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Herpes simplex virus 1 infected cell protein 22 (ICP22) localizes in small, dense nuclear bodies of primate
cells early in infection and in the more diffuse replicative complexes after the onset of DNA synthesis. U; 4, a
v, protein, localizes in cytoplasm and in the small nuclear structures containing ICP22 but not in replicative
complexes. In rabbit skin cells, both ICP22 and U, 4 localize in the dense nuclear bodies late in infection. The
results suggest that the small nuclear structures perform a function involving both proteins late in infection.

Of the 84 herpes simplex virus 1 (HSV-1) open reading
frames (ORFs), more than half can be deleted without signif-
icantly impairing the ability of the virus to replicate in cells
grown in culture (20). The U; 4 OREF, one of the dispensable
OREFs, has no apparent function in infected cells in culture or
in experimental animal systems (3, 4, 13). In other studies,
Singh and Wagner (22) reported that U, 4 is encoded by a 0.8-
kb mRNA, and Yamada et al. (25) reported, while this work
was in progress, that the product of the HSV-2 U, 4 gene is a
very late (vy,) protein that accumulates in the cytoplasms of
transfected cells but accumulates in punctate nuclear struc-
tures late in infection. Homologs of the U, 4 gene have also
been reported to occur in the genomes of a number of mem-
bers of the Alphaherpesvirinae subfamily of herpesviruses (7, 8,
10, 17, 23, 24).

We report that the U; 4 protein colocalizes with the pre-
DNA synthesis isoforms of infected cell protein 22 (ICP22), a
420-amino-acid protein encoded by the a22 gene (11, 12). The
domain of the a22 gene also encodes a protein designated
Ugl.5 whose sequence is identical to the 249 carboxyl-terminal
amino acids of ICP22 (6). The promoter of Ugl.5 is located in
the 5' coding sequence of the a22 gene. ICP22 is dispensable
for growth in continuous human primate cell lines (18). The de-
letion mutant is apathogenic when inoculated intracerebrally
into mice and replicates poorly in restricted (e.g., rodent or
rabbit) cells or in primary human fibroblasts (21). ICP22 lo-
calizes in small, dense nuclear structures early in infection.
After the onset of viral DNA synthesis, ICP22 localizes in
replicative complexes with nascent DNA and RNA polymerase
II, ICP4 (the major viral regulatory protein), and other pro-
teins. The transition from the small, dense nuclear structures
to the replicative complexes requires the phosphorylation of
ICP22 by the viral protein kinase encoded by the U; 13 gene
(15).

To carry out these studies, we made polyclonal rabbit
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antibody to the U, 4 protein and constructed a virus (R4660)
containing a U; 4 gene carrying in frame a small sequence
encoding an epitope of the glycoprotein B of the human
cytomegalovirus (CMV) (16). The monoclonal antibody to this
protein, CH28-2, was purchased from the Goodwin Cancer Re-
search Institute (Plantation, Fla.).

The glutathione S-transferase (GST)-U; 4 chimeric protein
used for rabbit immunization was made as follows. Plasmid
pRB5249 was constructed by the in-frame insertion of an
EcoRI-digested PCR product containing the entire U; 4 ORF
cloned into the EcoRI site of the vector pGEX4T-1 (Pharma-
cia Biotech). The GST-U, 4 protein encoded by pRB5249 was
expressed in BL21 cells, purified according to the manufactur-
er’s directions, and used for the immunization of two rabbits
according to standard protocols (Josman Laboratories, Napa,
Calif.). Serum from rabbit A was used in the experiments de-
scribed in this report.

The recombinant virus R4660 was constructed as follows.
Plasmid pRB4660 contained a CMV tag in the correct orien-
tation and in frame with the U; 4 ORF. It was constructed in
three steps. First, the oligonucleotide 5'-AAGGGACAGAAG
CCCAACCTGCTAGACCGACTGCGACACCGCAAAAA
CGGGTACCGACAC-3', annealed with its complement (not
shown), was inserted at the Smal site of a plasmid containing
the BamHI-to-Mlul fragment of the U, 4 gene in pPGEM3Zf+
(Fig. 1, line 3). Next, a Dralll fragment, containing the Dralll-
to-EcoRI sequences encoding the N terminus of U, 4 plus an
EcoRI-to-Dralll fragment from the pGEM3Zf+ vector, was
inserted into the Dralll site of the first construct to complete
the U, 4 gene. Last, a 332-bp XholI-to-BamHI fragment encod-
ing the C terminus of U, 3 was inserted between the Sa/l and
BamHI sites of the polylinker in the construct from the second
step. Recombinant virus R4660 was selected and plaque puri-
fied from the progeny of cotransfection of R7205 viral DNA
(3) and plasmid pRB4660 as described elsewhere (18).

Two series of experiments were done to verify that the rabbit
polyclonal antibody generated against the GST-U,;4 fusion
protein detected the U 4 protein. In the first, an immunoblot
of electrophoretically separated lysates of mock infected or
infected HEp-2 cells was reacted with the U, 4 antiserum. The
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FIG. 1. Schematic diagram of the sequence arrangement of the HSV-1(F)
genome and the sequence arrangement of the region containing the Uy 4 gene in
the plasmids used for the construction of viruses used in this study. Line 1, linear
representation of the HSV-1 genome. The thin line represents the unique long
(UL) and unique short (Ug) sequences of the long and short components of the
HSV-1 genome, respectively. The open rectangles represent the inverted repeats
flanking the unique sequences. Line 2, sequence arrangement of the coding
domain for the U4 protein in HSV-1(F). The arrows labeled U; 4 and U3
represent the coding domains of the genes. Line 3, sequence arrangement of
plasmid pRB4660 containing the entire Uy 4 sequence and the sequence corre-
sponding to the carboxyl-terminal portion of U;3. A 60-bp oligonucleotide
(black square) encoding the CMV epitope was inserted into the Smal site (in the
sequence corresponding to the carboxyl terminus) of the U; 4 ORF to generate
plasmid pRB4660. The oval indicates the location of the CMV tag within the
coding domain. Line 4, sequence arrangement of plasmid pRB4037 used in the
construction of recombinant virus R7217 as reported elsewhere (3). The dashed
line indicates the DNA sequence that had been deleted in R7217. The region
between the Hpal site and the Xhol site in lines 2 and 4 is foreshortened in the
interest of space. B, BamHI; D, Dralll; E, EcoRI; H, HindIII; HP, Hpal; M,
Miul; S, Smal; SA, Sall; X, Xhol.

U, 4 antiserum reacted with a protein with an apparent M, of
26,500 that was present in lysates of cells infected with HSV-
1(F) (9), HSV-1(F)A305 (18), or R7205 (Fig. 2A, lanes 3, 7,
and 8) but not with the lysates of cells either mock infected or
infected with the R7217 (AU, 4 [3]) recombinant virus (Fig.
2A, lanes 2 and 6). As expected inasmuch as the U; 4 gene
carries an in-frame insert of 20 codons, the anti-U, 4 antibody
reacted with a more slowly migrating protein band in lysates of
cells infected with R4660 (Fig. 2A, lane 5). The results unam-
biguously verified that the antibody reacted with the U 4 pro-
tein. The U} 4 gene was assigned to the vy, kinetic class, based
on the absence of the protein from the lysates of HSV-1(F)-
infected cells maintained in the presence of the viral DNA
synthesis inhibitor phosphonoacetic acid at 300 wg/ml (Fig. 2A,
lane 3 versus lane 4).

The second set of experiments was designed to verify the
evidence from the immunofluorescence studies (presented be-
low) that U, 4 protein was distributed in both the nuclei and
the cytoplasms of infected cells. HEp-2 cells were mock in-
fected or infected with HSV-1(F), harvested 16 h after infec-
tion, and either solubilized intact or fractionated into nuclear
and cytoplasmic fractions as described elsewhere (14). The
lysateswere thensubjectedtoelectrophoresisondenaturing poly-
acrylamide gels and reacted with the U, 4 antiserum and with
the monoclonal antibody to ICP4 (H640), which was described
elsewhere (1) and was purchased from Goodwin Cancer Re-
search Institute. As expected, ICP4 fractionated with the nu-
clear extract (Fig. 2B), whereas U, 4 protein was detected in
both the nuclear and cytoplasmic fractions.

In the first series of immunofluorescence studies (data not
shown), we noted that the pattern of U;4 fluorescence was
very similar to that of ICP22 (15). To test the hypothesis that
ICP22 and U, 4 protein colocalize, rabbit skin cells were in-
fected and processed for immunofluorescence analysis as de-
scribed elsewhere (15) with the monoclonal antibody to the
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CMYV tag (CH28-2) and either the rabbit polyclonal antibody
to U4 or R77 to ICP22 (2). The results were as follows.

(i) Neither the anti-U; 4 nor the anti-CMV antibody reacted
with cells infected with R7217 (Fig. 3A to C).

(ii) In cells infected with R4660, the antigens reacting with
the U; 4 and the CMV antibodies colocalized in the small,
dense nuclear bodies (Fig. 3D to F). The U, 4 antibody gave a
slightly more diffuse pattern of fluorescence than the anti-
CMV antibody. This and the results of experiments whose data
are not shown indicated that the two antibodies reacted in im-
munofluorescence assays with identical CMV-tagged proteins
and that the native and tagged U, 4 proteins localized in iden-
tical structures.

(iii) In cultures infected with R4660, the antigens reacting
with the monoclonal antibody to the tag in the U, 4 protein and
to the polyclonal antibody to ICP22 colocalized in the same
small, dense nuclear structures (Fig. 3G to I).

(iv) The pattern of accumulation of ICP22 in rabbit skin cells
infected with HSV-1(F) (Fig. 3K) could not be differentiated
from that observed in cells infected with R4460 (Fig. 3H) or in
cells infected with the deletion mutant R7217 (AU, 4) (Fig.
3N).

(v) Late in infection of human or nonhuman primate cells,
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FIG. 2. Immunoblots of electrophoretically separated proteins. HEp-2 cells
were mock infected or exposed to 10 PFU of the indicated virus per cell.
Immunoblots were reacted with anti-Uy 4 polyclonal antiserum (A and B) and
ICP4 monoclonal antibody (B). (A) HEp-2 cells harvested 20 h after infection.
Lanes 1 and 2, mock infection; lanes 3 and 4, HSV-1(F); lane 5, R4660; lane 6,
R7217; lane 7, HSV1(F)A305; lane 8, R7205 (the parent virus of R7217 and
R4660). PAA, phosphonoacetic acid. (B) Replicate cultures of HEp-2 cells mock
infected or infected with HSV-1(F) and harvested 16 h after infection. Nuclear
fractions and cytoplasmic (cytoplas.) fractions were prepared with 0.1% Nonidet
P-40 as described elsewhere (14). WCE, whole-cell extract.
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FIG. 3. Digitized images of rabbit skin cells fixed 17 h after infection and reacted with antibodies either to U; 4 and CMV (A to F) or to the CMV epitope and
ICP22 (G to O). Rabbit skin cells exposed to approximately 4 PFU of the indicated virus per cell were fixed, reacted with the indicated antibodies, and digitally imaged
with a Zeiss confocal fluorescence microscope as described elsewhere (15). The same cell is shown in each vertical triptych. The top and middle panels of each triptych
contain images demonstrating the localization of the protein reacting with the indicated antibody. The bottom panel contains an overlay of separately captured images
similar to those in the upper panels. The yellow color indicates the colocalization of the proteins shown in the upper panels.

ICP22 localizes in replicating structures along with nascent
DNA, RNA polymerase II, and other cellular and viral pro-
teins (15). The transition from small, dense nuclear structures
to the diffuse intranuclear replication complexes requires the
activity of the U 13 protein kinase. Although the rabbit skin
cells were examined 17 h after infection, the distribution of
ICP22 in these cells resembled that of cells fixed early in in-
fection rather than that of human cells observed late in infec-
tion (15).

These experiments suggested the possibility that the ac-
cumulation of ICP22 in rabbit skin cells may differ from that
in HEp-2 cells. To resolve the question of whether U; 4 and
ICP22 also colocalize in HEp-2 cells fixed late in infection,
HEp-2 cells were fixed 17 h after infection with HSV-1(F),
R4660, or R7217 and reacted with both the polyclonal an-
tibody to ICP22 and the monoclonal antibody to the CMV tag.
The results (Fig. 4) were as follows.

The antibody to ICP22 reacted with antigens localized in two
kinds of structures: small, dense nuclear bodies and more dif-
fuse nuclear materials that in some cells were dispersed and in
other cells (e.g., the lower right cell in Fig. 4A) filled a large
portion of the nucleus. The monoclonal antibody against the
CMV-tagged U, 4 protein reacted only with small, dense nu-
clear structures in cells infected with the R4660 mutant (Fig.
4E). The small, dense nuclear structures illuminated by the
ICP22 antibody colocalized with the structures containing the
U, 4 protein.

We conclude from these studies the following. U, 4 protein
accumulates in the cytoplasm and in small, dense nuclear bod-
ies. In rabbit skin cells, U, 4 protein and ICP22 colocalize

and are present predominantly in these structures, apparent-
ly throughout the accumulation of U 4. In infected HEp-2
cells, ICP22 and U, 4 protein also colocalize in small, dense
nuclear bodies. However, as previously reported, by the time
U, 4 accumulates in sufficient amounts to be detected late in
infection, ICP22 is also present in replicative complexes con-
taining nascent DNA, RNA polymerase, and other viral and
cellular proteins (15).

The significant points of the findings described in this report
are as follows.

(i) The shift from small, dense nuclear structures to replica-
tive complexes after the onset of DNA synthesis in primate
cells has led to the suggestion that ICP22 performs different
functions before and after the onset of viral DNA synthesis.
Entry into replicative complexes requires phosphorylation by
the U, 13 viral protein kinase and the association with nascent
DNA and ICP4 (the major regulatory protein), RNA polymer-
ase II, and other partially defined viral and cellular proteins. In
this report, we show that U, 4, a -y, protein, is associated with
the small, dense nuclear bodies formed prior to the onset of
DNA synthesis but not with the replicative complexes formed
after the onset of DNA synthesis. These results suggest that the
function of U, 4 is associated with that of ICP22 in the context
of small, dense nuclear structures and that these structures
persist and function after infection inasmuch as they recruit
additional viral proteins made late in infection. This observa-
tion raises the intriguing possibility that the functions of ICP22
and of U, 4 partially overlap, explaining the absence of a phe-
notype for the U; 4 gene.

(ii) Rabbit skin cells are highly permissive for wild-type
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FIG. 4. Digitized images of HEp-2 cells infected with the indicated virus, fixed 17 h after infection, and doubly stained with primary antibodies to CMV (green
fluorescence) and ICP22 (red fluorescence). The organization of each triptych is as described in the legend to Fig. 3.

HSV-1 but are restrictive for mutants lacking the a22 gene. In
the restrictive cell lines, the function of ICP22 after the onset
of viral DNA synthesis concerns the expression of a subset
of late (vy,) genes and the stability and expression of the a0
gene (5, 6, 19). A striking observation to emerge in the studies
reported here is that in rabbit skin cells, ICP22 localized only
in the small, dense nuclear structures even late in infection and
that the U 4 protein colocalized with all of the structures
containing ICP22. The significance of this observation is un-
clear. Hypotheses that remain to be explored further are that
in restricted cell lines the compartmentalization of viral func-
tions performed in the nucleus is different from those taking
place in permissive cells and that the factors determining the
localization of ICP22 play an important role in defining the
permissivity of cells.
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