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Abstract. Infection of human epidermoid carcinoma
No. 2 cells with herpes simplex virus type 1 (HSV-1)
leads to a reorganization of antigens associated with
both the small and heterogeneous nuclear ribonucleo-
protein complexes (snRNP and hnRNP). The hnRNP
core protein antigens remain associated with the host
chromatin, which appears to collapse into internal ag-
gregates and along the nuclear envelope. More striking
is the formation of prominent clusters of snRNP anti-
gens (both general and U; snRNP specific), which ap-
pear to condense throughout the nucleus then migrate
to the periphery. These snRNP clusters have been

identified at the fine structure level by immuno-elec-
tron microscopy. The HSV-1 presumed transcriptional
activator ICP4, DNA-binding protein ICP8, and two
capsid proteins ICP5 and p40 are not detectably as-
sociated with the snRNP clusters. Similar reorganiza-
tion of snRNP occurs with HSV-2 and upon infection
of African green monkey VERO cells with HSV-1. We
speculate that the snRNP clusters arise from an in-
crease in size and density of the interchromatin gran-
ule region of the host cell as a result of the partial
inactivation of snRNP and host pre-mRNA splicing.

immunocytochemical techniques has provided the

opportunity for a more detailed study of the cell and
molecular biology of macromolecules associated with gene
expression in eukaryotic cells. Of particular interest are
those associated with the transcription and processing of
mRNA molecules in the cell nucleus. These include the pro-
teins that bind to pre-mRNA in hnRNP complexes (reviewed
by Martin et al., 1980 and Dreyfuss, 1986) and the RNA and
protein components of snRNP, which are now firmly impli-
cated in the processing of mRNA precursors, including the
splicing and 3’ maturation steps (see Sharp, 1987 for a recent
review).

Using immunocytochemical procedures at both light and
electron microscope levels, we have previously been able to
demonstrate that the core proteins of hnRNP complexes and
a fraction of the snRNP antigens co-localize at intranuclear
sites which are associated with RNA synthesis (Martin and
Okamura, 1981; Fakan et al., 1984). More recently, we have
detected both hnRNP proteins, as expected, and snRNP anti-
gens on nascent RNA polymerase II transcripts observed in
Miller spreads of eukaryotic chromatin (Fakan et al., 1986).
Thus, there is a direct association of these readily detectable
nuclear components with the normal transcription-process-
ing machinery of the eukaryotic cell. We have therefore
sought biologically significant factors which may have major
effects on these essential nuclear complexes. One of the more
extreme morphological changes that we have observed is in-
duced in primate cells by infection with herpes simplex virus

T HE recent availability of specific antibodies and refined
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(HSV)!, and we have attempted to characterize some as-
pects of the phenomenon in this paper.

Pertinent aspects of the replication cycle of this herpes vi-
rus have been summarized recently (Roizman and Batterson,
1986). Briefly, entry of the virus into a cell results in trans-
port of the DNA genome to the cell nucleus. Here the ge-
nome is transcribed by cell RNA polymerase II under the
influence of viral regulatory factors, some of which are car-
ried in by the input virus and some produced de novo after
infection. Except that most HSV mRNAs do not require
splicing, nothing unusual about processing or transport of vi-
ral transcripts has yet been described. Most viral proteins are
transported to the nucleus where they participate in viral
DNA replication, regulation of transcription, and packaging
of progeny genomes into icosahedral nucleocapsids. Viral
glycoproteins become incorporated into the membranes of
infected cells, including the nuclear membrane, Nucleocap-
sids acquire their envelopes by budding through the inner nu-
clear membrane. Progeny virions are then transported out of
the cell via the Golgi apparatus.

The transcription of viral genes is regulated (reviewed by
Roizman and Batterson, 1986). In the absence of de novo vi-
ral protein synthesis, only the immediate early (o genes) can
be transcribed. One or more of the « proteins then enables
transcription of the early (B) genes to occur. Similarly, a or

1. Abbreviations used in this paper: BrdU, bromodeoxyuridine; chrp,
core hnRNP proteins; HEp-2, human epidermoid carcinoma No. 2; HSV-],
herpes simplex virus type 1; PLP, periodate-lysine-paraformaldehyde.
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B proteins, or both, are required for transcription of late (y)
genes. Additionally, maximal levels of ¥ gene expression de-
pend on DNA replication.

Within an hour or two after HSV penetration into a cell,
viral proteins begin to be synthesized and host cell protein
synthesis is drastically inhibited. A component of input
virions is responsible for this immediate inhibition of cell
protein synthesis (reviewed by Fenwick, 1984). This compo-
nent acts in some way to enhance the rate of degradation of
cytoplasmic mRNAs, both cell and viral (Schek and Bachen-
heimer, 1985; Kwong and Frenkel, 1987). There may be viral
factors other than the virion-associated component that also
act to inhibit cell protein synthesis. Cell-DNA replication is
also drastically inhibited (Fenwick, 1984), perhaps because
protein synthesis is inhibited.

The rate of transcription of cell genes is generally thought
to be reduced by HSV infection, although effects on tran-
scription, processing, and transport have not been indepen-
dently assessed in most cases. Early studies on preribosomal
TRNA showed that HSV infection inhibited processing of
rRNA precursors to a larger extent than transcription of the
rDNA (Wagner and Roizman, 1969). Effects of HSV infec-
tion on production of particular cell mRNAs are now under
investigation, with few results available as yet. It is possible
that as for pre-rRNA the correct processing of host pre-
mRNA may become defective in HSV-infected cells. Our
finding that the nuclear distribution of host snRNP antigens
is greatly altered by HSV infection is therefore of consider-
able potential significance.

Materials and Methods
Cells and Virus

Human epidermoid carcinoma No. 2 (HEp-2) cells or African green mon-
key kidney (Vero) cells were grown on glass coverslips in DME with 10%
FBS, or medium 199 with 5% FBS, respectively. The cells were inoculated
with virus at 10’ plaque-forming units per ml or ~10 plaque-forming units
per cell input in medium 199 with 1% FBS. The virus added was sufficient
to infect >80 % of cells in all experiments. After incubation for 2 h, the inoc-
ula were removed and fresh medium 199 with 1% serum added for con-
tinued incubation until the time for fixation. The virus strains used were
HSV-I(HFEM), HSV-1(KOS), and HSV-2(G).

Monoclonal Antibodies

Anti-HSV protein antibodies, 39S (anti-DNA binding protein ICP8), 58S
(anti-immediate-early protein ICP4), 74S (anti-capsid protein p40), and
1028 (anti-capsid protein ICPS5), were supplied as ascitic fluid by M. Zweig
(Showalter et al., 1981) and were used at a dilution of 1:50. Antibody iD2,
specific for the hnRNP core polypeptides (Leser et al., 1984), was an am-
monium sulfate fractionation of ascitic fluid and used at a dilution of 1:100.
Antibodies Y12, which reacts predominantly with a 28-kD polypeptide
found in the U;, U;, U,, Us, and Ug snRNPs (Lerner et al., 1981), and
RNBP, specific for the 70-kD polypeptide RNP antigen associated with the
U, snRNP complex (Billings et al., 1982), were culture supernatants and
were used at a dilution of 1:2 and undiluted, respectively. Purified monoclo-
nal antibodies specific for bromodeoxyuridine (BrdU) were purchased from
Becton Dickinson & Co., (Mountain View, CA) and used at a 1:25 dilution.

Fixation

The cells were washed briefly with PBS and then fixed with either 3.6%
formaldehyde in 90% acetone for 15 min on ice, or the periodate-lysine-
paraformaldehyde (PLP) fixative of McLean and Nakane (1974) for 15 min
at room temperature.
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Indirect Immunofluorescence

The cells were reacted with the primary antibody for 30 min at room tem-
perature, washed in PBS for 30 min, and then reacted with a fluorescein-
labeled secondary antibody also for 30 min at room temperature. All anti-
bodies, with the exception of RNP, which was used undiluted, were diluted
to an appropriate concentration with a buffer of 1% BSA, 0.5% Triton X-100,
and 0.5% Na deoxycholate in PBS. After staining, the cells were washed
in PBS for 30 min and mounted on slides using a 67% glycerol/33% PBS
mounting medium with 5% n-propyl gallate added to reduce fading.

Determination of DNA Distribution by DAPI Stain

After antibody reaction, cells were stained with the DNA stain DAPI (Wil-
liamson and Fennell, 1975), except in the case of the anti-BrdU antibody
where DAPI staining was performed before antibody reaction for reasons
discussed below. DAPI was diluted 1:5,000 in distilled water, and applied
for 10 min at room temperature. Coverslips were mounted using the above
mounting medium but omitting the n-propy! gallate, which fluoresces under
the UV filter used for DAPI visualization.

Determination of Sites of DNA Synthesis
by BrdU Incorporation

Cells were labeled with BrdU (10 pM final concentration) for 20 min im-
mediately before fixation. The cells were fixed with 10% TCA in 90% etha-
nol for 15 min on ice. Subsequently, cells were treated with 0.07 N NaOH
for 2 min on ice to denature the DNA before reaction with the anti-BrdU
antibody. When a DAPI/BrdU double label was desired, the cells had to first
be stained with DAPI and photographed before they were treated with
NaOH, which prevents the subsequent observation of a distinct DAPI
pattern.

Conventional Electron Microscopy

HEp-2 cells were grown in petri dishes, and infected as detailed above. At
the indicated times postinfection, the cells were washed with PBS (pH 7.2)
and fixed at room temperature with freshly prepared 2% glutaraldehyde in
0.1 M phosphate buffer (pH 7.2). After 30 min the cells were washed with
0.1 M phosphate buffer (pH 7.2) and postfixed with 1% osmium tetroxide
in 0.1 M cacodylate buffer (pH 7.2). Then the cells were washed with caco-
dylate buffer and scraped off the surface of the petri dish using a rubber
plunger from a disposable syringe. Finally the cells were dehydrated
through a graded ethanol series and propylene oxide, and embedded in Epon
according to standard protocols. Thin sections were collected on parlodion-
coated copper grids and stained with urany! acetate and lead citrate. Speci-
mens were examined in a Siemens 101 electron microscope operating at 80
kV and equipped with a 30-um objective aperture.

Immunoelectron Microscopy

HEp-2 cells grown and infected as described above were fixed with PLP
at 4°C. The washed cells were collected and dehydrated through a graded
ethanol series. The cells were then infiltrated and embedded in Lowicryl
K4M according to the manufacturer’s instructions, except that 0.3% diben-
zoyl peroxide was substituted for the initiator and polymerization was car-
ried out in gelatin capsules at 60°C for 1-2 d. Thin sections wcre collected
on parlodian-coated nickel grids. Colloidal gold of defined size was pre-
pared using the sodium citrate/tannic acid procedure (Slot and Geuze,
1985). Rabbit anti~chicken IgG (Miles Laboratories, Inc., Naperville, IL)
or goat anti-mouse IgG+IgM (The Jackson Laboratory, Bar Harbor, ME)
antibodies were coupled to colloidal gold according to published procedures
(Geoghegan and Ackerman, 1977; and DeMey et al., 1981). Grids were
floated sections-down upon a drop of 1% ovalbumin in Tris-buffered saline
(pH 7.2) for ~30 min. Then the grids were briefly drained and placed upon
a drop of the primary antibody for 2 h. In the case of monoclonal antibodies
the hybridoma culture supernatant was used undiluted. The hnRNP-specific
(chrp) chicken polyclonal serum was diluted 1:250 in Tris-buffered saline
containing 1% BSA. Where sections were double-labeled the grids were in-
cubated with both antibodies simultaneously. The grids were washed drop-
wise with ~5 ml Tris-buffered saline (containing 1% BSA), drained, and
placed upon a drop of the appropriate secondary antibody coupled to colloi-
dal gold (the gold-coupled secondary immunoglobulins were diluted to 1:50
in Tris-buffered saline containing 1% BSA). After incubating for 1 h, the
grids were washed as before and finally rinsed drop-wise with 5 ml distilled
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water. Control experiments included incubation of sections with the gold-
coupled secondary alone, and incubation with the primary antibody in the
presence of an excess of antigen. The specimens were allowed to air dry
and were stained with uranyl acetate before viewing in a Siemens 101 elec-
tron microscope.

Results

Reorganization of snRNP Antigens in
HSV-infected Cells

Because infection of human cells by HSV alters the expres-
sion of host genes and the structure of the nucleus of the in-
fected cell, we initiated studies of the localization of nuclear
ribonucleoprotein complexes in this system. The most strik-
ing example of a reorganization of nuclear components has
been obtained for the snRNP complexes, which are regarded
as essential to the correct processing of host mRNA precur-
sors. An example of the changes occurring in the localization
of the Sm antigen associated with most snRNP complexes,
excepting Us snRNP, a nucleolar component, is shown in
Fig. 1. During the replication cycle of HSV-1 in HEp2 cells,
the host nuclei increased in size and the normal morphology
visible in the light microscope was drastically altered. There
was a general decrease in phase contrast and disruption of
the nucleoli; these changes were most apparent after 4 h
from time of infection (Fig. 1, phase-contrast micrographs).
More notable, however, was the changing pattern of the
snRNP Sm antigen distribution. Indirect immunofluores-
cence localization of this antigen in uninfected cells (Fig. 1,
M) revealed a speckled and diffuse pattern typically found
for most mammalian cells (Tan, 1979). By 4 h after infection
it was apparent that more prominent speckles or clusters
were forming within the nucleus. During the next 12 h of in-
fection, the snRNP clusters became increasingly prominent
and migrated to the periphery of the enlarged nuclei with a
general reduction in the diffuse snRNP component (Fig. 1,
8h, 16h). While there were many phase-dense granules in the
infected cell nucleus, not all (even the most prominent) were
stained by the anti-Sm snRNP antibody.

To define further this effect of HSV infection on snRNP,
we examined the localization of a specific RNP complex, the
U, snRNP known to be involved in the recognition of the 5’
splice junction of mRNA precursors (Mount et al., 1983).
This was performed using a mouse autoimmune monoclonal
antibody specific for the 70-kDD protein characteristic of U,
snRNP complexes (Billings et al., 1982) Although the im-
munofluorescence signals obtained were lower with this anti-
body, essentially the same initial distribution, progressive
change, and final localization were observed as with the
more general Sm antibody (results not shown).

Reorganization of hrnRNP Core Protein Antigens

In view of the major redistribution of snRNP antigens in
HSV-infected cell nuclei it was important to study other com-
ponents of the host mRNA transcription-processing system.
The hnRNA, including pre-mRNA, of vertebrate cells is
found in hnRNP complexes of which a large part of the pro-
tein component consists of a group of 33-40 kD polypeptides
(reviewed by Martin et al., 1980, and Dreyfuss, 1986) termed
A and B polypeptides for He La cells by Beyer et al. (1977).
We had previously prepared both polyclonal and monoclonal
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antibodies to the major basic A and B core polypeptides
(chrp’s) of hnRNP complexes (Jones et al., 1980; Leser et
al., 1984). These polypeptides associate with vertebrate
RNA polymerase II transcripts in the nascent state (Martin
and Okamura, 1981; Fakan et al., 1986).

For these studies we used a mouse monoclonal IgM anti-
body (iD2) which reacts strongly with all members of the ba-
sic core group of hnRNP proteins. Since we had previously
observed that the accessibility of nuclear antigens to this IgM
antibody required a greater permeabilization of the cells dur-
ing fixation, we used an acetone-based fixative in the initial
experiments. If anything, the decreased matrix density of the
infected cell nuclei was more apparent with this fixative (Fig.
2, phase contrast), probably because of the collapse of the
fine structure under these conditions. However, the localiza-
tion of snRNP antigens by immunofluorescence of formalde-
hyde-acetone-fixed cells was identical to that in Fig. 1
(results not shown).

Localization of the hanRNP chrp antigens during HSV in-
fection was very different from that of the snRNP, amd segre-
gation of the snRNP and hnRNP antigens increased with
time (Fig. 2; cf. Fig. 1). The chrp polypeptides appeared to
be primarily located on large collapsed structures with some
lesser accumulation at the nuclear periphery (but in a very
different pattern than that of the clusters of snRNP antigens).

While it had been our experience that the IgM anti-chrp
antibody was unable to penetrate normal interphase nuclei
of cells fixed by PLP method (Leser et al., 1984), we wished
to use the fixative for subsequent electron microscope immu-
nocytochemistry since it preserves fine structure. We there-
fore attempted immunofluorescence on HSV-infected HEp-2
cells fixed in this way (Fig. 3). As can be seen in mock-
infected controls (M) only mitotic cells were stained; note
that the chromosomes did not stain. However, during the
course of infection increasing numbers of the fixed cell
nuclei became permeable to the IgM antibody (4h, 8k) until
essentially all cells were stained (I6h). We interpret this re-
sult to indicate an increasing fragility of the nuclear envelope
during the progress of HSV infection. Perhaps more impor-
tant was the observation that even with the attempt to pre-
serve fine structure to a greater degree, large clumps of
hnRNP antigen-containing material was observed (most
notably at 16 h in the examples shown in Fig. 3). The identi-
cal large nuclear structures were also stained in double label
experiments by the DNA-specific DAPI stain (results not
shown; examples of DAPI stain are given in Figs. 4 and 5).

Localization of HSV:specific Antigens in Infected Cells

The experiments described above have documented the loca-
tion of host cell components involved in normal mRNA tran-
scription and processing. Given the striking reorganization
of these during HSV infection, it was important to determine
the location of viral antigens and functions. It was reasonable
to hypothesize, for example, that host hnRNP proteins and/or
snRNP might be concentrated at sites of viral activity. This
possibility was rendered unlikely by the localization with
specific monoclonal antibodies of a variety of viral proteins
representing different functions in the progress of infection
(Fig. 4).

The viral o protein ICP4 is an immediate early viral gene
product thought to be involved in regulation of viral tran-
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Figure I. Reorganization of the snRNP sm antigens during HSV infection. Phase-contrast and indirect immunofluorescent photomicrographs
of HSV-l-infected HEp-2 cells fixed with PLP: mock {(M). 4, 8§ and 16 h after infection, stained with anti-snRNP antibody Y12.

scription and therefore presumably localized to sites of active
viral genomes. The staining of infected cells by an ICP4-
specific antibody demonstrated its early appearance, initially
in confined regions and subsequently more generally through-
out the infected nucleus, but not in the regions of highest
DNA concentration (Fig. 4: ICP4, 4h, 8h; D, 8h). There was
no obvious overlap of ICP4 with the snRNP clusters or the
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high density hnRNP core protein structures. This is one of
the more significant results of our comparative study of anti-
gen localization, indicating a segregation of viral transcrip-
tion factors from those nuclear domains containing the high-
est concentration of RNP components presumed for host cell
mRNA synthesis and processing.

The HSV P protein ICP8 is a delayed early viral gene
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Figure 2. Changes in hnRNP antigen distribution during HSV infection. Phase-contrast and indirect immunofluorescent photomicrographs
of HSV-l-infected HEp-2 cells fixed with FA: mock (M), 8 and 16 h after infection, stained with anti-hnRNP antibody iD2.

product and a major viral DNA binding protein. While ICP8
may have a transcriptional role, it is generally considered to
function in viral DNA replication. Our studies with a mono-
clonal antibody specific for ICP8 gave essential agreement
with previous studies (for example, Quinlan et al., 1984), in-
dicating an initial restricted localization of the protein in the
nucleus of the infected cell (Fig. 4, ICP8, 4h) which later
formed much larger domains with a characteristic punctate
pattern but did not overlap the regions of greatest DNA den-
sity (Fig. 4, ICP8, 8h; D 8h). There was no obvious relation-
ship of the location of the viral DNA-binding protein to the
distributions of host snRNP or hnRNP antigens shown
above.

Two late viral gene products, p40 and ICPS, both capsid
proteins, were also examined. At mid-infection (8 h) these
were found to be distributed in large intranuclear domains
similar in form to those of ICP4 and ICP8 (Fig. 4, p40, 8h;
ICPS, 8h). In late infection, intensely stained zones were ob-
served at the nuclear periphery not overlapping with highest
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DNA density (Fig. 4, 16h). While somewhat similar in
general distribution to the host snRNP clusters, these viral
capsid zones were different in shape and precise location,
and probably represent at the immunofluorescence level the
accumulations of viral particles observed at the nuclear
envelope by electron microscopy (Nii et al., 1968; Schwartz
and Roizman, 1969).

Sites of DNA Synthesis in HSV-infected Cells

Previous immunofluorescence studies had described the
punctate distribution of the HSV DNA-binding protein ICP8
in infected cells (Quinlan et al., 1984). Results from the same
laboratory also suggested that this could represent an inter-
mediate state in the localization of the protein preceding
DNA synthesis (Knipe and Spang, 1982). Other workers had
attempted to locate the sites of viral DNA synthesis by radio-
autography at the light and electron microscope level in in-
fected cells pulse-labeled with [*H}thymidine (Rixon et al.,
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Figure 3. HSV infection changes the nuclear envelope permeability of fixed HEp-2 cells. Phase-contrast and indirect immunofiuorescent
photomicrographs of HSV-1-infected HEp-2 cells fixed with PLP: mock (M), 6 and 20 h after infection, stained with anti-hnRNP antibody

iD2.

1983). To explore further the relationship with host cell RNP
antigens we also determined the site of viral DNA synthesis,
but in this case using an immunofluorescence technique that
enabled direct comparison with the various antigens we
could locate. We therefore pulse-labeled cells at various
times after infection with the thymidine analogue BrdU and
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subsequently located the incorporated nucleoside with a
specific monoclonal antibody (Gratzner, 1982).
Mock-infected cells pulse-labeled in this way showed the
expected pattern, in which 20-30% of the population, that
is those cells in S phase, were labeled (Fig. 5, M, BU). The
label was generally in a diffuse or fine grain pattern which
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Figure 4. Location of viral proteins ICP4, ICP8, p40, and ICPS. Indirect immunofluorescent photomicrographs of HSV-1-infected HEp-2
cells fixed with PLP and reacted with antibodies to HSV viral proteins: anti~-HSV immediate-early ICP4 protein antibody (58S) at 4 and
8 h after infection, respectively, with DAPI (D) pattern for cells at 8 h. Anti~HSV DNA-binding protein ICP8 antibody (39S) at 4 and
8 h, respectively, with DAPI (D) pattern for cells at 8 h. Anti-HSV capsid protein p40 antibody (74S) at 8 and 16 h, respectively, with
DAPI (D) pattern for cells at 16 h. Anti-HSV capsid protein ICP5 antibody (102S) at 8 and 16 h, respectively, with DAPI pattern for cells
at 16 h.
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in some cases overlapped the total DNA distribution and in
others did not (Fig. 5, M, BU; M, D). The apparent dis-
crepancy may simply be a reflection of different stages of S
phase in the particular cells; the more condensed chromatin
is generally replicated late in S (Brown, 1966). The effect of
HSYV infection was to increase the fraction of the cell popula-
tion labeled with BrdU. This was noticeable from 6 h after
infection and increased until almost all cells were engaged
in extensive DNA synthesis at 12 h. For the most part the
BrdU-labeled DNA did not correspond to the highest DNA
density (cf. BU and D on some cells in Fig. 5), but did show
a marked punctate pattern similar to that characteristic of
ICPS8 distribution (cf. BU and ICP8 in Fig. 5).

While these results suggest that viral DNA synthesis takes
place in rather discrete units, it occurs throughout domains
within the nucleus and not at the periphery in association
with bulk DNA nor the snRNP clusters described above.

Effect of Other Agents on the Distribution of
snRNP in HEp2 Cells

Our studies with inhibitors on other mammalian cells indi-
cated that the reorganization of snRNP and hnRNP antigens
we observed in HSV-1-infected HEp2 cells was probably not
the result of a simple general inhibition of host RNA and pro-
tein synthesis. Nevertheless we tested this possibility using
a number of agents to alter host HEp2 cell function. Neither
the enlarged and peripheral clusters of snRNP antigens nor
the “collapsed” hnRNP-containing structures were induced
by cycloheximide, actinomycin, or heat shock (results not
shown). Further, the other human cell lines we have studied
after adenovirus infection did not exhibit the changes charac-
teristic of HSV-1 infection.

That similar clustering of snRNP antigens can be caused
by other herpes viruses was demonstrated by the infection of
HEp2 cells with HSV-2 (results not shown). After 4 h of in-
fection, prominent clusters of the snRNP Sm antigen were
observed within the infected cell nucleus. However, there did
appear to be some differences in the later stages of infection
with the two viruses, namely, the clusters formed in HSV-
2-infected cells tended to remain within the intranuclear re-
gion rather than migrate to the periphery as with HSV-1.

Other experiments not illustrated here demonstrated that
the clustering of snRNP complexes and subsequent periph-
eral nuclear localization is not limited to the HFEM strain
of HSV-1 nor to human cells since the effect was observed
with HSV-1(KOS) and African green monkey VERO cells.

Fine Structure of HSV-1-infected HEp-2 Cells

Electron microscopy revealed that HSV infection caused a
reorganization of the fine structure of the nucleus. In particu-
lar, at later times there was a significant reduction in the
staining density of the internal interchromatin regions (Fig.
6). The densely staining host chromatin (c) was primarily re-
stricted to a close association with the envelope of the greatly
enlarged nucleus, with the exception of chromatin extending
into the nuclear space associated with the residual nucleolar

structure. The distribution of host chromatin at the ultra-
structural level was as expected from light microscope DAPI
stain (Fig. 2). In addition to the appearance of viral particles
(v), dense bodies (db) were often found throughout the nuclei
of herpes-infected cells. The origin of dense bodies after
infection is not clear, although they have been reported to
contain at least one species of nucleolar protein (Puvion-
Dutilleul et al., 1985). Electron-dense particles were some-
times found surrounding the dense bodies (Fig. 6, x). The
nature of these particles is not known, although Puvion-
Dutilleul et al. have suggested on the basis of their morphol-
ogy that they are cores of viral nucleocapsids.

The nuclei of HSV-infected cells also contained a number
of large clusters of ~15-nm granules. These granule clusters
(gc) frequently appeared to be associated with the periphery
of chromatin adjacent to the nuclear envelope (Fig. 6, 16h).
By virtue of their size, frequency, and location within the nu-
cleus we felt these clusters of granules were likely to be the
brightly staining peripheral nuclear structures observed by
immunofluorescence with anti-snRNP antibodies after HSV
infection. Further support for this contention was the finding
that these granule clusters were stained by the regressive
staining technique of Bernhard (1969), which bleaches chro-
matin but not ribonucleoprotein (data not shown). This result
was suggestive but not proof of the presence of ribonucleo-
proteins in these nuclear structures. We therefore sought di-
rect evidence for the identity of the immunofluorescent
snRNP aggregates and the granule clusters using the tech-
niques of immunoelectron microscopy.

Analysis of snRNP and hnRNP Protein Localization
by Electron Micrograph Immunocytochemistry

HSV-infected HEp-2 cells were embedded in Lowicryl K4M
and stained using an indirect immunogold procedure with ei-
ther antibodies specific for either the Sm antigen (Fig. 7, Sm)
of snRNP complexes or the chrp polypeptides (Fig. 7, chrp)
of hnRNP. The snRNP antigens, while exhibiting some re-
sidual component diffusely distributed throughout the nu-
cleus, were intensely stained in the large granule clusters at
the periphery of the nucleus (Fig. 7, Sm, arrows). The
nucleolus, dense bodies, and cytoplasm did not significantly
stain. It was clear that the granule clusters were not nucleolar
components altered by the action of the virus on the host nu-
cleus. The snRNP complexes recognized by the Sm-specific
antibody are not found in the nucleolus. Furthermore,
clearly identifiable nucleolar structures were not stained.
Also, the large granule clusters did not stain when sections
were treated with an antibody specific for the nucleolar pro-
tein B23 (results not shown).

The hnRNP chrp polypeptides were not found in these
clusters, but rather appeared to be more concentrated at the
periphery of the chromatin regions (Fig. 7, chrp). This possi-
bly indicates the sites of residual host transcriptional activity
or transcription complexes collapsed together upon the reor-
ganization of the chromatin after viral infection.

The differences in distribution of hnRNP- and snRNP-

Figure 5. Sites of DNA synthesis in HSV-infected cells. Anti-BrdU indirect immunofluorescence and corresponding DAPI (D), respectively,
of BrdU-treated mock-infected (M), 6 h and 12 h HSV-l-infected HEp-2 cells fixed with ethanol-TCA. Anti-HSV DNA-binding protein
ICP8 indirect immunofluorescence and corresponding DAPI (D), respectively, of 6 and 12 h infected cells fixed with PLP.

Martin et al. HSV-induced Changes in Nuclear RNP

2077



The Journal of Cell Biology, Volume 105, 1987

2078

Figure 6. Herpes virus-induced
changes in the fine structure of
human epidermal HEp-2 cell
nuclei. Either mock-infected
cells (M) or cells 16 h after in-
fection with HSV-1 (I16h) were
fixed with glutaraldehyde and
osmium tetroxide, then em-
bedded in Epon. Upon infec-
tion with HSV much of the
chromatin is found at the pe-
riphery of the nucleus. Often
observed associated with the
edges of chromatin are large
clusters of granules (gc) not
found in uninfected cells. Chro-
matin {(c), dense body (db),
granule clusters (gc), nuclear
envelope (ne), nucleolus (no),
nucieolar remnant (nr), viral
particles (v), and dense parti-
cles (x). Sections were stained
with uranyl acetate and lead
citrate. Bar, 0.5 um.
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Figure 7. Localization of nu-
clear ribonucleoprotein poly-
peptides in HSV-l-infected
human epidermal cells. HEp-
2 cells collected 16 h after in-
fection were fixed with PLP
and embedded in Lowicryl
K4M. Sections were stained
with either a mouse monoclo-
nal antibody specific for the
Sm antigen of snRNP particles
{(Sm) or chicken polyclonal an-
tibodies formed against all the
chrp polypeptides of hnRNP
complexes (chrp). Immuno-
globulin binding was visual-
ized by reacting the sections
with an appropriate secondary
antibody coupled to 15 nm
colloidal gold. The large clus-
ters of granules (gc) observed
in HSV-infected HEp-2 cells
stain heavily with Sm-specific
antibodies (Sm), while chrp
polypeptides are absent (chrp)
and are found diffusely dis-
tributed throughout the nu-
cleus with a higher concentra-
tion present at the periphery
of the chromatin regions. Sec-
tions were stained with uranyl
acetate, Bar, 0.5 um.
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associated polypeptides was emphasized by the result of dou-
ble label experiments (Fig. 8). Thin sections of HSV-infected
HEp-2 cells were simultaneously stained with chrp and Sm-
specific immunoglobulins followed by gold-coupled second-
ary antibodies. The large granule clusters were heavily
stained by the Sm antigen-specific (7-nm gold) antibody
while the chrp polypeptides (15-nm gold) were absent. As we
will discuss below it is most likely that the granule clusters
arise from an enlargement, then relocation and partial con-
densation, of the interchromatin granule regions of the host
cell.

Discussion

Our immunocytochemical localization of host and viral anti-
gens has demonstrated a progressive partitioning of the host
cell nucleus during HSV infection. The major components
of host cell mRNA transcription and processing complexes
are for the most part segregated from the internal nuclear do-
mains which appear to be dominated by viral transcription
and replication. Host cell DNA, hnRNP, and snRNP all to
some extent become marginated to the nuclear envelope.
However, while the host DNA and hnRNP core proteins ap-
pear to colocalize, the snRNP antigens are more concen-
trated in specific granule clusters which appear to be a char-
acteristic of HSV infection, since a number of other factors
interfering with normal nuclear functions did not reproduce
the effect.

The localization of the basic hnRNP A and B core proteins
(chrp) is of some interest. Infection did not cause the general
diffusion of these antigens throughout the nucleus as might
have been expected if host RNA polymerase II transcrip-
tional initiation was shut down and transcripts were released
from the DNA. As noted in the introduction, the extent and
nature of changes wrought in host mRNA transcription by
HSV infection remain unclear. As we have shown that chrp
polypeptides bind to nascent hnRNA (Martin and Okamura,
1981; Fakan et al., 1986), it seems likely that these proteins
remain associated with transcription complexes on the DNA
as the chromatin collapses and marginates during the
progression of HSV infection. Our data, however, do not dis-
tinguish between a continuation of active transcription at
these sites or the presence of arrested transcription com-
plexes as a result of inhibition of chain elongation, or cleav-
age-adenylation and termination. Some hnRNP core pro-
teins remain distributed throughout the nucleus and these
could participate in viral transcription. So far, very little is
known of the molecular nature of HSV transcription com-
plexes. The chrp proteins have been reported to be associated
with SV40 and adenovirus transcripts.

The redistribution of the host cell snRNP antigens is more
suggestive and has three aspects. First is failure to localize
significantly to regions having the highest concentration of
hnRNP antigens. Previous immunofluorescence (Sass and

Pederson, 1985; Martin, T. E., U. Scheer, and S. A. Monsma,
unpublished results) and immunoelectron microscope stud-
ies (Fakan et al., 1984) suggest that a considerable amount
of the nuclear snRNP is at transcription sites. Further, we
have presented evidence that snRNP antigens in addition
to hnRNP proteins are associated with nascent transcripts
(Fakan et al., 1986). Structures suggestive of processing
complexes, presumed to contain snRNP, have been observed
in the region of splice sites in nascent RNP chains (Osheim
et al., 1985). Our present data may be taken to suggest that
host cell transcripts may be depleted of snRNP during infec-
tion. This would be expected to interfere with normal pro-
cessing events, including splicing, cleavage-polyadenylation,
and possibly RNA chain termination (the roles of snRNP
were reviewed by Sharp, 1987).

A second aspect of the reorganization of the host cell
snRNP complexes is the nature of the granule clusters which
enlarge and marginate in the nucleus during HSV-1 infection.
It has been known for many years that antibodies to the
general U-snRNP Sm antigen and the U;-snRNP-specific
polypeptide give both speckled and diffuse immunocyto-
chemical patterns in mammalian nuclei (Tan, 1979). We have
suggested that while the diffuse pattern at least in part
represents a colocalization with hnRNP and sites of tran-
scription, the speckles are the light microscope equivalent of
the groups of interchromatin granules observed by electron
microscopy (Fakan et al., 1984). The fine structure of the
granule clusters observed at the periphery of HSV-1-infected
nuclei (Figs. 7 and 8) is consistent with these clusters being
enlarged and somewhat condensed aggregates of inter-
chromatin granules. The interchromatin granule region may
contain an inactive pool of snRNP complexes. We may ex-
plain the margination of the snRNP clusters by an apparent
physical association with the host chromatin. The redistribu-
tion of these host cell nuclear components could result from
altered interactions with nuclear matrix structures; an as-
sociation of viral proteins with nuclear matrix preparations
has been described (Bibor-Hardy et al., 1982, 1985; Knipe
and Spand, 1982). The question arises therefore as to whether
the HSV acts by modification of a host component and/or by
synthesis of a virally encoded product to cause host cell
snRNP aggregation. As we have described, the few viral pro-
teins so far examined —ICP4, ICP8, ICPS, and p40—do not
appear to be present at substantial levels in the aggregates.
None of these are likely candidates, however, and others
must be sought.

The final aspect of snRNP redistribution which must be
considered is the possible requirement of functional snRNP
for the proper processing of HSV transcripts. While there
appears to be a considerable concentration of the host snRNP
in the large granule clusters, there clearly remains some host
snRNP distributed throughout the nuclear interior where we
presume HSV transcription is occurring. We may note, on
the other hand, that few HSV genes contain introns and the

Figure 8. Simultaneous localization of snRNP and hnRNP polypeptides in HSV-1-infected HEp-2 cells. Human epidermal cells were fixed
with PLP 16 h after infection. The cells were embedded in Lowicryl K4M. Thin sections were stained with antibodies specific for Sm
{7-nm gold) and chrp (15-nm gold) polypeptides. Antibody binding was visualized by staining sections with gold-coupled secondary immu-
noglobulins. The granule clusters (gc) are heavily stained by the snRNP Sm-specific antibodies. The hnRNP chrp polypeptides are not
components of these structures and are found distributed throughout the nucleus. Cytoplasm (c), granule clusters ( g¢), nucleus (1), nuclear
envelope (ne). The sections were stained with uranyl acetate. Bars, 0.5 pm.
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early (o) genes account for a number of these. A low level
of functional host snRNP may be sufficient, if necessary at
all, for the relatively low requirement for HSV pre-mRNA
splicing. The need for snRNP in HSV cleavage-polyadenyla-
tion has not been addressed, and it is possible such snRNP
complexes represent a minor fraction of the total host cell
complement.

In conclusion, it seems to us that HSV-specific mecha-
nisms may act to reduce the efficiency of host cell gene ex-
pression at the level of pre-mRNA processing by modifica-
tion of the snRNP complement, thereby increasing the
competitive advantage of the virus in the cell. There are sev-
eral observations suggesting that HSV infection interferes
with host cell pre-mRNA processing and mRNA transport.
Schek and Bachenheimer (1985) have reported the relative
accumulation of a transcript of the y-actin gene which is
larger than the mature mRNA, in HSV-1-infected cells. Fur-
thermore, Bastow et al. (1986) have suggested that HSV-2 can
interfere with the maturation or transport of dihydrofolate
reductase pre-mRNA in methotrexate-resistant cells. The
role of snRNP in mRNA transport remains speculative, but
we anticipate that the further investigation of the state of
snRNP in the HS V-infected cell may illuminate both host and
viral processes.
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