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Herpes simplex virus (HSV) DNA bound to cellulose has been used as a reagent
to isolate viral mRNA for size analysis on denaturing agarose gels. Total viral
polysomal polyadenylated RNA was isolated from cells late after infection when
such RNA has sequences encoded by approximately 45% of the HSV DNA. This
RNA has a size range of from 1.5 to =8 kilobases, with certain sizes, such as 1.7
to 1.9 kilobases, being favored. We have used the restriction endonucleases
HindIII and Xbal singly and together to generate various sized fragments covering
the entire HSV-1 genome. These fragments have been bound to cellulose to allow
isolation of HSV-1 mRNA annealing to different regions of the viral genome.
Discrete sizes of viral mRNA are associated with certain regions of the genome,
but the mRNA population hybridizing to even the smallest restriction fragments
is complex. We used hybridization of size-fractionated RNA to Southern blots of
restriction fragments of HSV-1 DNA generated by the BglII as well as HindIII
and Xbal endonucleases to confirm the preparative hybridization data and to
provide some overlap data for positioning transcripts. The data of blot and
preparative hybridization agreed very well and were combined to construct a
preliminary transcription map of HSV-1. Such a map revealed at least two areas
of the long unique region of the HSV-1 genome which annealed to a large number
of HSV-1 transcripts. Furthermore, discrete-sized mRNA species larger than 5
kilobases in length were found only in the middle of the long unique region. The
implications of these data are discussed.

Herpes simplex virus type 1 (HSV-1) is a large
DNA virus which replicates in the nucleus of
infected cells. At least 48 HSV-1-specific pro-
teins, at least half of which are structural pro-
teins, have been identified in infected cells by
using sodium dodecyl sulfate-polyacrylamide
gels (11). The virus particle contains double-
stranded DNA having a guanine-plus-cytosine
content of 67% (23). The molecular weights of
various strains of HSV-1 DNA have been re-
ported to be between 95 X 10° and 100 x 10° (8,
32), corresponding to an approximate length of
140,000 to 150,000 base pairs (140 to 150 kilobase
[kb] pairs). The particular strain of HSV-1 DNA
used in this study (KOS) is 28.1 times the length
of the relaxed replicative form of $X174 (34),
corresponding to a length of 150 kb pairs based
on the known length of this phage DNA (3).
HSV DNA is structurally complex and has been
shown to consist of a long region and a short
region, each composed of unique sequences
bounded by different inversely repeated se-
quences (24). Each of these two regions may be
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linked to the other by either end, resulting in
four equimolar configurations of the viral DNA
(99 39).

Transcription of this genome has been studied
in our laboratory and in several others, with
general agreement on the following points. In
cells infected at moderate multiplicity, HSV
DNA synthesis begins about 3 h postinfection
(p.i.) and reaches a maximum rate by 6 h p.i.
Before the onset of viral DNA synthesis, abun-
dant RNA transcripts from 20 to 25% of the viral
genome are found associated with polyribosomes
(15, 28, 31). Both “Southern blot” hybridization
and RNA displacement loop hybridization of
HSV RNA have shown that these early HSV
mRNA species map throughout the HSV-1 ge-
nome (7, 29). The abundant, early HSV-1
mRNA species can be differentiated into two
classes. One class 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 (15).
The « mRNA species have been shown, by both
blot hybridization and solution hybridization to
isolated restriction fragments of HSV-1 DNA, to
be transcribed from defined, noncontiguous re-

805



806 ANDERSON ET AL.

gions of DNA comprising 10 to 12% of the viral
genome (7, 14). The other major abundant class
of mRNA species found prior to viral DNA
replication is the B messages. These mRNA’s
encode proteins which are synthesized only after
proteins encoded by the « mRNA species have
been synthesized (12).

At times after infection when viral DNA syn-
thesis is maximal (late), the majority of early
RNA sequences continues to be synthesized (7,
33), and transcripts from an additional 15 to 20%
of the viral genome are also found on polyribo-
somes in good yield. These are the y, or late,
mRNA species. At least a portion of these y
mRNA species has been detected even at the
earliest times after infection, but at a concentra-
tion 10- to 20-fold lower than the a and 8 mRNA
classes (15, 28, 30). At this time after infection
(late), as much as 90% of newly synthesized
polyadenylated [poly(A)] RNA on polyribo-
somes in the infected cell is viral (28). Further-
more, it has been extensively shown that all the
sequences in viral mRNA can be isolated as
poly(A) RNA (25, 28).

mRNA molecules of HSV-1 associated with
the polyribosomes of infected cells resemble
mRNA molecules of other DNA viruses and
eucaryotic cells. HSV-1 mRNA, in addition to
being polyadenylated, is capped at the 5 end (4,
20), and we have found its average size to be no
less than 2 kb (28). However, due in part to the
large size and complexity of the HSV genome,
little has been reported concerning the proper-
ties and origins of individual viral mRNA spe-
cies.

In this study, we have used two independent
methods to determine the size ranges of specific
HSV-1 mRNA species synthesized late after in-
fection and to localize individual transcripts to
specific regions of the viral genome. We have
used restriction fragments of HSV-1 DNA
bound to cellulose to purify viral mRNA homol-
ogous to these restriction fragments. Size frac-
tionation on denaturing agarose gels of viral
mRNA obtained in this manner reveals a char-
acteristic pattern of specific-size mRNA species
homologous to each restriction fragment. In ad-
dition to such characteristic species, all regions
of the viral genome hybridize to a complex pat-
tern of minor species of viral mRNA. The size
distributions of viral mRNA encoded by differ-
ent regions of the HSV-1 genome also have been
determined by first fractionating infected-cell

mRNA on denaturing agarose gels and then -

hybridizing size fractions to Southern blots of
HSV-1 restriction fragments. The major species
and less prominent discrete species of viral
mRNA seen in RNA preparatively hybridized to
restriction fragments are readily identifiable by
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using this procedure. The results of both types
of experiments have been used to construct a
preliminary transcription map of the HSV-1 ge-
nome. This map shows the minimum number of
discrete mRNA species consistent with our data.

MATERIALS AND METHODS

Cells and virus. Monolayer cultures of HeLa cells
were grown at 37°C in Eagle minimal essential me-
dium containing 10% calf serum and no antibiotics.
Plaque-purified virus of the KOS strain of HSV-1 was
used for all infections.

Preparation of RNA. Monolayer cell cultures (2
% 107 cells per T-150 flask) were infected for 30 min
with 10 PFU of virus per cell and overlaid with modi-
fied medium 199 containing Earle salts (Flow Labo-
ratories) supplemented with 5% fetal calf serum. For
H-labeled RNA, the cells were labeled from 5.25 to 6
h pi. with 15 uCi of [*Hluridine (28 Ci/mmol;
Schwarz/Mann) per ml in medium 199 containing 5%
dialyzed fetal calf serum. For 2P-labeled RNA, the
cells were labeled from 2 to 6 h p.i. with 200 uCi of
carrier-free [**Plorthophosphate (New England Nu-
clear) per ml in Eagle minimal essential medium con-
taining 1/10 the normal phosphate concentration and
5% dialyzed fetal calf serum.

Polyribosome-associated RNA was isolated by the
magnesium precipitation method of Palmiter (22) as
described by Stringer et al. (28). After phenol extrac-
tion and ethanol precipitation, poly(A) RNA was pu-
rified from the total polyribosome-associated RNA,
using oligodeoxythymidylic acid-cellulose (Collabora-
tive Research). Poly(A) RNA was bound to the cellu-
lose in 0.5 M NaCl-0.1 M Tris (pH 7.6)-1 mM EDTA,
rinsed thoroughly, and eluted in a solution containing
0.01 M Tris (pH 7.6) and 1 mM EDTA. This procedure
results in 50% of the *H radioactivity and 15% of the
P radioactivity in polyribosome-associated RNA
being recovered as poly(A) RNA. A single T-150 flask
typically yielded 4 to 5 ug of poly(A) RNA with specific
activities of 120,000 and 200,000 cpm/pug, respectively,
when °H labeled and %P labeled. Radioactivity was
measured as a 1% solution in Aquasol II scintillation
fluid (New England Nuclear) in a Beckman LS-230
scintillation counter.

This poly(A) RNA has been shown to be intact by
the following criteria. Recovery of §' cap structure
from poly(A) RNA isolated in this manner is virtually
quantitative (20), demonstrating no appreciable break-
age between the 3’ poly(A) tail and the 5 cap. Fur-
thermore, this poly(A) RNA serves as an extremely
efficient template for in vitro translation, and the
polypeptide products migrate in sodium dodecyl sul-
fate-polyacrylamide gels as sharp bands corresponding
to proteins synthesized in vivo, with little or no back-
ground of partial translation products as would be
seen with nicked or degraded template RNA (Ander-
son et al., unpublished data).

Preparation of HSV DNA. Cells grown in plastic
roller bottles (10° cells per bottle) were infected with
10 PFU of virus per cell and incubated in medium 199
containing 5% fetal calf serum. For *’P-labeled DNA,
the cells were overlaid at 4 h p.i. with phosphate-free
Eagle minimal essential medium containing 5% di-
alyzed fetal calf serum and 25 to 50 uCi of [**PJortho-
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phosphate per ml. The cells were scraped into the
medium after 24 h, collected by low-speed centrifuga-
tion (2,000 X g for 5 min), and resuspended in 0.01 M
NaCl-0.01 M Tris (pH 7.4)-3 mM MgCl>-0.5% Noni-
det P-40. The cells were lysed by 6 to 10 strokes in a
tight-fitting Dounce homogenizer, and nuclei were re-
moved by low-speed centrifugation. Virus was pelleted
from the cytoplasmic supernatant by centrifugation at
27,000 X g for 20 min. The virus pellet was solubilized
in 0.1 M NaCl-0.02 M EDTA-0.01 M HEPES (N-2-
hydroxyethyl piperazine-N’-2-ethanesulfonic acid)
(pH 7.8)-1% Sarkosyl and digested with proteinase K
(250 pg/ml) for 3 h at 55°C. The DNA was banded by
CsCl-isopycnic centrifugation as previously described
by Wagner et al. (35), and DNA at 1.725 g/ml (>90%
of DNA in gradient) was collected and dialyzed against
an appropriate restriction endonuclease buffer. A total
of 25 to 50 pg of purified HSV DNA is recovered from
10° cells by this procedure.

Restriction endonuclease digestion of HSV-1
DNA and fractionation of resulting fragments.
Restriction endonucleases Hindlll, Xbal, and BglIl
were purchased from New England Biolabs. All diges-
tions were performed under conditions recommended
by the supplier. Enzyme, at 1 U/4 ug of DNA, was
incubated with DNA for 2 h at 37°C. Double digestion
with HindIIl and Xbal enzymes was performed by
digesting first with HindIII and then adjusting the salt
concentration and adding B-mercaptoethanol before
digesting with Xbal enzyme.

Restricted DNA (30 to 100 pg) was fractionated by
electrophoresis in two 7.5-cm tracks in 0.5% agarose,
horizontal slab gels (42 by 20 by 1.2 cm) for 48 h at 60
V (80 mA). Electrophoresis buffer was 0.04 M Tris
(pH 7.8)-0.005 M sodium acetate-2 mM EDTA-0.5%
ethidium bromide. Bands were visualized by using
long-wave UV light.

DNA was isolated from excised bands by dissolving
the agarose in 56 M NaClO, at 60°C and absorbing
DNA to hydroxyapatite as described by Wilkie and
Cortini (39). After elution in 0.5 M sodium phosphate
(pH 6.8), the DNA was extracted with isopentylalcohol
to remove any remaining ethidium bromide, desalted
on a Sephadex G-50 column, and ethanol precipitated.

Binding of DNA to diazotized cellulose. Total
HSV DNA, as well as restriction fragment DNA, was
bound to diazotized cellulose by a modification of the
procedure of Noyes and Stark (21). m-Aminobenzylox-
ymethyl cellulose (Miles Laboratories) was reprecipi-
tated and diazotized as described in reference 21. How-
ever, for rinses and coupling, 10 mM potassium phos-
phate (pH 6.5) was used as a buffer instead of 0.2 M
sodium borate (pH 8.0). DNA, in 80% dimethyl sulf-
oxide and 2 mM potassium phosphate at concentra-
tions of 100 to 200 ug/ml for total HSV DNA and 25
to 50 ug/ml for restriction fragment DNA, was heated
to 78°C for 5 min, cooled to 4°C, and then mixed with
the diazotized cellulose so that the cellulose concen-
tration was 10 mg (dry weight)/ml. When less than 10
pug of DNA was being manipulated, Escherichia coli
DNA was added as carrier to bring the concentration
to 10 pg. The cellulose suspension was mixed contin-
uously at 4°C for 48 h and then rinsed twice with 80%
dimethyl sulfoxide and 2 mM potassium phosphate at
50°C, four times with 0.1x SSC (0.15 M NaCl plus
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0.015 M sodium citrate) at 25°C, three times with 98%
formamide and 0.01 M HEPES (pH 8.0), and three
times with hybridization buffer (80% formamide, 0.4
M Na*, 0.1 M HEPES [pH 8.0}, 0.005 M EDTA). 2P-
labeled DNA was included in each reaction so that the
efficiency of coupling could be monitored. A total of
35 to 45% of input radioactivity remained bound to the
cellulose after rinsing. DNAcellulose contained 5 to 10
1g of DNA per mg of cellulose for total DNA and 1 to
3 ug/mg of cellulose for restriction fragment DNA.
DNA coupled to cellulose was stored in hybridization
buffer under nitrogen at 4°C.

Hybridization of RNA to cellulose-bound
DNA. *H-labeled, poly(A) RNA was hybridized to
cellulose-bound DNA for 4 h at 57°C in hybridization
buffer containing recrystallized formamide. For total
HSV DNA bound to cellulose, 1 to 2 ug of RNA (1 X
10° to 2 X 10° cpm) was hybridized with 5 to 10 pg of
cellulose-bound DNA. For restriction fragments
bound to cellulose, 10 to 20 ug of RNA was hybridized
to 15 ug-equivalents of DNA bound to cellulose (1 ug-
equivalent is the amount of restriction fragment cor-
responding to digestion of 1 pg of intact HSV DNA).
The hybridization mixture was agitated every hour to
avoid settling of the cellulose. After hybridization, the
cellulose was rinsed four times with 2x SSC at 25°C,
twice with hybridization buffer at room temperature,
and five times with hybridization buffer at 60°C. Hy-
bridized RNA was eluted in 98% formamide and 10
mM HEPES (pH 8.0) at 60°C. The eluant was diluted
to a final formamide concentration of 22% and ad-
justed to 0.1 M sodium acetate, and the eluted RNA
was ethanol precipitated.

Methylmercury agarose gels. RNA was fraction-
ated by electrophoresis on 1.4% agarose gels (15 by 0.6
cm) containing 10 mM methylmercury hydroxide (Al-
pha) as described by Bailey and Davidson (2). Gels
were run for 4 to 6 h at 3 mA/gel (2.5 V/cm). After
electrophoresis, the gels were soaked in 50 mM g-
mercaptoethanol for 20 min and sliced at 2- or 3-mm
intervals. The *H radioactivity in each slice was meas-
ured by dissolving slices in 0.3 ml of 7% perchloric acid
at 72°C and mixing with 4 ml of Aquasol. P radio-
activity of each slice was determined by Cerenkov
radiation counting of intact slices.

Preparation and hybridization of DNA South-
ern blots. Slab gels of restriction endonuclease digests
were blotted onto nitrocellulose paper (BA 85,
Schleicher & Schuell) in 10x SSC, using the method
of Southern (27). The DNA-containing blots were cut
into 4-mm strips for hybridization to the RNA con-
tained in individual slices of methylmercury agarose
gels. Agarose gels containing 10 to 15 ug of *P-labeled
poly(A) RNA were soaked in 15 mM B-mercaptoeth-
anol for 30 min and cut into 2- or 3-mm slices. Slices
containing *’P-labeled RNA were dissolved by heating
to 72°C in a solution containing 0.4 M Na*, 0.1 M
HEPES (pH 7.8)-0.005 M EDTA, and 65% formamide.
The dissolved *?P-labeled RNA then was hybridized
for 24 to 36 h at 57°C in sealed plastic bags containing
individual nitrocellulose strips. Strips then were rinsed
for three 2-h periods at 48°C in hybridization buffer
and 65% formamide, arranged in their original order
from the blot, wrapped in Saran wrap, and pressed
next to Kodak X-omat-R X-ray film for 24 to 72 h.
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RESULTS

Size range of HSV-1 mRNA. Polyribosomal
poly(A) RNA, labeled in HSV-1-infected HeLa
cells with a 45-min [*H]uridine pulse at 5.25 h
after infection, was hybridized to HSV-1 DNA
bound to cellulose as described in Materials and
Methods. The hybridized RNA (15 to 20% of the
input radioactivity) was eluted from the cellu-
lose and subjected to electrophoresis on dena-
turing agarose gels containing methylmercury
hydroxide. Such gels exhibit a linear relationship
between the log size of RNA and the distance
migrated (2). The size, in kb, of HSV-1 mRNA
species was determined by comparing the dis-
tance migrated by HSV-1 mRNA species to the
distance migrated by **P-labeled HeLa rRNA
species, which were added to the sample as
internal size markers. Figure 1 shows that dis-
tinct size species of HSV-1 mRNA ranging from
>8 to ~1 kb are readily distinguishable. There
is a rather large proportion of viral RNA in the
size range of 1.9 to 1.7 kb, a dearth of viral
mRNA that is 2.1 to 2.7 kb in size, and quite a
significant amount of viral mRNA larger than 5
kb. In a large number of preparative hybridiza-
tions, the size range and discrete species of viral
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F16. 1. Size distribution of HSV-1 mRNA. *H-la-
beled polysomal poly(A) mRNA from cells late after
infection was hybridized to 15 pg of HSV-1 DNA
bound to cellulose, and the HSV-specific mRNA
eluted (see text). This viral mRNA was mixed with
32p.labeled HeLa cell rRNA and fractionated by elec-
trophoresis on a 0.6- by 15-cm gel made of 1.4%
agarose containing 10 mM methylmercury hydroxide
(2). Electrophoresis was for 4 h at 3 mA (2.5 V/cm).
The gel was fractionated in 2-mm slices, and the
radioactivity was determined. The size of 18S rRNA
was taken to be 0.67 + 0.07 X 10° daltons (2,000 bases,
2 kb) and that of 28S rRNA, 1.76 x 0.15 X 10° daltons
(5.2 kb) (17, 37). Size extrapolations were based on the
fact that RNA migration is a logarithmic function of
RNA size as shown by Bailey and Davidson (2) and
discussed in Holm et al. (10).
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RNA detected were invariant, but there was
some variability in the amount of radioactivity
recovered in the size ranges shown. The amount
of viral RNA between 10 and 2.5 kb varies
between 55 and 65% of the total viral RNA
recovered. Such variation is not correlated with
the specific preparation of DNA cellulose used
in a given experiment.

To establish that the viral RNA purified by
hybridization to cellulose-bound HSV-1 DNA is
an accurate representation of the actual popu-
lation of HSV-1 RNA labeled during the pulse
period, we tested our hybridization procedure
for specificity and for its ability to leave RNA
undegraded. Two experiments established the
specificity of cellulose-bound HSV-1 DNA for
viral sequences. When [*H]uridine-labeled, un-
infected HeLa cell poly(A) polyribosomal RNA
was incubated with cellulose-bound HSV-1
DNA, only 0.05 to 0.10% of the radioactive HeLa
RNA was bound to the cellulose after our stan-
dard rinsing procedure. Equivalent amounts of
poly(A) polyribosomal RNA from infected cells
yielded from 15 to 20% hybrids. Analysis of
nonspecifically bound uninfected cell RNA on
methylmercury agarose gels showed no signifi-
cant peaks of radioactivity migrating in any
given size range.

In a second experiment to test the specificity
of hybridization to cellulose-bound DNA,
poly(A) polyribosomal RNA from infected cells
was hybridized to cellulose-bound E. coli DNA.
Again, less than 0.1% of input amounts of ma-
terial bound to the cellulose. That which did
bind showed no peaks of radioactivity on meth-
ylmercury gels.

Two control experiments demonstrated that
there is no appreciable degradation of HSV-1
mRNA during the hybridization and elution pro-
cedure. First, *?P-labeled HeLa cell rRNA was
incubated under hybridization conditions and
then run on denaturing gel electrophoresis. No
evidence of degradation of RNA could be seen
by either an alteration in the ratio of the 28S.
rRNA to 18S rRNA or the appearance of in-
creased RNA migrating heterogeneously. In the
second control experiment, *H-labeled poly(A)
polyribosomal RNA was isolated from infected
cells and directly sized on a methylmercury aga-
rose gel. The gel was sliced, and each slice was
assayed for viral RNA by hybridization to HSV-
1 DNA in a manner similar to that described by
Weiss et al. (36). Detailed results of this experi-
ment will be presented elsewhere (Holland et
al., submitted for publication). It suffices here to
report that the distribution of HSV-specific
RNA detected by hybridization across the gel
was essentially identical to that of HSV RNA
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isolated by hybridization to cellulose-bound
HSV-1 DNA.

We conclude from these control experiments
that preparative hybridization of viral mRNA
with HSV DNA bound to cellulose under our
conditions gives an accurate and reproducible
representation of the population of viral mRNA
species present in the isolated RNA population.
As has been discussed in Materials and Methods,
our evidence that the RNA is not degraded
during our isolation is excellent; therefore, we
conclude that the DNA-cellulose hybridization
gives us a valid representation of viral RNA
labeled during the pulse period. This is con-
firmed by our findings (Anderson et al., unpub-
lished data) that DNA-cellulose-hybridized
RNA is an efficient template for in vitro trans-
lation, and the protein products show no indi-
cation of mRNA degradation.

Identification of HSV-1 mRNA species
encoded by different regions of the viral
genome. The Hindlll, Xbal, Bglll, and
HindIIl/Xbal double-digest restriction endonu-
clease sites in the prototypical arrangement of
the DNA of our strain (KOS) of HSV-1 are
shown in Fig. 2. These enzymes cleave the viral
DNA molecule into a number of fragments

HSV mRNA 809
which migrate as individual bands on agarose
gels. Gel bands were shown to contain single
DNA fragments by blotting the gels onto nitro-
cellulose (27) and hybridizing with ?P-labeled
overlapping fragments from different restriction
endonuclease digests. Sites generated by the
other three arrangements of the viral DNA are
described in the legend to Fig. 2.

The restriction fragments of HSV-1 DNA,
shown in Table 1, were isolated from agarose
gels and bound to cellulose (Materials and Meth-
ods). Individual cellulose-bound HSV-1 DNA
restriction fragments then were used to isolate
viral RNA molecules containing sequences ho-
mologous to that DNA fragment. We have used
15 ug-equivalents of restriction fragment bound
to cellulose as a standard amount of DNA in our
hybridizations. We define the amount of any
given restriction fragment derived from 1 pg of
total HSV-1 DNA as 1 pg-equivalent of that
fragment. In this manner, the concentrations of
DNA sequences in the cellulose-bound restric-
tion fragments were kept in the same proportion
as would occur in a hybridization using 15 ug of
total HSV-1 DNA bound to cellulose.

Three controls accompanied each hybridiza-
tion to cellulose-bound HSV-1 DNA restriction
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F16. 2. Map of restriction endonuclease fragments of the KOS strain of HSV-1. These maps are based on
published maps for these sites (18, 26, 38). We have confirmed them for our strain (KOS) of HSV-1 as described
previously (29). The fragments generated by cleavage by the restriction endonucleases BglIl, HindIII, Xbal,
and HindIII/Xbal double digests are shown for the prototypical arrangement (P) of our HSV-1 strain. The
solid boxes at the ends of the long segment represent the long repeat (L) sequences; the open boxes on the
short segment represent the short repeat (Sg) sequences. Three other arrangements occur (9, 39). 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 Is, 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 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 endonucle-
ases shown are as follows. Half-molar fragments arise from ends of molecules: Bglll L and HindIII G are
from P and I.. Bglll J, HindIII H, Xbal A (Xbal D + short region), and Xbal G are from P and Is. BgIII F,
HindlIII D, Xbal B (Xbal G + short region), and Xbal D are from I, and Is. BglII H and HindIII M are from
Is and I.s. 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 HindlIII C is D + M. These regions are contiguous in
P. Bglll B is J + H, and HindIII F is H + M. These regions are contiguous in I,. BglII C is F + L, and
HindIII B is D + G. These regions are contiguous in Is. BglUII E is J + L, and HindIII E is H + G. These
regions are contiguous in I s. 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.
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TABLE 1. HSV-1 endonuclease fragments isolated
for DNA-cellulose binding

— -
Fragment® Mol wt S(']:f) Mplz:r- F::’f:;nr:;rg:
(source) (x10°%) pairs) ity’ sented”
(X)G 6.9 105  05° Long repeat
(H)IO 9.5 144 1
(H)J 7.5 11.4 1
(H/X)AC 3 45 1
(X)F 15.5 235 1 Long unique
(H/X)AE 7.3 1.1 1
(H)K 6 91 1
(H)L 54 8.2 1
Long unique
(H)C 22.2 336  0.25° |Long repeat
Short repeat
(HM 4.7 7.1  0.5° Short repeat
(H)N 3.1 4.7 1 Short unique
. Short unique
(H)G 89 135 05 {Shm repeat
. |Long repeat
H(F) } 12.8 194 0.25 {Short repeat

2 (X) is derived from an Xbal digest; (H) is from an
HindllI digest; (H/X) is from a HindIIl/Xbal double
digest.

® Based on 1 kb pair having a molecular weight of
6.6 X 10°.

¢ Based on the fourfold arrangement of the HSV-1
genome as described in the legend to Fig. 2.

4 See Fig. 2.

¢ Submolar fragments are derived from the four
ossible arrangements of the HSV-1 genome described
in the legend to Fig. 2. Thus, X(G) is from P and Is,
H(C) is from P, H(M) is from Is and I s, H(G) is from
P and I, and H(F) is from I,..

fragments. (i) A small amount of the RNA sam-
ple to be hybridized was fractionated in parallel
with the preparatively hybridized RNA on de-
naturing agarose gels; (ii) a sample of the RNA
to be hybridized to cellulose-bound restriction
fragment DNA was hybridized to total HSV-1
DNA bound to cellulose and the hybrids were
fractionated in parallel with the hybrids to the
restriction fragment; (iii) *’P-labeled HeLa
rRNA was added to the hybridization mixture,
and radioactivity which did not bind to the
cellulose also was fractionated in parallel with
the hybridized RNA at the end of the hybridi-
zation period. The quality of each sample of
RNA obtained by each preparative hybridiza-
tion was evaluated on the basis of the control
experiments. The RNA was deemed intact and
representative if no degradation of the unhybrid-
ized RNA and **P-labeled rRNA was apparent
and if the RNA purified by hybridization to total
cellulose-bound HSV-1 DNA looked typical (see
Fig. 1). All DNA fragments show hybridization
efficiencies roughly comparable to fragment size
(Table 2).

The size distributions of RNA purified by
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hybridization to different HSV-1 restriction frag-
ments are shown in Fig. 3. The panels are ar-
ranged to represent regions of the HSV-1 ge-
nome starting with the left end of the L region
through the S region of the P arrangement.
From this figure, it is evident that certain viral
mRNA species are associated with certain re-
striction fragments. However, in all cases, the
mRNA population homologous to a given re-
striction fragment is complex. Some RNA spe-
cies migrate as major sharp bands, suggesting
very defined sizes for these mRNA species,
which are synthesized in high, or at least mod-
erate, abundance. RNA migrating sharply at a
size of 6 kb hybridizes to HindIIl fragment J
and HindIII/Xbal double-digest fragment AC
(Fig. 3C and D). A discrete 9.6-kb species is
found in RNA hybridized to HindIIl/Xbal dou-
ble-digest fragment AE (Fig. 3F). HindIII frag-
ment K hybridizes efficiently with three discrete
RNA species, 7.2, 5.2, and 3.8 kb in size (Fig.
3G). Sharply migrating RNA species 3 and 1.9
kb in size hybridize to HindIII fragment L (Fig.
3H). Other RNA bands migrate broadly, sug-
gesting a heterogeneity of sizes. A relatively
large amount of such material is seen in RNA
that hybridizes to Xbal fragment F (Fig. 3E).
The RNA species that hybridizes to HindIII
fragment G (Fig. 3K) also is illustrative of such
size heterogeneity. Note in particular the broad-
ness of the peak centered at 1.9 kb, which covers
a range of sizes from 1.6 to 2.2 kb. Other discrete
and heterogeneous size classes of RNA homolo-
gous to HSV-1 restriction fragments are indi-
cated in Table 2.

Certain trends can be discerned from exami-
nation of Fig. 3 and Table 2. For example, RNA
ranging in size from 1.6 to 2 kb is a major
component of RNA hybridizing to total HSV
DNA and hybridizes to all of the restriction
fragments shown. Such RNA is a major com-
ponent of the RNA hybridizing to all but three
of these restriction fragments (HindIIl frag-
ments J and K and HindIII/Xbal double-digest
fragment AE). Conversely, only one fragment
(HindIII fragment I0) has sequences homolo-
gous to a well-resolved RNA species (2.6 kb)
between 2.1 and 2.7 kb. Discrete peaks of RNA
>5.5 kb are found to hybridize to only four
fragments (HindIIl fragments J and K and
HindIII/Xbal double-digest fragments AE and
AC). It is clear, however, that heterodisperse
RNA, up to about 8 kb in size, can be detected
in RNA hybridizing to most fragments.

Some of the restriction fragments examined
have common DNA sequences. This is a conse-
quence of the rearrangement of the long and
short segments generating the four isomeric con-
figurations of the genome and the presence of
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TaBLE 2. HSV mRNA species hybridizing to restriction fragment DNA-cellulose

Size (kb) of:*

L Proportion of radio-
e « Hybridization ef- L. . .
Restriction fragment )t,‘iciency (%)® Prominent mRNA Resolvable mRNA actlvngsn:gmtmg
species species
(X)G? 1.3 2.8 4.3 0.16 (B)*
19 14
(H)IO 14 44+ 04 0.15
2.6
1.9
(H)J 1.6 6 3.0+£02 0.24
48 £ 03 2
42 +02 1.8
1.5
(H/X)AC 0.6 6 5.2 0.24
29 4.5
19 £ 0.15 39
X)F 3.9 4.2 + 0.2 8.4/ 0.32 (B)
3.3+02
1.9
1.3
(H/X)AE 1.2 4.1 9.6 0.19
28+03 6.5
1.6 £ 0.25 5.2
(HK 1.1 72 2.9 0.32
5.2 1.9
3.8
(H)L 0.83 2.8 5.2 0.12
19 44
1.6
(H)C? 1.35 1.9 4.8 0.14
4.1
2.8
(H)N 0.8 1.9 45+ 04 0.2 (B)
1.5 27+02
1.0
(H)G* 12 3102 4202 0.13 (B)
19+03
(H)M? 0.36 1.9 44 0.10
28 +£02
(H)F* 11 2.0 4.3 0.09
2.8
1.6
® See Fig. 2.

®In all cases, 1 X 10° to 2 X 10° cpm of *H-labeled polysomal poly(A) RNA was used. Hybridization was
carried out with 15 pg-equivalents of the fragment DNA bound to cellulose and RNA fractionated as described

in Fig. 3.

¢ Size of RNA species is based on the position of 28S and 18S rRNA markers (see Fig. 1). When a region of
lmgrating RNA was broad enough to indicate size heterogeneity, the range of size values is indicated.
Fragments (X)G, (H)C, (H)G, (H)M, and (H)F are generated by only certain arrangements of the HSV-1
genome as described in the legend to Fig. 2 and in Table 1.
¢ (B) indicates that the RNA species >5 kb in size migrate as a polydisperse range.

/ This band is only partially resolved.

the inverted repeat sequences. For example, the
entire sequence of HindIIl fragment M is con-
tained within HindIII fragments C and F, and
the short repeat sequence which comprises bet-
ter than 90% of HindIIl fragment M also is
contained in HindIII fragment G. All three of
these fragments exhibit homologous RNA of the
same sizes found for HindIII fragment M. The
sizes of RNA hybridizing to Xbal fragment G

and HindIII fragments C and F are similarly
consistent with the sequences shared by these
fragments.

Localization of specific viral transcripts
on the HSV-1 genome. As an independent
check for the DNA-cellulose fractionation of
HSV mRNA, as well as to provide some limited
overlap data for mapping HSV mRNA species,
we carried out a number of DNA hybridizations
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Fi1. 3. Size distribution of HSV-1 mRNA hybridized to restriction fragments of viral DNA. (A) through
(M) are denaturing agarose gels of viral RNA hybridized to HSV-1 restriction fragments from different
regions of the genome (see Table 1). The fragments are arranged so as to represent regions beginning from the
left of the L region through the short region of the P arrangement. In each panel, polysomal poly(A) RNA
from 4 X 107 to 8 X 107 cells was hybridized to 15 pg-equivalents of restriction fragment DNA cellulose.
Specific amounts of DNA cellulose used and hybridization efficiencies are shown in Table 2. Details of RNA
labeling and gel fractionation are as described in the legend to Fig. 1 and in the text. The arrows on each
panel show the position of the %*P-labeled HeLa rRNA included as an internal-size marker.

of size-fractionated RNA to Southern blots of
restricted DNA. Polysomal poly(A) mRNA was
labeled for 4 h with 32P, isolated from infected
cells, and fractionated on methylmercury aga-
rose gels. The longer labeling time was necessary
to get RNA of sufficient specific activity for blot
hybridization. Gels were sliced into 2- or 3-mm
slices, and Cerenkov radiation was determined.
Radioactivity profiles obtained were quite repro-
ducible, and a typical one is shown in Fig. 4.

Parallel gels with a small amount of the *P-
labeled RNA and °H-labeled HeLa cell rRNA
showed that the two peaks of indicated radio-
activity migrated with sizes of 6.0 and 1.9 kb.
These two peaks were used as internal size
markers in all blotting experiments. The slices
were dissolved in hybridization buffer containing
65% formamide (see Materials and Methods),
and RNA from individual gel slices was hybrid-
ized to nitrocellulose strips containing restriction
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F1G. 4. Size distribution of polysomal poly(A)
RNA from HSV-1-infected HeLa cells. In the experi-
ment shown, [2PJRNA from 8 X 107 cells labeled
from 2 to 6 h p.i. with [**P]orthophosphate was frac-
tionated on a denaturing agarose gel as described in
the legend to Fig. 1. The gel was divided into 2-mm
slices, and radioactivity was determined by counting
Cerenkov radiation. The size range of the RNA was
determined as described in Fig. 1, using 6- and 1.9-
kb peaks (arrows) described in the text as size
markers. Only the top two-thirds of the profile is
shown.

23

s 10 3 L)

fragments of HSV-1 DNA. After hybridization,
the strips were rinsed, assembled in order of
RNA size, and autoradiographed. Representa-
tive blot hybridizations to HindIII/Xbal double-
digest fragments and BglII fragments are shown
in Fig. 5. Hybridizations to blots of HindIIl
fragments also were performed (not shown). Ta-
ble 3 summarizes the results of our blot hybrid-
ization data. We have shown the size and loca-
tion of the RNA species which hybridized to
defined fragments of the HSV-1 genome. The
qualitative correlation between preparatively
hybridized RNA and blot-hybridized RNA is
excellent (cf. Tables 2 and 3). For example, RNA
migrating at 6 kb, which hybridized to cellulose-
bound HindIIl fragments J and HindIIl/Xbal
fragment AC (Fig. 3C and D), appears as highly
radioactive spots in blots of those same frag-
ments (Fig. 5A) and in the overlapping Bg/lIl
fragments N and P (Fig. 5B). The discretely
migrating RNA species isolated by hybridization
to HindlIIl fragment K (Fig. 3G) also appear as
discrete spots on blots of this fragment (Fig. 5A).
The rare 2.6-kb size mRNA species in HindIII
fragment IO is found in blots to this fragment as
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well as to BglII fragment O, which is contained
in it. The congruence between the DNA-cellu-
lose data and the blot hybridization data also
holds for the broadly migrating viral RNA spe-
cies. Examination of the RNA homologous to
HindlII fragment G (Fig. 3K) shows a large and
broad peak of radioactivity that is 2.2 to 1.6 kb
in size. In the blots, there is extensive hybridi-
zation of RNA in this size range to HindIIl
fragment G and Bgl/II fragment L. In addition
to the 6-kb species, the RNA hybridizing to
HindIII fragment J bound to cellulose migrates
as a complex mixture of partially resolved sizes
that range from 5 to 3 and 2 to 1.5 kb (Fig. 3C).
RNA hybridizing to blots of this fragment, as
well as to the component Bg/II fragments P and
N, show a similar range of sizes. A significant
portion of the RNA hybridizing to Xbal frag-
ment F DNA-cellulose migrates broadly in the
size range of 5 to 3 kb (Fig. 3E); and RNA
hybridizing to blots of BgIII fragments I and D,
which overlap Xbal fragment F, also migrates
broadly in this size range.

Quantitative comparison between the amount
of RNA of a particular size hybridizing to a given
blot of a restriction fragment and that isolated
from the same fragment bound to cellulose is
difficult. This is because the RNA for blot hy-
bridization was labeled for 4 h compared to 45
min for the preparative hybridization, and be-
cause exact quantitation of the amount of radio-
activity hybridizing to a blot is difficult due to
differential efficiency of transfer of large and
small DNA fragments. However, it is clear that,
at a first level of approximation, the two meth-
ods give similar results. .

There is, however, one notable quantitative
difference between the methods. In experiments
with blotted DNA, very little RNA hybridizes to
the long repeated sequences present in Xbal
fragment G and BglII fragment J. In contrast,
RNA pulsed from 5.25 to 6 h p.i. hybridized well
to cellulose-bound Xbal fragment G. In experi-
ments using labeling times of 0 to 2 h p.i., de-
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scribed elsewhere (Holland et al., submitted),
several discrete sizes of RNA hybridized effi-
ciently to blots of Xbal fragment G. The result
is consistent with there being reduced transcrip-
tion from these regions late, compared to early,
after infection. A second possibility is that RNA
transcribed from this region from 2 to 6 h p.i.
has a rapid turnover rate, resulting in a lower
steady-state concentration of this RNA in the
infected-cell compared to other RNA species.
This RNA would be represented to a greater
extent in short pulse-labeled RNA (used for
preparative hybridization) than in long-term la-
beled RNA (used in blot hybridization). Clem-
ents et al. (7) also described a reduced efficiency
of hybridization to blots of the long repeat region
with RNA labeled from 0 to 7 h p.i.

DISCUSSION

Complexity of HSV-1 mRNA. We have
measured the size of HSV-1 RNA species syn-
thesized during a time late in infection when
viral DNA synthesis is proceeding at a rapid rate
and when 80 to 90% of the single-strand equiv-
alent of the viral genome is expressed as mRNA
in at least moderate abundance. There are few
significantly labeled species smaller than 1.5 kb
and little viral mRNA which migrates as a dis-
crete size species larger than 8 to 9 kb (Fig. 1).
Within this range, there are certain favored sizes,
such as 6, 5.4, 3, and especially 1.8 to 2.2 and 1.5
to 1.6 kb. Also, one size class, that between 2 and
3 kb, is rare for HSV-1 mRNA. The lack of
HSV-1 mRNA 2 to 3 kb in size appears to be
peculiar to viral RNA since uninfected HeLa
cells do not lack mRNA in this size range (data
not shown). HSV proteins have been reported to
range in size from 15,000 to at least 250,000
daltons (11). The largest size of HSV-1 mRNA
isolated in reasonable yield (8 to 9 kb) could
readily encode the largest polypeptides. On the
other end of the spectrum, it is interesting that
the smallest HSV mRNA species seen in any
quantity are no smaller than 1.2 kb, a size with

Fic. 5. Hybridization of size-fractionated HSV-1 mRNA to DNA restriction fragment blots. Total **P-
labeled polysomal poly(A) RNA from infected cells was fractionated as described in the legend to Fig. 4.
Individual slices were dissolved in 0.4 M Na*, 0.1 M HEPES (pH 7.8), 5mM EDTA, and 65% formamide (see
text) and hybridized to strips of Southern blots of HSV-1 DNA, either double-digested with HindIII and Xbal
endonucleases (A) or digested with BglIl endonuclease (B). The locations of the cleavage sites for these
enzymes on HSV-1 DNA are shown in Fig. 2. After hybridization and rinsing (see text), strips were assembled
in order of size of RNA used and radioautographed with Kodak X-omat-R film. Both radioautographs were
exposed for 24 h at —70°C with a Kodak intensifying screen, and contact prints of the X-ray film are shown.
Size of RNA in the slices was determined from the migration of the 6- and 1.9-kb RNA species as described
in the legend to Fig. 4. Positions shown for restriction fragments in the blot were determined by visualization
of the fractionated fragments of DNA before blotting. Resolution after blotting was checked by incubating a
strip with total **P-labeled RNA (not shown). In the case of the double-digest blot, the bands are as described
in the footnotes to Table 1; all bands are HindIII fragments except when indicated as an Xba fragment (X)
or a double-digest fragment (H/X).



TaBLE 3. Localization of HSV-1 mRNA by blot hybridization

BglII restriction Size of RNA hybridiz- HindIIl/Xbal double-di- Size of RNA hybridizing®
fragment® ing® (kb) gest restriction fragment” (kb)
J 2.8-3(-) X(G) 2.8(-)
1.9(-) 1.9(-)
K 3.2-4(—)
1.9
(4} 4-46 N H(10) 3-46
2.5(+) 26
19 2.0(+)
: 1.6-19
P 6
4.1
: H({J) 6.5
1.5 6(+)
N 67 yrl
s 3.5(-)
2.8-5.2 1'9 21
1.9(-) J e
15-17(+)
H/X(AC) 6(+)
M 4.6(-) 43
2.8-3.2 3.2
1.9 1.9-2.1
5
1 9.8(-)
3.2-4.6(+)
1.9
1.2
" H/X(AE) 8.6
3.8
2.8(-)
1.7
D 9.8(-)
78 H(K) 7.1(+)
5.2(-) 5.2-5.6(+)
4.1 3.5-3.8
28-36 L 1.7-19(-)
1.6-19
H(L)¢ 2.8-3.1(+)
1.9(+)
1.5-1.7
_
H(D) 4-4.8(+)
3-3.5(+)
2.5(-)
A 4(-) 1.5-2.1(+)
2.8-3.2
H(M)© 2.8(-)
194 ) 1.9-2.1(+)
. 1.7
H(N) 3
1.9-2.1(+)
L 1.9(+) \ 1.6(+)
1.5(+)
H(G) 4(-)
3-3.2
1.5-2.3(+)

2 Fragments are arranged in relative order on the prototype arrangement (see Fig. 2). Data are shown only

for those fragments which are clearly resolved.

® Based on the position of 6- and 1.9-kb RNA in gels (see text). Slices yield a size 7% of the stated values.

Very intense spots are indicated with a (+) and faint ones are indicated with a ().
< Based on blots of HindIII digests which resolve fragments L and M.
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at least twice the coding capacity necessary for
translation of a 15,000-dalton protein. Whereas
about half of the identified viral polypeptides
are smaller than 60,000 daltons, most mRNA
species are 1.8 to 1.9 kb and greater in size,
providing more coding capacity than required.
Since little posttranslational processing has been
observed (11), this suggests that many HSV-1
molecules can contain significant amounts of
untranslated sequences.

The viral mRNA which hybridizes to even the
smallest restriction fragments of HSV DNA is a
complex mixture of sizes which, in some cases,
exceeds the asymmetric coding capacity of the
fragment even when only the most prominent
species are considered. HindIII fragment K (9.1
kb pairs in length) hybridizes efficiently with
three highly labeled viral mRNA species whose
aggregate size is over 16 kb. HindIIl/Xbal frag-
ment AC is only 4.5 kb pairs in length, yet
hybridizes with mRNA species totaling well over
10 kb. Also, there are at least four species of
viral RNA >3.5 kb in size hybridizing to the
region encompassed by Bglll fragments P and
N, whose total length is approximately 9 kb. One
explanation for complex patterns of RNA species
binding to a given region is that some species of
mRNA hybridizing to specific DNA restriction
fragments are encoded by a DNA sequence
which bridges a restriction endonuclease site.
This appears to be the case for the 6-kb mRNA
which hybridizes to both HindIII fragment J
and HindIIl/Xbal fragment AC (see below).
However, most cases cannot be explained this
simply. For example, with HindIII fragment K,
we know from the hybridization patterns of
neighboring DNA fragments that at least two of
the large RNA molecules which hybridize to
HindIlI fragment K do not significantly extend
into the sequences adjacent to this small piece
of DNA (Table 3). The aggregate size of these
two species is 12 kb, which is 3 kb more than
could be asymmetrically transcribed from
HindlIIl fragment K. Again, the localization of
the RNA species >3.5 kb hybridizing to HindIII
fragment J and BgIII fragments P and N cannot
be explained by RNA overlapping into neigh-
boring fragments. Such an apparent “transcrip-
tional overload” in a given region can be ex-
plained by a combination of the following: (i)
symmetric transcription, (ii) asymmetric tran-
scription and processing of RNA-producing spe-
cies which have overlapping nucleotide se-
quences, (iii) RNA splicing events resulting in
the mRNA molecules being homologous to more
than one locale on the genome. Symmetric tran-
scription probably does not significantly contrib-
ute since <2% of 1-h pulse-labeled poly(A) pol-
yribosomal RNA from infected cells is self-com-
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plementary (13; Stringer and Wagner, unpub-
lished data). Since both RNA species containing
shared sequences and spliced transcripts have
been observed in papova- and adenoviruses (1,
5, 6), it is reasonable to expect herpesviruses to
exhibit similar complexity in transcription and
processing of viral RNA. Overlapping mRNA
sequences would be indicated experimentally if
3’ ends of several specific mRNA sizes could be
localized into a small region of the genome con-
tiguous with the restriction fragment containing
the bulk of the sequences homologous to the
RNA. Preliminary results of such studies suggest
overlapping sequences of HSV-1 mRNA do, in
fact, occur (Holland et al., submitted).

In addition to the large number of specific-
sized mRNA species found in localized regions
of the HSV-1 genome, there are also appreciable
amounts of heterogeneously migrating RNA
found hybridizing to all restriction fragments.
This RNA is viral since it is not found in control
experiments using uninfected cells or E. coli
DNA bound to cellulose. There are a number of
possible sources of this heterogeneously migrat-
ing viral RNA. Certainly, some could arise by
degradation of RNA during workup or hybridi-
zation. We have already shown that such deg-
radation is quite limited, however. Furthermore,
in several cases, similar patterns of such heter-
ogeneously migrating RNA are seen no matter
whether the RNA is size fractionated before or
after hybridization. Therefore, we feel this pre-
cludes degradation being the only source of such
heterogeneously migrating RNA. Some RNA
species may well be present in small amounts
and would not resolve well from more abundant
species. Small amounts of specific-sized mRNA
species hybridizing to a given restriction frag-
ment could also arise from low-efficiency hybrid-
ization of RNA whose sequences barely overlap
into the fragment. Another possible source of
small amounts of RNA of heterogeneous size
would be the presence in the polysomal poly(A)
RNA of partially processed viral RNA species
derived from a larger precursor. Such species
have been found for both adenovirus and simian
virus 40 (5, 16). A fifth source of small amounts
of specific sizes of RNA could result from tran-
scription of all four arrangements of the HSV
genome (see Fig. 2). It has been reported that
only one or two of the arrangements of HSV-1
DNA are able to yield viable progeny virus (18);
however, other arrangements could be tran-
scribed to produce viral RNA species whose
processing could be abortive. The relative con-
tribution of any of these possible sources of the
viral RNA species present in low abundance will
be resolved by continued analysis of HSV-1 tran-
scription.
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Preliminary transcription map of HSV-1.
The combined DNA-cellulose and blot hybridi-
zation data allow us to localize a number of viral
mRNA size species in restriction fragments. We
have constructed a preliminary transcription
map based on our data as shown in Fig. 6. This
map is a simplification of the data summarized
in Tables 2 and 3 in that it shows only readily
identifiable mRNA species. We have included
those mRNA's of discrete sizes which were ob-
served from both DNA-cellulose hybridization
and blot hybridization data. Because of the
greater resolution of RNA prepared by hybridi-
zation to DNA-cellulose, we have used the sizes
of Table 2 for individual RNA species. We have
indicated single species of RNA which were re-
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solved after DNA-cellulose hybridization even if .

such could not be resolved by using blot hybrid-
ization. When RNA migrated as a range of sizes
in both DNA-cellulose and blot experiments, we
have shown one species, with brackets indicating
the extremes in values.

In most cases, viral transcripts shown in Fig.
6 are aligned in the middle of the restriction
fragment containing homologous sequences. In

J. ViroL.

some cases, however, enough information is
available to localize mRNA species more pre-
cisely. The rationale for localization of the indi-
vidual RNA species shown is as follows. (i) The
low-efficiency hybridization of both Xbal frag-
ment G and BglII fragment J made confirmation
of the results of DNA-cellulose hybridization
difficult. We have indicated only the two species
detected by blot hybridization on the map. It is
clear from both the DNA-cellulose hybridization
and RNA displacement loop hybridization of
early RNA (29) that there is considerable RNA
hybridizing to this region in addition to the two
species shown. We have rather arbitrarily lo-
cated these two species to the long repeat, be-
cause the unusually low efficiency of RNA blot
hybridization suggests an unusual feature of the
hybridization. (ii)) RNA hybridizing to HindIII
fragment IO cellulose hybridizes mainly to Bg/II
fragment O, which maps to the right of most of
this region. (iii) There are a large number of
transcripts hybridizing to the region 20 to 30%
of the total genome length in from the left end
of the prototype arrangement. The size distri-
butions of RNA hybridizing to Bg/II fragments
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F1G. 6. Preliminary minimal transcription map of HSV-1 RNA. The data of Tables 2 and 3 and Fig. 3 and
5 have been reduced to a minimal transcription map as described in the text. Only prominently labeled RNA
species are included. The location of the Xbal, Bglll, and HindIII fragments scored are shown for the P
arrangement of HSV-1 DNA. The percent length from the left end of the genome is shown with arrows. When
RNA of the same size was found in neighboring restriction fragments, it is shown as a single species bridging
the restriction cleavage site, provided the radioactivity in both fragments is equivalent, such as for the 6-kb
RNA species in HindIII fragment J and HindIII/Xbal double-digest fragment AC. The length of the lines is
proportional to the relative length of the RNA in question. The RNA species with bracketed sizes indicate
RNA which migrates broadly in the range shown. The RNA species shown under the region spanned by
HindlIII fragment D, which arises from the I,. and I s conformations of the viral DNA, are based on blot data
and are shown in the unique region due to the low hybridization of the long repeat region found in Xbal

fragment G and BglII fragment J.
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O, P, and N, which subdivide this region, indi-
cate that most of the species of RNA hybridize
to the region on either side of the right-hand
HindIll site generating fragment J. (iv) The
RNA species of size around 8 to 9 kb found
hybridizing to Xbal fragment F cellulose corre-
sponds to RNA of this size found in blots of
BgllI fragments I and D and HindIIl/Xbal dou-
ble-digest fragment AE. For clarity, we have
shown this as a single species, since one RNA
molecule of this size is large enough to bridge all
the restriction sites generating the fragments.
However, preliminary experiments suggest that
two discrete 3’ ends for RNA of this size occur
in this region (data not shown). We have shown
RNA species on either side of the junction be-
tween Xbal fragment F and HindIII/Xbal dou-
ble-digest fragment AE, depending on whether
RNA of this size also hybridizes to blots of BglII
fragment 1. (v) Three RNA species have been
shown mapping in HindIII fragment K because
of the resolution of these after preparative hy-
bridization (Fig. 3G). However, the midsized
RNA hybridizing to blots of HindIII fragment
K consistently shows a broader size distribution
than the 7.4- and 3.8-kb species, suggesting that
more than one RNA species may be found in
this size range. (vi) The RNA hybridizing effi-
ciently to blots of HindIII fragment D have been
localized to the unique region to the left of the
long repeat sequences since RNA hybridizes
very poorly to both Xbal fragment G and BgiII
fragment J, which also contain the long repeat
sequence. Finally, (vii) the 4-kb species, as well
as a range of smaller species of viral RNA species
found hybridizing to HindIII fragment G cellu-
lose and blots, are shown in the short unique
region of this fragment since they do not hybrid-
ize to blots of HindIIl fragment M or BglII
fragment L, which, like HindIIl fragment G,
contains the short repeat region.

The transcription map shown in Fig. 6 under-
estimates the number of significantly labeled
HSV-1 mRNA species. This is especially true
for smaller RNA species found in large restric-
tion fragments such as Xbal fragment F. But in
spite of this and other limitations, certain pat-
terns in the location of HSV-1 mRNA on the
viral genome can be seen. The region of the
genome from 10 to 15% in from the left end of
the prototype arrangement (BgI/II fragment K)
hybridizes mainly to RNA of size 1.9 to 2 kb.
RNA displacement loop hybridization of early
HSV RNA also shows low hybridization in this
area (29). At least two regions of the genome,
the region 20 to 30% in from the left end (HindII1
fragment J) and the region 50 to 60% in from
that end (HindIII fragments K and L), hybridize
to numerous RNA species. Higher-resolution
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mapping of RNA species in the region covered
by Xbal fragment F may reveal other such re-
gions. Whereas RNA of 1.6 to 2 kb in size is
found throughout the genome, a significant
amount of RNA smaller than 1.5 kb (1.2 kb) is
found only in Bgl/II fragment 1. Well-resolved
RNA larger than 5 kb is found in significant
amounts only toward the center of the long
unique region of the genome (25 to 60% from the
left end); furthermore, little viral mRNA >4 kb
in size is found in the short region and in either
the long or short repeat sequences of the HSV-
1 genome. Specific features of HSV-1 RNA me-
tabolism which result in these patterns are un-
known.

Correlation of the transcription map
with the HSV-1 genetic map. Of the nearly
50 proteins which have been identified as viral,
about half have been localized on the HSV-1
genome by using intertypic recombinants be-
tween HSV-1 and HSV-2 (19). It is interesting
to note that structural (y) polypeptides map
throughout the long unique region, with a large
number mapping between 20 and 30% and an-
other large number between 50 and 60% in from
the left end of the genome in the prototype
arrangement. The very large structural poly-
peptide, ICP-2, which would require a large
mRNA species to encode it, has been localized
in this latter region. These areas of the genome
correspond to regions contained by HindlIII frag-
ment J and HindIIl fragments K and L; both
regions encode large mRNA species. It should
be noted that these two regions are symmetrical
around the rotation axis of the long sequence of
the HSV-1 genome (see reference 29) so that the
question of whether the prototype arrangement
or one with the long region inverted is biologi-
cally active does not interfere with the correla-
tion. Further correlation of the HSV-1 transcrip-
tion map with polypeptide maps must await
studies on the biological activity of the RNA
species we have identified in this report.
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