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N°-methyladenosine (m®A) residues are present as internal base modifications in most higher eucaryotic
mRNAs; however, the biological function of this modification is not known. We describe a method for localizing
and quantitating m®A within a large RNA molecule, the genomic RNA of Rous sarcoma virus. Specific
fragments of 32P-labeled Rous sarcoma virus RNA were isolated by hybridization with complementary DNA
restriction fragments spanning nucleotides 6185 to 8050. RNA was digested with RNase and fingerprinted, and
individual oligonucleotides were analyzed for the presence of m°A by paper electrophoresis and thin-layer
chromatography. With this technique, seven sites of methylation in this region of the Rous sarcoma virus
genome were localized at nucleotides 6394, 6447, 6507, 6718, 7414, 7424, and 8014. Further, méA was observed
at two additional sites whose nucleotide assignments remain ambiguous. A clustering of two or more m°A
residues was seen at three positions within the RNA analyzed. Modification at certain sites was found to be
heterogeneous, in that different molecules of RNA appeared to be methylated differently. Previous studies have
determined that methylation occurs only in the sequences Gm®AC and Am®AC. We observed a high frequency
of methylation at PuGm®ACU sequences. The possible involvement of m°A in RNA splicing events is discussed.

In addition to having 5'-methylated cap structures, many
eucaryotic mRNAs contain internal methylated bases. N°-
methyladenosine (m®A), the major form of modified nucleo-
side, has been detected in most higher eucaryotic cell
mRNAs, in viral mRNAs, and in the virion RNA of retrovi-
ruses (2). Methylation of internal adenosines occurs in the
nucleus very rapidly after synthesis of the heterogeneous
nuclear RNA precursor to mRNA and before the RNA is
spliced (9, 28). While the function of this internal methyla-
tion is not known, several observations suggest a significant
role for m®A in RNA metabolism.

Some implications for the function of internal base modi-
fications come from methylation inhibition studies, using
either cycloleucine or S-tubercidinylhomocysteine to block
internal methylation of RNA. These experiments suggest an
involvement of m°A in RNA processing events or in the
transport of mRNA from the nucleus to the cytoplasm (6, 13,
35). It is not clear from these studies, however, that the
effect of the inhibitors is directly related to the methylation
state of the mRNA being examined. Secondary effects of the
drugs have not been ruled out. Furthermore, the require-
ment for internal methylation in mRNA is not absolute, as
mature messages without any detectable m®A residues do
exist, including globin and histone mRNAs (24, 27).

In all cases characterized to date, m®A occurs only in the
sequences Gm®AC and Am®AC (7, 12, 31, 38). Preliminary
localizatjon studies with specific RNAs have determined that
the distribution of m®A within a molecule is nonrandom.
Rous sarcoma virus (RSV), for example, has an average of
10 to 15 m®A residues per virion RNA molecule (4, 14, 36).
These methylated bases have been detected only in the 3’
half of the genomic RNA (4), even though sequence analysis
shows that putative methylation sites (GAC and AAC) are
widely dispersed throughout the molecule (32). Likewise,
internal methylation of bovine prolactin mRNA is confined
to the 3’ two-thirds of the message, with a high concentration
of m®A in the 3’ noncoding region (17). Simian virus 40
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(SV40) late mRNAs, on the other hand, each contain an
average of three m®As, all near the 5’ ends of those messages
in translated sequences (7). Adenovirus mRNAs are meth-
ylated in the 5’ two-thirds of the molecules, and m®As seem,
in this system, to be conserved during mRNA processing (9,
33).

We have developed a method for directly identifying m°A
residues within the genomic RNA of RSV. We have pre-
cisely mapped seven such sites in the genome, all within
protein coding regions. In addition, we have analyzed the
extent of modification at individual methylation sites. Earlier
studies with SV40 (7) and with RSV (12) suggest that
methylation at some specific sites is heterogeneous, with
base modification occurring less than 100% of the time. We
now present direct evidence of such heterogeneity. Six of
seven m°A sites identified were at PuGACU sequences,
suggesting a preferred sequence for methylation in RSV
RNA. Further, we observed clustering of two or more m°A
residues at several specific regions in the RNA.

MATERIALS AND METHODS

Cells and viruses. Prague strain, subgroup B, (PR-B) RSV
virus stocks were originally provided by P. K. Vogt. PR-C
RSV was recloned from virus stocks provided by R. Guntaka.
Virus was grown on gs~ chf™ chicken embryo fibroblasts
(CEF) that were prepared from eggs supplied by SPAFAS,
Inc., Norwich, Conn. A full-length clone of Schmidt-Ruppin
strain, subgroup A (SR-A) RSV provirus in pBR322 (SRA-2)
was obtained from J. M. Bishop (11). Full-length PR-C RSV
DNA inpBR322 (pATV8) was obtained from R. Guntaka (18).
M13 mpl1 (23) and mp18 (25) and Escherichia coli IM103 (22)
and JM109 were provided by R. C. Huang.

Radioactive labeling of RSV RNA. Plates (diameter, 15 cm)
of CEF infected with PR-B were preincubated for 1 to 2 h in
15 ml of medium 199 without methionine plus 2% dialyzed
calf serum-20 pM guanosine-30 uM adenosine-20 mM
sodium formate (for [methyl-*H]methionine labeling) or in
medium 199 plus 2% calf serum (for [*H]uridine labeling).
After preincubation, medium was removed and replaced
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with 15 ml of the same medium containing 3 mCi of [methyi-
*H]methionine (83 Ci/mmol Amersham) or [*H]Juridine (44
Ci/mmol, ICN). Virus samples were collected after 12 h,
cells were incubated with additional labeling medium, and
virus samples were collected after another 12 h. Medium 199
plus 2% tryptose phosphate broth-19% calf serum-1%
chicken serum (2:1:1) was added. and virus samples were
collected after 12 more h. For **P labeling. 9-cm plates of
CEF infected with PR-C RSV were preincubated for 1 hin 7
ml of medium 199 without phosphate plus 2% dialyzed calf
serum-1% dimethyl sulfoxide. Medium was removed and
replaced with 7 ml of the same medium containing 3 mCi of
3P, (carrier free, ICN). Virus samples were collected after
20 to 24 h, medium 199 (2:1:1) plus 1% dimethyl sulfoxide
was added for another 20 to 24 h, and virus samples were
again collected.

Preparation of RNA. Virus collections were pooled. and
cells were removed by centrifugation at 5.000 rpm for 20
min. Virus was pelleted in a Beckman SW27 rotor at 26.000
rpm for 90 min or in a Beckman SW41 rotor at 39.000 rpm for
40 min. Pellets were suspended in 1 ml of standard buffer (0.1
M NaCl, 10 mM Tris-hydrochloride [pH 7.4]. 1 mM EDTA)
and extracted three times with phenol-chloroform (1:1) in the
presence of 1% sodium dodecyl sulfate, 0.1 ml of B-
mercaptoethanol, and 50 pg of carrier RNA. Virion RNA
was precipitated with ethanol, and 70S genomic RNA was
isolated by centrifugation in a linear 10 to 25% sucrose
gradient (4). Peak fractions were pooled and precipitated
with ethanol.

Gel purification of DNA. pATV8 DNA was digested with
Aval restriction endonuclease. and the resulting fragments
were separated on a 1.5% low-melting-temperature agarose
preparative gel. Individual fragments were extracted from
the gel by standard procedures (21). Some of the Aval
fragments were cut again with additional restriction enzymes
and put through another round of gel purification to isolate
Aval subfragments. The purity of each DNA preparation
was verified by hybridization in solution with **P-labeled
RNA and resolution of resulting DNA-RNA hybrids by
agarose gel electrophoresis.

Subcloning into M13. pATV8 DNA was digested with Pst1,
and the resulting fragments were ligated into the Pstl site of
the M13 vector, mpll. DNA was used to transform Esche-
richia coli JM103. White plaques were picked, and single-
stranded phage DNAs were screened for the desired insert
orientation by hybridization with *’P-labeled viral RNA.
Individual positive clones were characterized by restriction
analysis to identify their Pstl inserts. In a separate round of
cloning, pATV8 was digested with Xbal, and a DNA frag-
ment spanning nucleotides (nt) 3378 to 6861 was isolated
from low-melting-temperature agarose. This fragment was
ligated into M13 mp18, and DNA was used to transform E.
coli IM109.

Preparation of DNA filters. Subcloned fragments of
pATVS8 were isolated as single- or double-stranded M13
DNA by standard procedures (30). Single-stranded DNA (20
ng) was diluted into 2 ml of 5x SSC (1x SSC = 0.15 M NaCl
plus 0.015 M sodium citrate [pH 7.0]) and filtered onto
13-mm nitrocellulose circles, and the filters were baked.
Double-stranded replicative-form DNA was used for purify-
ing cloned insert from vector DNA. After digesting replica-
tive-form DNA with PstI or Xbal. insert DNA was isolated
either by low-melting-temperature agarose gel purification.
as before, or by directly transferring the insert DNAs from
agarose gels to nitrocellulose strips by the method of South-
ern (34). In some cases, the insert DNA was further digested
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into subfragments before running on a gel for purification or
transfer. Gel-purified DNA was denatured in 0.1 N NaOH
for 30 min at room temperature before being filtered onto
nitrocellulose circles as for single-stranded DNA. For reuse
in multiple hybridizations, filters were washed in 2Xx
SSC-0.1 N NaOH for 30 min at room temperature and then
rinsed five times with 2x SSC and once with water (21).

Solution hybridization. Solution hybridizations were per-
formed essentially by the method of Casey and Davidson (8).
Radioactively labeled RNA was precipitated in the same
tube with the appropriate DNA and then suspended in 25 pl
of hybridization buffer (809 formamide, 400 mM NaCl, 40
mM PIPES [piperazine-N,N'-bis(2-ethanesulfonic acid), pH
6.4]. 1 mM EDTA. 0.1% sodium dodecyl sulfate). For *H
experiments, PR-B RSV 70S RNA labeled with [*H]
methionine or [*H]uridine (250.000 cpm) was hybridized
with total DNA from restriction digests of SR-A RSV DNA.
RNA and DNA were denatured at 80°C for 10 min and
immediately transferred to 57°C for 3 h. Hybridization mix
was diluted to 400 pl with 0.3 M NaCl-10 mM Tris (pH
7.4-1 mM EDTA (buffer A). precipitated with ethanol. and
suspended in 15 pl of buffer A. Unhybridized RNA was
digested for 1 to 2 h at 37°C with 0.5 pg of RNase A. Hybrid
fragments were separated on 1.59% agarose gels. Gels were
subjected to fluorography. as described by Laskey (20). and
were exposed to presensitized Kodak X-Omat AR (XAR-5)
film. For 3P experiments. PR-C RSV 70S RNA (10° cpm)
was hybridized with individual gel-purified restriction frag-
ments of PR-C RSV DNA. RNA and DNA were denatured
at 80°C for 10 min and transferred to 52°C for 12 to 16 h.
Hybridization mix was diluted and precipitated. as for *H
experiments. and unhybridized RNA was digested with 5 U
of RNase T;. RNA-DNA hybrids were separated from
digested nucleotides by Bio-Rad P-30 or P-100 column
chromatography (21). Fractions containing hybrids were
pooled. precipitated with ethanol. and resuspended in 3 pl of
TE (10 mM Tris [pH 7.4]. 1 mM EDTA). Hybrids were
denatured by heating at 90°C for 1.5 min and quenched.
releasing RNA for fingerprinting.

Filter hybridization. Filter hybridizations were performed
essentially by the method of Gillespie and Spiegelman (15).
All hybridizations were carried out in siliconized glass vials
(13 by 57 mm). Multiple hybridizations were performed in a
single vial. DNA filters were prehybridized for 3 h at 42°C in
50% formamide. 5x Denhardt solution (1x Denhardt =
0.02% bovine serum albumin, 0.02% polyvinyl-pyrolidine,
0.02% Ficoll)}-1% sodium dodecyl sulfate-2x SSC-single-
stranded salmon sperm DNA (100 p.g/ml)-polyadenylic acid
(100 pg/ml). Hybridizations were in 509 formamide-0.7 M
NaCl-10 mM PIPES (pH 6.6)4 mM EDTA-0.1% sodium
dodecyl sulfate containing 1 X 10° to 2 x 10° cpm of
3*p_labeled RNA. Vials were placed at 65°C for 10 min to
denature RNA. then transferred immediately to 42°C, and
hybridized with shaking for 16 to 20 h. Filters were removed
from hybridization buffer (buffer was saved for subsequent
rounds of hybridization) and washed with 3 volumes of 0.3 M
NaCl-10 mM Tris-hydrochloride (pH 7.4) (buffer B). Filters
were incubated for 3 h at room temperature in 0.3 ml of
buffer B containing 10 U of RNase T, and then washed with
buffer B until **P in the wash was at background levels.
Hybridized RNA was eluted by boiling in water for 1 min
and quenching. RNA was precipitated with ethanol and
suspended in 20 pl of TE for fingerprinting.

RNA fingerprinting and oligonucleotide analysis. RNA
from hybridizations. resuspended in TE, was digested with
5 U of RNase T; for 1 h at 37°C. Oligonucleotides were
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separated in two dimensions as described by Barrell (3). The
first dimension was on cellulose acetate strips (Schleicher &
Schuell) in pH 3.5 buffer (5% acetic acid, 0.5% pyridine).
Strips were presoaked in buffer containing 7 M urea. The
second dimension was either on DEAE-cellulose paper
(Whatman DES81) in 7% formic acid or on DEAE-cellulose
plates by homochromatography with homomix c (3). The
fingerprint was exposed to XAR-S film and candidate oligo-
nucleotides were identified and eluted with 30% triethylam-
monium carbonate, pH 10.0 (3). Eluted oligonucleotides
were dried, washed with water, and then resuspended in 10
wl of 50 mM ammonium acetate (pH 4.5) plus 5 U of RNase
Ty, 0.04 U of RNase T,, and 0.5 pg of RNase A. After
digestion at 37°C for 1 h, the 3’-phosphate mononucleotides
were dried in a desiccator, washed, and resuspended in
water for spotting onto 3MM paper (46- by 57-mm sheets). A
marker lane of 3?P-labeled RNA digested with RNase A-
RNase T;-RNase T, was also spotted. Mononucleotides
were separated by electrophoresis in pH 3.5 buffer. The
marker lane was visualized by autoradiography and used as
a guide for excising the Ap/m°®Ap spot from each sample
lane. Nucleotides were eluted from 3MM with water, dried,
and assayed for m®Ap by thin-layer chromatography on
cellulose plates. Plates were developed in isopropanol-5%
ammonium acetate (pH 3.5) (65:57.5) to separate m®Ap and
Ap. The identity of oligonucleotides on fingerprints was
determined by partial sequence analysis. T oligonucleotides
were eluted and digested with RNase A, and the products
were electrophoresed on DEAE-cellulose paper at pH 3.5
3).

RESULTS

Localization of methyl->H-labeled RSV RNA to restriction
fragments. Methylation of RSV RNA consists of a §'-
methylated cap sequence and internal methylated m°A res-
idues (14). The genomic RNA of PR-B RSV contains an
average of 12 m®A residues per 9,500 nt, whereas 15 and 10
mPA residues have been observed in B77 and SR-A RSV
RNAs, respectively (4, 14, 36). The majority of these mod-
ified bases are localized in the 3’ half of the molecule, with
about five m°A’s, on the average, in the src region of the
genome (4).

To confirm and extend these findings by a more direct
method, PR-B RSV genomic RNA was labeled in vivo with
either [methyl-*H]methionine, so that *H would be incorpo-
rated only into methylated nucleotides, or with [*H]uridine.
The labeled RN A was hybridized in solution to cloned SR-A
RSV DNA that had been digested with various restriction
enzymes. Unhybridized RNA was digested with RNase, and
the remaining DNA-RNA hybrid fragments were separated
on agarose gels.

Figure 1 illustrates the results from four such hybridiza-
tions. As expected, methyl-*H-labeled RNA predominantly
hybridized to restriction fragments corresponding to the 3’
half of the genome and [*H]uridine-labeled RNA hybridized
to all fragments. The intensity differences between hybrid
bands in the [*H]uridine lanes denoted differences in hybrid-
ization efficiencies for different restriction fragments, prob-
ably due to variable GC contents or to variable numbers of
mismatches between PR-B and SR-A virus strains. None-
theless, there were some weakly hybridizing [*H]uridine
bands which showed up strongly in the [*H]methionine
lanes, and, conversely, some strongly hybridizing [*H]
uridine bands which were much less prominent in the
[methyl-*H]methionine lanes. Bands having a high [methyl-
SH)/[*H]uridine ratio appeared to be heavily methylated. For

MoL. CELL. BioL.

example, when DNA was digested with BamHI, fragments
spanning nt 3710 to 9300 and 1 to 525 (Fig. 1, bands 6640 and
4040) were highly methylated. (These numbers are approxi-
mate, based on the SRA-2 DNA restriction map determined
by DeLorbe et al. [11].) Fragments extending from nt 525 to
3710, on the other hand, were not labeled with [methyl-*H]-
methionine (Fig. 1, BamHI, bands 1350 and 1800). Similar
results were obtained from the other hybridizations. From
these, we localized methyl->H-labeled residues between nt
4500 and the 3’ end of the RNA, in the env and src regions of
the genome. methyl-3H label also was detected in the 5’ end
of the virion, probably due to methylations in the cap
sequence.

This approach to localization proved to be inadequate for
a number of reasons. The differential hybridization effi-
ciencies between fragments made the quantitation of m°A
levels difficult. Furthermore, the level of resolution of the
technique, limited by the sensitivity of methyl->H detection,
was not sufficient to localize m®A onto small restriction
fragments. This low sensitivity also made it necessary to use
very long exposure times—up to 18 months—to see an
adequate signal in the methyl->H lanes. It should be noted
that on these long exposures, we saw faint labeling of nearly
all of the restriction fragments in the methyl->*H lanes. We
did not determine whether this was due to nonspecific
hybridization or to low levels of methylation in the corre-
sponding regions of the RNA.

Method for precise localization of m°A residues. The fol-
lowing procedure was devised as a more exact means of
localizing m®A residues. For all subsequent studies, RNA
from the PR-C strain of RSV and DNA from a full-length
clone of PR-C (pATV8) were used. The entire nucleotide
sequence of this clone has been determined (32). A map of
relevant restriction endonuclease sites is presented in Fig. 2.
DNA from subclones or from gel-purified restriction frag-
ments of pATV8 was immobilized on individual nitrocellu-
lose filters and hybridized with genomic RNA labeled in vivo
with 32P;. In some experiments, hybridization was performed
in solution. Unhybridized RNA was removed, and hybrids
were denatured to release [3?P]JRNA corresponding to the
region of the genome being analyzed (see above). This RNA
was digested with RNase T;, and the resulting oligonucleo-
tides were separated in two dimensions. RNA from each
genomic region was fingerprinted both by paper electropho-
resis and by homochromatography in the second dimension.
Representative T, fingerprints are depicted in Fig. 3. Since
the sequence of each isolated RNA fragment is known from
the sequence of pATV8 and since the target site for methyla-
tion is either GAC or AAC (12), it was possible to predict
which T; oligonucleotides might contain one or more m°A
residues.

These candidate oligonucleotides were eluted from the
RNA fingerprint and further digested with a mixture of
RNases A, T;, and T,. The resulting 3'-phosphate mono-
nucleotides were analyzed in two dimensions to separate
m®Ap from unmodified nucleotides (see above; Fig. 4).
Methylated residues were thereby located within specific
oligonucleotides and within the genomic sequence. The
sequence of each positive oligonucleotide was confirmed by
eluting that same spot from a parallel T, fingerprint, digest-
ing with RNase A, and separating the resulting products by
electrophoresis on DEAE-cellulose paper in pH 3.5 buffer
(3) (data not shown). For each fragment of RNA, the two
fingerprinting methods led to the localization of m°®A within
the same oligonucleotides.

Using this technique, we analyzed a heavily methylated
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FIG. 1. Localization of methylated regions of the RSV genome. PR-B RSV RNA labeled with [methyl->H]methionine or [*H]uridine was
hybridized in solution with SR-A DNA that had been digested with the designated restriction endonucleases. (A) RNA-DNA hybrid fragments
were separated on a 1.5% agarose gel, and radioactivity was visualized by fluorography. m, [methyl-*H]methionine; u, [*H]uridine. Lanes
representing methyl-*H labeling were exposed for 1 year (BamHI, Bgll, and Pvull) or 1.5 years (Pvul + Hindll + Bgll). [*H]uridine lanes were
exposed for 1 month. (B) A restriction map of SRA-2 showing expected fragment sizes resulting from restriction endonuclease digestions.
Crosshatched regions indicate pBR322 sequences present in SRA-pBR322 junction fragments. Positions of the corresponding fragments on
the agarose gels, detected by ethidium bromide staining, are indicated in (A). Extra, unidentified hybrid bands were seen reproducibly in this
type of experiment. These bands were not further characterized. Fragments hybridizing with methyl-*H-labeled RNA are outlined in bold ink
on the restriction map in (B). These fragments include the 5’-methylated cap sequence as well as sequences mapping between nt 4500 and the

3’ terminus of the viral genome, as indicated above the map.

region of PR-C genomic RNA, extending from nt 6185 to
8050, and located seven sites of internal methylation. These
lie at positions 6394, 6447, 6507, 6718, 7414, 7424, and 8014
(nt numbering is as described by Schwartz et al. [32]).
Initially, hybridizations were performed in solution with
gel-purified restriction fragments from the full-length clone,
pATVS. This led to the identification of sites 7414 and 7424
within RNA complementary to a HindII-Aval fragment
spanning nt 6983 to 7459. When this RNA was digested with
RNase T;, nt 7414 migrated as (G)ACUG in a two-
dimensional fingerprint, and 7424 was found as (G)ACUUG
(Fig. 3). Each of these oligonucleotides is present only once

in this 476-base region of RNA, so the identification of the
mCA sites was unambiguous here.

Solution hybridization of a 503-base Aval fragment (nt
7916 to 8419) led to the detection of an m®A signal in an
oligonucleotide migrating as AC,U,G. However, both
ACUCUG (A = 8014) and ACUUCG (A = 8339) are present
in this fragment, and both are candidates for methylation.
Thus, this identification of an m°®A site was ambiguous.

Filter hybridizations with PsfI subclones. To clearly iden-
tify this m°A site and to confirm the results for positions 7414
and 7424, we generated a set of Pst] restriction fragments to
use in hybridizations (Fig. 2). In addition, since gel-purified
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FIG. 2. Restriction map of pATVS8. Relevant restriction endonuclease sites in pATV8 are shown. Sites were determined by computer
analysis of the published PR-C RSV sequence (32). Some of the Aval sites have been omitted for clarity. The sizes of PstI fragments used
in this study are indicated. The bars below the map designate the region of the genome analyzed for m®A content. The 300-base fragment
discussed in the text extends from the HindlIlI site within the 921-base fragment to the Ps:I site at the 3’ end of that fragment. The expanded
portions of the map indicate DNA fragment sizes above the line and the nucleotide positions of their respective endpoints below the line.
Approximate gene delineations and nt numbering are as described by Schwartz et al. (32). Abbreviations: A, Aval; B, BamHI; C, Hindll; H,

HindlII; P, Pstl; X, Xhol; and Xb, Xbal.

FIG. 3. T, oligonucleotide fingerprints. Representative T, fingerprints of 32P-labeled RNA isolated by hybridization with a DNA restriction
fragment are shown. The first dimension in both cases was on cellulose acetate in 5% acetic acid—0.5% pyridine (pH 3.5). The second
dimension was on DEAE-cellulose paper in 7% formic acid (A) or on DEAE-cellulose plates by homochromatography (B). The region
represented here is the 402-base PstI fragment, nt 7048 to 7450. The circled oligonucleotides were found to be positive for m°A. Circled

oligonucleotides: 1, ACUG (nt 7414); 2, ACUUG (nt 7424).
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FIG. 4. Separation of m®Ap and Ap by thin-layer chromatogra-
phy. Oligonucleotides eluted from a fingerprint were digested to
mononucleotides, and m°Ap was separated from unmodified nt as
detailed in the text. Presented here is an example of the final
thin-layer chromatographic dimension resolving m®Ap and Ap.
Shown are the m®Ap/Ap spots from six oligonucleotides eluted from
a T, fingerprint of the 402-base Pstl fragment. Oligonucleotide
sequences and nt positions of the two positive methylation sites are
indicated. Bars designate positions of cold markers. O, Origin.

fragments are often contaminated with trace amounts of
other DNA fragments, we subcloned the Ps:I fragments into
M13 (see above). From these clones, either single-stranded
phage DNAs or purified inserts from replicative-form DNA
were used in filter hybridizations with viral RNA. There
were additional advantages to this filter hybridization proce-
dure. Many different DNA filters could be used in a single
hybridization, and both DNA filters and unhybridized RNA
could be reused in subsequent rounds of hybridization. This
allowed very efficient use of relatively small amounts of
starting materials.

Filter hybridizations with the 402-base PsrI fragment
subclone (nt 7048 to 7450) again identified positions 7414 and
7424 as sites of methylation. The 600-base PstI fragment (nt
7450 to 8050) conveniently includes nt 8014 but does not
contain nt 8339. In this fragment, a T; oligonucleotide
migrating as AC,U,G is uniquely identified as ACUCUG,
with the A being in position 8014. In fact, hybridizations with
the 600-base fragment detected m°A in the ACUCUG oligo-
nucleotide at base 8014. The complementary hybridization
with the 612-base fragment, which harbors nt 8339, has not
been performed. A second oligonucleotide in the 600-base
region was also identified as having m®A. However, this
oligonucleotide migrated as AC,UG and could be either
ACUCG (A = 7890) or ACCUG (A = 7981). We have not
been able to resolve these two sites, so assignment of this
m®A remains ambiguous.

Hybridizations with the 563-base PstI fragment (nt 6485 to
7048) and with a subfragment spanning nt 6485 to 6861 have
unambiguously identified nt 6718 as an m°A residue, present
in the T, oligonucleotide (G)ACUG. In addition, m®A was
detected in a large T, oligonucleotide from this region,
identified as (G)ACUUCUUG (A = 6507).

The 921-base Pstl fragment was further divided into two
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subfragments by digestion with HindIII. Filter hybridiza-
tions with the 300-base subfragment (nt 6185 to 6485) re-
vealed two more m®A positions. One resided in a unique T,
oligonucleotide, (G)ACUAG, with m°A at residue 6394. The
other site was in oligonucleotide (G)ACUUAUUG (A =
6447).

Another M13 subclone of pATV8 containing PR-C se-
quences 3378 to 6861 (Xbal fragment) was used to isolate a
543-base BamHI-Xhol fragment spanning nt 4715 to 5258. In
this region, we detected m°A in an oligonucleotide migrating
as ACACUG (nt 4976). However, we cannot rule out con-
tamination of this spot by oligonucleotide ACUAAG (nt
5044), which runs next to ACACUG in both types of
fingerprinting techniques utilized here. The location of this
m°®A residue therefore remains ambiguous.

A summary of the m®A sites located by these fragment
hybridizations is presented in Table 1. Additional analysis of
these Pstl fragments led to the characterization of many
putative methylation sites which clearly were not modified.
The corresponding oligonucleotides repeatedly were nega-
tive in our assay for m®A. Several other candidate oligonu-
cleotides either were not tested or yielded ambiguous results
(data not shown).

Heterogeneity of methylation sites. During the course of the
localization experiments, we realized that methylation at
some of the sites appeared to be heterogeneous. These sites
were not necessarily methylated in every molecule of RNA.
For position 7424, for example, the corresponding oligonu-
cleotide is ACUUG, which contains only one A. In the assay
for mA, however, we detected a signal both at Ap and at the
mCAp position on the final thin-layer chromatograph (Fig. 4).
This could only occur if some of the RNA molecules were
methylated at nt 7424 while others were not. Similar results
were obtained for the other methylated nucleotides; how-
ever, the degree of heterogeneity varied from site to site.
There seemed to be two classes of modified bases, those
which were highly methylated (positions 6718, 7414, 7424,
and 8014) and those which showed low levels of methylation
(nt 4976 or 5044, 6394, 6447, 6507, and 7890 or 7981). We
were not able to precisely quantitate the extent of heteroge-
neity at any site because of the low levels of radioactivity
used in these experiments.

TABLE 1. Sites of m°A localization®

Nt Sequence

Pasitive m°A sites

6394 .. (GAG)ACUAG

6447 . (GGG)ACUUAUUG

6507 o e (UUG)ACUUCUUG

6718 ..o (AGG)ACUG

Ta14 e (UGG)ACUG

Ta24 . (CGG)ACUUG

BO14 ..ot (AAG)ACUCUG
Ambiguous m°A sites

4976 .o (GGG)ACACUG

5044 ... e (GUG)ACUAAG

T8I0 . (GGG)ACUCG

T8 .o (GGG)ACCUG

“ Sequences are the T, oligonucleotides in which the modified bases reside,
plus three nt to the 5’ side of the m°A site (in parentheses). Some oligonucle-
otides were shown to contain m®A, but their identities on T, fingerprints could
not be determined unambiguously. The derivation of all oligonucleotides is
described in the text.
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FIG. 5. Schematic representation of methylation sites. The region of the RSV genome spanning nt 6185 to 8150 is depicted. The seven m°A
residues detected in this region are designated with + above the line, and site identifications which remain ambiguous are indicated with (+)
below the line. The ambiguous site at position 4976 or 5044 is not included in this figure. The exact nt positions of all sites are given in Table
1. Thin arrows refer to points on the genome which are potential splice acceptor sites, based on the consensus sequence PyPyNCAG/Pu (5).
The true src gene splice acceptor site is indicated by a bold arrow. The sequences at nt 6522 and 6738 (see text) are not strict splice consensus

sequences and are not depicted here.

DISCUSSION

We have developed a method for precisely locating m°A
residues within an RNA molecule and have applied it to the
analysis of RSV genomic RNA. We observed clustering of
mSA sites at nt 6394, 6447, and 6507, at nt 7414 and 7424, and
at nt 8014 with either 7890 or 7981. Since our method is
quantitative, we were able to determine that methylation is
heterogeneous; a given site is not modified in all molecules.

Methylation sequence. By identifying m®A residues within
RNAs, we hope to come closer to defining a possible role for
internal mRNA methylation. The m®A residues which we
have located in genomic RNA are all in src and env gene
coding regions. The remaining, unidentified sites are like-
wise clustered in the 3’ half of the genome (Fig. 1 and
reference 4). In other systems there are differing results on
the overall distribution of m®A within RNA (1, 7, 17). In
addition to the minimal recognition sequences, GAC and
AAC, some higher order of specificity is needed to explain
this varied positioning of m®A in different RNAs. In mouse L
cells, §m°AC is most often preceded by a purine and
followed by A, C, or U (31). Likewise, in HeLa cells, the
nucleotide on the 3’ side of the methylation sequence
(Pum®AC) is A, C, or U (38). In the B77 strain of RSV, a
purine comes before §m®AC ca. 85% of the time, and GAC
is used most frequently (12).

Our localization results allowed further sequence charac-
terization of methylation sites in PR-C RSV RNA, derived
from virus grown in CEF. The oligonucleotides which con-
tain m®A residues are (GAG)ACUAG, (GGG)
ACUUAUUG, (UUG)ACUUCUUG, (AGG)ACUG, (UG-
G)ACUG, (CGG)ACUUG, and (AAG)ACUCUG. There-
fore, we can identify a preferred methylation sequence of
PuGACU for these GAC-specific sites. In a random se-
quence, PuGACU would occur once every 512 nt. In fact, in
the entire PR-C genome, there are 19 such sequences, a
frequency of 1 every 490 nt. In the 1865 bases that we
analyzed (nt 6185 to 8050), this sequence was present nine
times, more than twice the expected frequency. Of these
nine, six have been identified as unambiguous sites of
methylation, one is among the possibilities for the ambigu-
ous sites, and two remain uncharacterized for m°A (Table 1,
Fig. 5). All of the highly methylated m°A residues (see
above) reside in a PuGACU sequence. Neither position 6507
nor the candidates in the ambiguous 4976 or 5044 oligonu-
cleotide are within such a sequence (Table 1), but these are
both only minor sites of methylation. The 5,000-nt gag and
pol region of the genome, which is deficient in methylation,
has only seven PuGACU sequences (1 every 715 nt).

Clustering of m°A residues. It is possible, then, that there
is clustering of preferred methylation sequences in a region
of RNA which becomes highly modified. A schematic rep-
resentation of part of the PR-C genome (Fig. 5) indicates that
m®A residues are also grouped together. This phenomenon
could be important functionally. In addition, it might reveal
something about the conformation of the RNA in the cell.
Presumably, a methylase will only act upon those sites
which are accessible to it. Sequences that are not methylated
may remain unmodified because they are buried within the
folded RNA molecule. Methylation could be a useful probe,
then, for RNA secondary and tertiary structure.

Heterogeneity of internal methylation. We have shown that
internal base modification is a heterogeneous process; not all
RNA molecules have the same methylation pattern. This
suggests that the total number of different m®A sites will be
larger than the average number of 10 to 15 m°A residues per
RSV RNA molecule (4, 14, 36). If methylation does play a
role in RNA metabolism, it is possible that there are multiple
functional methylation sites. The observed clustering of m°A
residues might be a manifestation of just such a phenome-
non. That is, methylation at any of the sites within a cluster,
or domain, could be sufficient for the proper functioning of
that domain.

Heterogeneity might be expected if the methylation pat-
tern in the RSV system were involved in targeting full-length
viral RNA for packaging into virions, for translation, or for
splicing. Different patterns could signal different functions.
These processes themselves might be inefficient, however,
thus allowing RNA destined to be translated or spliced to
instead be packaged into virions. Similarly, heterogeneity
might be a result of incomplete or incorrect methylation of
certain molecules, which are still packaged. If methylation is
a reflection of secondary and tertiary structure, then the
heterogeneity could simply be an indication of multiple RNA
conformations within the cell. Finally, the observed hetero-
geneity could result from the random loss of base modifica-
tions.

Models for m°A function. Studies with undermethylated
RNA have led other investigators to propose a positive role
for m®A in regulating mRNA processing events (6, 13, 35).
Stoltzfus and Dane (35) saw a buildup of unspliced viral
RNA and a decreased level of spliced subgenomic message
when they treated RSV-infected CEF with cycloleucine to
inhibit internal methylation. They suggested a role for m®°A
in mRNA splicing. In SV40-infected cells, Finkel and Groner
(13) found that cycloleucine treatment led to a reduction in
the level of nuclear 19S SV40 mRNA, while the amount of
small, fragmented polyadenylated RNA in the nucleus in-
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creased. At the same time, overall cytoplasmic levels of
SV40-specific and cellular mRNA decreased. From this,
they concluded that methylation is somehow involved in
preparing mRNA for transport from the nucleus to the
cytoplasm. Hela cells treated with S-tubercidinyl-
homocysteine showed an increase in the time it takes for
polyadenylated RNA to appear in the cytoplasm (6). Again,
this suggests a role for m°A in processing or transport of
mRNA.

Another interpretation of the data, however, is that
methylation functions as a negative regulator of mRNA
processing (9). It is intriguing to note, in this light, recent
data concerning intron branch formation as part of the
splicing mechanism. Both mammalian globin RNA and ade-
novirus RNA have been used as substrates in in vitro
splicing experiments, with comparable results (26, 29). Upon
cleavage at a 5’ splice site, the 5’ end of the intron forms a
5'—2’ bond with an internal nucleotide in the intron, thus
creating a branch at that nucleotide. Similar branched struc-
tures have been characterized in the nuclear polyadenylated
RNA of HeLa cells (37). In more than 80% of these struc-
tures, the base at which branching occurs is adenosine,
frequently within either GA*C or AA*C sequences, where *
designates the branched residue. In general, the branch point
is situated 25 to 40 bases upstream from the 3’ splice site
(29). It has been proposed that m®A may be a positive signal
for branch formation (39). However. the preferred sequence
that we have derived for RSV RNA methylation (PuGACU)
is similar, though not identical, to the consensus sequence
derived for branch sites (PyNPyPyPuAPy) (19, 29. 39),
suggesting that not all branches contain m®A. This and the
detection of m®A residues in exons argue against a positive
role for m®A in branch site selection. It is possible, on the
other hand, that methylation at branch points can occur
under certain circumstances or that sequences which closely
resemble branch sequences are methylated as a means of
preventing their utilization. This could represent one means
of regulating splice site selection.

Interestingly, most of the methylation sites which we have
identified are upstream of sequences which fit into a consen-
sus splice acceptor sequence, PyPyNCAG/Pu (5). Figure S is
a schematic representation of the relationship between the
m®A residues (including ambiguous sites) and such putative
splice sites in the region of the genome that we analyzed.
Specifically, downstream from position 7414 or 7424 is the
sequence CCUGCAG/A (‘‘splice site’’ at nt 7457), and
position 8014 precedes the sequence CCUGCAG/G (nt
8057). The m®As at positions 6394 and 6447 are followed by
the sequence UCCUGCAGT/A at nt 6491. The closest fits to
the consensus sequence after m®As 6507 and 6718 are
CUUCUAGT/C at position 6522 and CUUGUAG/U at nt
6738, respectively. For comparison, the sequences sur-
rounding the two functional splice acceptor sites in full-
length RSV RNA are UUUGCAG/G (nt 5078), preceding the
env gene, and GCUGCAG/G (nt 7054), in front of the src
gene (32).

Even though genomic RNA is an unspliced molecule, no
methylation has been detected in the RN A regions preceding
the true src acceptor site. Preceding the env acceptor site at
nt 5078 is the oligonucleotide ACUAAG (A = 5044), which
remains at least a formal candidate for containing m°A (see
above; Table 1). However, even if this residue is methylated,
it is one of the minor sites of modification described above.
Therefore, perhaps methylation acts as a means of protect-
ing against splicing at sites that are never to be utilized, while
some other mechanism is used to regulate splicing at func-
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tional splice sites. It will be interesting to determine whether
intracellular RSV RNAs, some of which are precursors to
the spliced env and src mRNAs, are methylated near their
splice acceptors.

A splice protection model of this sort is consistent with the
overwhelming presence of m°A residues in coding regions
and with the existence of unmethylated, yet spliced, mes-
sages. It is important to note, however, that we are not
suggesting just a single mechanism for splicing or that
methylation serves as the only means of regulating that
activity. Indeed, methylation might not be involved in splic-
ing at all. It may be associated with RNA stability, second-
ary structure, transport, or packaging in the case of RNA
viruses. Possibly, there may be no function for m°A.

In the RSV system, we are able to analyze a single RNA
species which serves multiple functions. Full-length RSV
RNA can be packaged into virions as genomic RNA, it can
remain unspliced and serve as mRNA for the gag gene, or it
can be spliced to subgenomic env or src mRNAs (16). No
major differences have yet been detected between the full-
length molecules which serve each of these functions, but
the possibility of more subtle differences, such as methyla-
tion, remains to be investigated.
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