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We have quantitatively analyzed the size and amount of herpes simplex virus
(HSV)-specific RNA synthesized in HeLa cells using DNA and RNA excess
hybridization. At 2 h after infection (early), transcripts from 20% of the total
HSV DNA are present on polyribosomes as poly(A+) RNA. At this time, viral
poly(A+) RNA comprises 60 to 75% of the newly synthesized poly(A+) mRNA on
polyribosomes. By 6 h after infection (late), poly(A+) HSV RNA transcribed
from 35 to 40% of the viral DNA is found on polyribosomes. These viral poly(A+)
transcripts comprised as much as 90% of newly synthesized poly(A+) mRNA and
are measurably larger than viral poly(A+) transcripts isolated early. Some but
not all of this size difference is due to the fact that the poly(A) tails on early
transcripts are shorter than those found on transcripts made late. Even late
after infection, a small but readily measurable amount of cellular poly(A+)
RNA is still being made and entering polyribosome complexes. In the nucleus,
late after infection, poly(A+) HSV RNA is complementary to 50% of the total
HSV DNA. Both early and late after infection, total nuclear viral transcripts
are, on the average, larger than viral transcripts found on polyribosomes;
however, nuclear HSV poly(A+) RNA is not measurably larger than the corre-
sponding cytoplasmic viral poly(A+) sequences at either time. A major portion
(30 to 40%) of the polyribosomal HSV RNA made either early or late after
infection is not polyadenylated. This HSV poly(A-) RNA is transcribed from the
same sequences as HSV poly(A+) RNA but, when labeled and isolated either
early or late after infection, both nuclear and polyribosomal viral poly(A-) RNA
molecules sediment faster in sucrose-formaldehyde gradients than their polya-
denylated counterparts.

Herpes simplex virus (HSV) is a well-charac-
terized representative of large nuclear replicat-
ing viruses. The expression of HSV DNA dur-
ing productive infection affords an interesting
model system for studying gene expression.
HSV-specific mRNA is known to share charac-
teristics with normal eucaryotic mRNA. Viral
mRNA containing poly(A) sequences can be
isolated (R. Swanstrom and E. Wagner, Fed.
Proc., vol. 34, abstr. 1727, 1974; 2, 17, 18); this
poly(A+) viral mRNA is methylated and has a
capped 5' end of the type standard for eucar-
yotic and nuclear replicating virus mRNA's
(manuscript in preparation), and this viral
poly(A+) RNA cannot appear on polyribosomes
in the presence of the drug cordycepin (Swan-
strom and Wagner, Fed. Proc.). Also, the
weight average size of viral sequences isolated
from polyribosomes is smaller than that of viral
sequences found in the nucleus (25).

1 Present address: Department of Microbiology, Univer-
sity of California, San Francisco, CA 94143.

The transcription program of HSV has been
qualitatively well described. The replication cy-
cle shows a distinct temporal restriction of tran-
scription where, prior to viral DNA replication
(early), 20% of the total viral DNA is expressed
as a major concentration class of RNA. Tran-
scription of at least a full single-strand equiva-
lent of the viral genome takes place only with
the onset of viral DNA synthesis (late) (4, 11,
20, 21, 27). Quantitatively, HSV transcription
has been less well defined. The size of HSV
transcripts has been estimated at low resolu-
tion by low-efficiency hybridization of sucrose
gradient-fractionated total radioactive nuclear
and cytoplasmic RNA from infected cells (25).
The relative amounts of viral RNA present in
different cellular fractions at different times
after infection have been estimated, but the
exact amount of viral RNA in these fractions
has remained undetermined (4, 21). Finally, we
have reported that there is a fraction of HSV-
specific RNA on polyribosomes that does not

889



890 STRINGER ET AL.

contain poly(A) sequences [poly(A-) RNA];
however, the relationship between this fraction
and viral poly(A+) RNA has been unclear
(Swanstrom and Wagner, Fed. Proc.; R. I.
Swanstrom, Ph.D. thesis, University of Califor-
nia, Irvine, 1975).
In this paper we describe experiments carried

out using low-temperature DNA excess hybrid-
ization to both quantitate and isolate HSV-
specific RNA in the various fractions of infected
cells. Notable among our findings are: (i) 60 to
70% of mRNA sequences on polyribosomes are
viral by 2 to 3 h after infection; (ii) there is a
persistent, small fraction ofmRNA on polyribo-
somes that is cellular even late after infection;
(iii) viral polyribosome-associated poly(A-)
RNA shares the same sequences with, but is
larger in average size than, viral poly(A+)
RNA; and (iv) HSV-specific polyribosome-asso-
ciated poly(A-) RNA appears in the cytoplasm
in the presence of cordycepin and independ-
ently of viral poly(A+) RNA.

MATERIALS AND METHODS
Cells and virus. HeLa cells were grown in mono-

layer culture as described previously (23). Our stan-
dard plastic culture flasks (T-150; Falcon, Oxnard,
Calif.) have a 150-cm2 growing area and contain 4 x
107 cells. The origin and passage of our laboratory
strain of HSV type 1 (L strain) has been described
(26-28). All virus used in these experiments is rou-
tinely plaque purified after six passes as described
(26). Unless noted, the standard infection was car-
ried out at 30 PFU/cell using conditions previously
described (20, 21). Time after infection was meas-
ured after virus adsorption (0.5 h).

Drugs. Cordycepin (3-deoxyadenosine) was pur-
chased from Sigma Chemical Co. (St. Louis, Mo.).
This drug was used at a concentration of 50 gg/ml.
Cycloheximide was purchased from Nutritional Bio-
chemicals (Cleveland, Ohio).

Radioactive RNA and DNA. Radioactive RNA
was prepared by labeling infected cells at either 2 h
(early) or 5 h (late) after infection for 1 h with 15 jACi
of [3H]uridine per ml (150 ACi/T-150 flask; 27 Ci/
mmol; Schwarz Bio Research, Inc., Orangeburg,
N.J.). 32P-labeled marker 28S and 18S rRNA was
prepared from uninfected cells labeled for 20 h with
250 ,uCi of [32P]orthophosphate (Amersham-Searle,
Arlington Heights, Ill.) in medium containing 0.1x
normal phosphate concentration and 10% calf serum
that had been dialyzed versus phosphate-free 0.15 M
saline.

Radioactive labeling of HSV DNA has been de-
scribed (21). Cells were labeled for 16 h with 15 ,uCi
of [3H]thymidine per ml (53 Ci/mmol; Schwarz/
Mann). The 3H-labeled HSV DNA used in these
experiments had a specific activity of 300,000 cpm/
,ug. The procedures for purification and alkali frag-
mentation and renaturation of the HSV DNA have
been described (26, 28). We have extensively shown
that such alkali denatured and fragmented HSV

DNA reanneals with normal kinetics to better than
90% under our conditions (26, 28).

Fractionation of cells into nuclei and cytoplasm
and isolation of polyribosome-associated fraction.
We used the method of Palmiter (12) to lyse cells,
separate nuclei and cytoplasm, and prepare polyri-
bosome-associated material. All glassware was acid
washed in 6 N HNO3 and then rinsed in glass-
distilled water containing 0.1% diethyl pyrocarbon-
ate (DEPC; Sigma Chemical Co., St. Louis, Mo.)
prior to use. All buffers were treated with 0.1%
DEPC and autoclaved prior to use.

Cells were chilled on ice, rinsed twice in ice-cold
saline (0.15 M NaCl) containing 5Q ,ug of cyclohexi-
mide per ml, and then rinsed once with 20 mM ice-
cold HEPES (N-2-hydroxyethylpiperazine-N'-2-
ethanesulfonic acid) buffer (pH 7.4) containing 50 ,g
of cycloheximide per ml. The HEPES buffer was
aspirated, and the cells were overlaid with polysome
buffer (25 mM Tris, 25 mM NaCl, 5 mM MgCl2, pH
7.5, and 200 ,ug of heparin per ml [PPB]) containing
2% Triton X-100 (Calbiochem, San Diego, Calif.).
After 5 min on ice, the cells were scraped, the lysate
was homogenized with five strokes of a tight-fitting
Dounce homogenizer, and the nuclei were deposited
by centrifugation in a Sorval SS-34 rotor for 5 min at
3000 rpm.
The cytoplasm was further clarified by centrifu-

gation at 10,000 rpm for 5 min to remove mitochon-
dria. Polyribosome-associated material was precipi-
tated with Mg2+ by adjusting the cytoplasmic frac-
tion to 120 mM Mg2+ by addition of sufficient 2 M
Mg(Ac)2. After 75 min on ice, the polyribosomes
were deposited by centrifugation at 15,000 rpm for 10
min in an SS34 rotor through a 3- to 5-ml pad of 1 M
sucrose containing PPB without Triton X-100. This
pelleted material contains ribosomes, polyribosomes
and other ribonucleoprotein (12), and RNA isolated
from it is referred to hereafter as polyribosome-
associated RNA.

Sucrose gradient sedimentation profiles of polyri-
bosome-associated RNA were obtained by the
method of Palmiter (12). The polyribosome pellet
was resuspended in 0.5 ml 20 mM HEPES, gently
homogenized on ice, and layered over a 12-ml 15 to
40% sucrose gradient containing 25 mM NaCl, 25
mM Tris, 5 mM MgCl2 (pH 7.5), and 200 ug of
heparin per ml. Centrifugation was at 4°C for 75 min
at 40,000 rpm in a Spinco SW40 rotor. The gradient
was pumped through a Gilford recording spectro-
photometer, and 0.5-ml fractions were collected. Ra-
dioactivity was determined by counting 100-Ml por-
tions of each fraction in Aquasol scintillator (New
England Nuclear Corp.,Boston, Mass.) with a Beck-
man LS-230 liquid scintillation counter.
RNA purification. RNA was extracted from iso-

lated nuclear, cytoplasmic, or polyribosome frac-
tions using a modification of our standard phenol
and chloroform method (24). The nuclear fraction,
after DNase digestion in HSB (0.5 M NaCl-10 mM
Tris-50 mM MgCl2, pH 7.4), was adjusted to 25 mM
EDTA-1% sodium dodecyl sulfate (SDS) and then
digested for 20 min at 37°C with 200 jig of protease K
(Merck Pharmaceuticals, Elmsford, N.Y.) per ml
that had been self-digested for 30 min at 37°C at a
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concentration of 10 mg/ml to remove any nuclease
activity. Polyribosome-associated material was dis-
solved in extraction buffer (0.1 M NaCl-10 mM Tris-
5 mM EDTA, pH 7.5) containing 0.5% SDS and
similarly digested with protease K. After protease K
digestion, the solutions were extracted using extrac-
tion buffer-saturated phenol containing 0.1% 8-hy-
droxyquinolin.

Gradient-purified unlabeled RNA was prepared
as previously described (20). To assure the removal
of any trace amounts of DNA remaining in unla-
beled nuclear RNA after DNase digestion, the gra-
dient-purified RNA was phenol extracted, dialyzed
against 0.01 M NaCl-0.01 M Tris-0.0015 M MgCl2,
pH 7.4, and digested again with 200 Ag of electro-
phoretically purified DNase (Worthington Biochem-
ical Corp., Freehold, N.J.). This RNA was then
phenol extracted for a final time and ethanol precip-
itated twice.
We insured that our extraction procedure re-

sulted in quantitative yield of poly(A) containing
RNA [poly(A+) RNA] by two types of control experi-
ments. In one, [3H]uridine-labeled poly(A+) RNA
isolated from uninfected cell polyribosomes by the
procedure described below was mixed with the nu-
clear fraction or polyribosome fraction of unlabeled
test cells and subjected to redigestion and reextrac-
tion. This reextracted poly(A+) RNA binds quanti-
tatively to poly(U) glass-fiber columns (see below),
indicating that poly(A-) RNA is not being gener-
ated by the loss of poly(A) tails from RNA molecules
during extraction. Second, radioactive poly(A)
(Miles Laboratories, Inc., Elkhart, Ind.) was quan-
titatively recovered with RNA in similar tests, also
indicating no specific loss of poly(A+) RNA during
isolation.

Separation of poly(A+) and poly(A-) RNA. We
are currently using two methods of separating
poly(A+) and poly(A-) in our laboratory; both give
identical results. (i) Poly(U)- Sepharose (Pharma-
cia, Uppsala, Sweden) chromatography of purified
RNA samples was carried out by the method of
Lindberg and Persson (6). (ii) Poly(U)-glass-fiber
filters containing 0.5 mg of poly(U) (Sigma Chemi-
cal Co., St. Louis, Mo.) were prepared by the method
of Sheldon et al. (16). Columns (9 by 0.5 cm) were
made from two filters using disposable 1-ml sy-
ringes. The RNA solution from no more than 8 x 107
cells was passed through such a column two or three
times in a buffer containing 0.12 M NaCl, 0.01 M
Tris, and 0.001 M EDTA, pH 7.5. RNA not binding
to the column [poly(A-) RNA] was collected by
ethanol precipitation. The column was then washed
with 6 ml of the same buffer and then with 5 ml of
the buffer warmed to 45°C. Poly(A+) RNA was
eluted with 3 ml of a buffer containing 60% formam-
ide, 0.01 M Tris, and 0.001 M EDTA, pH 7.5.
The poly(A+) RNA isolated by either method was

then either dialyzed against extraction buffer or
diluted to a final formamide concentration of 20%
with 0.15 M NaAc and then precipitated with 3
volumes of ice-cold ethanol and collected by centrif-
ugation. Although we routinely added 25 to 50 1Lg of
purified uninfected cell rRNA as carrier to the
poly(A+) fraction, we could attain quantitative

yield of radioactive poly(A+) without it. We mea-
sured the yields of poly(A+) and poly(A-) RNA
from typical preparations. For a T-150 culture (4 x
107 cells), we recovered 4 to 5 ,g of poly(A+) RNA
from the polyribosome-associated material and 15 to
20 ,ug of the nuclear poly(A+). We recovered 100 to
200 lg of poly(A-) RNA from the polyribosomes or
the nuclear fraction; the vast majority of this latter
material is rRNA and tRNA. On the basis of the
yields of poly(A+) RNA and the total amount of
radioactivity recovered from these fractions (see Ta-
ble 2) in infected cells under our labeling conditions,
we estimated that the average specific radioactivity
of poly(A+) RNA isolated after a 60-min pulse is
30,000 to 40,000 cpm/,ug.

Control experiments using formaldehyde-sucrose
density gradient centrifugation (see below) showed
that the separation of poly(A+) and poly(A-) RNA
results in no detectable degradation of RNA and
that poly(A+) RNA can be isolated as high-molecu-
lar-weight molecules (see below). Both types of
poly(U) columns retained 90% or more of radioactive
poly(A) molecules of chain length greater than five
or six nucleotides. This limit was determined by
sizing the bound and unbound fractions of commer-
cial [3HIpoly(A) by acrylamide gel electrophoresis.
This efficiency of binding was nearly as high even
after preparative amounts of poly(A+) RNA were
bound to the column. Thus, the poly(A-) RNA re-
ferred to here contains at most three to five consecu-
tive adenosine nucleotides at the 3' terminus.

Sizing of poly(A) sequences. For sizing experi-
ments, cells were labeled for 1 h with 500 ,Ci of
[3H]adenosine (42 Ci/mmol, New England Nuclear
Corp.) per T-150 culture. Poly(A+) RNA (up to 5 ,ug)
labeled with [3H]adenosine was digested with 15 bmg
of RNase A and 15 U of RNase T, (Sigma) in 2x
SSC (lx SSC is 0.15 M NaCl plus 0.015 M sodium
citrate) at 37°C for 30 min. After the digestion, SDS
and EDTA were added to concentrations of 0.5% and
0.005 M, respectively, along with carrier tRNA.
The RNA was then phenol extracted, ethanol pre-
cipitated, and dialyzed against 0.15 M NaCl. The
RNA was ethanol precipitated again and resus-
pended in 100 ,ul of electrophoresis buffer (0.03 M
Na2HPO4-0.036 M Tris-0.001 M EDTA, pH 7.8) (7)
with 15% glycerol. Control experiments show that
poly(A) sequences of chain length five or more are
precipitated with ethanol at -20°C. The poly(A)
fragments were then applied to a 9.5-cm gel of 12%
acrylamide, and electrophoresis was carried out at
4mA/gel by the method of Morrison et al. (10). The
gels were scanned at 260 nm, frozen, and cut into 2-
mm slices. The slices were treated with 0.25 ml of
Protosol (New England Nuclear Corp.) and counted
in a liquid scintillation counter with a toluene-base
fluor. AMP, (Ap)5A, (Ap),oA, and tRNA were added
as internal length markers. The poly(A) markers
were a gift from W. M. Stanley, Jr.

Purification and assay of Si nuclease. The single-
strand nuclease from Aspergillus oryzae (Si) was
purified through the DEAE-cellulose column step of
the procedure of Vogt (22). An equal volume of glyc-
erol was added to each fraction, and the fractions
were stored at -20°C. The standard assay was with
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25 1Ad of enzyme solution under conditions previously
described (21, 26). Small amounts (less than 0.1 Iug)
of either native or denatured radioactive HSV DNA
were added to the assay mixture and incubated at
450C for 30 min. Undigested DNA was precipitated
with 5% trichloroacetic acid and collected on glass-
fiber filters, and its radioactivity was determined.
RNA excess solution hybridization. RNA excess

hybridizations were carried out in 1 x SSC at 720C as
described previously (21). Small amounts of radioac-
tive alkali-fragmented, denatured HSV DNA (0.05
to 0.1 ,ug/ml) were incubated with RNA isolated
from infected cells (up to 4 mg/ml). Denatured calf
thymus DNA (5 .Lg/ml) was added to the hybridiza-
tion reaction mixture as carrier. At various times,
50-1.d portions were removed from the hybridization
solution and digested with S, nuclease. Analysis of
the data and corrections for small amounts of DNA
self-annealing when needed have been described
(20).
DNA excess hybridization. DNA excess hybridi-

zation and fractionation of hybrids on hydroxyapa-
tite (HAP) were by the method of Lewis et al. (5)
modified to accommodate the high guanine plus cy-
tosine content of HSV DNA. Hybridization was car-
ried out in 0.3 to 0.5 ml in conical Konteflex vials in
a buffer containing 0.5 M NaCl, 0.1 M Tris, 10 mM
EDTA, pH 7.5, and 50% formamide. Hybridization
mixtures contained 50 ,tg of alkali-fragmented HSV
DNA. per ml and usually 6,000 to 10,000 cpm of
radioactive RNA per ml. Twice this amount ofRNA
was used with cellular fractions where the propor-
tion of HSV-specific RNA was low. This DNA-RNA
ratio corresponds to a 200- to 300-fold weight excess
of HSV DNA over newly synthesized RNA based on
a specific activity of this RNA of 30,000 to 40,000
cpm/,ug (see above).

Hybridization was carried out to a DNA Cot of 20
to 25 (1 Cot is 50 /ig ofDNA per ml incubated for 1 h)
(26, 28) at 550C for analytical determinations and at
470C for preparative experiments; this lower tem-
perature was used to obviate any possible thermal
degradation of RNA at the analytical temperature.
Preparative hybridization is 60 to 70% as efficient as
analytical in driving viral RNA into hybrids. We
tested renaturation of HSV DNA under both condi-
tions by the addition of a small amount of radioac-
tive HSV DNA and isolating hybrids on HAP (see
below). We found quantitative reannealing of the
viral DNA by a Cot of 4 to 5 at both temperatures.

After incubation at the hybridization tempera-
ture, the mixtures were diluted 10-fold into 0.2 M
phosphate buffer (PB - an equimolar mix of
NaH2PO4 and Na2HPO4) containing 8 M urea previ-
ously treated with Chelex-100, (Bio-Rad Laborato-
ries, Calif.) and 20 ,ug of yeast RNA per ml as
carrier. The mixture was applied to jacketed HAP
column (0.6 by 0.6 cm) at 450C and rinsed with PB-8
M urea until no more radioactivity was eluted (usu-
ally three 3-ml rinses). Hybrids were eluted with 3
ml of 0.45 M PB and desalted by passage through G-
25 Sephadex columns (30 by 0.9 cm) equilibrated in
extraction buffer. Fractions (1 ml) were collected,
and the hybrids were located by determining the
radioactivity of portions and precipitated by the ad-

dition of 2 to 3 volumes of ice-cold ethanol. Hybrids
were then either denatured by heating to 720C in
90% formamide containing 0.01 M NaCl-0.01 M Tris,
pH 7.5, or by heating to 720C in 3% formaldehyde as
described below. Denatured RNA was recovered
from formamide in the same manner as described
above for recovery of poly(A+) RNA.

Fractionation of RNA on formaldehyde sucrose
gradients. Formaldehyde denaturation and sucrose
gradient density fractionation were carried out by
the methods of Boedtker (3) and Robberson et al.
(14). Samples of RNA or DNA-RNA hybrids contain-
ing 32P-labeled marker rRNA and unlabeled HeLa
cell rRNA were adjusted to 3% formaldehyde by the
addition of 0.1 volume of a solution of 30% formalde-
hyde in a buffer containing 90 mM Na2HPO4-10 mM
NaH2PO4. The samples were heated at 720C for 5 to
10 min, quenched on ice, and layered over an 18-ml
gradient of 5 to 20% sucrose containing 0.1 M NaCl,
0.02 M PB, and 1% formaldehyde. Typically, centrif-
ugation was for 20 h at 40C at 24,000 rpm in a Spinco
SW27 rotor. Gradients were fractionated into 0.7- to
0.8-ml fractions through a Gilford spectrophotome-
ter, and radioactivity was determined by counting
in Aquasol. Radioactivity counting was done with a
Beckman LS-230 Scintillation counter with windows
set so that no 3H radioactivity was seen in the 32p
channel and 0.5% of the 32p radioactivity was seen in
the 3H channel. All double-label experiments have
been corrected for this spillover.

RESULTS

Quantitation of HSV-specific RNA using
DNA excess hybridization. Radioactive HSV-
specific RNA was isolated from infected cells by
preparative hybridization with excess HSV
DNA followed by fractionation on HAP as de-
scribed above. Samples of such RNA were dena-
tured and then rehybridized with viral DNA
under analytical conditions. The data from a
number of experiments are shown in Fig. 1. It
can be seen that under the conditions used viral
RNA can be quantitively driven into DNA-
RNA hybrids and that one round of hybridiza-
tion is sufficient to drive 60 to 75% of a pure
sample of viral RNA into hybrids.
We used a single round of such analytical

DNA excess hybridization to measure the abso-
lute amount of HSV RNA in a given fraction
from infected cells by comparing the efficiency
of hybridization of an unknown sample with
that of pure viral RNA in a parallel hybridiza-
tion. Control experiments (Table 1) established
that the amount of viral RNA in mixtures of
viral and cellular RNAs can be accurately de-
termined by this method. Also presented in
Table 1 are control experiments that demon-
strated that viral RNA hybridizes to viral DNA
with equivalent efficiency through a 16-fold
range of RNA-to-DNA concentration ratios. No
decrease in the level of viral RNA hybridization
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is seen even at the highest RNA to DNA ratio,
which is five times that routinely used to obtain
the data presented below. Further evidence
that our analytical hybridizations are carried
out in vast HSV DNA excess is that the mea-

sured efficiency of viral RNA hybridization in
samples from infected cells is invariant when
the input radioactivity is varied as much as

threefold (data not shown).

100 1

75-

50 -is~~~~I 25

2 3

Cycles of Hybridization

FIG. 1. Extent of hybridization of HSV-specific
RNA in the presence of excess viral DNA.
[3H]uridine-labeled viral RNA was isolated from in-
fected cell polyribosomes late after infection by pre-

parative DNA excess hybridization as described in
Materials and Methods. A single cycle of analytical
DNA excess hybridization consisted ofa 20-h incuba-
tion of a radioactive sample ofpure viral RNA with
alkali-fragmented, denatured viral DNA at 550C as

described. RNA not hybridized during a 20-h incu-
bation was separated from hybridized RNA as mate-
rial not binding to HAP in 0.2 M PB-8 M urea. The
unhybridized material was dialyzed against extrac-
tion buffer (0.15 M NaCI-0.01 M Tris-0.001 M
EDTA), ethanol precipitated, and subjected to an-

other round of analytical DNA excess hybridization.
Data from four experiments carried out with different
preparations ofHSV DNA are indicated by different
symbols.

Distribution of HSV RNA synthesized in
infected HeLa cells. Cultures of HeLa cells
were infected and labeled with [3H]uridine at 2
to 3 h (early) or 5 to 6 h (late) after infection as
described above. The cells were fractionated,
and nuclear and polyribosomal-associated RNA
was extracted and fractionated into poly(A+)
and poly(A-) fractions as described above. Por-
tions of each fraction were subjected to DNA
excess hybridization, and the amount of HSV-
specific RNA in each was calculated by compar-
ing the amount of radioactive RNA isolated as

hybrid with a pure sample of HSV RNA run in
parallel. The results of a number of such deter-
minations were extrapolated to show the total
amount of viral and cellular RNA synthesized
during the labeling period in a standard culture
of 4 x 107 cells. These data are shown in Table
2.

Early after infection, only about 5% of the
total nuclear RNA synthesized is HSV specific;
however, 25 to 30% of the poly(A+) RNA in the
nucleus, is viral at this time. The proportion of
viral poly(A+) RNA associated with cytoplas-
mic polyribosomes is quite high (60 to 70% of
the total) even at this time after infection. A
similarly high proportion of viral RNA in the
polyribosome-associated poly(A+) fraction is
found when cells are infected at a multiplicity
of infection of 10 PFU/cell instead of the normal
30 PFU/cell used in these experiments. The
proportion of total polyribosome-associated
poly(A-) RNA that is HSV specific is low
(10%), but this corresponds to 45% of the total
HSV polyribosome-associated RNA.

Late after infection, viral RNA accounts for
about 20% of the newly made RNA found in the
nucleus. A third of the newly made nuclear
poly(A+) RNA and about 15% of the nuclear
poly(A-) RNA made at this time are viral.
About 70% of the total polyribosome-associated

TABLE 1. Amount ofHSV RNA in RNA mixtures using DNA excess hybridization
Amt of RNA incubated with 25 gg of HSV DNA RNA recovered as hybrid

HSVb HeLa Total Hybride Calculated Actual
viral % viral

cpm cpmM g cpm Ag cpm % RNAd RNA

6,000 0.2 0 0 6,000 0.2 3,978 61 94 100
6,000 0.2 6,000 3 12,000 3.2 4,000 33 51 50
8,000 0.2 42,000 22 50,000 22 5,140 10 15 17
0 0 6,000 3 6,000 3 97 1.6 2 0
2,425 0.08 0 0 2,425 0.08 1,770 73 100 100
6,000 0.2 0 0 6,000 0.2 3,660 61 94 100

38,000 1.3 0 0 38,100 1.3 23,622 62 95 100
a Details of analytical DNA excess hybridization are given in Materials and Methods.
b Isolated by preparative DNA-excess hybridization of polyribosomal RNA from cells late after infection.
c Determined by HAP chromatography.
d Calculated from the percentage in hybrid; 65% hybrid was normalized to 100% viral RNA (see Fig. 1).
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TABLE 2. Distribution of viral and cellular RNA synthesized in infected HeLa cells
Nucleus (cpm x 10-5) Polyribosomes (cpm x 10-4)b

Labeling pe-
riod (h after Total RNA HSV RNAC Total RNA HSV RNAC
infection)

(A+) (A-) Total (A+) (A-) Total (A+) (A-) Total (A+) (A-) Total
Uninfected 5±1.2 92±4 97±5.2 6.0±0.8 96±4 102±5

2-3 (early) 3.6±1.6 80±4 84±5.6 1.0±0.2 4.0±0.4 5.0±.6 20±8 92±8 108±16 12±2.8 9.6±1.6 21.6±4.4

5-6 (late) 6.4±0.4 40±0.8 46±1.2 2.8±0.8 6.0±0.4 8.8±1.2 14±1.6 16±1.6 30±3.2 12±2.6 8±3.6 20±7.2
a Cells were infected at a multiplicity of 30 PFU/cell. Data are an average of three separate experiments for each time

point. Cells were labeled for 1 h with 140 gCi of [3H]uridine/T-150 flask, and data are total radioactivity recovered per T-150
culture (4 x 107 cells).

b Polyribosomes were isolated by the method of Palmiter (12) as described in Materials and Methods.
c HSV-specific RNA was determined by analytical DNA excess hybridization of a 5,000- to 10,000-cpm portion of each

RNA sample as described in Materials and Methods.

RNA made late after infection is HSV specific.
Half of the poly(A-) polyribosome associated
RNA is viral and, as is the case early after
infection, this nonpolyadenylated viral RNA
accounts for 30 to 45% of the total polyribosome-
associated HSV-specific RNA. Nearly all (75 to
90%) of the poly(A+) RNA made late after in-
fection and found on polyribosomes is HSV spe-
cific.
At no time after infection did viral sequences

account for all the labeled poly(A+) found on
polyribosomes. We tested early and late
poly(A+) polyribosome-associated RNA for the
presence of newly synthesized cellular RNA se-
quences by analytical hybridization in excess
HeLa cell DNA. At both times after infection,
labeled cell-specific RNA was found to be asso-
ciated with polyribosomes in amounts consist-
ent with the proportion of viral sequences in
these fractions (data not shown).
Sequence specificity of HSV RNA contain-

ing poly(A) sequences. Unlabeled RNA was
extracted from the polyribosomes of HSV in-
fected-cells at 2 and 6 h after infection. Hybridi-
zation between fractions of the RNA and HSV
DNA was carried out under conditions of excess
RNA as described above. The data for the hy-
bridization ofpoly(A+) from cells early and late
after infection are shown in Fig. 2A. Poly(A+)
HSV RNA present early after infection anneals
rapidly to 20% of the total HSV DNA. Late
after infection the amount of the HSV genome
present as polyribosome-associated poly(A+)
RNA increases to a value of between 35 and
40% of the total HSV DNA.
Unlabeled RNA isolated from the nucleus at

6 h after infection was also separated into
poly(A+) and poly(A-) fractions. The anneal-
ing of poly(A+) nuclear RNA to viral DNA is
shown in Fig. 2B. At least 50% of the total viral
DNA can be driven into DNA-RNA hybrids by
the end of the reaction.

Size distribution of HSV-specific poly(A+)
RNA. Radioactive poly(A+) RNA from the nu-
cleus and polyribosomes of infected cells was
preparatively hybridized with excess HSV
DNA as described bove. The hybrids were dena-
tured by treatment with formaldehyde and
fractionated on 5 to 20% sucrose gradients con-
taining formaldehyde as described above and
shown in Fig. 3. There is little obvious differ-
ence between the size of the nuclear and polyri-
bosome-associated poly(A+) RNA either early
or late. The broad peak of HSV-specific
poly(A+) RNA early after infection sediments
slower than that of the poly(A+) HSV RNA
late after infection. This difference is small but
quite reproducible and corresponds to a maxi-
mum difference of 10% in the apparent average
s value of the poly(A+) RNA isolated at these
times.

Size range of poly(A) sequences on polyri-
bosomal RNA. Because of the small but repro-
ducible difference between the average s value
of early and late HSV poly(A+) RNA, we ex-
amined the length of the poly(A) tracts on poly-
ribosome-associated RNA isolated at these
times after infection. HSV-infected cells were
labeled with [3H]adenosine early (1 to 2 h) after
infection. Poly(A+) RNA was isolated from the
polyribosomes, and poly(A) sequences were re-
covered from RNase digestion as described
above. The size range of the radioactive poly(A)
sequences was determined by electrophoresis in
12% acrylamide gels. The size distribution of
the radioactive poly(A) present on the polyribo-
somes at the end of the labeling period is shown
in Fig. 4A. There is a heterogeneous size distri-
bution that can be divided into three regions.
We used AMP, (Ap)5A, (Ap)1oA, and tRNA as
internal markers and the gel calibration
method of Morrison et al. (10) to estimate the
size range of the poly(A) fragments. The size
ranges in the three regions shown in Fig. 4
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poly(A+) RNA. Hybridization solution
alkali-fragmented denatured HSV DNi
beled poly(A +) RNA isolated from p
either early (2 h) or late (6 h) after ij
incubated at 720C in I x SSC. At vc
portions were removed, and the amoz

RNA hybrids formed was assayed by
digestion as described in Materials and
previously (21). Different symbols repre.
experiments. (A) Annealing of p
poly(A +) RNA. The concentration
poly(A +) RNA (open symbols) in three
were 140, 100, and 45 pg/ml. Four. exp
shown for the annealing of late p
poly(A +) RNA (closed symbols). The cc

of RNA used were 110, 50, 40, and 5

RNA excess hybridization of HSV D]
nuclear poly(A +) HSV RNA. Poly(A
three preparations (120, 75, and 35 pg/r
Corrections for the self-annealing ofDN
as described in Materials and Method
ously (21).

correspond to poly(A) lengths of g
100, 100 to 30, and less than 30 nucl
observed a similar pattern with uni
cytoplasmic poly(A) labeled for the:
of time (data not shown). The size
of cytoplasmic poly(A) sequences lal
to 6 h (late) after infection is shown
Again, the distribution of radioacti
divided into three broad size range
those shown in Fig. 4A. In this cas
the proportion of the largest poly(
significantly higher than early aft

We also examined the poly(A) sequences of po-
lyribosome-associated. HSV-specific RNA iso-
lated by preparative DNA excess hybridization.
No significant alterations in the proportion of
poly(A) tracts of different lengths were seen
with this RNA as compared to total polyribo-
some-associated RNA.
Sequence specificity of HSV RNA lacking

poly(A) sequences. We hybridized unlabeled
poly(A-) RNA from the nuclei and polyribo-

--75 somes of infected cells under conditions of RNA
excess as described above for poly(A+) RNA.
The results are shown in Fig. 5. Poly(A-) HSV
RNA isolated from polyribosomes early after
infection rapidly hybridizes to about 20% of the
viral DNA. The poly(A-) RNA fraction from
polyribosomes isolated late after infection hy-
bridizes to the same fraction of the HSV DNA
as found for the poly(A+) RNA isolated from
polyribosomes at this time. It is seen in Fig. 5
that between 35 and 40% of the HSV DNA is
represented as poly(A-) transcripts found on

40 polyribosomes.
The hybridization of early and late total poly-

HSV-specific ribosome-associated HSV RNA to viral DNA is
s contsiencing also shown in Fig. 5. Total HSV RNA from
A, and unla- polyribosomes isolated at 2 h after infection
olyribosomes rapidly hybridizes to 20% of the viral DNA. By
infection were 6 h after infection, poly(A+), poly(A-), and
irious times, total polyribosomal RNA anneal to between 35
unt of DNA- and 40% of the total viral DNA. The poly(A-)
SI nuclease RNA from the nucleus isolated early after in-
Methods and fection drives 20% or more of viral DNA into
sent different hybrids. The corresponding fraction isolatedolyribosomal late after infection drives at least 50% of HSV
experiments DNA into DNA-RNA hybrids. The rate plots of
eeriments are such reactions are virtually indistinguishable

?olyribosomal from those reported earlier for total viral RNA
concentrations isolated at these times after infection (21) and
s5 pg/mi. (B) are not shown.
YA with late Size distribution of HSV-specific poly(A-)
-) RNA from RNA. Radioactive HSV-specific poly(A-) RNA
nl) was used. from the nucleus and cytoplasm was isolated by
FA were made DNA excess hybridization and formaldehyde
is and previ- denaturation of the hybrids as described above

for poly(A+) RNA. The viral RNA was frac-
tionated on 5 to 20% sucrose gradients contain-

Teater than ing 1% formaldehyde, and the size distribution
leotides. We of this material is shown in Fig. 6. The viral
infected cell poly(A-) RNA synthesized early after infection
same period contains a larger proportion of more slowly sed-
distribution imenting species than does the poly(A-) viral
beled from 5 material synthesized late after infection. This
i in Fig. 4B. result is analogous to that found with the viral
ivity can be poly(A+) species.
-s similar to Both early and late after infection, the
;e, however, poly(A-) viral RNA contains a larger propor-
A) tracts is tion of rapidly sedimenting species than is
er infection. found in poly(A+) viral RNA. The fast-sedi-
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FIG. 3. HSV poly A(+) RNA size distributions. Cultures of4 x 107 HeLa cells were incubated with 15 PCi
of [3H]uridine per ml for 60 min at 2 h after infection or at 5 h after infection. Nuclear and polyribosomal
poly(A +) RNA was extracted, and viral RNA was purified by preparative hybridization in the presence of
excess viral DNA as described in Materials and Methods. The hybrids were heat denatured in formaldehyde
and layered over 18-ml 5 to 20% sucrose-i % formaldehyde gradients. Centrifugation was at 40C for 20 h at
24,000 rpm in a Spinco SW27 rotor. The gradient was collected through a Gilford recording spectrophotome-
ter, and 0.7-ml fractions were collected. The radioactivity in each fraction was determined as described.
Symbols:. 32P-labeled HeLa rRNA added prior to formaldehyde treatment; *, [3Hluridine-labeled
viral RNA from: (A) early polyribosomes, (B) early nuclei, (C) late polyribosomes, and (D) late nuclei.

menting HSV RNA, found both in the nucleus
and associated with polyribosomes, contains a

significant amount of material that sediments
at least as rapidly as 45S rRNA (data not
shown). As is the case with the viral poly(A+)
species, there is no gross difference between the
size distribution of the nuclear and polyribo-
some-associated viral poly(A-) RNA either
early or late after infection.

Distribution of viral sequences within poly-
ribosome-associated RNA. We carried out the
following experiment to determine whether the
viral poly(A-) sequences were confined to a

specific fraction of total polyribosome-associ-
ated RNA. Cells were labeled with [3H]uridine
at 5 h after infection, and the total polyribo-
some pellet was isolated as described above.
The pelleted material was fractionated by cen-
trifugation on a 15 to 40% sucrose gradient as

shown in Fig. 7. The fractions sedimenting
with single ribosomes and polyribosomes were
isolated by pooling the fractions indicated by
the bars in Fig. 7. The amount of HSV-specific
poly(A+) and poly(A-) RNA was determined
by poly(U) chromatography and analytical
DNA excess hybridization. The results of the
experiment (Table 3) indicate that 80% of the

viral polyribosome pellet-associated RNA is
found sedimenting with polyribosome struc-
tures and that the proportion of viral poly(A-)
RNA is invarient between the monosome and
polyribosome fractions.
We next examined the properties of the HSV-

specific poly(A+) and poly(A-) RNA released
by EDTA treatment of the viral material cose-
dimenting with polyribosomes. Such treatment
releases mRNA from polyribosomes but does
not disaggregate other cytoplasmic ribonucleo-
protein complexes (13). The pooled polyribo-
some-associated material fractionated in the
same manner as that shown in Fig. 7 was pel-
leted by centrifugation for 60 min at 50,000 rpm
at 40C in a Spinco 65 rotor. The pelleted mate-
rial was resuspended in 20 mM EDTA (pH 7.5)
and fractionated by centrifugation for 75 min at
40,000 rpm on a 15 to 40% sucrose gradient
containing 0.1 M NaCl, 0.01 M Tris, and 0.020
M EDTA, pH 7.5, in an SW41 rotor. The
amount of HSV-specific RNA in the top one-
third of the gradient (EDTA released) was de-
termined, and the proportion of HSV-specific
poly(A+) and poly(A-) RNA in the EDTA-
released fraction was identical to that found in
total polyribosomes (Table 3). We conclude,
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FIG. 4. Size distribution of poly(A) sequences
present on polyribosome-associated RNA after infec-
tion with HSV. (A) HSV-infected HeLa cells (4 x

107) were labeled with 50 uCi of[3H]adenosine from
2 to 3 h after infection. Cytoplasmic RNA was ex-

tracted, and the poly(A+) RNA was removed by
hybridization chromatography onto poly(U) filters.
The poly(A +) RNA was digested with RNase A and
RNase T. RNase-resistant material was phenol ex-

tracted and subjected to electrophoresis in a 12%
polyacrylamide gel, and radioactivity was measured
as described in Materials and Methods. AMP (1),
(Ap)5A (6), (Ap)1oA (11), and tRNA (T) were added
as internal size markers, and their positions are

shown by the respective symbols. (B) Size distribu-
tion ofpoly(A) sequences present late after infection.
Cells were labeled with [3H]adenosine from 5 to 6 h
after infection. All other conditions are as described
for (A). The dashed lines on all three panels show the
rough size ranges discussed in the text.

therefore, that a significant proportion of
poly(A-) viral RNA is actually bound to polyri-
bosome structures in the same manner as is the
poly(A+) RNA. The size distributions of
EDTA-released HSV poly(A+) and poly(A-)
RNA were determined by sedimentation in su-
crose-formaldehyde gradients as described
above. Polyadenylated and nonpolyadenylated
viral RNA released from polyribosomes by
EDTA display the same size distributions as

viral RNA isolated from total polyribosome-
associated material (Fig. 3 and 6).

Metabolic relationship between HSV
poly(A+) and poly(A-) RNA. We examined
the effect of cordycepin on the synthesis and

appearance of HSV RNA in poly(A+) and
poly(A-) fractions in infected cells. Cells were
labeled for 45 min with [3H]uridine either in the
presence or absence of 50 ,ug of cordycepin per

ml at 5 h after infection. After labeling, polyri-
bosome RNA was extracted and separated into
poly(A+) and poly(A-) fractions, and the
amount of HSV-specific RNA in each fraction
was determined (Table 4). The results of this
experiment demonstrate that there is a general
reduction of label incorporation into poly(A-)
RNA in nucleus and polyribosomes (50 to 60%)
in the presence of the drug and that the amount
of radioactivity incorporated into HSV-specific
poly(A-) RNA is reduced by a similar amount.
In contrast, there is a reduction of incorpora-
tion of radioactivity into viral poly(A+) RNA
by about 85% in both the nucleus and on polyri-
bosomes. Since there is a specific inhibition of
viral poly(A+) RNA in the presence of the
drug, whereas the appearance of the viral
poly(A-) RNA is inhibited only at the same
level as overall RNA synthesis, we conclude
that no large amount of viral poly(A-) RNA is
derived from the poly(A+) fraction during a

short (1-h) labeling time.

DISCUSSION
DNA excess hybridization in solution in the

presence of formamide is a highly efficient and
specific technique that is well suited for quanti-
tative analysis and mild enough for preparative
applications. We have utilized this technique to
quantitate the amount of HSV RNA in subcel-
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FIG. 5. Sequence specificity ofpoly(A-) and total
HSV RNA associated with polyribosomes. RNA ex-

cess hybridization was as described in the legend to
Fig. 2. The concentrations of early RNA (open sym-

bols) used were 4.1 mg and 2.3 mg ofpoly(A -) RNA
per ml (A, 0) and 17 mg of total RNA per ml (0).
The concentrations of late RNA (closed symbols)
used were 3.8, 3.6, 2.7, and 1.2 mg of poly(A-)
RNA (A, *, U, *) and 27 mg total ofRNA per ml
(-).
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FIG. 6. HSV poly(A -) RNA size distribution. [3H]uridine-labeled HSV poly(A -) RNA was prepared as
described in the legend to Fig. 3. Centrifugation was through 5 to 20% sucrose-formaldehyde gradients at 40C
for 20 h at 24,000 in a Spinco SW27 rotor. Gradients were collected and fractionated, and fractions were
counted as described in the legend to Fig. 3. Symbols: ...., 32P-labeled HeLa rRNA added prior to
formaldehyde treatment; *, [3H]uridine-labeled viral RNA from: (A) early polyribosomes, (B) early nuclei,
(C) late polyribosomes, and (D) late nuclei.
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FIG. 7. Polyribosome sedimentation profile from
HeLa cells late after infection. [3H]uridine-labeled,
polyribosome-associated RNA was prepared and
fractionated by centrifugation on 12-ml gradients of
15 to 40% sucrose in 25 mM NaCl, 25 mM Tris, 5
mM MgCl2, and 200 pg of heparin per ml. Centrifu-
gation was at 40C for 75 min at 40,000 rpm in a
Spinco SW40 rotor. The gradient was separated into
0.5-ml fractions collected through a Gilford record-
ing spectrophotometer. 3H radioactivity was deter-
mined by counting 100- pl portions ofeach fraction in
Aquasol. The horizontal bars indicate: M, fractions
pooled as RNA associated with not more than one
ribosome; P. fractions pooled as RNA associated
with more than one ribosome.

lular fractions of infected HeLa cells and to
isolate intact viral RNA for direct size analysis.
The extent of DNA-RNA annealing under

conditions of DNA excess depends both on the
initial ratio of DNA to RNA and on the ratio of
the rate constants of the two competing anneal-
ing reactions (8, 19). Under our analytical con-
ditions we can drive 65 to 75% of purified HSV
RNA into hybrid in a single cycle and better
than 90% into hybrid in three such cycles (Fig.
1). The experiments summarized in Table 1
demonstrate that increasing the input amount
of viral RNA by 10- to 15-fold has little effect on
the maximum efficiency of hybridizaton of the
viral RNA. We conclude that the range of total
input HSV RNA used in our experiments re-
sults in sufficiently high DNA excess to allow
valid quantitation of this RNA in a given sam-
ple.

Several lines of evidence support the accu-
racy of our measurements of the relative
amounts of viral RNA in different cell frac-
tions. We find that the relative amount ofHeLa
cell-specific sequences in samples of infected
RNA is the same when determined by cell DNA
excess hybridization, as is inferred from results
of HSV DNA excess hybridization of the same
sample (see Table 2 and Results). Also, we have
measured the relative amounts of viral RNA in
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cellular fractions using filter disk hybridization
either at high temperatures, as has been de-
scribed previously (20, 27), or at low tempera-
tures in 50% formamide. The results of such
experiments are fully consistent with those re-
ported here, although the maximum efficiency
of hybridization ofpure viral RNA to DNA is on
the order of 10% (J. R. Stringer and E. K.
Wagner, unpublished data).
The distribution of RNA synthesized during

a 6-h labeling period in HeLa cells early and
late after infection is shown in Table 2. Total
incorporation of [3H]uridine declines markedly
late after infection due to the inhibition of syn-
thesis and processing of the 45S rRNA precur-
sor (25). The total amount of viral RNA synthe-
sized in the infected cells increases slightly
from 2 to 5 h after infection; however, the

TABLE 3. Distribution ofpolyribosome-associated
HSV-specific RNAa

Amt of HSV RNA

Distribution (A+) (A-)

cpm % cpm %

Association with total 126,000 55 102,000 45
polyribosomal pel-
letb

Cosedimenting with 26,000 56 20,000 44
single ribosomes

Cosedimenting with 100,000 55 82,400 45
polyribosomes

Released by EDTA 100,000 59 68,000 41
treatment of polyri-
bosomese
a Fractionation was carried out as shown in Fig. 7. Cells

were labeled with 15 MCi of [3H]uridine per ml at 5 h after
infection, and the polyribosomal pellet was isolated as de-
scribed in Materials and Methods.

b Data are expressed as total viral radioactivity per 4 x
107 cells; viral RNA was calculated by DNA excess hybridi-
zation as described.

I Data from a separate experiment.

amount of viral RNA associated with cytoplas-
mic polyribosomes is virtually constant during
this period. Although at least 60% of the total
poly(A+) RNA on polyribosomes is viral by 2 h
after infection, there is still a detectable
amount of cellular sequences being synthesized
and appearing as poly(A+) RNA on polyribo-
somes even late after infection. The functional
significance of this continued cellular mRNA
synthesis is unknown, but it is unlikely that it
is due to a fraction of cells remaining unin-
fected, since it can be observed at higher multi-
plicities of infection and under conditions
where cell density in the culture flask is rela-
tively low to maximize cell-virus interaction.
As shown in Fig. 3, HSV-specific poly(A+)

RNA found early after infection has a measura-
bly smaller weight average s value than viral
poly(A+) RNA synthesized late after infection.
Some of this difference is likely due to the
smaller average number of (A) residues on

poly(A+) RNA early after infection (Fig. 4). It
is unlikely that this is the whole explanation,
since there is a readily detectable light compo-
nent of viral RNA seen in early poly(A-) RNA
also (Fig. 6). Silverstein et al. (18) have found
that the poly(A) tracts in HSV-infected cells
labeled from 2 to 8 h after infection are similar
to that shown in Fig. 4B. This suggests that,
whatever the reason for shorter poly(A) tails
being on RNA made early after infection, these
short poly(A) sequences are transitory.
Although we can readily detect polyadenyla-

ted HSV RNA, we have also observed the pres-
ence of large amounts of HSV RNA lacking
these sequences on polyribosomes both early
and late after infection (Table 2). The extent of
the annealing of excess RNA to HSV DNA
shown in Fig. 2 and 5 demonstrates that there
is little, if any, difference in the sequences of
poly(A+) and poly(A-) HSV RNA from polyri-

TABLE 4. Effect of cordycepin on proportion ofPoly(A +) HSV RNA in infected HeLa ceilsa
Nucleus (cpm x 10-5)a Polyribosomes (cpm x 10-4)

Expt Total RNA HSV RNA Total RNA HSV RNA

(A+) (A-) Total (A+) (A-) Total (A+) (A-) Total (A+) (A-) Total

Cells labeled 5 h after 6.4 39 45 2.7 5.8 8.5 10 10 20 8.7 4.7 13.4
infection b

Cells labeled 5 h after 2.5 15.8 18.3 0.38 3.2 3.6 1.6 5 6.6 0.7 2.6 3.3
infection in the
presence of 50 jg of
cordycepin per mlc

Inhibition (%) 61% 60% 60% 86% 45% 58% 84% 50% 67% 92% 45% 75%

a Data are given as total radioactivity/4 x 107 cells; HSV-specific RNA was calculated from DNA excess hybridization as
described.

b Cells were infected at a multiplicity of infection of 30 PFU HSV-1/cell. Cells were labeled with 15 MCi of [3H]uridine per
ml for 45 min.

e Cordycepin was added 5 min prior to labeling and was present during the labeling period.
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bosomes at either time after infection. It is
clear, however, that there is a significant frac-
tion of the polyribosome-associated viral
poly(A-) RNA that is larger in size than the
corresponding viral poly(A+) material (Fig. 3
and 6).
The larger poly(A-) viral transcripts found

on polyribosomes approach the size of the large
viral poly(A-) RNA found in the nucleus,
which we have observed to sediment as fast as
the 45S precursor to rRNA. Even though there
are viral sequences on the polyribosomes signif-
icantly larger in size than 28S rRNA, the pro-
portion of total polyribosomal HSV RNA of this
size is low compared to the major fraction cose-
dimenting in the size range of 18S rRNA or
smaller. Since poly(A-) RNA is the predomi-
nate class of viral RNA in the nucleus (ca. 80%)
and the majority of viral RNA is found in the
nuclear fraction (Table 2), it is clear that, as
has been previously estimated (25), the weight
average s value of total viral RNA in the nu-
cleus exceeds that of total viral RNA found on
polyribosomes.

Early after infection, the poly(A+) and
poly(A-) HSV RNAs from polyribosomes have
sequences homologous to 20% of the viral DNA.
This value corresponds to the major class of
total viral RNA found at this time after infec-
tion (4, 11, 20, 21, 23). Late after infection, viral
RNA homologous to 35 to 40% of HSV DNA is
found on polyribosomes. More of the viral DNA
is represented as poly(A-) and poly(A+) tran-
scripts in the nucleus late after infection (50%)
than on polyribosomes (35 to 40%; Fig. 2 and 5).
This result indicates a restriction of some viral
sequences to the nucleus late after infection.
Roizman et al. (15) first described such a re-
striction ofsequences to the nucleus in studying
total polyribosome-associated HSV RNA. The
restriction of some poly(A)-containing se-
quences to the nucleus indicates that, with
HSV, polyadenylation of RNA is not in itself
sufficient to insure transport to the cytoplasm,
in agreement with the finding with simian vi-
rus 40 by Aloni (1).
The results reported here clearly demon-

strate that a significant portion of the HSV-
specific poly(A-) RNA associated with the pol-
yribosomes is actually bound to polyribosomes
and not in a ribonucleoprotein complex of un-
known function. The data of Fig. 7 and Table 3
show that the major portion of viral poly(A-)
RNA sediments with the polyribosomes them-
selves. It is also shown in Table 3 that EDTA
treatment of material sedimenting as polyribo-
somes releases viral poly(A+) and poly(A-)
RNA in the same proportion as found in the
intact polyribosomes. Further, this viral

poly(A -) RNA found on polyribosomes con-
tains methylated 5' caps and internally located
methylated species as do viral poly(A+) mRNA
molecules (Moss et al., manuscript in prepara-
tion). Such methylation is consistent with this
poly(A-) RNA functioning as mRNA.

HSV-specific poly(A-) RNA is not a meta-
bolic derivative of viral poly(A+) RNA. In in-
fected cells labeled in the presence of cordyce-
pin, the appearance of viral poly(A-) RNA on
polyribosomes is inhibited at the same level as
is total RNA synthesis, whereas there is a vir-
tually complete inhibition of appearance of ra-
dioactivity into the poly(A+) fraction in both
the nucleus and cytoplasm (Table 4). Such a
result demonstrates that poly(A-) RNA does
not require polyadenylation for transport to the
cytoplasm.

HSV-specific poly(A-) RNA reported in this
paper shares many features with the unin-
fected HeLa cell cytoplasmic poly(A-) RNA
described by Milcarek et al. (9); it is associated
with polyribosomes in a manner expected for
mRNA, it is larger than polyribosomal
poly(A+) RNA, and its appearance is resistant
to the action of cordycepin. Although this mate-
rial appears similar to that found in uninfected
cells, it is clear from the data of Fig. 2A and 5
that the HSV-specific poly(A-) RNA on polyri-
bosomes shares the same sequences as the viral
poly(A+) RNA, in contrast to the situation in
uninfected cells as reported by Penman and co-
workers (9).
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