the context of a productive
HSV infection. We conclude that alteration of the consensus
C;HC, residues abolishes ICPO-mediated transactivation, al-
ters the intranuclear distribution of ICP0O, and results in a
significant increase in its stability. We further show that these
mutations, in the context of the virus genome, result in pro-
found defects in the growth and replication of HSV-1 in low-
multiplicity infections. Our findings reveal a role for ICPO in
the expression of the essential IE gene «27 and support the
conclusion that the multiplicity-dependent growth of «0 mu-
tant viruses may result from reduced levels of ICP27.

The primary amino acid sequence of ICPO results in the
classification of ICP0O as a member of the C;HC, zinc finger
(RING) family of proteins (27, 28). Previous studies have dem-
onstrated a role for members of this family in transcription,
differentiation, oncogenesis, DNA repair, and recombination
(references 27 and references therein). Here, we report that
alterations of the C;HC, residues of ICPO reveal that they are
required for the activation of reporter genes in transient-ex-
pression assays. Moreover, the failure of mutants containing
these alterations to activate reporter gene expression did not
result from changes in their abundance (Fig. 3). These findings
are consistent with those from previous studies, although the
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FIG. 11. Synthesis of IE proteins. Vero cells were infected with the indicated
viruses at a MOI of 0.5 and labeled for 30 min at 3.5 h (left) and 8 h (right)
postinfection with 200 wCi of Tran®>S Label in 500 pl of Met-free DMEM.
Infected-cell lysates were prepared, and ICPO (A), ICP4 (B), or ICP27 (C) was
quantitatively immunoprecipitated with monoclonal antibody 1114 (anti-ICP4)
or the rabbit polyclonal antibody CLU7 (anti-ICP0) or CLU38 (anti-ICP27). The
immunoprecipitated proteins were separated by SDS-PAGE and visualized by
fluorography. The synthesis of ICP27 was quantified relative to that of ICP4, as
described in Materials and Methods.

cysteine and histidine residues were not examined in those
analyses (12, 18, 21, 68).

ICPO localizes predominantly to the nucleus of transfected
or infected cells (1, 30, 56, 78), where it associates with and
modifies ND10 domains (25). The ICPO C;HC, domain is
required for the dispersal of ND10-associated proteins (25, 45,
46). We have demonstrated that alterations in the putative
zinc-coordinating residues of this domain disrupt the intranu-
clear localization of ICP0. Thus, we conclude that the C;HC,
domain is important for the intranuclear distribution of ICP0
and its localization to ND10s.

Our finding that the C;HC, domain plays a role in the
intranuclear localization of ICPO is in contrast to that of Ever-
ett and Maul (25), who have implicated the carboxy-terminal
180 aa of ICPO in its targeting to ND10s. However, our findings
are consistent with those of Borden et al. (6), who demonstrate
that alteration of the consensus C;HC, cysteines of PML re-
sults in the loss of PML localization to ND10 domains. These

TABLE 1. Densitometric analysis of the synthesis of ICP27
relative to ICP4 at 3.5 h postinfection

Density of “:

Protein
vC116G/
HSV-1 vCPcO0 vCM2/7 vC116G VvHI126A CI56A dl1403
ICP4 137 183 174 136 136 129 89
1CP27 116 171 109 60 101 68 52

ICP27/ICP4 085  0.93 0.63 0.44 0.74 0.56 0.58
ratio

“ The numbers are pixel densities from scanned films.
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FIG. 12. Stability of ICPO in infected cells. Vero cells were infected with the
indicated viruses at a MOI of 0.5 and labeled for 30 min at 2.5 h postinfection
with 200 wCi of Tran®>S Label in 500 ul of Met-free DMEM. At 3 h postinfec-
tion, the cell monolayers were rinsed twice with growth medium to remove the
free label, and the label was chased for 0, 2, or 4 h at 37°C, as indicated.
Infected-cell lysates were prepared, and ICP0O (A) and ICP4 (B) were quantita-
tively immunoprecipitated with the rabbit polyclonal antibody CLU7 (anti-ICP0)
or the monoclonal antibody 1114 (anti-ICP4), respectively. Immunoprecipitated
ICPO and ICP4 were separated by SDS-PAGE and analyzed by fluorography.
Densitometric analysis was performed as described in Materials and Methods.

data may be reconciled by a requirement for the participation
of both the C;HC, domain and the carboxy terminus in the
efficient localization of ICPO to ND10 domains. This conclu-
sion is consistent with the inability of the carboxy terminus of
ICPO to direct a fusion protein between this domain and B-
galactosidase to ND10 domains (25).

The critical role of ICPO in the growth and replication of
HSV-1 in low-multiplicity infections was revealed by analysis of
the growth kinetics of a0 mutant viruses. Viruses with delete-
rious mutations in the a0 gene (VCM2/7, vC116G, vC116G/
C156A, and dl1403) exhibited severely delayed growth kinetics
and reduced yields at low MOIs (Fig. 6) (9, 12, 20, 70). How-
ever, at high MOIs, these viruses exhibited nearly wild-type
growth kinetics and yields (Fig. 6). The basis for this MOI-
dependent growth was examined by comparing the develop-
ment of infected-cell foci in Vero cell monolayers infected with
vCl116G, vC116G/C156A, vH126A, or wild-type HSV-1 by us-
ing indirect immunofluorescence (Fig. 7). This analysis dem-
onstrated that, in contrast to wild-type HSV-1 and vH126A,
vC116G and vC116G/C156A rarely formed foci of infected
cells (Fig. 7). In the rare instances when vC116G or vC116G/
C156A completed the HSV reproductive cycle, secondary in-
fections in the adjacent cells were initiated at high MOIs. This
observation explains the nearly wild-type yields of these viruses
at 48 to 72 h postinfection (Fig. 6). Our results demonstrate
that viruses with deleterious mutations in the a0 gene com-
plete the lytic life cycle in approximately 1% of infected cells.
The failure of vC116G and vC116G/C156A to efficiently initi-
ate productive infections at low MOIs supports the conclusion
that the rare formation of infected-cell foci results from partial
complementation of IE events by a cell cycle-dependent func-
tion (8).

To identify the point during the HSV life cycle at which
ICPO is required to achieve wild-type virus growth and repli-
cation, we examined virus-specified macromolecular synthesis
in low- and high-multiplicity infections. These analyses dem-
onstrate that viruses with deleterious mutations in the a0 gene
accumulate decreased levels of virus DNA in cells infected at
low but not high MOIs (Fig. 8). A kinetic analysis of the
abundance of virus-specified proteins at low MOIs revealed a
defect in the accumulation of the essential IE protein ICP27
and of early and late proteins (Fig. 9). This observation is
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FIG. 13. Synthesis of IE proteins at very early times postinfection. Vero cells
were infected with the indicated viruses at a MOI of 0.5 and labeled for 30 min
at 1.5, 2.5, or 3.5 h postinfection with 200 p.Ci of Tran®S Label in 500 ul of
Met-free DMEM. Infected-cell lysates were subsequently prepared at 2, 3, and
4 h postinfection. ICP0O (A), ICP4 (B), and ICP27 (C) were quantitatively im-
munoprecipitated with monoclonal antibody 1114 (anti-ICP4) or the rabbit poly-
clonal antibody CLU7 (anti-ICP0) or CLU38 (anti-ICP27), respectively. Immu-
noprecipitated ICP0, ICP4, and ICP27 were separated by SDS-PAGE and
analyzed by fluorography. Protein synthesis was quantified by densitometric
analysis, as described in Materials and Methods.

consistent with the essential role of ICP27 in the expression of
early and late virus-specified gene products (47, 62, 65, 67, 73).
Analysis of the synthesis of IE proteins at early and late times
postinfection led us to conclude that deleterious mutations in
the a0 gene result in significant decreases in the synthesis of
ICP27 at early times postinfection and of ICP0O, ICP4, and
ICP27 at late times postinfection.

Analysis of mutant forms of ICPO in infected cells revealed
a discrepancy between the synthesis and the abundance of
these proteins (Fig. 9 and 11). To resolve this discrepancy, the
stability of ICPO in cells infected with vCM2/7, vC116G/
C156A, vH126A, or vCPc0, relative to that of ICP4, was ex-
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FIG. 14. Accumulation of HSV IE RNAs in infected cells. Vero cells were
infected with the indicated viruses at a MOI of 0.5, and total-cell RNAs were
prepared at 2, 4, and 7 h postinfection. The indicated IE RNAs (a0, a4, and o27)
were amplified by RT-PCR in the presence of [y->P]dCTP under linear ampli-
fication conditions, as described in Materials and Methods. The amplification
products were separated by electrophoresis through polyacrylamide gels and
visualized by autoradiography. Control RT-PCR amplifications were performed
to demonstrate the linearity of these reactions and the absence of contaminating
DNA (see Materials and Methods).
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amined in a pulse-chase experiment. This analysis demon-
strates that the half-lives of CM2/7 and C116G/C156A were
increased approximately 2.5-fold relative to that of wild-type
ICPO.

Classification as an HSV IE gene requires transcription in
the absence of de novo protein synthesis (13, 37, 38, 71). In
these studies, we identify a hierarchy of expression within the
class of IE proteins. This hierarchy is revealed by our studies of
protein synthesis at very early times postinfection. We demon-
strate that the order of appearance of nascent ICP0, ICP4, and
ICP27 begins with ICPO, which is followed by ICP4 and finally
ICP27 (Fig. 13). This finding is consistent with our hypothesis
that ICP0O regulates the synthesis of ICP27 at these times
postinfection. While IE RNAs accumulated to similar levels in
cells infected with mutant or wild-type viruses at 2 h postin-
fection (Fig. 14), the synthesis of ICP27 was not detected at
this time (Fig. 13). In contrast, synthesis of ICP0 and, to a
lesser extent, ICP4 was detected. This discordance between the
presence of 27 RNA and the absence of protein reinforces
our hypothesis that ICPO regulates the production of ICP27.
This hypothesis is consistent with the observation that ICP0O
interacts with EF-18, a major translational regulatory factor
(39).

The experiments we have described also demonstrate that
deleterious mutations in ICPO affect the accumulation of IE
RNAs at late times postinfection. Thus, the synthesis of ICPO
with alterations in, or deletions of, the C;HC, domain results
in decreased accumulation of all IE RNAs examined at 7 h
postinfection.

In conclusion, we have provided evidence that ICPO plays a
central role in the regulation of expression of HSV IE proteins
throughout the lytic cycle.
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