JOURNAL oF VIROLOGY, May 1976, p. 586-595
Copyright © 1976 American Society for Microbiology

Vol. 18, No. 2
Printed in US A.

Evidence for Methylation of B77 Avian Sarcoma Virus
Genome RNA Subunits

C. MARTIN STOLTZFUS* ano KENNETH DIMOCK
Department of Microbiology, Vanderbilt University School of Medicine, Nashville, Tennessee 37232

Received for publication 28 October 1975

B77 avian sarcoma virus RNA was labeled with [methyl-*H]methionine under
conditions that prevent non-methyl incorporation of 3H radioactivity into purine
rings. From the determined values for the extent of methylation of 45 RNA
isolated from infected chicken embryo cells, it was estimated that 30 to 40S RNA
subunits that result from heat denaturation of the 60 to 70S RNA contain
approximately 21 methyl groups, of which 14 to 16 are present at internal
positions as N®-methyladenosine residues. In addition, each of the virion RNA
subunits appears to contain about two methyl groups in the “capped” 5'-terminal
structure m’G(5')ppp(5')G™. These properties are consistent with the hypothesis
that the 30 to 40S genome RNA of oncornaviruses also serves an mRNA function

in infected cells.

Recent evidence indicates that many viral (1,
11, 12, 33) and cellular (7, 13, 20, 23) mRNA
molecules are methylated. The methylated nu-
cleosides in a number of viral mRNA'’s are con-
tained in a unique blocked 5'-terminal struc-
ture: m’G(5")ppp(5')N™ (m’G: 7-methylguano-
sine; N™: 2’-O-methylated nucleoside) where
the two terminal nucleosides are linked by 5'-5'
pyrophosphate bonds (12). In addition, certain
cellular mRNA’s contain not only these
“capped” termini but also internal methylated
bases, predominantly N°®-methyladenosine (m¢
A) residues (7, 13, 20). [The complete structures
of m’G(5')ppp(6')G™ and m°®A are given in Fig.
1.] RNA molecules from oncornaviruses have
many of the properties expected of an mRNA;
they contain poly(A) sequences (14, 18) and can
be translated in cell-free protein-synthesizing
systems (26, 29, 31). We describe here evidence
for another set of properties that the avian
oncornavirus B77 sarcoma virus RNA appears
to have in common with cellular mRNA’s:
“capped” and methylated 5'-termini and inter-
nal methylated bases, predominantly N¢-meth-
yladenosine.

MATERIALS AND METHODS

Propagation and purification of virus. B77 avian
sarcoma virus was propagated and purified as de-
scribed in detail elsewhere (28). In summary, the
B77 avian sarcoma virus (obtained from P. Vogt)
was propagated in leukosis-free chicken embryo fi-
broblasts (SPAFAS, Inc., Norwich, Conn.) and puri-
fied by: (i) centrifugation of the culture fluid at 7,000
rpm in the Beckman J21B centrifuge for 15 min to
remove cell debris; (ii) pelleting of the virus from the
culture fluid through 20% (wt/vol) sucrose onto a
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shelf of 70% (wt/vol) sucrose; and (iii) isopycnic
banding of the virus in a linear 20 to 70% sucrose
gradient.

Radioactive labeling of B77 virus. To each of 10
confluent plates of B77-infected cells was added 5 ml
of 200 uCi of L-[methyl-*H]methionine per ml (spe-
cific activity, 2 to 5 Ci/mmol; Schwarz/Mann, Or-
angeburg, N.Y.) and 60 uCi of carrier-free
[**Plphosphate per ml (ICN Pharmaceuticals, Ir-
vine, Calif.) in methionine-free, phosphate-free
Eagle minimal essential medium containing 20 mM
sodium formate, 0.02 mM guanosine, 0.02 mM adeno-
sine, 2% dialyzed calf serum, and 0.3% sodium bicar-
bonate. After an initial 12-h labeling period, the
medium was removed and fresh medium was added
containing the same components except that nonra-
dioactive phosphate was added to a final concentra-
tion of 0.01 mM. The virus was collected again after
a 12-h period. Virus labeled with [**Cluridine and
[methyl-*H]methionine was made in a similar man-
ner except that the Eagle medium contained phos-
phate. [*Cluridine was used at a concentration of
0.2 pCi/ml.

Isolation of RNA. Viral RNA was isolated by
diluting 1:2 (vol/vol) the virus-containing band from
an isopycnic sucrose gradient with a buffer contain-
ing 0.1 M NaCl, 0.001 M EDTA, 0.01 M Tris-hydro-
chloride, pH 7.5, and extracting with an equal vol-
ume of phenol-chloroform (1:1, vol/vol) at room tem-
perature in the presence of 0.5% (wt/vol) sodium
dodecyl sulfate, 0.1% (vol/vol) mercaptoethanol, and
100 ug of yeast tRNA (Miles Laboratories, Elkhart,
Ind.) as a carrier. The extraction was repeated once,
the aqueous phases were pooled, and the RNA was
precipitated with 2 volumes of 95% ethanol at
-20 C.

Enzymatic digestion. T2 RNase (Sigma, St.
Louis, Mo.) was used at a concentration of 45 U/
ml in 0.01 M sodium acetate, pH 4.5, and 0.001 M
EDTA. Penicillium nuclease (P1 nuclease) was a
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generous gift from Amiya K. Banerjee, Roche Insti-
tute of Molecular Biology, Nutley, N.J. It was used
at a concentration of 500 ug/ml in 5 mM sodium
acetate, pH 6.0. Bacterial alkaline phosphatase
(Worthington, Freehold, N.J.) was used at a concen-
tration of 10 to 20 U/ml in 10 mM Tris-hydrochlo-
ride, pH 8.0. RNase A (Worthington) was used at a
concentration of 100 ug/ml. Nucleotide pyrophos-
phatase (Sigma, St. Louis, Mo.) was used at a con-
centration of 0.06 U/ml in 10 mM Tris-hydrochlo-
ride, pH 7.5, and 1 mM MgCl,. All digestions were
carried out for 30 min at 37 C except for RNase T2,
where a 3-h digestion was used.

Chromatography and electrophoresis of nucleo-
tides and nucleosides. High-voltage electrophoresis
was carried out on Whatman 3MM paper at 2,000 V
for 2 h at pH 3.5 in pyridine-acetic acid-water
(1:10:89, vol/vol). DEAE-cellulose chromatography
in the presence of 7 M urea was carried out as
previously described (27) except that a linear gra-
dient was generated between 0.05 M NaCl and 0.4 M
NaCl. Chromatography on Whatman no. 1 paper
was done in three solvent systems: (i) isobutyric
acid-5 M ammonia (10:6); (ii) isopropyl alcohol-wa-
ter-ammonia (7:2:1); and (iii) isopropanol-concen-
trated HCl-water (680:170:144).

Oligo(dT)-cellulose chromatography of RNA.
Oligothymidylate-cellulose [oligo(dT)-cellulose]
chromatography was used to separate 30 to 40S viral
RNA containing poly(A) sequences from that which
did not contain poly(A). The 30 to 40S RNA sample
was dissolved in 0.2 ml of a solution containing 0.5
M KC], 0.001 M EDTA, and 0.01 M Tris-hydrochlo-
ride, pH 7.5, and heated at 60 C for 30 s. Adsorption
and elution from the oligo(dT)-cellulose column were
then carried out according to previously published
procedures (2). Fractions of 0.5 ml were collected.
Aliquots were removed from these fractions and
counted for 5% trichloroacetic acid-precipitable ra-
dioactivity to determine the location of the poly(A)*
and poly(A)~ components of the RNA samples.
These fractions were then precipitated with 2 vol-
umes of 95% ethanol after addition to the poly(A)*
fractions of 10 ug of carrier yeast tRNA and NaCl to
a final concentration of 0.1 M.

Sedimentation of RNA on gradients containing
formamide. Linear 2 to 10% (wt/vol) sucrose gra-
dients (11 ml) containing 85% (vol/vol) formamide,
0.001 M EDTA, 0.01 M Tris-hydrochloride, pH 7.5,
were prepared in polyallomer centrifuge tubes. Pre-
cipitated RNA samples were dissolved in 30 ul of

0.001 M EDTA, 0.01 M Tris-hydrochloride, pH 7.5, to
which was added 170 ul of formamide (Matheson,
Coleman and Bell, Norwood, Ohio). The sample was
incubated 3 min at 60 C, layered onto the top of the
gradient, and centrifuged at 25 C for 20 h at 35,000
rpm in the Spinco SW41 rotor.

Fractions (0.5 ml) were collected from the bottom
of the tube, and aliquots were removed and assayed
for radioactivity. The peak fractions of 30 to 40S
RNA, which migrated about halfway through the
gradient under these conditions, were combined, ad-
justed to a final concentration of 0.1 M NaCl, and
precipitated with 2 volumes of 95% ethanol after the
addition of 50 ug of yeast tRNA as a carrier.

Materials. Methylated nucleosides were pur-
chased from P-L Biochemicals, Inc., Milwaukee,
Wis. Oligo(dT)-cellulose was a generous gift from S.
Kerwar, Roche Institute of Molecular Biology, Nut-
ley, N.J.

RESULTS

Estimation of the number of methyl groups
in B77 sarcoma virus RNA. To estimate the
extent of possible methylation of the B77 sar-
coma virus RNA subunits, virus was labeled
with [methyl-*H]methionine under conditions
that prevent non-methyl incorporation into pu-
rine rings via the tetrahydrofolate pathway (23)
and with [*2P]phosphate. The 60 to 70S RNA
and its constituent 30 to 40S subunits were
isolated from glycerol gradients shown in Fig.
2). The *H/**P ratio was constant across the
pooled fractions of both the 60 to 70S and 30 to
40S RNA peaks. Greater than 95% of the *H
and 3P label in the purified RNA was rendered
trichloroacetic acid soluble after treatment
with 40 ug of RNase A per ml for 30 min at
37 C, indicating that the material was not con-
taminated to a significant extent with labeled
protein or DNA.

To estimate the fraction of the nucleosides
methylated in the viral RNA, it was necessary
to determine the extent of methylation of suita-
ble control RNA species isolated from infected
cells. The 18S and 28S rRNA’s and 4S RNA
were isolated from B77 sarcoma virus-infected
cells labeled with [**Plphosphate and [methyl-
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F1G. 2. Profiles of methyl-*H- and 3%P-labeled
RNA from B77 sarcoma virus. (A) B77 sarcoma
virus was labeled with [methyl-*H]methionine and
[**P]phosphate, and the RNA was isolated as de-
scribed in the text. The precipitated RNA was redis-
solved in 0.2 ml of a buffer containing 0.01 M Tris-
hydrochloride, pH 8.0, 0.001 M EDTA, and 0.2%
SDS, heated briefly to 37 C, and layered on a 5 to
30% glycerol gradient containing 0.02 M Tris-hydro-
chloride, pH 7.5, 0.1 M NaCl, and 0.001 M EDTA.
Centrifugation was carried out at 35,000 rpm for 3.5
h in the Spinco SW4I rotor. The gradient was col-
lected, 10-ul aliquots from the 0.5-ml fractions were
analyzed for radioactivity, and the peak fractions
corresponding to the 60 to 70S RNA (shown in fig-
ure) and the 4 to 7S RNAs were precipitated with 2
volumes of ethanol at —20 C after addition of 50 ug
of yeast tRNA as a carrier. The top of the gradient is
on the right. (B) The precipitated 60 to 70S RNA
from the first glycerol gradient was redissolved in a
buffer containing 0.01 M Tris-hydrochloride, pH 8.0,
0.001 M EDTA, and 0.2% SDS, heated at 80 C for 3
min, quenched in ice, centrifuged, and assayed for
radioactivity as described in (A). Peak fractions of 30
to 40S RNA were combined as shown in the figure
and precipitated with ethanol after addition of 50 ug
of yeast tRNA as a carrier.

J. ViroL.

3H]methionine for 24 h under conditions identi-
cal to those described above for radiolabeled
virus. The 28S rRNA was then digested to com-
pletion with RNase A and T2 RNase. Under
these conditions, any 3',5'-phosphodiester
bonds containing a methyl group at the C2
position of the ribose are resistant to cleavage
(6). Consequently a dinucleotide is produced in
the limit digest whenever a 2'-O-methylated
nucleoside appears in a sequence of RNA. Since
most of the methylations of rRNA from eukar-
yotic cells occur at the 2’-hydroxyl position of
the ribose (5, 16, 19, 30, 32), it was expected that
after T2 RNase digestion the majority of the
methyl-*H radioactivity would appear in dinu-
cleotides (with the general structure N™pNp)
and that most of the 32P label would appear in
mononucleotides. Dinucleotides and mononu-
cleotides can be separated by chromatography
on DEAE-cellulose columns (described below).
By measuring the *H/*?P ratio of the entire 285
RNA molecule before cleavage with T2 RNase
and the same ratio in the dinucleotide fraction
after cleavage, it was possible to determine the
absolute value for the extent of methylation of
the 28S rRNA speciés. Then, since all stable
RNA species were labeled to constant specific
activity with [3Plphosphate, it was possible to
also determine the percentage of the nucleosides
methylated in the 18S rRNA and 4S RNA spe-
cies. These data are given in Table 1. The values
given in Table 1 correspond well with measure-
ments for the extent of methylation determined
for rRNA’s and tRNA’s of a number of other
eukaryotic cells (5, 16, 19, 30, 32).

Since 7.8% of the bases are methylated in the
host chick cell 4S RNA (Table 1) and it is known
that the extent of methylation of virion-associ-
ated 4S RNA is similar to that of the 45 RNA of
the host chicken embryo cell (3), it was esti-
mated that the virion RNA subunits are meth-
ylated to the extent of 0.23% (Table 2). Assum-
ing a genome subunit size of 9,000 bases (17),
this corresponds to a value of about 21 methyl-
ated nucleosides per RNA subunit. The value
for the percentage of methylation of 4S5 RNA is
reasonable since it can be determined from the
difference in the *H/*P ratios of the 60 to 70S
and 30 to 40S RNAs that the 60 to 70S RNA
contains about 5% 4S RNA, in good agreement
with a previous determination .(9) and our un-
published observations.

Evidence for base methylation of B77 RNA
subunits. T2 RNase digests phosphodiester
bonds in RNA to yield 3’-mononucleotides, but
will cleave neither pyrophosphate bonds nor
phosphodiester bonds when 2’-O-methylated
nucleosides are present (6). B77 RNA subunits
labeled with [methyl-*Hlmethionine and
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TABLE 1. Determination of the extent of methylation
of RNA species isolated from B77 sarcoma virus-

infected cells®
a2p sH Calcu-
. lated %
Material counts/ counts/ 3H/2P thyl
min min methyla-
tion
28S dinucleotide® 2,821 29,344 10.40 -
28 4o OO 99789 1756 0.017  0.08
28S RNA¢ 17,506 4,607 0.263 1.26
18S RNA 8,542 3,295 0.385 1.85
4S RNA 1,921 3,095 1.61 1.75

@ Chicken embryo fibroblasts infected with B77 sarcoma
virus were labeled for 24 h with [methyl-Hlmethionine and
[**P]phoshate under conditions described in the text for
labeling viral RNA. The cells were harvested and the RNA
was extracted by the hot phenol-sodium dodecyl sulfate
technique (22). RNA was separated from 4§ RNA and resid-
ual DNA by precipitation with 1.5 M LiCl. The 28S and 18S
RNA species were then separated by glycerol gradient cen-
trifugation. The 4S RNA was further purified by prepara-
tive electrophoresis on 10% polyacrylamide gels. By meas-
urement of the absorbance at 260 nm of a sample with a
known number of counts per minute, it was determined
that these RNA species were labeled with [**Plphosphate to
the same specific radioactivity.

® rRNA (28S) was digested with RNase A and T2 RNase
according to procedures given in the text. The hydrolysate
was diluted to 1 ml with 0.05 M Tris-hydrochloride, pH 8.0,
0.05 M NaCl, and 7 M urea and applied to a DEAE-cellulose
column. The column was eluted and counted for radioactiv-
ity as described in the legend to Fig. 3 except that 0.2 M
NaCl was substituted for 0.4 M NaCl in the gradient. The
*H and *P radioactivities in the mononucleotide and dinu-
cleotide peaks were determined at appropriate channel set-
tings in the Packard 3375 liquid scintillation counter.

¢ The dinucleotide peak has the general structure N"pNp
(one methyl group per two phosphates). Percentage of
methylation = (*H/?P) x (50/10.4).

4 Appropriate aliquots of intact 28S, 185, and 4S RNAs
were counted for radioactivity under the same conditions
used to count the fractions from the DEAE-cellulose col-
umn.

[**Cluridine were digested with T2 RNase, and
the digest was applied to a DEAE-cellulose col-
umn equilibrated with 7 M urea at pH 8 and
eluted with a linear salt gradient as shown in
Fig. 3. Such a column separates oligonucleo-
tides on the basis of their net negative charge.
As expected for a completely digested sample,
the only detectable '“C radioactivity emerged at
—2 net negative charge, the position of mono-
nucleotides. However, multiple peaks of methyl-
3H radioactivity were observed in this experi-
ment: one major peak eluting at a net negative
charge of —2 corresponding to mononucleotides
and a minor peak eluting at about —5 net nega-
tive charge. In addition, minor amounts of
methyl-*H radioactivity emerged at a position
greater than —5. The distribution of *H radioac-
tivity is given in Table 3. The —2 peak was
desalted, treated with bacterial alkaline phos-
phatase (BAP) in order to convert the mononu-
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TABLE 2. Estimation of extent of methylation of B77
sarcoma virus RNA

Calcu-
lated no.
lg::g’; of methyl-
3 132 i-
RNA H/32Pe methyla- a:ited resi:
tion ues per
35S sub-
unit®
Virion-associated 4S  1.77 * 0.02 7.8¢
60 to 70S 0.144 + 0.007 0.63 56.7
30 to 40S 0.054 + 0.003 0.23 20.7

@ SH/32P ratios were determined by measuring radioactiv-
ity in 10 ml of scintillation fluid of a 20-ul aliquot of the
designated RNA solution at appropriate channel settings in
the Packard 3375 liquid scintillation counter. The limits
express the standard errors due to counting statistics. The
SH/*?P ratio of the virion-associated 45 RNA was calculated
from the observed ratio of the total virion-associated low-
molecular-weight RNA (1.56) and the following distribution
of RNA species determined by direct analysis of 3*P- and
methyl-*H-labeled material on 10% polyacrylamide gels: 4S
(88%); 5S (2%); 7S (10%). The peak of 32P-labeled 5S RNA
did not contain detectable methyl-*H radioactivity, and the
7S peak was methylated to the extent of 8% that of the 4S
RNA as determined by *H/*?P ratios.

® Number of methyl groups per subunit was determined
by assuming a value of 9,000 nucleotide bases per 35S
subunit (17).

¢ The percentage of methylation of 4S RNA was obtained
from Table 1, row 5.

cleotides to their corresponding nucleosides,
and subjected to paper chromatography (Fig.
4). In both chromatography systems used, most
of the methyl-*H-labeled material chromato-
graphed in the same position as the mSA
marker. Since 1-methyladenosine (m'A) is con-
verted to NS-methyladenosine at neutral and
weakly alkaline pH (21), the peaks of m®A seen
here contain an unknown contribution from
m'A and should be more precisely designated
(mfA + m'A). Note that methyl-3H radioactiv-
ity was not present in the position of guanosine
(G) or adenosine (A), confirming the efficiency
of the labeling technique in preventing non-
methyl purine ring incorporation of [methyl-
3H]methionine. Further evidence for the ab-
sence of non-methyl purine ring incorporation
was obtained by polyacrylamide gel analysis of
2P and methyl-*H-labeled, virion-associated
low-molecular-weight RNA; no methyl-3H ra-
dioactivity was detectable in the position of the
32P-labeled 5S RNA (data not shown). This is
expected since cellular 5 RNA molecules are
not methylated (10) and the viron-associated 5S
RNA is identical to that of host cell (9).
Characterization of the presumptive 5'-ter-
minal structure of the B77 RNA subunits.
The T2 RNase-resistant material that elutes
from the DEAE-cellulose column at a net nega-
tive charge of about —5 is consistent with a
structure m’G(5')ppp(5')N™pNp, but could also
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Fic. 3. DEAE-cellulose chromatography of an
RNase T2 digest of methyl-*H- and [**C]uridine-la-
beled B77 30 to 40S RNA. The 30 to 40S RNA was
digested with 100 ug of RNase A per ml for 30 min
and then with RNase T2 according to conditions
given in the text. The digest was adjusted to a final
concentration of 7 M urea, 0.05 M NaCl, 0.05 M
Tris-hydrochloride, pH 8.0, mixed with an RNase A
digest of 200 ug of yeast tRNA, and applied to a
column (0.7 by 15 cm) of DEAE-cellulose. The chro-
matogram was developed with a linear salt gradient
between 0.05 M NaCl, 0.05 M Tris, pH 8.0, 7 M
urea, and 0.40 M NaCl, 0.05 M Tris, pH 8.0, 7 M
urea (100 ml each). Fractions of 2 ml were collected,
and 0.5-ml fractions were analyzed for radioactivity
in 15 ml of Aquasol (New England Nuclear Corp.,
Boston, Mass.). The elution pesitions of marker oligo-
nucleotides were monitored by measurement of ab-
sorbance at 260 nm and are shown in the figure by
arrows corresponding to their net negative charges.

result from the presence of multiple, adjacent
2'-0O-methylated nucleosides in internal posi-
tions of the RNA. To characterize the sites of
methylation further, direct digestion of the
methyl-3H-labeled 30 to 40S RNA with Penicil-
lium nuclease (P1) and BAP was carried out
according to the procedures of Lavi and Shatkin
(20). P1 nuclease cleaves all phosphodiester
bonds including those containing 2'-O-methyl-
ated residues. This enzyme, however, does not
digest the pyrophosphate linkages in “capped”
5’ termini (12). B77 sarcoma virus 30 to 40S
RNA was digested with P1 and BAP and di-
rectly analyzed by paper electrophoresis (Fig.
5). The methyl-*H radioactivity was distributed
in three major peaks. One peak moved toward
the cathode at a position corresponding to that
of the m°A marker, confirming the results
given in the previous section. One peak re-
mained at or close to the origin at the position
of G" and U™. This peak as well as a minor
peak that moves toward the cathode at a posi-
tion beyond m®A probably are digestion prod-

J. VIroL.

ucts from a trace of 4S RNA that is not re-
moved by heat denaturation or reanneals with
the 30 to 40S RNA after its isolation (see next
section). In addition, one peak migrated toward
the anode between the 2',3'-AMP (Ap) and
2',3'-GMP (Gp) markers, a position characteris-
tic of the “capped” structure m’G(5')ppp(5')N™

TaBLE 3. Distribution of methyl-*H radioactivity in
fractions from DEAE-cellulose columns

Charge of peak % of total counts/min
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Fic. 4. Paper chromatography of the mononucleo-
tide peak from a DEAE-cellulose column. (A) The -2
peak from the DEAE-cellulose column shown in Fig.
3 was desalted by a procedure involving a fivefold
dilution with 0.01 M triethylammoniun bicarbonate,
adsorption to a small DEAE-cellulose column, and
elution with 1 M triethylammonium bicarbonate.
The material was lyophilized to dryness, dissolved in
10 mM Tris hydrochloride, pH 8, and digested with
BAP as described in the text. The digest was then
subjected to paper chromatography in system (i) (see
text). After development of the chromatogram, the
radioactivity was located by cutting the paper into 1-
cm strips and counting for *H radioactivity. The
locations of authentic nonradioactive markers in this
and subsequent figures were determined by shining
a UV lamp on the developed chromatogram. Their
positions are indicated in the figure (adenosine, A;
uridine, U; guanosine, G). In this chromatography
system cytidine and m’G co-migrate with m'A. The
efficiency of counting on papers was approximately
15% of that when an equivalent volume was counted
in solution in scintillation solvent. (B) The fractions
corresponding to the peak of *H radioactivity in Fig.
4A were eluted and subjected to paper chromatogra-
phy in system (ii) (see text). In this system, m'G
migrates at a position with an R, of about one-half
that of adenosine.
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Fi1c. 5. High-voltage paper electrophoresis of the
P1 nuclease and BAP digest of heat-denatured B77
30 to 408 RNA. B77 sarcoma virus 30 to 40S RNA
labeled with [methyl-*H]methionine was digested
with P1 nuclease and BAP as described in the text.
The digest was spotted on Whatman 3MM paper and
subjected to high-voltage paper electrophoresis at pH
3.5 in the presence of markers, as shown in the
figure. The anode is on the right. After electrophore-
sis, the paper was dried, cut into 1-cm strips, and
counted for radioactivity.

(12). The distribution of methyl-*H radioactiv-
ity in the three peaks is given in Table 4. The
percentage of *H radioactivity in the presump-
tive “capped” termini (11%) is approximately
the same as that (13%) found in the —5 to —6
region of the DEAE-cellulose column (Table 3).
The material in the presumptive “capped” 5'-
termini peak was eluted, treated with nucleo-
tide pyrophosphatase and BAP, and re-ana-
lyzed by paper electrophoresis (Fig. 6). Approx-
imately equal amounts of methyl-*H radioactiv-
ity were found in a peak migrating at the posi-
tion of m’G (52%; peak 1) and in a peak near the
origin at the position of G™ and U™ (48%; peak
2). These results are consistent with a structure
m’G(5")ppp(5')N™ at the 5’ ends of each of the
30 to 40S subunits of viral RNA where N™ is
either U™ or G™. These peaks were further
characterized by paper chromatography using
system (iii) (see Materials and Methods). The
radioactive material in peak 1 co-migrated with
m’G (Fig. 7A), whereas the material in peak 2
migrated at the postion of G™ (Fig. 7B). No
radioactivity was present at the position of U™.
In a separate experiment where the RNA was
labeled with both [methyl-*H]methionine and
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[*2P]phosphate, most of the 32P label migrated
as inorganic phosphate after digestion with P1
nuclease and BAP, as expected, but approxi-
mately 0.04% of the total 32P label was associ-
ated with the presumptive 5'-terminal struc-
ture (20 counts/min in “capped” termini and
50,000 counts/min as 32P,). Assuming that the
RNA subunits contain 9,000 bases (17), this is
consistent with the presence of 3.6 phosphates
in “capped” termini per RNA subunit and thus
the structure m’G(5')ppp(5')G™. More accurate
determination of this number will require anal-
ysis of larger amounts of 3?P-labeled RNA. It
should be restated at this point, however, that
the net negative charge of the major peak of T2
RNase-resistant material is —5 (Fig. 3), which
is also consistent with the structure
m’G(5')ppp(5')G™pNp at the 5’ terminus of the
avian sarcoma virus RNA.

TABLE 4. Distribution of methyl-*H radioactivity in
peaks from paper electropherogram of P1 and BAP
digest of heat-denatured B77 30 to 40S RNA

% of total counts/min®
Peak
Expt 1 Expt 2 Avg
meA® 70 76 73
Caps 12 10 11
Origin 18 10 14

2 Analysis was carried out on two separate prepa-
rations of methyl-*H-labeled 30 to 40S RNA.

® This peak has an unknown contribution from
m'A due to its conversion to m°A (see text).
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Fic. 6. High-voltage electrophoresis of the nucleo-
tide pyrophosphatase and BAP digest of presumptive
5'-terminal structures. The peak of radioactivity mi-
grating toward the anode in Fig. 5 was eluted and
digested with nucleotide pyrophosphatase and BAP
as described in the text. Paper electrophoresis was
carried out as described in the legend to Fig. 5.



592 STOLTZFUS AND DIMOCK

T

>

‘Q
> i I 3
z 8 7 J ) ) N
o LulFa(cy] u
"I 4_‘ ._IIEA_‘ Fﬂ| l‘-""‘“ A
2F s
N 1 1 1
5 10 15 20 -1 30
FRACTION

Fig. 7. Paper chromatography of nucleosides ob-
tained from the nucleoside pyrophosphatase and
BAP digest. The peaks at the positions of m’G (A)
and the origin (B) from Fig. 6 were eluted and sub-
Jected to paper chromatography in system (iii) (see
text). Marker compounds m’G, m®A, C™, and U™
were also run. No marker G™ was available, but the
R, of G™ in this system is virtually the same as m°A
(15). In this experiment, 2-cm rather than 1-cm strips
were analyzed for radioactivity.

Removal of the origin peak from P1 nu-
clease and BAP digests of 30 to 40S RNA by
further purification of the RNA. Significantly
different amounts of methyl-*H radioactivity
were recovered at the origin of the electrophero-
gram when two independent preparations of 30
to 40S RNA were analyzed after BAP and P1
nuclease digestion (Table 4). Furthermore, we
found that, although a P1 and BAP digest of
methyl-*H-labeled 60 to 70S-associated 45 RNA
contained no radioactivity at the position of
“capped” termini, 74% of the radioactivity re-
mained at the origin of the electropherogram,
the position of methylated derivatives of guano-
sine and uridine. These two observations sug-
gested the possibility that the material at the
origin of the electropherogram might arise as a
result of contamination of the 30 to 40S RNA
with trace amounts of the highly methylated 4S
RNA that either remain bound after heat dena-
turation or reanneal with the RNA before sedi-
mentation on density gradients. To test this
possibility, heat-denatured [methyl-3Hlmethio-
nine- and 3?P-labeled 30 to 40S RNA was fur-
ther purified by binding to and eluting from
oligo(dT)-cellulose columns followed by density

J. VIROL.

gradient centrifugation in sucrose gradients
containing 85% formamide (Fig. 8). The peak of
radioactivity was isolated and digested with P1
nuclease and BAP (Fig. 9). A similar profile
was obtained from the poly(A)- fraction (data
not shown). It can be seen that purification on
formamide gradients resulted in the removal of
the peak of radioactivity at the origin from the
digest. The minor peak seen in Fig. 5 that
moved toward the cathode beyond m°A was also
absent. It appears, therefore, that the small
amounts of material found at the origin of the
P1 nuclease and BAP digests are products aris-
ing from traces of 4S RNA that are bound to
the 30 to 40S RNA under normal conditions of
heat denaturation, precipitation, and gradient
centrifugation under nondenaturing condi-
tions. The proportion of total *H radioactivity in
the “capped” termini (12%) and in the mfA
peak (88%) corresponds to the data given in
Table 4, from which it can be calculated that
the distribution of radioactivity is 13% in caps
and 87% in m®A if the material at the origin is
ignored. Therefore the m®A and the “capped”
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Fic. 8. Formamide gradient of the poly(A)* frac-
tion from an oligo(dT)-cellulose column. Oligo(dT)-
cellulose column chromatography was carried out on
heat-denatured 30 to 40S RNA labeled with [ methyl-
*H]methionine and [**P]phosphate as described in
the text. The poly(A)* fraction, which represented
76% of the total *°P radioactivity, was centrifuged on
gradients containing 85% formamide as described in
the text. Aliquots were removed to determine the posi-
tions of the radioactivity. **P-labeled chicken embryo
fibroblast 4S5 RNA, 18S rRNA, and 28S rRNA were
run on a separate gradient, and the positions are
shown in the figure. Fractions 10 through 13 were
combined, precipitated with 95% ethanol, and di-
gested with P1 nuclease and BAP.



VoL. 18, 1976

T T T T T T T
7920" 1
x
s ORIGIN
a
(%]
- C Y]
o < ML
——
5 10 15 20 25 30 35
FRACTION

F1c. 9. High-voltage electrophoresis of the P1 nu-
clease and BAP digest of B77 30 to 40S RNA that
was further purified by oligo(dT)-cellulose chroma-
tography and on sucrose gradients containing form-
amide. High-voltage paper electrophoresis was car-
ried out as described in the legend to Fig. 5.

termini appear to be integral constituents of
the B77 RNA subunits.

DISCUSSION

The results given above are consistent with
the hypothesis that each of the RNA subunits of
B77 sarcoma virus contains the methylated 5'-
terminal structure m’G(5')ppp(5')G™, a struc-
ture of the type that has been found at the 5’
termini of a number of other cellular and viral
mRNA’s (1, 11, 12, 13, 20, 24, 33). From the data
obtained in Tables 1 and 2 we estimated that
about 21 bases per subunit, on the average, are
methylated when the virus is labeled with
[methyl-*H}methionine under conditions that
prevent non-methyl incorporation into purine
rings. This is an upper limit since the results
given in Fig. 9 indicate that the methyl-*H-
labeled 30 to 40S RNA isolated under these
conditions is probably contaminated with trace
amounts of annealed 4S RNA (on the order of
10 to 20% of the total *H radioactivity or, since
the 4S RNA is methylated 30 times more heav-
ily than the 30 to 40S RNA [Table 2], approxi-
mately 0.3 to 0.6% of the total mass). Thus, a
value of 17 to 19 methylated bases is probably a
better estimate for the number of methyl
groups per 30 to 40S subunit. It should be
stressed that we consider this number to be a
reasonable estimate based on our present evi-
dence. More accurate determinations will re-
quire additional types of analysis. From this
number it is then possible to calculate the num-
ber of methylated bases present in the pre-
sumptive 5'-terminal structure. We found that
10 to 12% of the total methyl-*H radioactivity
was contained in the presumptive 5’ terminal
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“cap” structure after P1 nuclease and BAP
digestion (Tables 3 and 4). Thus we calculate
that each subunit on the average contains ap-
proximately two methyl groups in the “capped”
terminus. It was then found that treatment of
this material with nucleotide pyrophosphatase
and BAP liberated equal amounts of radioactiv-
ity in two nucleosides with the electrophoretic
and chromatographic properties of m’G and G™.
Thus it appears that the two methylated nu-
cleosides in the presumptive 5'-terminal struc-
ture are m’G and G™ and that they are linked
by pyrophosphate bonds. .

The results of the T2 RNase and RNase A
digestion given in Fig. 3 indicate that the re-
sistant material bears a net negative charge of
about —5. Since the m’G carries a positive
charge, this is consistent with a structure
m’G(5')ppp(5')G"pNp with a net negative
charge of about —5. In addition, it was noted
that minor amounts of methyl-*H radioactivity
emerged at a position indicating a negative
charge greater than —5. One possibility to ex-
plain the presence of this material is that there
are a small number of “capped” termini con-
taining a second 2’'-O-methylated base, with
the structure m’G(5')ppp(5')G"pN™pNp. Such
termini have been found in HeLa cell mRNA
(13) and in mRNA isolated from vesicular sto-
matitis virus-infected cells (24). Another possi-
bility is that the terminal m’G base is partially
converted to the ring-opened derivative 2,6-
diamino-4-hydroxy-5-methylformamido-pyrim-
idine. If this occurred, the structure m’G(5')-
ppp(5')G™pNp would lose a positive charge and
thus assume a net negative charge of about —6.
Further work is required to examine these pos-
sibilities. :

In a similar manner to that described above
for the “capped” termini, it can be calculated
that there are about 15 to 17 (m®A + m'A)
residues on the average per genome subunit.
Since these modified bases are present even
after extensive purification of the RNA, it sug-
gests that they as well as the “capped” termini
are integral components of B77 RNA subunits
rather than contaminants derived from the
heavily methylated 4S RNA. These bases are
present in internal positions since they
emerged with mononucleotides after T2 RNase
digestion. Thus, the B77 sarcoma virus RNA
subunits resemble cellular mRNA’s (7, 13, 20)
and simian virus 40-specific mRNA’s (20) in
that these mRNA’s contain internal methyl-
ated bases recovered predominantly as m°®A.

The possible biological significance of the
blocked, methylated termini and internal
methylations of oncornavirus RNA is not yet
clear. It has been shown that blocked, methyl-
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ated termini are required for reovirus and ve-
sicular stomatitis virus mRNA’s to serve as
messengers in cell-free protein-synthesizing
systems (4). This function would also be ex-
pected in oncornavirus RNAs if the virion RNA
serves a dual role: both mRNA and genome
RNA. There is evidence suggesting that the 30
to 40S RNA indeed serves as a messenger in
oncornavirus-infected cells (8, 25). If the virion
RNA is formed in the nucleus from an inte-
grated proviral intermediate, as present evi-
dence suggests, internal methylations may
have a role in affecting processing or transport
of viral RNA after its synthesis. It will be of
interest to determine whether these base meth-
ylations occur in specific positions on the RNA
genome and whether they occur in regions of
the RNA that are involved in RNA subunit
linkage or in binding RNA primers for RNA-
dependent DNA synthesis.
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ADDENDUM

During preparation of this manuscript, we be-
came aware that essentially similar results to those
given here for B77 sarcoma virus have been obtained
by Y. Furuichi, E. Stavenezer, J. M. Bishop, and A.
J. Shatkin (Nature [London], in press).
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