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The conformation of 23S rRNA nucleotide A2058
determines its recognition by the ErmE
methyltransferase
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ABSTRACT

The ErmE methyltransferase confers resistance to MLS antibiotics by specifically dimethylating adenine 2058
(A2058, Escherichia coli numbering) in bacterial 23S rRNA. To define nucleotides in the rRNA that are part of
the motif recognized by ErmE, we investigated both in vivo and in vitro the effects of mutations around posi-
tion A2058 on methylation. Mutagenizing A2058 (to G or U) completely abolishes methylation of 23S rRNA by
ErmE. No methylation occurred at other sites in the rRNA, demonstrating the fidelity of ErmE for A2058. Break-
ing the neighboring G2057-C2611 Watson-Crick base pair by introducing either an A2057 or a U2611 muta-
tion, greatly reduces the rate of methylation at A2058. Methylation remains impaired after these mutations have
been combined to create a new A2057-U2611 Watson-Crick base interaction. The conformation of this region
in 23S rRNA was probed with chemical reagents and it was shown that the A2057 and U2611 mutations alone
and in combination alter the reactivity of A2058 and adjacent bases. However, mutagenizing position G -+ A2032
in an adjacent loop, which has been implicated to interact with A2058, alters neither the ErmE methylation at
A2058 nor the accessibility of this region to the chemical reagents. The data indicate that a less-exposed con-
formation at A2058 leads to reduction in methylation by ErmE. Nucleotide G2057 and its interaction with C2611
maintain the conformation at A2058, and are thus important in forming the structural motif that is recognized
by the ErmE methyltransferase.
Keywords: ErmE methyltransferase; MLS antibiotic resistance; modified bases; rRNA structure; rRNA-protein
interaction

INTRODUCTION

The ErmE methyltransferase from the Actinomycete
Saccharopolyspora erythraea modifies 23S rRNA and
thereby confers resistance to MLS (macrolide, lincosa-
mide, and streptogramin B) antibiotics (Graham &
Weisblum, 1979). S. erythraea is the producer of the
macrolide antibiotic erythromycin (McGuire et al.,
1952; Labeda, 1987), and this organism therefore mod-
ifies its rRNA to prevents its own growth from being
inhibited by the drug. The modification by ErmE is a
highly specific N6,N6-dimethylation of nucleotide
A2058 (Escherichia coli 23S rRNA numbering) (Skinner
& Cundliffe, 1982; Skinner et al., 1983), which is lo-
cated in the peptidyl transferase loop within domain V
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of 23S rRNA (Noller, 1984). Erythromycin and other
MLS antibiotics have been shown to interact with
A2058 and neighboring bases in the loop (Moazed &
Noller, 1987; Egebjerg & Garrett, 1991; Douthwaite,
1992a). Mutations at these bases confer antibiotic resis-
tance (Vester & Garrett, 1987; Sigmund et al., 1988) by
reducing the strength of the interaction between the
drug and the rRNA (Douthwaite & Aagaard, 1993).
Modification of the rRNA by ErmE probably confers re-
sistance by the same mechanism.
ErmE has been cloned (Thompson et al., 1982; Bibb

et al., 1985) and sequenced (Uchiyama & Weisblum,
1985; Dhillon & Leadlay, 1990), and has been ex-
pressed and isolated in a purified, active form from S.
erythraea (Skinner & Cundliffe, 1982) and from E. coli
(Vester & Douthwaite, 1994). In vitro studies showed
that the enzyme acts on naked rRNA but not on rRNA
that has been assembled into ribosomes (Skinner et al.,
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1983). All the determinants for recognition are there-
fore within the rRNA and these are probably occluded
in ribosomes by the r-proteins. Recently, it was shown
thatErmE methylates a 625-nt domainVRNA fragment
as effectively as intact 23S rRNA (Vester & Douthwaite,
1994). It was furthermore shown that methylation at
A2058 is independent of magnesium ions, suggesting
that the tertiary structure of the rRNA is not required
for ErmE interaction, and that the enzyme recognizes
a motif in the primary and secondary structures of the
RNA. The helical structure immediately adjacent to
A2058 (Fig. 1) is possibly the major recognition deter-
minant for the ErmE interaction.
To test this idea, we investigated point mutations in

E. coli 23S rRNA at A2058 and adjacent nucleotides. We
chose to study mutations in the rRNA that have been
shown previously to affect the tolerance of cells to
erythromycin, probably by altering the conformation
around A2058 in ribosomes (Douthwaite & Aagaard,
1993). Mutant 23S rRNAs were expressed from plas-
mid systems in E. coli. Methylation of mutant 23S
rRNAs by ErmE was followed both in vivo and in vitro
by reverse transcription from allele-specific priming
sites in the rRNA. The effects of the mutations on the
accessibility of this region were investigated by prob-
ing naked 23S rRNA with chemical reagents. We find
a correlation between the conformation of A2058 and
its methylation by ErmE.

RESULTS

ErmE expression in vivo

The ErmE methyltransferase was expressed from plas-
mids pREK47 and pREK48 in growing E. coli cells. The
degree of methylation at A2058 in 23S rRNA was mea-
sured by primer extension from the 2060 primer (Fig. 2).

Expression of ErmE from the single copy pREK47 plas-
mid under noninducing conditions methylated only
3% of 23S rRNA molecules. However, the enzyme was
substantially induced either by amplifying the plasmid
copy number at 42 °C, or by addition of IPTG to de-
repress the lac promoter. ErmE expression from plas-
mid pREK48 was markedly higher under noninducing
conditions, methylating 64% of the rRNA, and expres-
sion was only slightly increased by addition of IPTG
(Fig. 2). This suggests that cells possess insufficient lac
repressor to shut down effectively the lac promoter on
pREK48.

Expression of ErmE in vivo confers high levels of
MLS drug resistance in E. coli, and this resistance is
considerably greater than that conferred by the rRNA
mutations. Because ErmE methylates naked 23S rRNA
and not subunits or ribosomes (Skinner et al., 1983),
methylation in cells must occur before ribosomes are
fully assembled.

In vivo ErmE methylation of mutant 23S rRNA

23S rRNAs with mutations at or close to the ErmE tar-
get base, A2058, were expressed from pFK plasmids in
E. coli cells (Table 1). Cells transformed with pFK plas-
mids contain a mixture of the plasmid-coded 23S rRNA
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FIGURE 1. Secondary structure adjacent to the ErmE methylation site
at A2058 in E. coli 23S RNA. The nucleotide positions at which point
mutations were introduced (2032, 2057, 2058, and 2611) are circled.
In the secondary structure (Noller, 1984), nucleotides 2057, 2058, and
2611 are at the peptidyl transferase loop. The proximity of G2032 to
these nucleotides is suggested by a crosslink (Doring, et al., 1991).
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FIGURE 2. In vivo ErmE methylation of wild-type 23S rRNA. 23S
rRNA was isolated from cells containing plasmid pREK47 or pREK48.
The autoradiogram shows reverse transcriptase extension from the
2060 primer, which terminates before position A2058 in methylated
rRNA (meth. 2058A) or by incorporation of ddCTP at G2057 in un-
methylated rRNA. The rRNA was extracted from cells in which ennE
was induced with 0.5mM IPTG (lanes b and e) or by heating to 42 °C
for 45 min and then returning to 35 °C for 120 min (lane c). The con-
stitutive expression of ennE from the two plasmids is indicated in
lanes a and d (no induction). The degree of methylation for each lane
was determined by densitometer scanning of the relative intensities
of the A2058 methylation band and the G2057 band.
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TABLE 1. Plasmids encoding mutant 23S rRNA.a

Mutationsb
Plasmid in 23S rRNA Phenotype Methylationc Referencesd

pFK1 None EryS + +
pFK2 G2057 A EryR + Ettayebi et al. (1985)
pFK3 A2058 U EryR Sigmund et al. (1984)
pFK5 A2058 G EryR Vester and Garrett (1987)
pFK6 G2032 A EryHS ++ Douthwaite (1992b)
pFK10 C2611 U EryR + Vannuffel et al. (1992)
pFK11 G2057 A Eryr + This study

+C2611-.U

a All plasmids are constructed from, and are similar in structure to, pKK3535 (Brosius et al., 1981), which is a pBR322-derivative (Bolivar
et al., 1977) containing the E. coli rrnB operon.

bIn addition to the mutations listed here, each of the pFK plasmids has the specific priming site at 23S rRNA position 2140.
c Visual estimations of the in vivo methylation at 2058 using the 2140 primer: + +, strongly methylated by ErmE methyltransferase; +,

reduced methylation; -, no methylation. The relative amounts of methylation (+ and ++) were accurately quantified in the in vitro experiments.
d Original references for the erythromycin phenotypes. Erys, erythromycin sensitive; EryR, resistant; EryHS, hypersensitive; Eryr, slightly

resistant.

and wild-type 23S rRNA encoded by the chromosome.
The two types of molecule were distinguished by allele-
specific priming. The sequence around position 2140
was altered in plasmid-coded 23S rRNA, allowing spe-
cific analysis of chromosome- or plasmid-coded rRNAs
by reverse transcriptase extensions from oligonucleo-
tide primers complementary to the different sequences
at 2140 (Aagaard et al., 1991).

Total rRNA was isolated from cells co-transformed
with a pREK plasmid and a pFK plasmid. The rRNAs
were analyzed with chromosome- or plasmid-specific
2140 primers. Extension with reverse transcriptase stops
at N6,N6-dimethylated adenine (Zalacain & Cundliffe,
1989), resulting in a clear autoradiogram band corre-
sponding to ErmE methylated A2058. Changing this
target base to a uracil (in pFK3) or a guanine (in pFK5)
completely abolishedErmE methylation (Table 1). Meth-
ylation by ErmE was greatly reduced, but remained de-
tectable, after breaking the Watson-Crick base pair ad-
jacent to A2058 by either a G -+ A2057 mutation (pFK2)
or a C -* U2611 mutation (pFK10). Methylation re-
mained reduced after the mutations were combined in
pFK11 to give an alternative A2057-U2611 pair. Muta-
genesis of G -+ A2032 in the nearby hairpin loop (Fig. 1)
had no effect on ErmE methylation at A2058.

In vitro methylation of mutant 23S rRNAs

The ErmE methyltransferase was isolated in concen-
trated active form from E. coli cells containing heat-
amplified plasmid pREK47 (Vester& Douthwaite, 1994).
The conditions for ErmE methylation can be readily
controlled in vitro, allowing a more precise comparison
of the effects of the different 23S rRNA mutations than
can be obtained in vivo. Unmethylated rRNA was ex-
tracted from cells containing the pFK plasmids (Table 1).

The rRNAs were incubated in vitro for up to 90 min
with a relatively small amount of ErmE in order to fol-
low the methylation kinetics. Methylation was ana-
lyzed by reverse transcription from the 2140 and 2060
primers. The in vitro data confirmed the findings of the
in vivo studies: mutagenizing A2058 abolishes ErmE
methylation; A2057 and/or U2611 substantially reduce
the degree of methylation; and A2032 has no effect.
The presence of the mutant 23S rRNAs did not detect-
ably influence the methylation of the wild-type 23S
rRNA. Analyses of the A2057 and U2611 mutant
rRNAs from the 2140 primers are shown in Figure 3
(data for the 2032 and 2058 mutations are not shown).
rRNAs encoded by the chromosome or by plasmid
pFK1 (which has no mutations in the 23S rRNA ErmE
target region) were methylated to identical levels,
showing that the allele-specific priming sites at position
2140 had no effect on ErmE activity. The rRNAs were
screened throughout domain V with additional prim-
ers. No sites of artefactual methylation were found un-
der the conditions used here (data not shown).

In the case of the 23S rRNA A2057 mutants, meth-
ylation in vitro was accurately quantified by exten-
sion from the 2060 primer. The 2060 primer is extended
by reverse transcriptase on both chromosome- and
plasmid-coded rRNAs, and terminates either at A2059
(because of the A2058 methylation) or, if the rRNA is
unmethylated, on incorporation of ddCTP at the next
guanine. Thus, transcription stops at G2057 on wild-
type rRNA, or at G2056 on rRNA with the A2057 mu-
tation (Fig. 4). The relative rates of methylation of
wild-type and A2057 mutant rRNAs were measured by
densitometer scanning of these autoradiogram bands
intensities, as shown in Figure 5. The methylation of
23S rRNA with the A2057 mutation (and with A2057
plus U2611) was approximately one fifth that of wild-
type rRNA.
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FIGURE 3. Allele-specific primer exten-
sions to compare the relative methyl-
ation of wild-type and mutant rRNAs.
rRNAs were isolated from cells con-
taining plasmid pFK1 ("wild type"),
pFK2 (A2057), pFK10 (U2611), orpFKll
(A2057+U2611). The 23S rRNAs from

4.... these cells are heterogeneous mixtures
of wild-type (chromosome-coded) and
mutant (plasmid-coded) molecules.
The rRNAs were methylated in vitro
for 0, 3, 6, 12, 40, and 90 min, as in-
dicated by the increasing incubation
time above the gel lanes. 23S rRNAs
were then analyzed by primer exten-
sion from nucleotide position 2140
using a primer specific for chromosome-
coded RNA (A: wild-type primer), or
for plasmid-coded RNA (B: mutant
primer). Arrow indicates the stop at
A2059 causedby methylation at A2058.
The band at the top of the gel repre-

incub. sents a break at the weak phospho-
time diester bond between U1915 and

A1916. Sequence lanes C, T, A, and G
are dideoxy sequences performed on
a single-stranded M13 bacteriophage
template encoding the 23S rRNA gene.
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FIGURE 5. Kinetics of in vitro methylation of wild-tf
23S rRNAs by ErmE. Methylation of the rRNAs we

densitometric analysis of autoradiograms (see Fig.
rates of the rRNAs with the A2057 mutation were m
by disappearance of the G2056 band; wild-type rRI
was measured by disappearance of the G2057 band.
the A2057 and the A2057+U2611 mutant rRNAs we
that of wild-type rRNA, respectively (after 90 min ir
the conditions described in the Materials and methc

FIGURE 4. In vitro methylation of wild-
type and mutant rRNAs analyzed from the
2060 primer. 23S rRNAs are mixtures of
chromosome-coded, wild-type (wt) mol-
ecules and plasmid-coded molecules. These
were isolated from cells containing plasmid
pFK1 (wild type), pFK10 (wt+U2611), pFK2
(wt+A2057), or pFK11 (wt+A2057+U2611).
Methylation reactions with ErmE were car-
ried out for the times (in min) indicated
above each lane. Reverse transcriptase exten-
sion from the 2060 primer with dTTP and
ddCTP results in termination either at A2059,
directly before methylated nucleotide A2058
(meth. A2058), or at the next guanosine.
Transcription therefore terminates at G2057
in wild-type rRNA encoded by the chromo-
some, and in rRNA encoded by pFK1 and
pFK10. Transcription on rRNA with the
A2057 mutation (from pFK2 and pFK11) ter-
minates at G2056. The different rates of dis-
appearance of the G2056 and G2057 bands
thus reflect differences in rates of methyl-
ation of the A2057 mutant and wild-type
rRNAs.

ondary structure (Gutell et al., 1994). To determine the
extent to which the mutations perturb this structure,
we probed mutant 23S rRNAs with the chemical re-

). This region agents DMS (which reacts with unpaired adenines and
)nserved sec- cytosines) and kethoxal (which reacts with unpaired

guanines). Accessible bases in the rRNAs were ana-
lyzed by allele-specific primer extension from position
2140 with the wild-type primer (for chromosome-coded
rRNA) and the mutant primer (for plasmid-coded
rRNA) as shown in Figure 6. The wild-type rRNA en-
coded by the chromosome and by pFK1 produced the
same DMS and kethoxal modification patterns. In the

wild type peptidyl transferase loop ofwild-type rRNA, the relative
degrees of accessibility to DMS are A2062 > A2058 >
A2059 > A2060. G2061 is highly accessible to kethoxal.
Nucleotides in the helix from 2043 to 2057 (most nota-
bly, C2055) are moderately accessible to DMS and keth-
oxal modification.
On mutagenesis of the rRNA at 2057 or 2611, G2061

remains highly accessible, whereas the reactivities at
both A2058 and A2062 are reduced (Fig. 6). The G to

A2057 A change at 2057 additionally renders this position re-
A2057+U2611 active to DMS. The accessibility of A2057 is not re-

duced by the compensatory change U2611. Despite
_, this, there are good indications that positions 2057 and
10 0 2611 interact. First, the C -- U2611 change increases the

kethoxal modification at G2057; and second, the reduc-
ype and mutant tion in the kethoxal modification at G2056 suggests that
!re measured by the G2056-C2612 interaction is stabilized by A2057-
4). Methylation U2611. At the small internal loop adjacent to these base
eA methylationy pairs, the accessibility of C2055 is markedly reduced by
Methylation of the 2057 and 2611 changes. Further structural rear-

re 22bai and 2% rangement within this helix is suggested by the shift
ids)u The means in accessibility from G2053 to A2052 on introduction of
in. the U2611 mutation.
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FIGURE 6. Structural analysis of the peptidyl transferase loop in naked 23S rRNA. rRNAs were isolated from plasmid-
containing cells as indicated by the individual lane headings: wild type, plasmid pFK1; 2057, pFK2; 2611, pFK10; 2057+2611,
pFK11. Renatured rRNAs were modified with DMS or kethoxal (control samples were unmodified) prior to allele-specific
primer extension from the 2140 region with reverse transcriptase. Extension reactions on the left of the sequence lanes
(C, U, A, G) were with a primer specific for the chromosome-coded wild-type rRNA; extensions on the right were with
a primer specific for plasmid-coded rRNA (mutant primer).

DISCUSSION

Methylation by ErmE is specific for base A2058 in do-
main V of 23S rRNA. ErmE methylates this same po-
sition in phylogenetically distant bacterial 23S rRNAs
(Skinner et al., 1983), indicating that it recognizes a dis-
tinct and conserved motif in the rRNA. We investigated
A2058 and neighboring bases that have been impli-
cated as having structural and functional connections
with A2058 (Table 1), and that are thus possibly part
of the ErmE recognition motif. Mutations at these bases
affect the tolerance of cells toward erythromycin (Ta-
ble 1). Disrupting the end of the RNA helix adjacent to
A2058, by changing either A2057 or U2611, confers
erythromycin resistance, as previously reported (Et-
tayebi et al., 1985; Vannuffel et al., 1992). Combining
these bases to form a new Watson-Crick base pair re-

duces the level of erythromycin resistance, although
cells remain more tolerant to the drug than wild-type
cells.
We found it advantageous to study the effects of

rRNA mutations on ErmE methylation both in vivo

and in vitro. Studies in vivo avoid the problems of ar-

tefactual conformations that can be imposed on RNA
during its isolation for in vitro studies (Uhlenbeck,
1995). On the other hand, in systems such as this, with
readily purifiable RNA and protein components, the
reaction kinetics can be more easily controlled and ob-
served during in vitro studies. We found that ErmE ef-
ficiently methylates E. coli 23S rRNA both in vivo and
in vitro (Figs. 2, 4). In addition, the rRNA mutations
had similar effects on in vivo and in vitro methylation.
It thus seems unlikely that the isolation procedures sig-
nificantly affected the rRNA (or the methyltransferase),
and we therefore chose in vitro systems to follow the
reaction kinetics.

Mutagenesis of the target base produced the predict-
able result that ErmE methylation is abolished. Both of
the mutant bases inserted at position 2058 (guanine
and uracil) lack a correctly positioned exocyclic amine
group that can be methylated by the enzyme. It has
previously been shown, using radioactive S-adenosyl
methionine, that ErmE exclusively methylates A2058
in wild-type rRNA (Skinner et al., 1983). On mutagen-
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esis of 2058, none of the adjacent adenines nor any
other base within domain V become modified by the
enzyme. The lack of methylation at other sites empha-
sizes the high fidelity of ErmE for nucleotide A2058.

Altering the G2057-C2611 base pair next to A2058 in
the rRNA secondary structure markedly reduced the
methylation by ErmE. Breaking the base pair by intro-
duction of either the A2057 or the U2611 mutation low-
ered the methylation rate by about the same degree
(Fig. 3). The methylation kinetics were followed quan-
titatively for the A2057 mutant rRNA, and for A2057
in combination with U2611 (Fig. 5). The lower meth-
ylation by ErmE correlates with a change in the relative
accessibilities of adenines in the peptidyl transferase
loop, with A2058 becoming less exposed (Fig. 6). Struc-
tural rearrangements within the adjacent helix, partic-
ularly at C2055, are also evident. The G2057-C2611
base pair is thus important in maintaining the wild-
type rRNA conformation at and adjacent to nucleotide
A2058.

Nucleotide G2032 has been placed close to the peptidyl
transferase loop in ribosomes by crosslinking (Fig. 1;
Doring et al., 1991) and genetic studies (Douthwaite,
1992b). Transition of G to A at position 2032 confers re-
sistance to lincomycin antibiotics (Cseplo et al., 1988),
but hypersensitivity to erythromycin (Douthwaite,
1992b). Chemical probing of ribosomes with A2032 re-
vealed no structural changes around the A2058 region
(Douthwaite & Aagaard, 1993). However, the combi-
nation of A2032 and G2058 mutations in the same
rRNA caused loss of drug resistance and disruption
of ribosome function, probably due to the pronounced
distortion of the peptidyl transferase loop region. These
results indicate a close functional interaction between
position 2032 and the ErmE target at 2058. Mutation at
G2032 did not, however, affect the ability of ErmE to
methylate A2058. Furthermore, ErmE methylation of
A2032 mutant rRNA conferred erythromycin resistance
as high as wild-type rRNA methylated by ErmE (Ta-
ble 1). The structural perturbation that destroys rRNA
function in the A2032/G2058 double mutant clearly does
not occur in rRNA with A2032/N6,N6-dimethylated
A2058.
A previous study showed that ErmE methylates a

domain V fragment of 23S rRNA as well as intact 23S
rRNA (Vester & Douthwaite, 1994). This has also been
shown to be the case for the related methyltransferase
ErmSF (Kovalic et al., 1994). Furthermore, magnesium
ion depletion, causing loss of tertiary structure in the
rRNA, has little effect on ErmE methylation at A2058
(Vester & Douthwaite, 1994). These findings suggest
that the ErmE recognition motif lies within the primary
and secondary structure of 23S rRNA domain V. Con-
sistent with this, nucleotide G2032, and its possible ter-
tiary interaction close to A2058, is unnecessary for
ErmE methylation. The helix adjacent to A2058 is un-

paired and open states. Despite this, the G2057-C2611
interaction at the end of the helix is essential for main-
taining the accessibility of A2058 and its efficient meth-
ylation by ErmE. It is envisaged that this pair is a part
of the ErmE recognition motif that is directly contacted,
and possibly stabilized, during interaction with ErmE.

MATERIALS AND METHODS

Plasmids

The ermE methyltransferase gene was brought under control
of the lac promoter in the Ri-derivative plasmid pREK47
(Vester & Douthwaite, 1994). This type of plasmid is present
in the cell as a single copy per chromosome when the incu-
bation temperature is kept below 37 °C, but it exhibits run-
away replication at 42 °C, generating up to 1,000 copies/cell
(Larsen et al., 1984). Plasmid pREK48 was formed by delet-
ing a 250-bp Bgl II fragment from pREK47. This inactivates
the copB gene, leading to a constitutive copy number of 8-10
plasmids per chromosome at temperatures below 37 °C, but
the plasmid still exhibits runaway replication at higher tem-
peratures (Larsen et al., 1984). The pREK plasmids addition-
ally encode aph, conferring kanamycin resistance.
Mutant 23S rRNAs were expressed from pFK plasmids (Ta-

ble 1). These are pBR322 derivatives (Bolivar et al., 1977) that
confer ampicillin resistance and additionally encode the en-
tire rRNA operon, rrnB (Brosius et al., 1981). The 23S rRNA
gene sequence in pFK plasmids has been altered around po-
sition 2140 to allow allele-specific analysis of plasmid-coded
rRNA (Aagaard et al., 1991). The pFK-plasmids with muta-
tions at 23S rRNA positions 2032, 2057, and 2058 have been
described previously (Douthwaite & Aagaard, 1993). The
2611 mutation was created by site-directed mutagenesis
(Kunkel et al., 1987), and pFK10 and pFK11 plasmids contain-
ing this mutations (Table 1) were constructed in the same
manner as the other pFK plasmids. Manipulations with plas-
mid DNA were carried out by standard procedures (Sam-
brook et al., 1989) and cells were transformed as described
by Hanahan (1985).

Bacterial strain and growth conditions

E. coli strain DH1 (Sambrook et al., 1989) was used as the
plasmid host. Cells with pREK plasmids were grown in LB
medium with kanamycin at 50 mg/L; the incubation temper-
ature was no higher than 35 °C to avoid runaway replication
of the plasmid (Larsen et al., 1984). Cells with pFK plasmids
were grown in LB medium with ampicillin at 100 mg/L. The
drug resistance phenotypes conferred by the 23S rRNA mu-
tations were investigated on agar plates containing erythro-
mycin (Douthwaite, 1992b). The pREK and pFK plasmids are
compatible and were present in the same cell for the in vivo
methylation studies.

Isolation of rRNA

Cultures of cells harboring pREK and/or pFK plasmids were
grown to 0.4 A450 units. rRNA was isolated as described pre-
viously (Vester & Douthwaite, 1994). Briefly, cells were har-
vested by centrifugation and were washed and resuspended
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in TMN buffer (50 mM Tris HCl, pH 7.8, 10 mM MgCl2,
100 mM NH4Cl). Cells were lysed by sonication and cell de-
bris was removed by centrifugation. Ribosomes were pelleted
by centrifugation and were extracted with phenol and chlo-
roform. rRNA was recovered by ethanol precipitation. The
rRNA from cells containing ErmE methyltransferase (en-
coded on pREK plasmids) was analyzed directly by primer
extension to assay for in vivo methylation. RNA isolated from
cells without pREK plasmids was used as a substrate for in
vitro methylation assays and for the structural probing
studies.

In vitro methylation
rRNA (3.5 Ag per sample) was renatured in 25 yL buffer A
(20 mM Tris*HCl, pH 7.8, 10 mM Mg(OAc)2, 100 mM
NH4Cl, 6 mM ,3-mercaptoethanol, 10% glycerol) by heating
at 50 °C for 5 min followed by 10 min at 30 'C. Fifty nano-
grams purified methyltransferase (Vester & Douthwaite,
1994) and 1.5 mM S-adenosyl-methionine were preincubated
in 25 t4L buffer A at 30 'C for 10 min prior to addition to the
rRNA. Methylation reactions were carried out at 30 'C for up
to 90 min. Reactions were stopped by extracting with phe-
nol followed by chloroform extraction, and the rRNA was re-
covered by precipitation with ethanol.

Analysis of methylation by allele-specific priming

Methylation at A2058 was assayed by extension with reverse
transcriptase (Life Sciences) from oligodeoxynucleotide prim-
ers hybridized to the 23S rRNA 2140 region. This region had
been changed in plasmid-coded rRNA to give a unique se-
quence complementary to the primer 5'-CCATGCATGCTG
GCGCA (mutant primer). The same region in chromosome-
coded 23S rRNA is complementary to the primer 5'-CCATGC
AGACTGGCGTC (Aagaard et al., 1991). 5'-32P-end-labeled
primers were extended with the four dNTPs and transcrip-
tion products were analyzed on sequencing gels as described
by Moazed et al. (1986).

Quantitative analysis of methylation

A quantitative measurement of methylation was obtained by
adapting the technique described by Sigmund et al. (1988).
The oligodeoxynucleotide primer 5'-GTAAAGGTTCACGG
GGTC (the 2060 primer) is complementary to 23S rRNA bases
2061-2078, which are adjacent to the ErmE methylation site
at A2058. The 5'-32P-end-labeled 2060 primer was hybridized
to rRNA and extended using reverse transcriptase together
with dTTP and ddCTP. Transcripts were run on 14 x 16.5 x
0.02 cm 13% polyacrylamide/7M urea gels. Extension termi-
nates directly before A2058 in methylated rRNA, or at the first
guanine encountered by reverse transcriptase in unmethyl-
ated rRNA. The intensities of bands on gel autoradiograms
were estimated by scanning with an LKB Ultroscan XL laser
densitometer.

Fidelity of methylation

The remainder of domain V in the 23S rRNAs was screened
with primers complementary to sequences 2275-2291, 2603-

2619, and 2677-2694. Primers were extended with reverse
transcriptase and the four dNTPs to detect any artefactual
methylation sites in the rRNA.

Structural probing of mutant 23S rRNA

Ten micrograms of rRNAs isolated from cells that harbored
plasmid pFK1, pFK2, pFK10, or pFKll (Table 1) were rena-
tured by warming for 5 min at 50 °C in 200 ytL of 20 mrM
HEPES, pH 7.8, 100 mM NH4Cl, 10 mM Mg(OAc)2, 1 mM
dithiothreitol, 10% glycerol. Samples were preincubated for
10 min at 30 °C, before modification (for 30 min at 30 °C) with
either dimethyl sulfate (DMS: 2 uL of a 1:6 (v/v) dilution in
ethanol) or kethoxal (3 yL of a 40 mg solution in 30% (v/v) eth-
anol). Reactions were stopped and rRNA was recovered as
described by Moazed et al. (1986). The sites of modification
in mutant and wild-type 23S rRNAs were analyzed by allele-
specific priming, as described above.
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