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Structure of an Inducibly Methylatable Nucleotide Sequence 
in 23s Ribosomal Ribonucleic Acid from 
Erythromycin-Resis tant Staphylococcus aureust 
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ABSTRACT : The appearance of N6,N6-dimethyladenine (mz6A) 
residues in 23s rRNA is associated in certain resistant strains 
of Staphylococcus aureus with erythromycin-induced resistance 
to macrolides, lincosamides, and streptogramin B-type 
antibiotics. Fingerprint analysis of a T1 ribonuclease (RNase) 
digest of 23s rRNA from uninduced (i.e., sensitive) cells 
reveals a total of seven methyl-containing oligonucleotides. 
One additional methyl-containing oligonucleotide is found 
if the digest is prepared from induced or constitutively re- 
sistant cells. This oligonucleotide has the following properties : 
(1) It is a tetranucleotide. (2) It is resistant to pancreatic 
RNase. (3) It is the sole oligonucleotide that contains mz6A 
and mz6A is the only methyl-labeled component in this 
oligonucleotide. (4) The ratio of m26A to adenine is 1:2. 
From further studies with labeled adenine, the ratio of m26A 
to adenine in 23s rRNA from induced cells is 0 .35x ,  which 
corresponds to two to  three adenine residues per 23s rRNA. 
Similar analysis of constitutively resistant cells yields a ratio 

A ltered ribosome structure and function have been 
found in strains of Staphylococcus aureus which display 
erythromycin-inducible resistance (Chabbert, 1956; Saito etal., 
1971 ; Lai and Weisblum, 1971). In these strains, erythromycin 
induces resistance to three classes of antibiotics that act on 
the 50s ribosome subunit-the macrolides, lincosamides, 
and streptogramin B-type antibiotics (Weisblum and De- 
mohn, 1969). Ribosomes from induced or constitutively re- 
sistant cells show reduced affinity for erythromycin, and the 
induction of a putative erythromycinase has been excluded 
(Weisblum et ai., 1971). We have recently shown that ribo- 
somes from induced or constitutively resistant cells contain a 
methylated base, N6,N6-dimethyladenine, in 23s rRNA, 
that is absent from the rRNA of sensitive or uninduced cells 
(Lai and Weisblum, 1971). Studies from other laboratories 
(Saito et al., 1971) as well as our own have failed to detect 
ribosomal protein alterations in these resistant strains. We 
present below a more detailed account of the changes in 
methylation of the 23s rRNA obtained from resistant cells. 

Materials and Methods 

Bacterial strains used in this study were S. aureus 1206, 
a standard erythromycin-inducible strain, and a constitu- 
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of approximately 1-2 mz6A residues/23S rRNA. The addi- 
tional oligonucleotide is derived by methylation of the se- 
quence ApApApG, and from the observed stoichiometry, 
there may be two or more copies of this methylatable se- 
quence in 23s rRNA. The 3’ and 5’ end groups of 23s rRNA 
obtained following digestion with TI RNase have been sepa- 
rated and identified. They are the same in resistant and sensi- 
tive cells, and their mobilities on electrophoresis differ from 
that of the methyl-containing fragment that appears on induc- 
tion. Therefore, the new methylated oligonucleotide origi- 
nates in a part of 23s rRNA that is represented in the mature 
ribosome of the sensitive cell and is not derived from a por- 
tion of a putative precursor of 23s rRNA that might remain 
uncleaved owing to induction. These results also demonstrate 
that the erythromycin-resistant phenotypes of induced and 
constitutively resistant organisms, a t  the cellular level, cor- 
respond to qualitatively similar ribosome phenotypes at  
both the structural and functional levels, as well. 

tively resistant, spontaneous mutant derived from 1206. 
Some of their properties, including antibiotic resistance 
patterns, have been described (Weisblum et a/., 1971). 

Bacterial cells were grown in an enriched broth medium 
which contained (in grams per liter), yeast extract, 5 ;  bacto- 
peptone, 5; glucose, 2 ;  and KzHPOI, 1. For purposes of 
labeling RNA, the medium was diluted 5-fold with water 
and supplemented with either [ 14C-meth~d]methionine, specific 
activity 50 Ci/mol, 0.2 pCi/ml; or [8-14C]adenine, specific 
activity 58 Ci/mol, 1 pCi/ml; or [8-3H]adenine, specific ac- 
tivity 26,000 Ci/mol 1 pCi/ml; or 32Pi, carrier free, 10 pCi/ml, 
as indicated. For induction, lo-’ M erythromycin was used. 
rRNA was prepared as described previously (Lai and Weis- 
blum, 1971). For fingerprint analysis, digestion and fraction- 
ation were performed according to the methods described by 
Sanger et a/. (1965). The 3’ and 5’ end groups were obtained 
by the technique of Dahlberg (1968). 

Results 

mZ6A has been found in 23s rRNA of S. aureus if inducible 
cells are grown in the presence of lo-’ M erythromycin; this 
base can also be demonstrated in constitutively resistant 
cells grown in the absence of erythromycin (Lai and Weis- 
blum, 1971). Therefore, we attempted to identify oligonucleo- 
tides in which m26A might be localized. 

Three preparations of I4C-methyl-labeled 23s rRNA 
were made by incubation of growing cultures with [14C- 
merhyllmethionine. Induced, uninduced and constitutively 
resistant cells were used. 23s rRNA prepared from the cells 
of each culture was digested with TI RNase plus Escherichia 
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TABLE I : Quantitation of Dimethyladenine. 
- 

mol of 
m26A mn6AA/Adenine m26A/mol 

Sample Label Cell Type Adenine (cpm) (cpm) (73 of Sample 

23s rRNA [8-3H]Adenine" Uninduced control 162,000 40 <o 01 
Induced 102,000 367 0 35 2 8  
Constitutive 577,000 804 0 14 1 2  

Induced 175 80 46 0 1 0  
Oligonucleotide [8- 14C]Adenine Uninduced control 

li [8-3H]Adenine-labeled 23s rRNA was depurinated and fractionated into its adenine and dimethyladenine constituentb. 
The relative amount of radioactivity in adenine and dimethyladenine was determined. ' [8-14C]Adenine-labeled 23s rRNA was 
enzymatically digested and fractionated by the fingerprint method as described. The oligonucleotide that is only present in 
resistant cells was eluted and depurinated and the resultant digest was fractionated by paper chromatography (isopropyl alcohol- 
concentrated ammonia-water, 70 :1 :29; Whatman No. 3MM, descending, 18 hr). The fractions containing adenine and dimethyl- 
adenine were located and eluted and the relative amount of radioactivity in adenine and dimethyladenine was determined by 
counting the fractions in a gas-flow counter. 

coli alkaline phosphatase. The resultant digests were frac- 
tionated according to the method of Sanger et al. (1965) 
and autoradiograms were prepared. The results are summa- 
rized in a schematic fashion in Figure 1. 

The 23s rRNA from uninduced cells, yields seven methyl- 
containing oligonucleotides. Except for the presence of a 
single additional component, the patterns of methylation of 
23s rRNA from induced and constitutively resistant cells 
are indistinguishable from this control. The new oligonucleo- 
tide appears to have the same mobility in both resistant strains. 

The new oligonucleotide was further purified and char- 
acterized by chromatography on DEAE-Sephadex according 
to the method of Tomlinson and Tenner (1963). Under these 
conditions the new component fractionated as a single radio- 
active peak that had the same mobility as the tetranucleotide 
fraction of a TI RNase digest of yeast rRNA. Moreover, 

t - p H  3.5 

0 

L 
F I G U R E  1 : Fingerprint analysis of 23s r R N A  labeled with [14C- 
,nrthy/]methionine. [14C]Methyl-labeled 23s r R N A  was prepared as  
described in Materials and  Methods. The  R N A  (100 p g )  was di- 
gested with 5 pg of TI RNase  (Sankyo) plus 10 pg of bacterial 
alkaline phosphatase (Worthington BAP-F) in a total volume of 10 
G I  of 0.01 )M Tris-HCI (pH 8.0) for 30 min at 3 7 " .  The resulting 
oligonucleotides h e r e  fractionated by the technique of Sanger e t  nl. 
(1965) and located by autoradiography. Arrow indicates position of 
dimethyladenine-containing oligonucleotide that is present only in 
R N A  from induced or constitutively resistant cells. 
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incubation with pancreatic RNase did not alter the electro- 
phoretic mobility of the oligonucleotide (7 formic acid, 
or pyridine-acetate, pH 3 . 5 ;  DEAE paper). These results 
suggest that the new oligonucleotide was obtained from the 
methylation of the sequence ApApApG. 

All eight methyl-labeled oligonucleotides from the finger- 
prints shown in Figure 1 were eluted from the paper and 
hydrolyzed with acid. The acid hydrolysate was fractionated 
by paper chromatography. mZ6A was the only radioactive 
component in the hydrolysate of the new oligonucleotide; 
only the new methyl-labeled oligonucleotide contained 
mS6A. These results suggest that the new oligonucleotide 
does not arise from a sequence that is normally methylated 
in sensitive cells. Moreover, these findings rule out the pos- 
sibility of other forms of methylation as a possible cause of 
resistance to pancreatic RNase. 

In order to determine the relative amounts of ni*6A 
and adenine in 23s rRNA and in the new oligo- 
nucleotide, cells were incubated with labeled adenine. 23s 
rRNA labeled with [3H]adenine was purified and acid hy- 
drolyzed. The fractions containing adenine plus methylated 
adenines (obtained by column chromatography on Dowex 
50) were further fractionated by paper chromatography; 
and the relative amount of radioactivity in adenine and 
m?6A was determined. The results shown in Table I indicate 
the presence of 2- 3 mZ6A residues,'23S rRNA for the induced, 
and 1-2 mc6A residuesj23S rRNA for the constitutively 
resistant cells. 

In order to determine the ratio of m26A to adenine in the 
new oligonucleotide, 23s rRNA labeled with [ I4C]adenine 
was used. In this case it was found useful to omit phosphatase 
from the digestion in order to obtain the methylated oligo- 
nucleotide pure of other labeled oligonucleotides. It should 
be pointed out that the unmethylated counterpart of this 
methylated oligonucleotide has a different mobility. This 
allows us to study the purified methylated adenine-labeled 
oligonucleotide for a determination of the mole fraction of 
mq6A. Following enzymatic digestion and fractionation, the 
new methylated oligonucleotide was hydrolyzed with acid, 
and the resulting adenine and dimethyladenine were purified. 
The relative amount of radioactivity in the two fractions was 
2 : 1, respectively. This suggests that, of three adenines, only 
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one is methylated. It should be noted that this figure repre- 
sents at least one residue rather than an average value; an  
auerage value of 1 would be arithmetically impossible since 
the methylated oligonucleotide was free of its unmethylated 
precursor, ApApApG. Taking into consideration that 2-3 
m26A/23S rRNA were found, we conclude that the methyl- 
atable sequence may be duplicated. 

The ApApApG sequences that are dimethylated could 
come from one of two sources. They could be part of the 
active 23s rRNA found in sensitive cells o r  they could be part 
of a precursor of 23s rRNA (Dahlberg and Peacock, 1971) 
that is enzymatically removed in sensitive (but not resistant) 
cells during ribosome maturation. The results described do 
not discriminate between these possibilities. If the latter 
mechanism applied, we might expect to see differences in 
their relativc sizes and in the oligonucleotides a t  the 3’ and 
5’ ends of 23s rRNA from sensitive and resistant cells. To 
test this possibility, 23s rRNAs from sensitive and resistant 
cells were fractionated by electrophoresis in agarose-poly- 
acrylamide; no differences were seen in their relative mo- 
bilities. 

The 3’ and 5’ ends were purified by the “phosphatase 
diagonal” method (Dahlberg, 1968); the 3’- and 5’-terminal 
oligonucleotides from resistant and sensitive cells were the 
same in both types of RNA. Subject to the limitations of 
negative data, these results suggest that the methylatable 
oligonucleotide is derived from a part of the mature 23s 
rRNA of sensitive cells. 

Discussion 

The results obtained in this study indicate that a single 
type of change in 23s rRNA occurs upon induction, and as 
far as we can ascertain, it involves only the appearance of 
m26A. Whereas the column method employed previously 
to demonstrate mz@A does not ensure the recovery of all 
oligonucleotides that might be of interest, fingerprint analysis 
used here allows us to examine all methylated oligonucleo- 
tides. Under these conditions the dimethylation of adenine 
remains the only detectible change in RNA. Moreover, 
there is no apparent qualitative difference between the finger- 
prints obtained from induced and constitutively resistant 
cells. These observations support our previous conclusion 
that constitutively resistant cells express the same biochem- 
ical mechanism of resistance as do  induced cells. Further 
indirect support comes from a genetic analysis of similar 
erythromycin-inducible and constitutively resistant strains 
of S. aureus in which Bronson and Pattee (1972) have con- 
cluded that only one genetic locus is involved. 

A multiplicity of methylating enzyme activities, at  least one 
of which is specific for adenine in 16s  and another for 23s 
rRNA, is suggested by the observation that m26A is present 
in 16s  rRNA from induced, uninduced, and constitutively 
resistant cells in similar amounts. We could not detect any 
methylated oligonucleotide from 16s  rRNA with the same mo- 
bility as the new oligonucleotide from 23s. There are likely to 
be additional adenine methylating enzymes specific for tRNAs 
as well as for DNA. It is our working hypothesis that the new 
methylating activity arises from enzyme synthesis as a con- 
sequence of derepression by erythromycin; however, other 
models involving positive control or  modification of pre- 
existing methylating enzymes cannot yet be ruled out. 

A multiplicity of methylatable A-A-A-G sequences in 
23s rRNA is suggested by the stoichiometry of methylated 
adenine. This concept is an important one to establish in 

order to explain several unexpected observations made in 
previous studies. First, we noted earlier that while in airro 
erythromycin binding by ribosomes from induced cells was 
decreased, it was not completely reduced to background as 
in the case of constitutively resistant cells (Weisblum et al., 
1971). If only one methylatable site were involved, one would 
expect that different degrees of inethylation would affect 
only the plateau level of binding. Actually, induction appeared 
to affect mainly the slope of the curve relating complex forma- 
tion with erythromycin input. Second, in studies of constitu- 
tive resistance, we obtained mutant strains that appeared to 
be only partially constitutive. Both these sets of observations 
might be clarified if there existed at  least two different sites in 
23s rRNA for adenine methylation and that methylation of 
only one site conferred partial resistance. It may be possible 
to test this hypothesis critically by preparing fingerprints of 
longer fragments from 23s rRNA in which the mZ6A- 
containing oligonucleotides would be longer than the tetra- 
nucleotide described. It should be mentioned that the existence 
of two copies of certain methylatable oligonucleotide sequences 
in 23s rRNA of E.  coli has been proposed by Fellner (1969). 

Altered methylation of 16s  rRNA in kasugamycin-resistant 
E. coli has been described by Helser et a/. (1971). The detailed 
mechanism of resistance to this drug is different from that 
described here because it is the nonmethjlated form that is 
resistant. This is due to the loss or inactivation of an  enzyme 
normally present that converts adenine to mp6A (Helser 
et a/., 1972). Thus kasugamycin resistance in E.  coli is  due to a 
specific “under” methylation, whereas erythromycin resis- 
tance in S. nureus is due to a specific “over” methylation. 
In this connection, we have begun a survey of gram-positive 
organisms and have noted that methylated adenines are 
absent from the 23s rRNA of an erythromycin-sensitive strain 
of Streptococcus pyogenes (group A, hemolytic), whereas 
dimethyladenine can be found in a (nonisogenic) natural 
isolate resistant to erythromycin and lincomycin; when 
tested for antibiotic sensitivity, we found that this straiii was 
resistant to vernamycin Bcr but sensitive to vernamycin A. 
Thus the constitutive phenotype described originally for 
S. aureus may have a wider phylogenetic distribution. 

A central issue in these studies is the relationship between 
methylation and resistance; i.e., Is methylation causally 
related to resistance? It has recently been possible to re- 
constitute heterologous 50s ribosomal subunits using 23s 
rRNA from induced or uninduced S. aureus plus other 
components from erythromycin-sensitive Bacillus stearo- 
thermophilus (Lai et a / . ,  1973) and resistance in the reconsti- 
tuted particles appears to be associated with the 23s rRNA 
from resistant cells. 
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Transcription of Ribonucleic Acid by the Ribonucleic Acid 
Directed Deoxyribonucleic Acid Polymerase of Rous Sarcoma 
Virus and Deoxyribonucleic Acid Polymerase I 
of Escherichia col i f  

J .  M .  Taylor," A. J. Faras, H.  E. Varmus, H. M. Goodman, W. E. Levinson, 
and J. M. Bishop 

ABSTRACT: The DNA synthesized in citro by the purified RNA- 
directed DNA polymerase of Rous sarcoma virus (RSV), 
using tumor virus RNA as template, contains both single- and 
double-stranded molecules. Both forms are small and the 
double-stranded form is copied primarily from particular 
regions of the RNA. These same properties are found to apply 
to the DNA transcribed from poliovirus RNA. The primer 
(dT)12-la augments the response of the enzyme to RSV RNA, 
heat-denatured RSV RNA, and poliovirus RNA. The size of 
the DNA products is still small and the portion of the RNA 
template represented in double-stranded DNA is decreased. 
In transcription from RSV RNA, the use of (dT)12-lS produces 
additional initiation sites on the template although D N A  is not 

T he RNA-directed DNA polymerase of RNA tumor 
viruses has been purified in several laboratories (Kacian er ul., 
1971; Duesberg et ul., 1971a; Hurwitz and Leis, 1972; Faras 
c>t a/., 1972). These preparations are entirely dependent on the 
addition of exogenous template and are sufficiently free of 
ribonuclease activity to allow the use of ribonuclease-sensitive 
naturally occurring RNA templates. They respond to DNA 
and to synthetic homopolymers (such as poly(dA. dT) and 
poly(A). oligo(dT)), but display a preference for 70s oncorna- 
vir~is RNA as template among the naturally occurring RNAs 
tested (Duesberg er d., 1971a; Faras et ul.? 1972). The D N A  
transcribed from 70s RNA has been generally found to possess 
the following properties. First, the DNA molecules are small 
(4-10 S) relative to the size of the oncornavirus genome (re- 
viewed by Temin and Baltimore, 1973). Secondly, transcrip- 
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transcribed from regions other than those previously trans- 
scribed. DNA synthesis on 70s RSV RNA template is initiated 
by the formation of a phosphodiester bond between a 3'- 
terminal adenosine moiety and deoxyadenosine. Addition of 
(dT)12-la stimulates the overall synthesis of DNA and does not 
interfere with the formation of the above-mentioned bond. 
The DNA-dependent D N A  polymerase I of Escherichia coli 
does not respond to naturally occurring RNA templates. 
However, addition of (dT)l?-ls to poliovirus RNA and RSV 
RNA, which possess poly(A) sequences, permits the synthesis 
of DNA limited to poly(dA) and poly(dT) rather than hetero- 
polymer. 

tion into ds-DNAl occurs predominantly from very limited 
regions of the genome (Gelb et al., 1971 ; Varmus er a/., 1971 ; 
Taylor et id., 1972). These findings led us to investigate 
whether the same two properties of the DNA product apply 
to other situations of RNA-directed DNA synthesis. We have 
used the purified polymerase of Rous sarcoma virus (RSV) to 
study the transcription of RSV and poliovirus RNAs, with 
particular emphasis on the effects of an exogenously added 
primer molecule (dT)l,-,8 (Duesberg et ai., 1971b). In addition, 
we have analyzed the nature of RNA-directed DNA synthesis 
by DNA polymerase I of Escherichia coli. 

Materials and Methods 

Reagents and Solutions. Deoxynucleoside triphosphates 
were from Calbiochem. [ 3H]Deoxynucleoside triphosphates 
(5-24 Ci/mmol) were from Schwarz BioResearch, Inc. [cY-~*P]- 
Nucleoside triphosphates (4- 16 Ci/mmol) were from Inter- 
national Chemical and Nuclear Corp. (dT)i2--1s was from 
Collaborative Research, Inc. 

~~ ~ . ~ ~ 

! Abbrcviations used arc: cis-DNA, double-stranded DNA; ss-DNA, 
single-strand DNA:  RSV, ROUS sarcoma virus: Cor, concentration X 
lime, expressed as  (mol sec)'l. 
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