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RNA labeled with [methyl-3H]methionine and/or [32P]orthophosphate was
isolated from the polyribosomes of herpes simplex virus (HSV) type 1-infected
cells and separated into polyadenylylated [poly(A+)] and non-polyadenylylated
[poly(A-)] fractions. Virus-specific RNA was obtained by hybridization in liquid
to either excess HSV DNA or filters containing immobilized HSV DNA. Analy-
sis in denaturing sucrose gradients indicated that HSV-specific poly(A+) RNA
sedimented in a broad peak, with a modal S value of 20. The ratio of [3Hlmethyl
to 32p decreased with increasing size of RNA, suggesting that each RNA chain
contains a similar number of methyl groups. Further analysis indicated an
average of one RNase-resistant structure of the type m7G(5')pppNmpNp or
m7G(5')pppNmpNmpNp per 2,780 nucleotides. The following components were
identified in the 5'-terminal oligonucleotides of polyribosome-associated HSV-
specific poly(A+) and poly(A-) RNA: 7-methylguanosine, N6,2'-O-dimethyla-
denosine, and the 2'-O-methyl derivatives of guanosine, adenosine, uridine, and
cytidine. The most common 5'-terminal sequences were m7G(5')pppm6Am and
m7G(5')pppGm. An additional modified nucleoside, N6-methyladenosine, was
present in an internal position of HSV-specific RNA.

Herpes simplex virus (HSV) is a large DNA
virus that replicates within the nucleus of in-
fected human cells. Previous studies have
shown that HSV-specific polyribosomal RNA
shares certain characteristics with that of its
host cell, including a polyadenylic acid
[poly(A)] tract at its 3' terminal (1, 16, 18) and a,
smaller average size than total nuclear HSV
RNA (16, 18, 22). A further similarity was sug-
gested by a recent report that HSV-specific
RNA is methylated at terminal and internal
positions (2). In the present study the 5'-termi-
nal structures and the internal methylated nu-
cleosides have been identified.

MATERIALS AND METHODS

Cells and virus. HeLa cells were grown in mono-
layer culture, using Eagle minimal essential me-
dium (MEM [51) with Earle salts, 10% calf serum,
and no antibiotics. HSV infection was at a multiplic-
ity of 30 PFU/cell. Properties and methods of assay
of our L strain of HSV type 1 (HSV-1) have been
described (18, 20).

Radioactive RNA. Monolayer cultures of 4 x 107
cells were labeled from 2.5 to 6 h after infection.
RNA was methyl labeled by first starving cells for
methionine for 15 min in 10 ml of methionine-free

MEM with 5% dialyzed fetal calf serum and then
adding the above medium supplemented with 20
mM sodium formate-20 ,M adenosine-20 ,M gua-
nosine-20 ,M L-[methyl-3Hlmethionine (5 Ci/
mmol). RNA was phosphate labeled by incubation of
4 x 107 cells with 1.25 mCi of [32P]orthophosphate in
12 ml ofMEM containing 10% ofthe usual amount of
phosphate and 5% calf serum that had been dialyzed
against 0.15 M NaCl. RNA labeled with both 32P and
[methyl-3H]methionine was prepared by the incuba-
tion of cells with 1 mCi of [32P]orthophosphate and 1
mCi of [methyl-3Hlmethionine in methionine-free
MEM containing 20 mM sodium formate, 20 ,M
adenosine, 20 ,uM guanosine, 10% of the normal
phosphate concentration, and 5% dialyzed calf se-
rum.

Isolation of HSV RNA. The fractionation of cells
into nuclei and cytoplasm, isolation of polyribo-
somes, RNA purification, and separation of RNA-
containing poly(A), referred to as poly(A+), and
RNA-lacking poly(A), referred to as poly(A-), were
as described previously (18). Cells were fractionated
into nuclei and cytoplasm, and polyribosomes were
isolated by the method of Palmiter (13). RNA was
extracted from polyribosomes by proteinase K diges-
tion followed by warm phenol-sodium dodecyl sul-
fate extraction. Poly(A+) and poly(A-) RNA were
fractionated by chromatography on polyuridylic acid
[poly(U)] bound to glass-fiber filters. Preparative
amounts of HSV-specific RNA were obtained either
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by hybridization to 20 to 30 ,ug ofHSV DNA bound to
nitrocellulose filters (23) or by DNA excess hybridi-
zation (18). Filter disk hybridization was for 24 h at
500C in 50% formamide-0.5 M NaCl-0.1 M Tris-
hydrochloride (pH 7.5)-10 mM EDTA. After hybridi-
zation, the filters were rinsed with several changes
of 2x SSC (SSC is 0.15 M NaCl plus 0.015 M Na3
citrate) at 550C for a period of 4 h and then rinsed for
an additional 12 h in 2 x SSC at 370C. Such washing
eliminated adventitiously bound radioactive RNA
from control filter disks. Viral RNA was eluted from
the filters by incubation for 10 min at 720C in 90%
formamide-0.15 M NaCl-0.1 M Tris-hydrochloride
(pH 7.5)-0.01 M EDTA-20 ,ug of carrier RNA per ml.
DNA excess hybridization was carried out with 25 to
50 ,gg of denatured HSV DNA per ml fragmented by
boiling in alkali. Hybridization was in 0.5 M NaCl-
0.1 M Tris-hydrochloride-10 mM EDTA (pH 7.5)-
50% formamide for 24 h at 460C. HSV-specific RNA
was obtained by hydroxyapatite chromatography in
8 M urea as described previously (11, 18).
RNA sedimentation in sucrose-formaldehyde

gradients. HSV-specific RNA was mixed with unla-
beled HeLa cell rRNA as a size marker. The RNA
was denatured by incubating at 72°C for 10 min in a
buffer of 9 mM NaHPO4 and 1 mM NaH2PO4 con-
taining 3% formaldehyde. Denatured RNA was frac-
tionated by sedimentation on 18 ml of 5 to 20%
sucrose gradients containing 0.1 M NaCl, 10 mM
NaH2PO4, 10 mM Na2HPO4, and 1% formaldehyde.
Sedimentation was for 20 h at 4°C and 24,000 rpm in
a Spinco SW27 rotor. This procedure has been de-
scribed in detail previously (18).
Enzyme digestions. The procedures for enzyme

digestions were essentially those used elsewhere
(24). Purified HSV RNA was digested with a mix-
ture of RNases T2 (10 U/ml), T. (20 ug/ml), and A
(100 ,ug/ml) in 0.1 M ammonium acetate (pH 4.5) for
7 h. Nuclease P, was used at 0.5 mg/ml in 10 mM
ammonium acetate (pH 6.0) for 2 h. Oligonucleo-
tides were treated with snake venom phosphodies-
terase (0.2 mg/ml) and/or bacterial alkaline phos-
phatase (0.2 mg/ml) in 50 mM Tris-hydrochloride
(pH 8.5) and 5 mM MgCl2 for 2 h. All digestions were
at 37°C.

Chromatography. DEAE-cellulose column chro-
matography was carried out at pH 7.6 in 7 M urea
with markers prepared by limited alkali digestion of
poly(A) (21, 25). Appropriate fractions were desalted
by readsorption to small DEAE-cellulose columns
and elution with 2 M triethylammonium bicarbon-
ate (12). Chromatography on Whatman no. 1 paper
employed solvent A (isopropanol-water-NH3 [7:2:1])
or solvent B (isopropanol-concentrated HCl-water
[680:170:144]). Electrophoresis at 3,000 V on What-
man 3MM paper was in 5% acetic acid-0.5% pyri-
dine-1 mM EDTA.

Materials. DEAE-cellulose and Whatman paper
were purchased from Whatman, Inc. Enzymes were
supplied by Worthington Biochemicals Corp., except
for RNase T2, nuclease P., and proteinase K, which
came from Sigma Chemical Co., Yamasa Shoyu Co.,
and Merck Pharmaceuticals, respectively. [methyl-
3H]methionine was purchased from Schwarz/Mann,
and Na32PO4 was from Amersham/Searle.

RESULTS
Size distribution of 32p and methyl-labeled

HSV-specific poly(A+) RNA. HeLa cells were
labeled with [32P]orthophosphate and L-
[methyl-3H]methionine from 2.5 to 6 h after
infection. The polyribosomal RNA was isolated,
separated from the bulk of highly methyl-la-
beled tRNA and rRNA by poly(U)-filter chro-
matography and from HeLa cell mRNA by hy-
bridization to excess HSV DNA. The HSV-spe-
cific poly(A+) RNA, so obtained, was dena-
tured with formaldehyde and fractionated on 5
to 20% sucrose gradients containing 1% formal-
dehyde. The doubly labeled RNA sedimented as
a broad peak, with a modal S value of 20 (Fig.
1). The ratio of3H to 32p decreased with increas-
ing molecular weight, suggesting a similar
number of methyl groups per RNA chain (12,
26). Methyl-labeled poly(A+) HSV RNA ob-
tained from the nuclear fraction had a modal S
value similar to that of the poly(A+) polyribo-
somal RNA shown in Fig. 1. When polyriboso-
mal poly(A-) HSV RNA was analyzed on su-
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FIG. 1. Size distribution of HSV-specific
[3H]methyl and 32P-labeled poly(A+) polyribosomal
RNA. Approximately 4 x 107 HeLa cells were incu-
bated with 1 mCi each of L-[methyl-3H]methionine
and [32P]orthophosphate from 2.5 to 6 h after infec-
tion. Polyribosomal poly(A+) RNA was purified by
preparative hybridization to excess viral DNA. Unla-
beled HeLa cell rRNA was added as an optical den-
sity marker, and the hybrids were heat denatured in
formaldehyde and layered over an 18-ml gradient of
5 to 20% sucrose in 1% formaldehyde. Centrifugation
was at 4°C for 20 h at 24,000 rpm in a Beckman
Spinco SW27 rotor. The gradient was pumped
through a Gilford recording spectrophotometer, and
0.7-ml fractions were collected. Scintillation count-
ing was done in Aquasol, with windows set to allow
no more than 1% of the 32p radioactivity to spill into
the 3H window and negligible 3H into the 32P win-
dow.
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crose gradients, higher ratios of 3H to 32P in the
positions of 18S and 28S rRNA's were obtained,
suggesting residual contamination with highly
methyl-labeled rRNA species as discussed be-
low.

Isolation of 5'-terminal methylated oligo-
nucleotides. Methyl-labeled poly(A+) HSV
RNA was digested with a combination of
RNases (T2, T1, and A) to hydrolyze all 3',5'-
phosphodiester bonds except those in which the
ribonucleoside contains a 2' substitution. The
products were then chromatographed on a

DEAE-cellulose column in 7 M urea at pH 7.6.
Under these conditions, nucleotides or enzyme-
resistant oligonucleotides separate on the basis
of net negative charge (21). Of major interest to
this study was the double peak of methyl-la-
beled material that eluted with a net negative
charge of -5 to -6 (Fig. 2A). In separate exper-
iments, this double peak ofpoly(A+) HSV RNA
varied from 63 to 78% of the total radioactive
material recovered. After further treatment
with bacterial alkaline phosphatase, the two
peaks eluted with net charges of approximately
-3 and -4 (data not shown), indicating that
only the terminal 3'-phosphate was susceptible
to digestion. These properties are consistent
with structures of the types m7G(5')pppNmpNp
(-5 charge) and m7G(5')pppNmpNmpNp (-6
charge) previously described in HeLa cell
mRNA (7, 24). Apparently, under the labeling
conditions employed, the putative m7G(5')-
pppNmpNp was the major methyl-labeled com-

ponent in HSV RNA.

FRACTION NUMBER

FIG. 2. DEAE-cellulose column chromatography
ofRNase T2, T1, and A digests ofHSV-specific poly-
ribosomal poly(A +) RNA. The arrows indicate the
positions and net negative charges of oligoadenylic
acid markers. (A) Digest of methyl-labeled HSV
RNA. The brackets indicate the fractions pooled for
subsequent analysis. (B) Digest of 32P-labeled HSV
RNA.

Assuming that the -5 and -6 peaks rep-

resented m7G(5')pppNmpNp and m7G(5')-
pppNmpNmpNP, respectively, 32P-labeled poly-

ribosomal poly(A+) HSV RNA was isolated to
determine the percentage of radioactive ma-
terials in these structures. The results (Fig.
2B) indicated that 0.14% of the 32p was in the
position of m7G(5')pppNmpNp and 0.054% was
in the position of m7G(5')pppNmpNmpNp. From
the combined values we calculated that there is
one terminal oligonucleotide per 2,780 nucleo-
tides.
The demonstration ofnuclease P. (an enzyme

that cleaves all phosphodiester bonds regard-
less of 2' substitution [6]) and alkaline phospha-
tase-resistant methyl-labeled oligonucleotides
with mobilities similar to those of authentic
m7G(5')pppAm and m7G(5')pppGm (27) provided
further evidence for "cap" structures in HSV
RNA (Fig. 3).
Analysis of methylated nucleosides in the

5'-terminal structures. The separated peaks of
radioactive material with net charges of -5 and
-6 were digested with a combination of snake
venom phosphodiesterase and bacterial alka-
line phosphatase to liberate nucleosides. The
principal methyl-labeled nucleosides from the
putative m7G(5')pppNmpNp (-5) peak co-chro-
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FIG. 3. Electropherogram of nuclease P, and al-
kaline phosphatase-resistant oligonucleotides. (A)
Vaccinia virus mRNA synthesized in vitro with S-
adenosyl-[methyl-3H]methionine was digested with
nuclease P, followed by bacterial alkaline phospha-
tase. (B) Combined -5 and -6 peaks derived by
RNase digestion as in Fig. 2A were desalted and
digested with nuclease P1 followed by bacterial alka-
line phosphatase. Electrophoresis was performed as

described in the text, and 1-cm strips were counted.
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matographed with m7G (42%), Gm (19%), and
m6Am (29%), and 10% migrated in the region in
which Am and Cm were incompletely resolved
(Fig. 4A). These values were then converted to
molar percentages by taking into account the
presence of two methyl groups in m6Am and by
assuming that all methyl groups have similar
specific activities. The results, so obtained,
were m7G (50%), Gm (22%), m6Am (17%), and Am
+ Cm (11%). The value of 50% m7G agrees with
the suggested m7G(5')pppNm structure, and the
analysis further indicated that m7G(5')pppGm
and m7G(5')pppm6Am were the major se-
quences. This result was also supported by the
electrophoretic analysis of the nuclease P1 di-
gest (Fig. 3) since m7G(5')pppA' and
m7G(5')pppm6Am comigrate under these condi-
tions.
A similar nucleoside analysis for the putative

m7G(5')pppNmpNmpNp (-6) peak after correc-
tion for the two methyls in m6Am was m7G
(31%), Gm (12%), m6A1 (27%), and Um (24 to
29%) (Fig. 4B). The lower value for Um was
calculated by subtracting the portion overlap-
ping with Cm marker. Of particular signifi-
cance was the nearly theoretical (33%) amount
of m7G in a structure of the type m7G(5')-
pppNmpNmpNp and the relatively large amount
of Um, which was undetected in the -5 peak.
Although it is tempting to suggest that Um is
the principal methylated nucleoside in the
third position, the small quantities of labeled
m7G(5')pppNmpNmpNp precluded further anal-
ysis. In some experiments, lower percentages
of m7G were obtained, possibly due to the con-
version of unlabeled m7G(5')pppNmpNp ter-
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FIG. 4. Paper chromatography of methylated nu-

cleosides derived from the two types of putative 5'-
terminal oligonucleotides. The indicated fractions of
Fig. 2A comprising the separated -5 and -6 peaks
were desalted, digested with snake venom phospho-
diesterase and alkaline phosphatase, and chromato-
graphed on Whatman no. 1 paper in solvent A. (A)
Digest of -5 peak; (B) digest of -6 peak.

minals to labeled m7G(5')pppNmpNmpNp ter-
minals after the addition of [methyl- 3H]-
methionine.

Methyl-labeled poly(A-) HSV-specific polyri-
bosomal RNA was analyzed as described above
to be certain that no methylated 5'-terminal
structures were missed by poly(U) filter purifi-
cation of HSV RNA. Briefly, again we obtained
-5 and -6 peaks upon DEAE-cellulose chroma-
tography after RNase digestion, and the nu-
cleoside analyses of the separated peaks were
similar to those shown in Fig. 4A and B.

Since the methylated 5' terminals of
poly(A+) and poly(A-) HSV-specific RNA are
similar, the -5 and -6 peaks from another
RNase digest of HSV-specific polyribosomal
RNA that had not been fractionated on the
basis of poly(A) content were pooled to obtain
sufficient amounts of radioactively labeled ma-
terials to confirm the identities of the methyl-
ated nucleosides. The methylated nucleosides
obtained from this material were subjected to
high-voltage paper electrophoresis with au-
thentic markers. Under these conditions m7G
migrated furthest toward the cathode, followed
closely by Cm, which was well separated from
the comigrating Am and m6Am. The remain-
ing two methylated nucleosides, Gm and Um,
moved only slightly off the origin and were
incompletely resolved. The regions of the elec-
tropherogram corresponding to the markers
were eluted with water, concentrated, and ana-
lyzed in a second dimension, using two different
paper chromatographic systems. As shown in
Fig. 5, radioactively labeled materials from the
appropriate regions ofthe electropherogram co-
chromatographed with Gm, Um, Am, m6Am, Cm,
and m7G.

Identification of internal methylated nu-
cleosides. Base methylated nucleotides derived
by RNase T2, T,, and A digestion of internal
regions of an RNA would be expected to elute
with a net charge of -2. Approximately 11 to
29% of the total methyl-labeled material from
different preparations ofpoly(A+) HSV-specific
RNA eluted in this position. After digestion
with bacterial alkaline phosphatase, the major
component comigrated with m6A (Fig. 6). The
materials preceding m6A were present in sub-
molar amounts and have not been identified,
although the possibility of m5C (4) and small
amounts of purine ring-labeled adenosine that
migrate in this region of the chromatogram
were considered.
The -3 peak of Fig. 2A never represented

more than 8 to 10% of the recovered methyl-
labeled material from poly(A+) HSV-selected
RNA. However, as much as 28% of the methyl-
labeled material from some preparations of
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FIG. 5. Further identification by electrophoresis
and chromatography of the methylated nucleoside
components of the 5'-terminal oligonucleotides.
Methylated nucleosides derived from the combined
-5 and -6 peaks of HSV-specific polyribosomal
RNA were separated by paper electrophoresis at pH
3.5. The areas ofthe electropherogram corresponding
to Gm + Um (A), Am (B), Cm (C), and m7G (D) were
elated with water and chromatographed. Solvent B
was used for panel (A), and solvent A was used for
the remaining panels.
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FIG. 6. Paper chromatography of internal methyl-
ated nucleosides. The peak with a -2 charge from an
experiment similar to that shown in Fig. 2A was

desalted, digested with bacterial alkaline phospha-
tase, and chromatographed in solvent A.

poly(A-) HSV-selected RNA eluted in that po-
sition. It appears to represent the RNase-resist-
ant structure NmpNp since the charge de-
creased to -1 after digestion with alkaline
phosphatase. The recovery of larger amounts of

this material in the poly(A-) fraction sug-
gested that it is probably derived from trace
amounts of very highly methylated rRNA. A
1% contamination of poly(A+) HSV RNA with
rRNA and a 3% contamination of poly(A-)
HSV RNA with rRNA would give the obtained
results. Since rRNA contains neither cap struc-
tures nor m6A, this level of contamination had
no effect on our other results.

DISCUSSION
HSV-1 polyribosomal RNA labeled with

[methyl-3H]methionine between 2.5 and 6 h
after infection contains RNase-resistant struc-
tures that were identified as m7G(5')pppNmpNp
and m7G(5')pppNmpNmpNp based on the follow-
ing: (i) their net negative charges, (ii) presence
of only a single phosphate residue that could be
removed by alkaline phosphatase, (iii) coelec-
trophoresis of nuclease P1 and alkaline phos-
phatase-resistant fragments with authentic
m7G(5')pppAm and m7G(5')pppG', (iv) sensitiv-
ity to snake venom phosphodiesterase, (v) mo-

lar ratio of m7G to 2'-O-methylribonucleosides
of 1:1 for the peak with a -5 charge, and (vi)
molar ratio of m7G to 2'-O-methylribonucleo-
sides of approximately 1:2 for the -6 peak.
Analysis of 32P-labeled HSV-specific RNA indi-
cated one terminal per 2,780 nucleotides. Since
the average size of HSV-specific poly(A+) poly-
ribosomal RNA, as determined by sedimenta-
tion in denaturing sucrose density gradients in
this and previous work (18), is of the order of
2,200 nucleotides, at least 75% of the HSV-
specific poly(A+) polyribosome-associated RNA
chains contain RNase-resistant, methylated
cap structures.
Under our conditions of labeling, the

major 5' terminals were m7G(5')pppG'pNp,
m7G(5')pppm6A'mpNp, and m7G(5')pppAmpNp.
The specific presence of Um in the
m7G(5')pppNmpNmpNp terminals suggested
that this methylated nucleoside may occupy the
third position of some mRNA chains. The rela-
tively small amounts of labeled HSV RNA,
however, precluded a complete catalog of all
methylated 5'-terminal sequences.

Separate analyses of the methylated 5'-ter-
minal oligonucleotides of poly(A+) and
poly(A-) HSV RNA revealed no significant dif-
ferences, in agreement with previous studies,
indicating that both classes of HSV RNA are

transcribed from the same DNA sequences (18).
The labeling times, 2.5 to 6 h after infection,
included the period of early and late HSV RNA
synthesis (20). A comparison of the 5'-terminal
sequences of early and late classes ofHSV RNA
has not yet been made, although there is evi-
dence that both are methylated (2). We have
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noted that poly(A+) HSV-specific RNA isolated
from nuclei contained methylated RNase-re-
sistant oligonucleotides, but insufficient
amounts were obtained for further analysis.

HSV-specific polyribosomal RNA was also
found to contain base methylated nucleosides
derived from internal sites. The major compo-

nent co-chromatographed with m6A, a nucleo-
side that appears to be absent from rRNA and
the majority of tRNA's (8, 28). The nucleoside
m6A is present in poly(A+) cell mRNA (3, 7, 14,
24) and the mRNA's of some other DNA viruses
(9, 10, 12, 17), but is absent from globin (15) and
histone mRNA's (lla, 19) and apparently from
mRNA synthesized very late in HSV infection
(2). Although the function of m6A residues in
mRNA is unknown, a limited sequence specific-
ity around this methylated nucleoside in HeLa
cell poly(A+) mRNA has been demonstrated
(25, 27a).

In conclusion, the modifications ofHSV RNA
appear to be similar to those of host cell mRNA
and presumably are formed and function in a

similar manner.
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