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Herpes simplex virus type 1 (HSV-1) DNA covalently bound to cellulose was
used as a reagent to isolate viral RNA transcripts for size analysis on denaturing
agarose gels. Nuclear and polyribosomal RNA isolated at 2 h postinfection (p.i.)
migrated with sizes between 1,500 and 5,500 nucleotides. At 6 h p.i. (when viral
DNA synthesis is underway), viral polyribosome-associated polyadenylated RNA
showed different discrete sizes of species predominating, with RNA larger than
5,500 nucleotides clearly present. Nearly 50% of the newly made viral RNA found
in the nucleus at 6 h p.i. was from 5,000 to 10,000 nucleotides in length. A high-
resolution transcription map of the viral mRNA abundant at 2 h p.i. was compiled
from the hybridization of Southern blots of HSV-1 DNA restriction fragments to
both sizes of fractionated polyribosomal polyadenylated RNA and 3’ complemen-
tary DNA probe made to this size of fractionated RNA. We have identified and
mapped 16 mRNA species abundant at 2 h p.i. These RNAs range in size from
1,500 to 5,300 nucleotides and map throughout the HSV-1 genome. In some
instances, a direction of transcription can be suggested. Further, about one-third
of this number of mRNA’s has been found in cells infected with a DNA-negative
temperature-sensitive mutant (#sB2) and grown at the nonpermissive tempera-

ture (39°C).

Herpes simplex virus type 1 (HSV-1) contains
a linear, double-stranded DNA genome of 95 X
10° to 100 X 10° daltons (d) (11, 34). Lower values
for the molecular weight previously reported by
this laboratory (36, 37) were based on values for
T4 and ¢X replicative-form II (¢XRFII) DNA
accepted at that time, but which now are known
to be significantly below the actual values. Re-
gardless, the strain of HSV-1 we are using (KOS)
has an electron microscopic contour length of
28.1 times that of ¢XRFII (36) so that it is
150,000 base pairs (150 kilobase [kb] pairs) in
length, based on the known length of the stan-
dard (25). The viral DNA has been shown to be
structurally complex and consists of a long and
a short region, each composed of unique se-
quences that are bounded by different inversely
repeated sequences (34). These two regions have
been found to orient themselves such that four
equimolar configurations of the viral DNA are
obtained (12, 40).

We and other workers have been investigating
the properties of HSV-1 mRNA. Viral mRNA
shares general properties with host cell mRNA;
ie., it is synthesized in the nucleus (35), poly-
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adenylated on the 3’ end (2, 26, 28), and capped
on the 5 end (4, 20). The abundant HSV-1
mRNA species appearing before the onset of
viral DNA synthesis (early—the times after in-
fection used in this paper) can be differentiated
into two classes. One class, representing 10 to
15% of the genome, consists of the immediate
early, or @, mRNA’s which are found in high
abundance in the cytoplasm of cells treated with
cycloheximide from the time of infection (16).
Jones et al. (15), using RNA excess solution
hybridizations, and Clements et al. (6), using
Southern-blot hybridizations, have shown that
the « mRNA species map in specific, noncontig-
uous sites on the HSV-1 genome. The other
major abundant class of mRNA species found
before viral DNA replication are the 8 messages.
These mRNA'’s encode proteins which are syn-
thesized after proteins encoded by the « mRNA
species have been synthesized (14). Together,
the @ and 8 mRNA'’s represent approximately
25% of the HSV-1 DNA sequences (16, 31, 33).
Stringer et al. (29) used electron microscopy to
show that although these a and 8 mRNA species
map throughout the HSV-1 genome, they hy-
bridize more frequently to some regions than to
others.

By 6 h postinfection (p.i.), when viral DNA
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synthesis is maximal, the majority of the early
RNA sequences continue to be synthesized, and
transcripts from an additional 20% of the viral
genome are found in good yield on polyribo-
somes (28). The additional RNA comprises y, or
true late mRNA species, and is present at about
one-fifth the concentration of the a and 8 mes-
sages. RNA sequences homologous to y mRNA
have been detected even at the earliest times
after infection, but then at a 10- to 20-fold-lower
concentration than the a and 8 mRNA (16, 31).

We previously have reported methods for the
isolation and characterization of total HSV-1
mRNA synthesized after viral DNA replication
(1). On the basis of our preliminary data, we can
identify more than 30 discrete viral mRNA spe-
cies ranging in size from greater than 8,000 to at
least 1,500 nucleotides (>8 to 1.5 kb) in length.
These viral mRNA species map throughout the
HSV-1 genome; however, abundant amounts of
species larger than 4 kb are found only in the
long unique region. Also, certain small areas of
the viral genome encode a number of mRNA
species, suggesting that some HSV-1 mRNA
species have overlapping sequences.

In the experiments reported in this paper, we
have examined the readily resolvable, abundant
HSV-1 mRNA synthesized early after infection.
This RNA has a size distribution from 5.5 to 1.5
kb, although small amounts of larger species can
be detected. We have used Southern-blot hy-
bridization of HSV-1 DNA restriction fragments
to size fractionated, early polyribosomal RNA to
identify and map a minimum of 16 abundant
early mRNA species. On the basis of size of each
of these, species can be correlated with an
mRNA species previously mapped late in the
same location.

Further, we have identified about one-third of
the number of mRNA species as being produced
at nonpermissive temperatures after infection
with a DN A-negative, temperature-sensitive (¢s)
mutant of HSV-1 (#sB2).

MATERIALS AND METHODS

Cells and virus. Monolayer cultures of HeLa cells
were grown in Eagle minimum essential medium with
Earle salts, 10% calf serum, and no antibiotics. Growth
conditions and assay for mycoplasmic contamination
were as previously described (30). Stocks of the KOS
strain of HSV-1 were grown in HeLa cells at a multi-
plicity of 0.1 PFU/cell and prepared as described
previously (36). The KOS mutant strain ¢sB2 was
obtained from P. Schaffer at the Harvard Medical
School and was not passaged before use.

Isolation, labeling, and fractionation of RNA.
Cells were infected at a multiplicity of 10 PFU/cell for
30 min at 37°C in phosphate-buffered saline (9) con-
taining 0.1% fetal calf serum and then overlaid with
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medium 199 containing 5% fetal calf serum. Time after
infection was measured after the absorption period.
For preparation of polyribosomal RNA, cells were
lysed in buffer containing 25 mM Tris (pH 7.5), 25
mM NaCl, 5 mM MgCl,, 50 ug of heparin per ml, 5%
sucrose, and 2% Triton X-100. The polyribosome-as-
sociated RNA was isolated by the Mg®* precipitation
method of Palmiter (22) as described previously (28).
The precipitated polyribosomes were suspended in 100
mM NaCl-10 mM Tris-5 mM EDTA-0.5% sodium
dodecyl sulfate (pH 7.4), digested with 250 ug of Pro-
teinase K (Merck & Co., Inc.) per ml for 15 min at
45°C, gently extracted with phenol and chloroform
(28), and precipitated with 2 volumes of ethanol at
—20°C. Polyadenylated [poly(A)] RNA was obtained
by use of oligodeoxythymidylic acid (oligo[dT?])-cellu-
lose (Collaborative Research, Inc. [10]).

Nuclei were isolated from cells lysed in 10 mM
NaCl-10 mM Tris-1.5 mM MgCl; (pH 7.4) (reticulo-
cyte standard buffer [RSB]), containing 0.5% Nonidet
P-40 (Shell). These nuclei were then ruptured in 500
mM NaCl-10 mM Tris-50 mM MgCl: (pH 7.4) and
briefly digested with 200 ug of electrophoretically pu-
rified DNase (Sigma Chemical Co.) at 37°C. A 0.1
volume of 250 mM EDTA (pH 7.5) and a 0.05 volume
of 10% sodium dodecyl sulfate were added, and the
nuclear lysate was digested with proteinase K and
extracted as described above.

Tritium-labeled RNA was isolated as above from
cells overlaid at 1.5 h p.i. for 45 min with 180 uCi of
[*H]uridine (28 Ci/mmol, Schwarz/Mann) per 2 X 10’
cells (T-150 flask) in 12 ml of medium 199 containing
5% fetal calf serum which had been dialyzed against
sterile 0.15 M NaCl. For **P-labeled RNA, cells were
overlaid with 2 to 4 mCi of **P; (New England Nuclear
Corp.) per T-150 flask in 12 ml of Eagle minimum
essential medium containing 1/10 the normal phos-
phate level and 5% dialyzed fetal calf serum. Labeling
time was from 0 to 2 h p.i.

Size fractionation of labeled RNA was achieved by
electrophoresis on 1.2% agarose (Sigma) gels contain-
ing 10 mM methylmercury hydroxide (Alpha-Ven-
tron). These gels are completely denaturing, and the
migration is linearly related to the log RNA size for
the size ranges studied (3, 13). All procedures involving
CH,HgOH were performed in a ventilated hood, and
protective gloves were worn at all times. *P-labeled
rRNA prepared as previously described from HeLa
cells (28) was included as an internal standard for *H-
labeled samples and in parallel gels for **P-labeled
samples. After electrophoresis, the gels were soaked in
50 mM B-mercaptoethanol for 20 min and sliced at 2-
or 3-mm intervals. Tritium radioactivity in each slice
was measured by dissolving slices in 0.3 ml of 7%
perchloric acid at 78°C and mixing with 4 ml of Aqua-
sol II (New England Nuclear Corp.) Radioactivity
from *’P-labeled RNA gels was determined by Ceren-
kov radiation counting of the intact slices.

Isolation of HSV DNA. Cells grown in plastic
roller bottles (10° cells per bottle) were infected with
a multiplicity of 10 PFU/cell and incubated in medium
199 containing 5% fetal calf serum. At 20 h p.i., super-
natant virions from the cell overlay medium and cy-
toplasmic virions were collected as follows: the overlay
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medium was poured off and stored on ice; the cells
were scraped into ice-cold 0.15 M NaCl and pelleted
by spinning at 1,000 X g for 5 min. The cell pellet was
suspended in RSB containing 0.5% Nonidet P-40 for
10 min on ice. The saline supernatant was added to
the overlay medium, and ths was centrifuged at 6,000
X g for 10 min to pellet floating cells. This material
was pooled with the bulk of the cells and lysed with 10
strokes of a tight-fitting glass Dounce homogenizer,
followed by centrifugation at 8,000 X g for 8 min. HSV
in the cell lysate supernatant was pooled with the
medium supernatant and pelleted by centrifugation at
27,000 X g for 20 min. All centrifugations were per-
formed at 0 to 4°C. The virus-containing pellet was
resuspended in a small volume of 100 mM NaCl-10
mM HEPES (N-2-hydroxyethylpiperazine-N'-2-eth-
anesulfonic acid)-20 mM EDTA (pH 7.4), gently lysed
by the addition of 0.1 volume of 20% Sarkosyl and 0.05
volume of 10% sodium dodecyl sulfate, and digested
with 300 ug of proteinase K per ml for 3 h at 45°C.
Viral DNA was purified by a single cycle of isopycnic
centrifugation as described previously (37).

Restriction enzyme digestion and fragment
purification. The restriction enzymes used in these
studies were Bg/II, HindlIIl, and Xbal from New Eng-
land Biolabs and Hpal from Bethesda Research Lab-
oratories. All digestions were performed under condi-
tions recommended by the supplier. Amounts of 1 to
3 ug of restricted DNA were electrophoresed on 0.5%
agarose gels (0.6 by 14 cm) in 40 mM Tris-5 mM
sodium acetate-2 mM EDTA (pH 7.8) at 1 mA/gel (2
V/cm) for 24 h at room temperature. Alternatively,
restriction fragments were separated by electropho-
resis on horizontal slabs (42 by 20 by 1.2 cm) of 0.5%
agarose for 48 h at 70 mA (1.2 V/cm). Bands were
visualized by UV fluorescence of ethidium bromide-
stained DNA.

Bands containing restriction fragments were cut
from the gel and recovered by binding to hydroxylap-
atite columns and eluting in 0.5 M phosphate buffer
(17). The DNA then was extracted overnight with
isopentyl alcohol saturated with 10 mM EDTA, de-
salted by passage through a column (1 by 30 cm) of
Sephadex G-25 equilibrated in 100 mM NaCl-10 mM
Tris-1 mM EDTA (pH 7.4), and stored at —20°C.

Preparation of HSV DNA bound to cellulose.
HSV DNA was bound to diazotized cellulose, using a
modification of the Noyes and Stark method (21) as
described by Anderson et al. (1). Briefly, DNA was
precipitated with 2 volumes of ethanol and pelleted at
20,000 X g. The DNA was suspended in 80% dimethyl
sulfoxide-2 mM potassium phosphate (pH 6.5) and
heated to 78°C for 5 min before coupling to assure
complete denaturation. Cellulose was diazotized as
described by Noyes and Stark (21). After coupling at
4°C for 48 h, the cellulose suspension was rinsed twice
with 80% dimethyl sulfoxide-2 mM KPO, (pH 6.5) at
:50°C, four times with 0.1x SSC (SSC is 150 mM NaCl
plus 15 mM trisodium citrate) at 25°C, three times
with 98% formamide-10 mM HEPES (pH 8.0), and
three times with hybridization buffer (400 mM Na*,
100 mM HEPES [pH 8.0}, 5 mM EDTA) containing
80% formamide and stored in formamide hybridization
buffer under nitrogen at 4°C. Small amounts of **P-
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labeled viral DNA, included in each reaction as a
measure of the coupling efficiency, routinely showed
35 to 45% of the input DNA remaining coupled after
rinsing.

HSV DNA:RNA hybridization in the absence
of DNA reannealing. RNA-to-DNA cellulose hy-
bridizations were done under conditions in which HSV
DNA will not reanneal. As shown by Casey and Dav-
idson (5), in high levels of formamide, RNA:DNA
hybrids form at incubation temperatures near the
melting temperature of the DNA duplex, where there
is no DNA:DNA reassociation. Under our conditions
of hybridization (400 mM Na*, 80% formamide), we
have established that the melting temperature for
HSV-1 DNA is 62°C, that the optimum incubation
temperature for RNA:DNA hybrid formation is 57°C,
and that at 57°C no detectable DNA:DNA reannealing
occurs.

Hybridization of RNA to DNA cellulose. Hy-
bridizations to DNA cellulose were carried out using
0.5 X 10° to 1 X 10° °H cpm of RNA and 8 to 12 ug of
HSV DNA coupled to 1 mg of cellulose. Hybridization
was for 4 h at 57°C. After incubation, unhybridized
RNA was removed by extensive rinsing in 2x SSC,
followed by hybridization buffer at room temperature
and finally by hybridization buffer at 60°C. Hybridized
RNA was eluted with 98% formamide containing 10
mM HEPES (pH 8) at 60°C. The eluant was adjusted
to 100 mM sodium acetate and 20% formamide, and
the RNA was collected by ethanol precipitation and
centrifugation.

DNA Southern-blot hybridization of size-frac-
tionated RNA. Restriction endonuclease-digested
HSV-1 DNA was transferred from agarose gels to
nitrocellulose paper (BA85, Schleicher & Schuell Co.)
by the method of Southern (27). These DNA blots
were used for hybridization of **P-labeled RNA from
individual slices of methylmercury-agarose gels. Gel
slices were dissolved in hybridization buffer containing
65% formamide by heating at 78°C for 5 min. The
RNA samples and the nitrocellulose DNA blots were
sealed in plastic bags and hybridized at 57°C for 48 h.
After hybridization, the nitrocellulose strips were
given three 1-h rinses in 65% formamide-2.1x SSC at
45°C. They then were wrapped in Saran Wrap and
pressed next to Kodak X-Omat-R X-ray film for 1 to
7 days, in some cases using photosensitizing screens
(Cronex Lighting Plus, DuPont Co. [32]).

Preparation and hybridization of HSV RNA 3’
probe cDNA. RNA was labeled with 10% of the
normal amount of *P and polyribosomal poly(A) RNA
isolated at 2 h p.i. This RNA was fractionated on
methylmercury-agarose gels; the gels then were
soaked, sliced, and counted as described above. Slices
of the gels containing RNA of interest were incubated
for 30 min with 100 mM NaOH at room temperature
to degrade the RNA to an average size of 400 to 500
nucleotides in length. This was determined by treating
a control slice containing **P-labeled 28S rRNA in the
same manner and then eluting and electrophoretically
sizing this material on a denaturing agarose gel. The
gel slices were neutralized by addition of HCI and
minced in 500 mM NaCl-10 mM Tris-1 mM EDTA,
pH 7.6. RNA was eluted by soaking overnight, agarose
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was removed by centrifugation, and the supernatant
RNA was passed through an oligo(dT)-cellulose col-
umn. Poly(A)-containing RNA was eluted with 10 mM
Tris-1 mM EDTA, pH 7.6; the eluant was adjusted to
100 mM sodium acetate, and the poly(A)-containing
RNA was precipitated with ethanol. The RNA pellet
was suspended in 0.1 ml of buffer containing 50 mM
Tris (pH 8.1), 8 mM MgCl,, 50 mM KCl, 0.4 mM
dATP, dGTP, and dCTP, 4 mM dithiothreitol, 100 ug
of actinomycin D per ml, 50 uCi of [**P]TTP (350 Ci/
mmol, Amersham Corp.), and 1 to 3 ug of oligo-
(dT)12-18 (Collaborative Research, Inc.) per ml. Ten
units of avian myeloblastosis virus reverse transcrip-
tase (a gift from D. Temeier) was added, and the
sample was incubated at 37°C for 60 min. The reaction
was stopped by adding 0.05 volume of 10% sodium
dodecyl sulfate and 0.1 volume of 0.25 M EDTA. The
mix then was digested with 100 pg of proteinase K per
ml for 20 min at 45°C and loaded onto a Sephadex G-
50 column equilibrated in 100 mM NaCl-10 mM Tris
(pH 7.4)-5 mM EDTA. The excluded radioactivity
was phenol chloroform extracted and RNA hydrolyzed
overnight in 0.3 M NaOH. The solution was neutral-
ized with acetic acid, and the complementary DNA
(cDNA) was ethanol precipitated. The 3’ probe cDNA
made in this way has a size range of <100 to ~10
nucleotides as determined by electrophoresis on de-
naturing agarose gels. The weight average size is 15 to
20 nucleotides, based on the relative amounts of radio-
activity migrating at different sizes in the 10- to 100-
nucleotide range.

Hybridization of cDNA to Southern blots was car-
ried out for 48 h at 45°C in 65% formamide containing
hybridization buffer and Denhardt solution (0.02%
Ficoll, 0.02% polyvinylpyrollidone, 0.02% bovine serum
albumin [8]). Blots were incubated in this buffer for 4
h at 45°C before the addition of the cDNA samples.
After hybridization, the DNA blots were rinsed and
subjected to autoradiography.

RESULTS

Size range of HSV-1 RNA synthesized
before viral DNA synthesis. We have dem-
onstrated elsewhere that HSV DNA bound to
cellulose is a highly specific reagent for isolating
viral RNA (1). Controls using uninfected cell
RNA or bacterial DNA bound to cellulose show
that nonspecific background is 0.05 to 0.1% of
added radioactivity. Further, no nicking of 32P-
labeled marker RNA can be demonstrated under
our hybridization conditions. We isolated poly-
ribosomal poly(A) RNA and total nuclear RNA
from 4 X 10” HSV-1-infected cells labeled from
1.5 to 2.25 h p.i. with [*H]uridine. This RNA was
hybridized to HSV DNA cellulose and fraction-
ated by denaturing agarose gel electrophoresis
(Fig. 1A and B). It can be seen that at this time
after infection, viral polyribosomal poly(A) RNA
and nuclear RNA have the same size distribu-
tion, the bulk of radioactivity migrating in sizes
between 1.5 and 5.4 kb. These sizes were deter-
mined from the migration rates of individual
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bands of radioactivity compared with the migra-
tion of 28S (1.76 x 10° d; 5.2 kb [18, 39]) and 18S
(0.67 X 10° d; 2 kb [18, 39]) *2P-labeled HeLa cell
rRNA included as a size marker. As we have
described previously (13), Bailey and Davidson
(3) showed that electrophoresis on the denatur-
ing agarose gels used in these experiments sep-
arates RNA as a linear function of the log of its
size.

The size distribution of HSV-specific polyri-
bosomal poly(A) and nuclear RNA from cells
labeled from 5.26 to 6 h p.i. is shown in Fig. 1C
and D. At this time after infection, there was a
shift in the proportion of radioactivity found in
certain sizes of ribosomal poly(A) RNA. The
proportion of labeled viral RNA migrating at
>5.2 kb and between 3 and 4 kb increased, and
radioactive viral RNA of a size between 1.8 and
2 kb, although still a major component of the
total, was no longer predominant. In the nucleus
at 6 h p.i,, radioactivity in RNA larger than 5 kb
accounted for 40 to 50% of all of the nuclear viral
RNA labeled in the pulse, and the distribution
of radioactivity was quite different from that
seen in polyribosomes. This was in marked con-
trast to the situation at 2 h p.i.; however, as with
the earlier time, the actual size range of viral
nuclear RNA was similar to that seen on poly-
ribosomes (>9 to >1 kb).

Comparisons between the relative amount of
radioactivity seen in a given size range of viral
RNA is valid only if hybridization is under con-
ditions of sufficient DNA excess that all RNA
populations are representative. We carried out
two types of control experiments to demonstrate
that this was, in fact, the case. In the first,
polyribosomal poly(A) RNA labeled from 5.25
to 6 h p.i. was hybridized with DNA cellulose at
one-fifth and twice the concentrations used in
the experiments described; in both cases, the
relative proportion of radioactivity in RNA of
all sizes was the same as under our standard
conditions (data not shown). Second, we took a
portion (before hybridization) of the polyribo-
somal poly(A) RNA used in the experiment of
Fig. 1A and fractionated it on a denaturing aga-
rose gel. The gel was then sliced, and each slice
was hybridized to excess HSV DNA in solution.
Both the size distribution and relative amounts
of viral RNA of all sizes determined in this way
were identical to those found with DNA cellu-
lose (Fig. 1E). Taken together, these experi-
ments demonstrate that the population of viral
RNA seen by using DNA cellulose as a reagent
for isolation was truly representative of the viral
RNA in the cell. The experiment of Fig. 1E
further shows that there was no degradation of
viral RNA during the preparative hybridization.
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FiG. 1. Size distribution of HSV-1 transcripts. Infected cells, pulsed with [*H]uridine for 45 min, were

fractionated into nuclei and polyribosomes. The RNA was extracted, hybridized to HSV-1 DNA bound to
cellulose, and electrophoresed on methylmercury-agarose gels. (A) Viral poly(A) RNA from polyribosomes of
cells pulsed at 1.5 h p.i. (B) Viral RNA from the nucleus of cells pulsed at 1.5 h p.i. (C) Viral poly(A) RNA
from polyribosomes of cells pulsed at 5.25 h p.i. (D) Viral RNA from the nucleus of cells pulsed at 5.25 h p.i.
The size range of the RNA was determined from the migration of **P-labeled 28S and 18S rRNA included as
an internal size standard. The solid line represents *H counts per minute; the dotted line represents *:P counts
per minute. (E) Poly(A) RNA from polyribosomes of cells pulsed at 1.5 h p.i. was first run on a methylmercury-
agarose gel, and then each slice was hybridized in solution to an excess of HSV-1 DNA. The trichloroacetic
acid-precipitable °H counts per minute for each hybridized slice remaining after RNase digestion is shown.
The positions of 28S and 18S rRNA’s are indicated by arrows. Migration was from left to right. The top scale

shows the migration expected for RNA of the size shown in kb.

Mapping of specific-sized 2 h p.i. HSV-1
mRNA. We have used size-fractionated polyri-
bosomal poly(A) RNA isolated 2 h p.i. for hy-
bridization to Southern blots of restriction frag-
ments of HSV-1 DNA to localize individual viral
mRNA species abundant at this time. A typical
size distribution of such RNA labeled from 0 to
2 h p.i. and fractionated by electrophoresis on a
denaturing gel is shown in Fig. 2. We found that
the two peaks of radioactivity shown by the
arrows in Fig. 2 migrated with sizes of 4.1 kb and
1.8 kb, respectively. This was determined by
fractionating *H-labeled polyribosomal poly(A)

RNA, labeled from 0 to 2 h p.i., with **P-labeled
rRNA markers. In the gels used for blot hybrid-
ization, a parallel gel of **P-labeled rRNA was
run to confirm our size assignments.

After electrophoresis, gels were sliced into 3-
mm slices, and individual slices were hybridized
to HSV-1 DNA restriction fragment blots. As
shown in Fig. 3, the restriction endonucleases
HindIlIl, Xbal, Bglll, and Hpal, used singly or
in concert, yielded restriction fragments which
could be easily separated and which represented
the entire HSV-1 genome. Blots of HindIII di-
gests, Bglll digests, and HindIIl/Xbal double
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F1c. 2. Size distribution of polyribosomal poly(A) RNA from HSV-1-infected cells. In the ex{)eriment shown,

the polyribosome-associated poly(A) RNA from 8 X 107 cells labeled from 0 to 2 h p.i. with

2P, (500 uCi/ml)

was fractionated on a methylmercury-agarose gel. The gel was sliced at 3-mm intervals, and the radioactivity
was determined for each slice by counting Cerenkov radiation. The size range of the RNA was determined
from the migration of 28S and 18S rRNA in a parallel gel, as well as from the positions of the 4.1-kb and 1.8-

kb RNA species marked by arrows (see text).

digests were routinely used. Figure 4 shows an
autoradiograph of hybrids of size-fractionated
RNA to HindIll/Xbal double-digest blots. It is
apparent that for any given restriction fragment,
hybridization markedly above background was
limited to specific sizes of RNA. For example,
Xbal fragment G hybridized strongly to RNA of
2.6 to 2.9 and 1.3 to 1.6 kb in length. HindIII
fragment IO was seen to hybridize well to species
4.3 and 2.5 kb in size. Similarly, the hybridization
of discrete RNA sizes was concentrated in spe-
cific restriction fragments. As can be seen, the 5-
kb RNA only hybridized to HindIII fragment K.
A more complex pattern of hybridization, al-
though still highly specific, was seen for most of
the RNA sizes. The most complex case was with
RNA migrating from 1.7 to 1.9 kb in size. This
hybridized to the half molar fragments HindIII
D and HindlIII G, as well as to the quarter molar
fragments HindIIl B, HindIII C, HindIII E, and
HindIIl F and the molar fragment HindIII N.
Further, this size of RNA hybridized to HindIII
fragment M and the partial fragment of HindIII
L (LE), which run together in double-digest
blots. In HindIII digest blots, it was seen that
both HindIIl fragments L and M showed hy-
bridization. As discussed further below, such
complex patterns of hybridization are due both
to having RNA of similar sizes from different

regions of the genome and to the fact that dif-
ferent submolar restriction fragments can con-
tain the same DNA sequence (Fig. 3).

The results of hybridization to HindIII/Xbal
double-digest blots, along with the data from
blots of BgIIl and HindIII digests, are summa-
rized in Table 1. The basis for assignment of
specific-sized RNA to a given restriction frag-
ment is as described below. The sizes shown are
the result of comparing the three types of blots
and are within +10% of the exact value for any
given RNA size. Often, a specific RNA size spe-
cies was seen to hybridize to separated regions
of the HSV-1 genome, suggesting that more than
one RNA species of that size was present. This
was shown to be the case by 3’ end analysis of
the RNA species in question (see below). For
example, RNA of 3.8 to 4.2 kb hybridized to
submolar HindlIl fragments containing the
short repeat region (Sg) as predicted from the
hybridization to HindIIl fragments G and M.
Less intense, but significant, hybridization was
seen to HindIII fragment I10. Another intense
area of hybridization was seen in the band con-
taining Xbal fragment F and HindIII fragment
E. The majority of radioactivity in this band
must be due to fragment Xbal F, since hybridi-
zation to HindIIl fragment E should be no more
intense than to HindIII fragment B or C. This,
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F16. 3. Map of restriction endonuclease fragments of the KOS strain of HSV-1. The fragments generated
by cleavage by the restriction endonuclease Bglll, HindIII, Xbal, Hpal, and HindIII/Xbal double digests are
shown for the prototypical arrangement (P) of our HSV-1 strain (1). The solid boxes at the ends of the long
segment represent the Ly sequences; the open boxes on the short segment represent the S sequences. Three
other arrangements occur (12, 40). These are I., where the long segment is inverted relative to the short; Is,
where the short segment is inverted relative to the long; and I.s, where both the long and short segments are
inverted relative to the prototype. These arrangements have no effect on the yield of fragments which are
totally contained by cleavage sites in either the long or the short segment, but do lead to submolar bands for
fragments coming from the ends of molecules and those bridging the junction between the long and short
segments. Submolar fragments for the endonucleases shown are as follows: half molar fragments arise from
ends of molecules; BgllI L, HindIII G, and Hpal G are from P and I,. BglII J, HindIII H, Xbal A (Xbal D+
short region), and Xbal G are from P and Is. BglII F, HindIII D, Xbal B (Xbal G+ short region), and Xbal
D are from I, and I.s. BglII H, HindIII M, and Hpal D are from Is and I.s. The terminal Hpal fragment L
is generated by a site within the long repeat; thus, it occurs as a molar fragment, containing only Lr sequences.
Quarter molar fragments arise as the sum of the half molar fragments from either side of the junction for each
arrangement: BglII A is F + H, and HindIII C is D + M. These regions are contiguous in P. BgIII B is J +
H, and HindIII F is H + M. These regions are contiguous in I,. BglII Cis F + L, and HindIII B is D + G.
These regions are contiguous in Is. BglII E is J + L, and HindIII E is H + G. These regions are contiguous
in Ips. Xbal has no cleavage sites in the short segment; therefore, the half molar fragments Xbal A and Xbal
B have both arrangements of the short region. Since Hpal has a site within the Lg, no quarter molar
fragments occur. Thus, Hpal A (L + D) arises from P and I, and Hpal C (L + G) arises from Is and I.s.
Double-digest fragments are designated as follows. HindIII fragments unaltered by the additional digestion
with Xbal are shown with the same designation as for HindIII digestion alone. Xbal fragments unaltered by
the additional digestion with HindIII are shown with an “X” preceding the same designations as for the
fragment generated by Xbal digestion alone. New fragments generated by double digestion are indicated by
a double letter. This designation represents the corresponding fragment of the HindIII and Xbal single digest.
Fragment HC represents the sequence shared by HindIII fragment H and Xbal fragment C, fragment AC
represents overlap between HindIII A and Xbal C, fragment AE represents overlap between HindIII A and
Xbal E, fragment LE represents overlap between HindIII L and Xbal E, and fragment LD represents overlap
between HindIII L and Xbal D. HindIII fragment IO is a result of the absence of a restriction site in our
strain of HSV-1 (29).

plus evidence showing hybridization to BglIl
fragment I, indicates to us the presence of three
transcripts of nearly the same size, one near the
center of the long unique region (Ly), one near
the left end of Ly, and the other located at least
in part within Sg. The two transcripts in Ly are
measurably larger than the one in Sg since hy-
bridization to Xbal fragment F and HindIIl
fragment IO was readily detectable in the pre-
ceding slice, which showed little hybridization to
HindIII fragments G and M. RNA 2.8 kb in size
hybridized well to HindlIIl fragments G and N,
but not to M. It also hybridized to Bg/II bands
L and G-H and the submolar bands containing
the long repeat (Lg) sequences. This indicates

three transcripts of 2.8 kb, two of which come
from the short unique (Sy) region. One of these
is located in HindlIlI fragment N, possibly over-
lapping into HindIII fragment G, whereas the
other is in Bg/II fragment L, possibly extending
into BgIII fragment H, but not into Sg. The
third 2.8-kb mRNA comes from Lg. Other ex-
amples of putative multiple species of HSV-1
mRNA of the same size are shown in Table 1.

It is apparent as shown in Fig. 4 that different
amounts of hybridization occurred for different
RNA species. This indicates that variable
amounts of specific viral mRNA'’s were synthe-
sized, or at least were present on polyribosomes,
during the label time. The spot representing the
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Fic. 4. Hybridization of size-fractionated HSV-1
mRNA to DNA restriction fragment blots. Individual
slices of the **P-labeled RNA fractionated in Fig. 2
were dissolved in hybridization buffer containing 65%
formamide and hybridized to strips of Southern blots
of HSV-1 DNA, which had been digested with both
HindIII and Xbal endonucleases. The locations of
these cleavage sites and the orientation of the result-
ing fragments are shown in Fig. 3. After hybridization
at 55°C for 24 h, strips were rinsed and arranged
according to the size of RNA used. These were then
autoradiographed for 20 h at —70°C, using two inten-
sifying screens.

2.5-kb transcript from HindIII fragment IO is
much more intense than the 4.2-kb HindIII frag-
ment IO transcript. Both of these are less intense
than the 2.8-kb transcript hybridizing to Xbal
fragment G. In addition to those shown in Table
1, other RNA species labeled from 0 to 2 h p.i.
hybridized to a smaller, but still detectable, ex-
tent with restriction fragments. Thus, there was
detectable RNA of various sizes hybridizing to
HindIII fragment J. Other such examples oc-
curred throughout the HSV-1 genome, and we
have only included those RNA species in Table
1 which were reproducibly present in readily
detectable quantities in several experiments.

In contrast to the well-resolved HSV RNA
sizes hybridizing to most restriction fragments,
variable amounts of RNA ranging from less than
3 to 5 kb hybridized to HindIII fragment K, in
addition to the RNA 5.1 to 5.3 kb in size. This
phenomenon is also seen with later labeling
times, although in those cases, specific sizes pre-
dominate (1). The reason for this is unclear;
however, as will be discussed below, all RNA
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hybridizing to this fragment has a 3’ end map-
ping in the same location. In Table 1, we have
only indicated the largest HSV mRNA species
hybridizing to HindIlI fragment K.

Localization of 3’ ends of 2 h p.i. HSV
mRNA. The assignment of a given size of HSV-
1 mRNA to several locations on the viral ge-
nome, as described in Table 1 for certain sizes of
RNA, is consistent with either a single mRNA
molecule being encoded by distantly placed non-
contiguous regions of the genome or several
mRNA'’s of similar sizes being encoded. To es-
timate the number of discrete 3' ends for the
HSV-1 mRNA of the sizes shown in Table 1, we
carried out blot hybridizations of cDNA made
to the 3’ ends of various size ranges of HSV-1
polyribosomal poly(A) mRNA present at 2 h p.i.
We labeled cells with a small amount of **P;
from 0 to 2 h p.i. and isolated polyribosomal
poly(A) RNA. Such RNA was fractionated as
described for Fig. 2, and slices of the gel contain-
ing radioactive label were pooled into size ranges
of 5.0 to 5.8, 4.2 to 4.8, 3.2 t0 4.0, 2.3 t0 3.0, 1.7 to
2.0, and 1.4 to 1.7 kb. RNA was partially de-
graded to an average length of 400 to 500 bases
(see above), the nicked RNA was eluted from
the slices, and poly(A)-containing 3’ ends of this
RNA were isolatedr using oligo(dT)-cellulose.
3p_labeled 3' cDNA was synthesized using re-
verse transcriptase as described above. The
cDNA made had an average size range of 10 to
100 nucleotides as determined by its migration
on denaturing agarose gels (see above).

The 3’ probe cDNA from RNA of different
size ranges was hybridized in separate experi-
ments to blots of either HindIII/Xbal double
digests, HindIIl, or Hpal digests or HSV-1
DNA. Specific examples of such autoradi-
ographs are shown in Fig. 5A, B, C, E, F, G, and
I. Guide strips of comparable blots showing band
resolution are also shown (Fig. 5D, H, and J).
Data from all experiments are summarized in
Table 1. The patterns of hybridization of the 3’
probe cDNA for each size range were entirely
consistent with the RNA species that we iden-
tified in Fig. 4. In most cases, the 3’ ends of the
molecules mapped in the same restriction frag-
ments as the bulk of the mRNA, and interpre-
tation of the data is routine. In several cases,
however, multiple species of mRNA of similar
sizes gave a more complex pattern. Further, in
three instances, the localization of the 3’ end of
the viral mRNA suggested the direction of tran-
scription of the molecule. These cases are dis-
cussed below.

We found that 3’ ¢cDNA of 2 h p.i. HSV-1
mRNA migrating at a size of 5 to 5.8 kb mapped
in HindIII fragment L (Fig. 5E). Since HSV-1
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TABLE 1. Location of abundant early HSV-1 mRNA®
Presence
Size Location of RNA of
. . Restriction fragment band hybridizing to of mRNA  Fractional similar
of Major restriction fragmentc 3’ end probe of 2 h p.i. RNA of size range on HSV-1 genome size at
ﬁg;} bands hybridizing to RNA indicated® genome length (%) 39°C after
segment? infection
with ¢sB2
53 H(K); B(D-E) H(L) } 5-58kb Ly 53-60 +)
43 X(F)-H(E); B(I); B(D-E) X(F)-H(E) } 42-48 kb Ly 31-45 -
42 H(0) H(IO) I Ly 9-18 -
4 H(G); H(M); B(L) H(G) } 39-4 kb Su-Sk 91-100 -
33 X(F)-H(E) X(F)-H(E) ’ Ly 31-45 -
28 X(G); H(D); B(F); B(J) H(H)* Lr 0-6 +
H(N) H(N) 033k SU 86-96 -
H(G) H(G) ’ Su 86-96 ?
2.5 H(I0); B(O); B(K) H(I0) Ly 10-18 -
1.8 H(G) H(A-B-C); X(F)-H(E); Su 91-96 +
H(G)
H(D) H(D-E); Hpa(S-T) 1.7-2 kb Ly 65-76 +
H(N); HM) H(N) Sk-Su 82-91 +
H(L) H(L) Ly 59-65 ?
1.5 X(F)-H(E); B(I); B(M) H(A-B-C); X(F)-H(E) Ly 29-41 -
X(G); B(J); HH) H(H); H(D-E); H(F) 1.4-1.7 kb Lk 0-6 -
H(G); B(G-H) H(G) Su 91-96 -

% Summary of data from Fig. 4, 5, and 7, as well as blot hybridizations not shown.
® The sizes shown represent the best estimate, as determined from several experiments, and are within + 10%.
¢ B indicates a band derived from BglII digestion, H is from a HindIII digest, X is from an Xbal digest, and

Hpa is from an Hpal digest.
¢ See Fig. 3.

¢ As measured from the left end of the P arrangement.

TRNA hybridizing to this region is seen at the nonpermissive temperature, but as a smaller size than that

found in a wild-type infection (see text).
# Seen at 39°C after infection with ¢sB2.

RNA 5.3 kb in size and smaller hybridized to
HindIIl fragment K (Fig. 4), this suggested that
its 3’ end is on the HindIII fragment L side of
the junction of these two fragments in the HSV-
1 genome. This tentative conclusion has been
confirmed by using purified 5.2-kb mRNA for
probe template (K. P. Anderson, L. E. Holland,
B. H. Gaylord, and E. K. Wagner, manuscript in
preparation). Pools of smaller RNA also yielded
3’ probe hybridizing to HindIII fragment L, or
the band containing double-digest fragment LE,
in keeping with the finding of RNA between 3
and 5 kb in size hybridizing to HindIII fragment
K (Fig. 5A, B, and C).

RNA 3.2 to 4 kb in size gave 3’ probe cDNA
hybridizing to Xbal fragment F (Fig. 5B). This
3’ end corresponds to the 3.3-kb RNA found
hybridizing to this region. There also was hy-
bridization of the 3’ probe to HindIII fragment
G and to the band containing double-digest frag-
ment LE and HindIII fragment M. Since no

hybridization to HindIIl fragment M was de-
tected in other blots using this same 3’ probe
(data not shown), the 3’ end of this mRNA
species was localized to the Sy region of HindIII
fragment G. This 3’ probe is then consistent with
its belonging to the 4-kb mRNA species of Fig.
4 hybridizing to HindIII fragment G, as well as
to the other fragments containing the Sg region.
Such results allow us to tentatively conclude
that this 4-kb RNA has its 5 end in the Sg
region of HindIII fragment G and the 3’ end in
Su sequences of that fragment.

The situation with HSV-1 mRNA smaller
than 2 kb is complex; we can identify at least
seven species in this size range. Of these, four
can be identified in RNA of 1.7 to 2.0 kb; RNA
of this size yields 3’ cDNA hybridizing to HindIII
fragments (A,B), C, (D,E), F, G, L, and N (Fig.
5F). In HindIIl/Xbal double digests, hybridiza-
tion was similarly complex. Radioactivity was
seen in HindIIl bands B, C, and G, and the
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F1c. 5. Hybridization of 3 probe cDNA to DNA restriction fragment blots. **P-labeled DNA probe

complementary to the 3 ends of size-fractionated mRNA was made using reverse transcriptase (see text). This
¢DNA was then hybridized to Southern blots of restricted HSV-1 DNA at 45°C for 48 h. The strips were rinsed
and autoradiographed as in Fig. 4. Panels A to D are hybrids to blots of HindIII/Xbal double digests.
Hybridization was with the following. (A) 3 ¢cDNA made to 2 h p.i. RNA ranging from 4.2 to 4.8 kb in size.
The bands showing significant radioactivity are X(F)-H(E), H(IO), and (H/X)LE-(H)M. (B) 3 cDNA made
to RNA from 3.2 to 4 kb in size. Radioactivity is in bands X(F)-H(E), H(G), and (H/X)LE-(HM. (C) 3 cDNA
made to RNA from 2.3 to 3 kb in size. Radioactivity is in bands H(IO), H(G), (H/X)LE-H(M), and H(N)-(H/
X)AC. (D) P-labeled HSV-1 DNA used to hybridize to all bands to indicate resolution. Panels E to H are
HindlIII digest blots. Hybridization was with the following. (E) 3 ¢cDNA made to 2 h p.i. RNA 5.2 to 58 kb in
size. Radioactivity is to band H(L). (F) 3 ¢cDNA made to RNA 1.7 to 2 kb in size. Radioactivity is in bands
A-B,C,D-E,F,G,L,and N. (G) 3 cDNA made to RNA 14 to 1.7 kb in size. Radioactivity is in bands A-B,
C,D-E, F, G, and H. (H) **P-labeled HSV-1 DNA, sonicated to produce small fragments, was used to hybridize
to all bands to indicate resolution. Panels I and J are Hpal blots. Hybridization was with the following. (I)
3 ¢cDNA made to 2 h p.i. RNA 1.4 to 1.7 kb in size. Major radioactivity is in band S-T. (J) A pooled mix of 2
and 6 h p.i. *P-labeled RNA was used to hybridize all bands to indicate resolution. The faint band of
radioactivity above the band containing Hpal fragments P, @, and R is a partial-digest fragment that is

occasionally seen.

mixed band of Xbal (F)-HindIII (E), as well as
in some other bands. There was, however, no
significant hybridization to HindIII fragment M
and Xbal fragment G, so no 3’ end of HSV-1
RNA of 1.7 to 2 kb maps in either the Lr or Sg
region. The data are consistent with two species
of RNA 1.7 to 2 kb in size mapping in Sy, one
with its 3’ end in the unique part of HindIII
fragment N and the other in the unique region
of fragment G. The latter is marginally larger
than the former by virtue of the greater intensity
of hybridization to HindIII fragment G one slice
earlier than to fragment N (Fig. 4). The smaller
mRNA species, which has its 3’ end in HindIII
fragment N, must have its 5 end in HindIII
fragment M, since RNA of this size hybridizes
to this area and no 3’ end is found in fragment
M.

A third species of approximately 1.8 kb in size
can be mapped in the long region of the HSV-1
genome found in HindIII fragments B, C, and
D. We took the cDNA after hybridization to the
double-digest blot and hybridized it to a blot of
an Hpal digest of HSV-1 DNA. Hybridization
was seen in the band containing fragments S and
T. From this we can map this third 1.7- to 2-kb
HSV-1 mRNA to the Ly regions of the HSV-1
genome between 65 and 76% from the left end of
the prototypical (P) arrangement. This corre-
lates with the finding of HSV mRNA of this size
from the blot hybridization of total RNA shown
in Fig. 4. Finally, a fourth species can be mapped
in the Ly region bounded by HindIII fragment
L since there is an HSV-1 mRNA species 1.8 kb
in size that hybridizes to that region.

Pooled RNA of 1.4 to 1.7 kb in size gave 3’
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probe which hybridized best to HindIII frag-
ments (A,B), C, (D,E), F, G, and H (Fig. 5G).
Blots of double digests of HindIIl/Xbal showed
the cDNA hybridizing to the mixed band Xbal
(F)-HindIII (E). These data suggest that three
mRNA species of this size are abundant at 2 h
p-i. Since RNA of this size was seen to hybridize
to Xbal fragment G (Fig. 4), one of these mRNA
species has been mapped in Lr. A second mRNA
species bf this size is located in the Sy region of
HindIIl fragment G. The data are consistent
with a third being in the center of the Ly region,
which was indicated by hybridization of RNA of
this size to Bglll fragments I and M (Table 1).

Characterization of HSV-1 mRNA in a
DNA-negative £s mutant. We used the meth-
ods outlined in the previous sections to investi-
gate the properties of HSV-1 mRNA synthesized
after infection with the mutant ¢£sB2. We exam-
ined the size distribution of the viral mRNA
synthesized under nonpermissive conditions as
follows. A culture of 8 X 107 cells, infected with
a multiplicity of 7 PFU of ¢sB2 virus per cell,
was labeled at 39°C with ¥P; from 2 to 9 h p.i.
Polyribosomal poly(A) RNA was prepared, and
viral RNA was isolated by hybridization to HSV
DNA cellulose. The RNA was fractionated on a
denaturing agarose gel, and as shown in Fig. 6,
the viral mRNA migrated as three major bands.

3000
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The sizes of these bands were estimated to be 4,
3, and 1.9 kb, based on the position of HeLa cell
rRNA run in a parallel gel. In a parallel experi-
ment, cells infected with £sB2 were incubated at
the permissive temperature (34°C) for the same
period of time. The size distribution of polyri-
bosomal viral RNA in this case was essentially
the same as that seen late after infection.

At the nonpermissive temperature, a small
amount of material migrating in the range of 5.2
to 6.5 kb was seen, as well as in the three major
bands. The bands of radioactivity were pooled
as shown in Fig. 6 with RNA ranging in the
pools as follows: pool 1, 5 to 6.5 kb; pool 2, 3.8 to
4.5 kb; pool 3, 2.2 to 3.5 kb; pool 4, 1.7 to 2 kb;
and pool 5, 1.3 to 1.6 kb. We used this RNA as
a template to make 3' cDNA probe, and this
material was hybridized to blots of HindIII re-
striction fragments of HSV-1 DNA.

Autoradiographs of the hybridized ¢cDNA
probe are shown in Fig. 7. No hybridization was
seen with pool 1 or pool 5 3’ probe. Pool 2, 3’
probe hybridized only to HindIII fragment L
(Fig. 7A), and radioactivity hybridizing to this
band was seen in pools 3 and 4 also. This type of
broad migration was seen with the HSV-1
mRNA hybridizing to HindIII fragment K in
infections with wild-type virus. With infection at
39°C, however, no significant amounts of this
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FiG. 6. Size distribution of HSV-1 mRNA present at 39°C after infection with the DNA-negative mutant
tsB2. Cells (8 X 10°) were infected for 1 h at 37°C with the mutant virus and then incubated at 39°C. Beginning
at 2 h p.i., the cells were labeled for 7 h with *P; (80 pCi/ml). The polyribosome-associated poly(A) RNA was
isolated and hybridized to HSV-1 DNA cellulose (see text). The viral RNA was gel fractionated and counted
as described in the legend to Fig. 2. The location of 5.2- and 2.0-kb RNA was determined from rRNA
migration in a parallel gel. Bars indicate the regions pooled for 3 end analysis (see text).
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Fic. 7. Hybridization of 3 probe cDNA prepared from RNA produced by tsB2 at the nonpermissive
temperature. (A) cDNA made from 3.8- to 4.5-kb RNA (Fig. 6, pool 2) hybridized to a blot of HindIII-digested
HSV-1 DNA. (B) cDNA made from 2.2- to 3.5-kb RNA (Fig. 6, pool 3) hybridized to a HindlIII digest blot. The
dashed line indicates a slight amount of radioactivity in band H(G). (C) cDNA made from 1.7- to 2.0-kb RNA
(Fig. 6, pool 4) hybridized to a HindIII digest blot. (D) The cDNA of (C) was rehybridized to an Hpal blot.
Resolution of bands is comparable to those shown in Fig. 5. Autoradiography was for 2 weeks without screens.

RNA larger than 4.3 kb were seen. It is possible
that this RNA is uniquely susceptible to degra-
dation, accounting for these findings.

Pool 3, 3’ probe hybridized to HindIII frag-
ments (A-B), (D-E), H, and L (Fig. 7B). This is
consistent with the band of RNA migrating
around 3 kb being from the same region as the
mRNA from the Lg region found migrating at
2.8 kb in the wild-type infection. A small amount
of hybridization also was seen to HindIII band
G, and we suggest that another RNA species
similar to the 2.8-kb species mapping in the Sy
region with wild type may be present.

The 3’ probe cDNA from the RNA pool rang-
ing in size from 1.7 to 2 kb hybridized to HindIII
fragments (A-B), (D-E), G, L, and N (Fig. 7C).
Further, the material hybridized to the Hpal
band containing fragments S and T in a second
hybridization (Fig. 7D). These results are con-
sistent with this band containing three mRNA
species, one in the Ly region of HindIIl frag-
ments B and D and two with 3’ ends in the Sy
region. Because the broadly migrating RNA
from HindIIl fragment K has its 3’ end in
HindIIl fragment L, we cannot establish
whether the 1.8-kb mRNA species hybridizing
to HindIIl fragment L is present at 39°C. At the

highest levels of resolution, low amounts of hy-
bridization can be detected to regions other than
just described. The five species discussed, how-
ever, represent the most abundant ones present
at 39°C after infection with the £sB2 mutant.

DISCUSSION

Size distribution of HSV-1 mRNA present
in the absence of viral DNA synthesis. The
size distribution of 2 h p.i. HSV-1 mRNA is
complex, as shown in Fig. 1A, with RNA mi-
grating between 1.5 and 5 kb being isolable in
good yield. On the basis of size distribution, this
2 h p.. viral mRNA is a subset of the viral
mRNA present at 6 h p.i. or at other times when
viral DNA replication is proceeding at a high
rate. Further, the viral mRNA synthesized at
39°C after infection of cells with the £sB2 mutant
corresponds by size analysis to species of viral
RNA seen at 2 h after infection with wild-type
virus.

At 2 h p.i,, the size distribution of viral RNA
in the nucleus was similar to that seen on poly-
ribosomes (Fig. 1A and B). This suggests that
nuclear precursors of the polyribosomal poly(A)
viral mRNA are essentially the same size as the
mRNA and is consistent with the promotors for
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the 2 h p.i. mRNA species being near the coding
sequences for this mRNA. This is in marked
contrast to the.situation at 6 h p.i. and later
times when nuclear viral RNA labeled in the
pulse time had a significantly larger average size
than that on polyribosomes.

Localization of abundant 2 h p.i. HSV-1
mRNA on the viral genome. By hybridizing
size-fractionated polyribosomal poly(A) RNA,
we have been able to map 16 readily identifiable
viral mRNA species present at 2 h p.i. This map
is shown in Fig. 8. Each of the viral mRNA
species shown in this map can be correlated with
a 3’ end either within or adjacent to the restric-
tion fragment to which it hybridizes (Table 1).
In many instances, a specific size class of mRNA
hybridized to noncontiguous regions of the ge-
nome (Fig. 4), and 3' cDNA probe made to that
size class also hybridized to the same specific,
noncontiguous regions (Fig. 5). The simplest
explanation is that each such region codes for a
different distinct mRNA species of that size.
However, we cannot completely rule out the
possibility of some complex pattern of splicing
occurring very near the 3’ end of a single mRNA.

The number of mRNA species identified here
must be taken as a minimum estimate, as it is
not possible to distinguish between single and
multiple mRNA species of nearly the same size
being encoded within the same restriction frag-
ment. For example, a large restriction fragment
could encode several mRNA species of similar
size in their entirety, which would appear as

EARLY HSV mRNA 459
only one species in our analysis. The genetic
complexity of the mRNA species listed in Table
1 and shown in Fig. 8 represents 32% of the
single-strand equivalent coding capacity for
HSV-1. At 2 h p.i.,, abundant HSV-1 mRNA is
encoded by nearly half of the single-strand
equivalent coding capacity of the viral genome
(16, 31, 33). Although the 16 early mRNA species
described here account for a substantial portion
of the established sequence complexity for abun-
dant early mRNA, it is clear that additional
species must be present. Characterization of ad-
ditional restriction enzyme maps should prove
useful in their identification. )

On the map shown in Fig. 8, we have localized
each transcript to as small a region as possible
by using the data derived from hybridization of
size-fractionated RNA to blots (Table 1). The
uncertainty range is indicated by the brackets,
RNA species mapped to the Lg region are shown
in both of the possible locations; however, in
these experiments we were unable to determine
whether these transcripts arise equally from
both locations.

In three cases, we have indicated a direction
of transcription for the viral mRNA by virtue of
the position of the 3’ end of pooled RNA of the
size range of interest. Thus, the 3’ end of the 4-
kb mRNA mapping in the Sg region has been
assigned to the unique region of HindIII frag-
ment G. The 1.8-kb mRNA species hybridizing
to HindIlI fragments M and N has been shown
with a 3’ end in fragment N, and thus its 5’ end
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Fi1G. 8. Position map of abundant HSV-1 mRNA species present before DNA synthesis. The data of Table
1 and Fig. 4, 5, and 7 on the localization of the mRNA species are summarized and shown here. The locations
of the HindIII, Xbal, and BglII restriction fragments are shown for the P orientation, along with the
percentage length from the left end of the genome. The RNA size is indicated by both its relative vertical
position and the length of the line. The positional limits for each mRNA are indicated by brackets. RNA
species denoted with asterisks were present at 39°C in the tsB2 mutant.
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in M. Because of the other slightly larger mMRNA
species hybridizing to HindIII fragment G, we
were unable to determine whether the 5’ end is
located within the Sg or Sy region of HindIIl
fragment M. Also, the RNA hybridizing to
HindIII fragment K has been shown with its 3’
end in HindIII fragment L. We have also indi-
cated the broad size distribution less than 5.3 kb
of HSV-1 mRNA hybridizing to HindIlI frag-
ment K with a dashed line in Fig. 8.

Only a limited number of mRNA species are
present on polyribosomes at 39°C in cells in-
fected with the ¢sB2 mutant. As indicated in
Table 1, the sizes of 5 of the 16 2 h p.i. RNA
species are similar to those seen in the mutant
by mapping 3’ ends. We have identified the viral
RNA species made at 39°C with the ¢s mutant
with asterisks in Fig. 8. RNA hybridizing to
HindIll fragment K has been inferred to be
present at 39°C because of the presence of 3’
c¢DNA hybridizing to HindIII fragment L being
synthesized from sizes of RNA between 4.3 and
1.7 kb. It is clear from the size distribution of
total HSV-1 mRNA made at 39°C, however,
that the 5.3-kb mRNA species, which is normally
the predominant one hybridizing to HindIII
fragment K, is not present. We have indicated
the smaller size of the RNA transcribed from
this region at 39°C with ¢sB2 in Fig. 8 by brack-
eting the size ranges seen.

The correlation between R-loop mapping (29)
and the location of total early transcripts deter-
mined here is fairly good. Six of the transcripts
identified are located in the short region, in
keeping with the large amount of R-looping in
this area. The region near the center of the Ly
segment contained in HindIIl/Xbal double-di-
gest fragment AE does not hybridize efficiently
with any discrete mRNA species identified,
which is consistent with the absence of large
amounts of 2 h p.i. nRNA being encoded by this
region as determined by the other methods.
Other regions of the long segment of the HSV-1
genome are homologous to limited numbers of
specific viral mRNA species.

When the map of the 2 h p.i. nRNA molecules
identified in this report is compared with the
map for at least twice this number of mRNA
species seen at 6 h p.i. reported elsewhere (1), it
is clear that RNA the same size as the 2 h p.i.
species is still synthesized at 6 h p.i. At 6 h p.i,,
2.8-kb mRNA hybridized poorly to blots con-
taining the Lgr region of the HSV-1 genome,
suggesting that it is present in low abundance at
this time after infection. However, its presence
could be readily detected in mRNA labeled with
a 45-min pulse of [*H]uridine and isolated by
DNA cellulose hybridization. The 4-kb mRNA
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species seen in the short region defined by
HindIIl fragment G is also present late at
amounts lower than those seen here. These two
mRNA species are the sizes that we have iden-
tified which are lower in abundance after HSV
DNA replication than before.

In addition to mRNA species similar in size to
those seen here, a number of other mRNA spe-
cies became abundant concomitant with viral
DNA replication. Some of these appear in re-
gions where 2 h p.i. RNA is rare, such as in the
center of the Ly region encompassed by
HindIIl/Xbal double-digest fragment AE and in
HindIII fragment J. In HindIII region K, a new
species of RNA 7.4 kb in size is seen at 6 h p.i.
Further, at the later time, a species of mRNA
3.8 kb in size becomes clearly defined, whereas
at 2 h p.i, RNA of this size hybridizing to
HindIll fragment K is only seen within the
broad size distribution of RNA less than 5 kb.
Although significant synthesis of HSV-1 mRNA
larger than 5 kb is the most striking new feature
of 6 h p.i. RNA synthesis compared with that
described here, additional mRNA’s of all size
ranges are seen. Together, these could account
for the increase from 2 to 6 h p.i. of 20-25% to
45% of HSV-1 DNA being saturated by abun-
dant RNA.

Correlation between the viral mRNA
species present in the absence of viral DNA
synthesis and early viral proteins. Use of
intertypic recombinants between HSV-1 and
HSV-2 has led to the localization of 10 to 13
virus-specific a and 8 polypeptides (19, 23). The
largest of the polypeptides identified is ICP-4
with a size of 170,000 d, which has been mapped
in the HindIIl G end of the short region of the
HSV-1 genome. Such a polypeptide is within the
coding capacity of the 4-kb mRNA identified
here as being encoded by this region of the
genome. Another large polypeptide, ICP-7,
which is 150,000 d in size, maps at 55 to 65%
from the left end of the long segment in the P
arrangement, and this correlates well with the
5-kb mRNA species that we have mapped in
HindIII fragment K. The determinant for phos-
phonoacetic acid sensitivity has been shown to
reside in the structural gene for the 149,000-d,
HSV-1-specified DNA polymerase (24). The 4.3-
kb mRNA mapping at 31 to 45% in the Ly region
is of sufficient size to code for the polymerase
and compares favorably with the position
mapped for phosphonoacetic acid resistance.
Also, the viral deoxypyrimidine kinase has been
localized at about 30% in Ly (19), correlating
nicely with one of the small mRNA'’s that we
have identified. In summary, of the a and 8
polypeptides presently localized, nine correlate
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very well in both size and location with mRNA’s
that we have mapped. It is interesting, however,
that as has been seen with HSV-1 mRNA species
present at 6 h p.i., the smallest HSV-1 mRNA
species seen at 2 h p.i. (1.5 kb) have significantly
more coding capacity than required to encode
the smallest polypeptides (32,000 d [19]) and,
thus may contain significant untranslated RNA.

In the correlation between mRNA and pro-
teins seen at 39°C with the £sB2 mutant, the
situation is somewhat less clear. Courtney et al.
(7) have reported that five polypeptides ranging
in size from 175,000 to 24,000 d are produced in
large amounts at 39°C in cells infected with the
tsB2 mutant. This correlates well with the size
and numbers of viral mRNA species seen at
39°C with this mutant. Both Jones et al. (15)
and Clements et al. (6) have reported that a or
immediate early RNA maps in the locations
where we have located the abundant ¢sB2
mRNA species. Our localizations also agree with
those reported by Watson and Clements (38)
with a similar ¢s mutant (¢sK) and extend their
observations by providing a size for these tran-
scripts. Further, Preston et al. (23) have mapped
the location of five immediate early proteins
which correlate well in size with the proteins
overproduced by ¢sB2. These observations sug-
gest that the mRNA species that we have iden-
tified at 39°C are « mRNA species. However,
the 170,000-d « protein seen at 30°C with ¢sB2
has been located in the Sgr region of the viral
genome by both Morse et al. (19) and Preston et
al. (23); therefore, the correlation is not absolute
since we do not see any mRNA larger than 3 kb
in this region with the mutant. Further, it is not
at all clear what the significance of the truncated
RNA from HindIII region K is in respect to the
phenotype of the mutant. It is possible that
extraction and size fractionation of the RNA as
carried out here may result in some degradation
of large RNA species, which would be exacer-
bated in the £s mutant infection.

In summary, the general correlation between
the mRNA species seen, their map positions,
and the proteins localized at 2 h p.i. is good. Full
correlation between a given mRNA species and
the protein that it encodes requires determina-
tion of the biological activity of the mRNA.
Such determinations, as well as higher-resolu-
tion mapping of the mRNA species, will result
in the detailed map of HSV-1 gene function
required for further study of viral gene regula-
tion.
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