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An Escherichia coli mutant lacking the modified nucleotide m'G in rRNA has previously been isolated (G. R.
Bjork and L. A. Isaksson, J. Mol. Biol. 51:83-100, 1970). In this study, we localize the position of the m'G to
nucleotide 745 in 23S rRNA and characterize a mutant deficient in this modification. This mutant shows a 40%
decreased growth rate in rich media, a drastic reduction in loosely coupled ribosomes, a 20% decreased
polypeptide chain elongation rate, and increased resistance to the ribosome binding antibiotic viomycin. The
rrmA gene encoding 23S rRNA m'G745 methyltransferase was mapped to bp 1904000 on the E. coli chromo-
some and identified to be identical to the previously sequenced gene yebH.

Mature 23S rRNA from Escherichia coli contains some 23
modified nucleotides, of which 14 are methylations of the base
or the sugar moiety of the nucleotide (2). In general, the
locations of the modified nucleotides in the 23S rRNA second-
ary structure correlate well with those of universally conserved
nucleotides (13), and the nucleotides are clustered within the
proposed three-dimensional structure of 23S rRNA at the pep-
tidyltransferase center, the active center of the molecule (6).
So far, the only 23S rRNA-modifying enzyme that has been
cloned in E. coli is the 23S W746 synthase (36).

In the early work by Bjork and Isaksson (3), a number of
RNA modification-deficient mutants of E. coli were isolated by
screening for RNA possessing methyl group acceptor ability in
vitro. One of the identified mutant strains, IB10, lacked the
modified nucleoside m'G in the rRNA, but the location of the
modification was not further mapped. The mutation was de-
noted r7mA (ribosomal RNA methyltransferase A). The en-
zyme, 23S rRNA m'G745 methyltransferase, has been partially
purified, and its substrate requirements have been analyzed
(17, 18). Strains lacking m*G and m°C in the rRNA were also
identified (3, 4). These mutant strains can be used to charac-
terize the function of rRNA modifications and to identify the
gene encoding the corresponding RNA modifying enzyme.

In this study, we localize the modified nucleotide on the
rRNA, identify the gene (17mA) encoding the rRNA-modifying
enzyme, and analyze the growth characteristics and suscepti-
bility to antibiotics of an r7mA mutant.

MATERIALS AND METHODS

Strains, chemicals, and standard protocols. All the strains used were deriva-
tives of E. coli K-12 and are listed in Table 1. Strain IB10 is the original isolate
from the screening of RNA methylation-deficient mutants. It is a ethyl meth-
anesulfonate-mutagenized derivative of strain CP79. The mutant allele of the
gene encoding 23S rRNA m'G745 methyltransferase (11mA10) was crossed into
a nonmutagenized CP79 background by conjugation, resulting in strain IB103.
These strains were kindly provided by Glenn Bjork, University of Umed, Umea,
Sweden. Transductions and conjugations were done by established methods (24).
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Standard molecular biology procedures were those described by Sambrook et al.
(29). Viomycin was generously provided by Nathan Belcher, Pfizer. Reverse
transcriptase was purchased from Seikagaku.

HPLC analysis. The 30S and 50S ribosomal subunits were separated on a
sucrose gradient, and rRNA was extracted by phenol as described previously
(32). The RNA samples were digested to nucleosides with nuclease P1 (Boehr-
inger) and bacterial alkaline phosphatase (Sigma) (11). After centrifugation, 100
wg of rRNA nucleosides was applied to a Supelcosil LC-18S column on a Waters
high-pressure liquid chromatography (HPLC) system. The gradient used was
that of Gehrke and Kuo (10), and the flow rate was 1 ml/min. The absorbance of
the samples was monitored at 254 nm. The identity of each HPLC-isolated
nucleoside was determined by measuring its retention time and by spectral
analysis. The relative amount of each nucleoside was determined by using the
relative molar response factor of each nucleoside at 254 nm (10) multiplied by
the integrated area under each peak.

Antibiotic resistance. The antibiotics viomycin, erythromycin, celesticetine,
carbomycin, chloramphenicol, vernamycin B, thiostrepton, and streptogramin B
were each dissolved to saturation. Filter paper (Whatman GFC) was soaked in
the antibiotic solution and placed on rich-medium plates containing the appro-
priate strain. The zone of growth inhibition from the filter was determined. For
further characterization of the level of viomycin resistance, strains were spread
on Luria-Bertani (LB) media plates containing 0 to 300 wM viomycin and
incubated overnight at 37°C.

Mutant screening. E. coli CP79 was spread at a density of 5,000 colonies per
rich-medium plate containing 150 wM viomycin and incubated overnight at 37°C.
Spontaneous Vio" mutants were streaked on LB medium and then restreaked on
LB medium containing 150 pM viomycin to avoid chromosomal duplications.

Chemical protection and primer extension. The 50S ribosomal subunits (5
pmol, 100 nM) were incubated with 0.1 M to 10 mM viomycin in 50 wl of 80
mM potassium-cacodylate (pH 7.2)-75 mM NH,Cl-1 mM dithiothreitol-0.5 mM
EDTA-15 mM MgCl,-75 mM KCI for 30 min at 37°C followed by 10 min on ice.
The complexes were modified with kethoxal (5 pl of a 1:5 [vol/vol] dilution in
H,0) at 37°C for 8 min. The reaction was stopped, and rRNA was extracted.
Primer extension reactions and gel electrophoresis were carried out as described
previously (25). Primer extension was performed with a 17-mer oligonucleotide
which primes reverse transcriptase at nucleotide 872 of 23S rRNA. The gels were
scanned and signals were quantified with a PhosphorImager (Molecular Dynam-
ics).

RESULTS

Localization of m'G to position 745 in 23S rRNA. HPLC
analysis of RNA nucleosides was performed to identify the
location of the rrmA-derived m'G. Strain CP79- and 1B103-
derived tRNA and 16S and 23S rRNA were isolated, extracted,
and hydrolyzed separately. HPLC analysis of nucleosides from
the 23S (and 5S) rRNA identified 0.9 mol of m'G per mol of
m?A in strain CP79 (17mA™), whereas m'G was completely
missing in the HPLC profile of the hydrolyzed 23S rRNA
derived from the rrmA strain IB103 (a derivate of the original
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TABLE 1. Strains used in this study

Strain Genotype or phenotype Reference
CAGS5051 Hfr H, relA1 thi-1 spoT supQ80 31
nadA-57::Tnl0
CAG5054 Hfr KL96, relA1 thi-1 trpB83::Tnl0 31
CAG5055 Hfr KL16, relA1 thi-1 31
zed-3069::Tnl0
CAGS8160 Hfr KL14, relA1 leu thi-39::Tn10 31
CAG8209 Hfr KL228, thi-1 leu gal-6 supE44 31
lacY1 or lacZ4 zgh-3075::Tnl0
CP79 thr leu his argA relA 7
GRB139%4 Hfr P4x, zea-225::Tnl10 rrmA10 This study
GRB1398 Hfr P4x, zea-225::Tnl10 This study
IB10 thr leu his argA relA rrmA10 3
MW100 Hfr P4x 35
1B103 thr leu trp his Str* ampAI rrmA10 Glenn Bjork

IB10 strain [Fig. 1; Table 2]). The identity of each peak was
determined by measuring its retention time and absorbance
spectrum. HPLC analysis of nucleosides from tRNA and 16S
rRNA showed no difference between the two strains.

A single m'G has previously been mapped to position 745 of
23S rRNA (15). Primer extension was performed on 23S rRNA
isolated from strains IB10 (rrmA), IB103 (rrmA), and CP79
(mrmA™). In this method, synthesis of a complementary DNA
strand is initiated by annealing an oligonucleotide to positions
872 to 889 of 23S rRNA. The reverse transcriptase stops syn-
thesizing the DNA strand when it reaches the nucleotide pre-
ceding m'G, since the N-1 of guanosine, required for proper
Watson-Crick base pairing to a cytosine, is blocked by a methyl
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TABLE 2. Relative molar amounts of modified nucleosides as
determined by HPLC*

Amt‘ of nucleoside in:

Nucleoside Liu‘aratlfl)re GRB139%4
value CP79 1B103 GRBI1398 GRB139%4
(pBP51)
Gm 0.9 1.0 0.7 1.1 1.1 1.1
m'G 0.8 0.9 <0.01 1.0 <0.01 1.1
m’A 0.9 1.0 1.0 1.0 1.0 1.0
mCA 2.1 2.1 2.2 2.2 1.8 2.1

“ See also Fig. 1.

? Literature values for moles of nucleoside per mole of 23S are from reference
10.

< Amounts of nucleoside are given as moles of nucleoside per mole of the
nucleoside m?A.

group. As can be seen in Fig. 2, a double band appears at
positions corresponding to U746 and G745 in the CP79 lane
but is absent in the IB10 and IB103 lanes, showing that the
modified nucleotide m'G, normally found at position 745 of
23S rRNA, is lacking in the rmA strains. The two bands seen
at U746 and G745 are likely to reflect transcriptional stuttering
as the reverse transcriptase encounters the modified nucleo-
tide. The absence of reverse transcriptase stops at U746, and
G745 is the only difference between CP79 and IB103 detected
by primer extension over the entire 23S rRNA (data not
shown).

The rrmA mutants have a decreased growth rate. The
growth rate of the isogenic strains GRB1394 (r7mA) and
GRB1398 (r7mA™) was determined in rich LB medium. Strain
GRB1394 was found to have a doubling time of 56 min, in
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FIG. 1. The modified nucleotide m'G is lacking in 23S rRNA from strain IB103. HPLC chromatograms of nucleosides from the 50S subunits of strain CP79 (wild
type) and strain IB103 (17mA10) are shown. The HPLC chromatogram of RNA from strain IB10 is identical to that of IB103 (data not shown). Peak 1 corresponds
to the modified nucleoside Gm, peak 2 corresponds to m'G, and peak 3 corresponds to m>G. AU, absorption units.
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FIG. 2. The rrmA-dependent m'G modification is located at position 745 of
23S rRNA. The autoradiogram shows reverse transcription of 23S rRNA from
strains CP79 (wild type), IB10, and IB103 (both lacking m'G745). Also included
is RNA sequencing with the same primer as that used for reverse transcription.

contrast to 40 min for the corresponding isogenic strain
GRB1398, a difference of 40%.

Polysome profiles and peptide chain growth rate. Strains
CP79 and IB103 were grown in rich medium, cells were lysed,
and ribosomal subunits and polysomes (i.e., ribosomal com-
plexes sedimenting faster than 70S) were separated by sucrose
gradient sedimentation as described previously (28). The sep-
aration was done at two different Mg®" concentrations. Reg-
ular ribosomal 70S complexes were isolated at 10 mM Mg?™,
whereas tightly coupled 70S complexes were identified by ex-
posing the ribosomes to the more stringent 5 mM Mg>". Un-
der nonstringent conditions (10 mM Mg>"), the mmA™* CP79
cells had 70% of the ribosomal subunits located in the poly-
somes. The distribution of ribosomal subunits in the rrmA
mutant IB103 was shown to be distinctly different. Only 20% of
the ribosomal subunits in IB103 were found in the polysomes
under nonstringent conditions, and there was an increase in
the proportion of free 30S and 50S subunits (Fig. 3; Table 2).
The relative amounts of tightly coupled ribosomes were iden-
tical in the two strains. We believe that the absence of m'G745
dissociates the loosely coupled 70S, so that only the tightly
coupled 70S ribosomes can be detected in the polysome profile
under nonstringent conditions.

The peptide chain elongation rate (cgr,), i.e., the velocity of
the translational cycle as determined by the number of amino
acids incorporated into protein per second per ribosome, was
determined from strains CP79 and IB103. The cgr,, was deter-
mined by measuring the induction time of B-galactosidase as
previously described (20). The cgr,, for CP79 was measured to
be 14 amino acids per second, which is in the range of the
established translational velocity for wild-type E. coli of 13 to
16 amino acids per second (19). The cgr,, of the rrmA mutant
IB103 was determined to 11 amino acids per second, a reduc-
tion of approximately 20% (Table 3). The B-galactosidase in-
duction experiment was performed three times for each strain;
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in each case there was less than a 1-s deviation from the given
value of cgr,.

Gene mapping and complementation. The location of the
rrmA gene on the E. coli chromosome was mapped by using the
Hfr strains Hfr H, Hfr KL.14, Hfr KL16, Hfr K196, Hfr KL.208,
Hifr KL227, and Hfr KL.228 (31). The Hfr strains were allowed
to conjugate with the mA strain IB103. A total of 24 conju-
gants from each conjugation were tested for the presence of
m'G745 as analyzed by primer extension analysis. Only Hfr
KL96, initiating at min 46.6 and with the selected marker at
min 28.3, and Hfr KL16, initiating at min 64.5 with the selected
marker at min 43.9, could cause the rrmA strain to revert to
rrmA™. In the conjugation with Hfr KL96 as the donor, 11 of
24 conjugants acquired the wild-type rrmA gene. In the conju-
gation with Hfr KLL16 as the donor, 14 of 24 conjugants ac-
quired the wild-type r7mA gene. None of the other Hfr conju-
gations could revert the rmmA phenotype. The conjugations
with Hfr KIL.96 and Hfr KL16 indicate that the rrmA gene is
located in the region from 40 to 45 min of the E. coli chromo-
some.

To further narrow the region where r7mA is located, strains
with Tn0 insertions between min 37 and 44 were used in P1
transductions with IB103. The following Tnl0 transposons
were assayed for cotransduction with rrmA: zdj-3124::Tnl0kan,
zea-225:Tnl0, zea-3068::Tnl0, eda-3126::TnlOkan, and uvrC279::
Tnl0 (31). The transposon insertions zea-225::Tnl0 (at min
40.3) and zea-3068::Tnl0 (at min 40.9) were both found to
cross out the mmmA mutation, confirming the map location
indicated by Hfr conjugations. Since both transposons were
approximately 70% linked to the rmmA gene, we conclude that
the mmA gene is localized close to these two transposons,
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FIG. 3. Sucrose gradient sedimentation profiles of extracts from strains CP79
(A) and IB103 (B) made under nonstringent conditions (10 mM Mg?"). The
positions of tRNA, 30S and 50S ribosomal subunits, 70S monosomes, and poly-
somes are indicated.
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TABLE 3. Phenotypic manifestations of rmA

Value in:
Characteristic CP79 1B103 GRBI1398 GRB139%4 GRB1394(pBP51)
(rrmA™) (rrmA) (rrmA™) (rrmA) (rrmA/rrmA™)

m'G detected by primer extension Yes No Yes No ND“
Molar ratio m'G/m?A (HPLC) 0.9 <0.01 1.0 <0.01 1.0
Viomycin MIC (nM) 50 200 30 200 ND
Doubling time in rich medium (min) 28 45 40 56 40

Free ribosomal subunits at 6 mM Mg>" (% of total ribosomal subunits) 35 37 ND ND ND
Free ribosomal subunits at 10 mM Mg>* (% of total ribosomal subunits) 16 27 ND ND ND
cgr, (aa/s) 14 11 ND ND ND
Protection of 50% of G914 from kethoxal modification by viomycin 100 0.3 ND ND ND

(mM viomycin)

“ND, not determined.

around min 40.5 on the genetical map (1). This is approxi-
mately equivalent to bp 1900000 on the physical map (5).

The cotransducability of zea-225:Tn10 and rrmA10 was used
to transfer the mmA allele into the otherwise wild-type back-
ground of strain MW100. This resulted in strains GRB1394
(zea-225::Tnl0 rrmAI10) and the isogenic GRB1398 (zea-225::
Tnl0 rrmA™). These two strains were subsequently used in the
phenotypic characterization of 23S m'G745 deficiency.

Identification of the ORF corresponding to rrmA. The entire
E. coli genome is now sequenced, and in the region from bp
1896000 to 1918000, 20 open reading frames (ORFs) have
been found. Of these 20 ORFs, 6 have been genotypically
characterized (5). Of the remaining 14 ORFs, only 1, yebH
(f269), has the characteristics of an RNA methyltransferase.
The deduced amino acid sequence of yebH contains a motif
(V-L-D-I-G-C-G-E-G) strikingly similar to the consensus
binding site for S-adenosylmethionine, the methyl donor for
nucleotide methylation (20). The yebH ORF also shows ho-
mology to myrA from Micromonospora griseorubida (29% iden-
tity at the amino acid level). The myrA gene encodes resistance
to the antibiotic mycinamicin through an unknown mechanism.
The gene myrB in the same organism also encodes resistance to
this antibiotic and encodes an rRNA 2'-O-methyltransferase
(16). The yebH gene is located downstream of the cspC gene at
bp 1904000, which corresponds to min 40.9 (21). Plasmid pSJ6
(21) carrying the yebH gene together with cspC and four un-
characterized ORFs (f47, {95, £47, and £263, where the number
indicates the number of amino acids in each ORF) was kindly
donated by M. Inouye. None of the uncharacterized ORFs
contained an S-adenosylmethionine binding motif even when
searched at very low stringency; therefore, yebH is the only
gene on plasmid pSJ6 that can encode a methyltransferase. A
plasmid carrying the yebH ORF together with its promoter was
constructed (pBP51; Fig. 4). Plasmid pBP51 was introduced
into strain GRB1394 (rrmA) and was shown to complement the
slow growth of the r7mA mutant and also to restore the m'G
modification of the 23S rRNA (Table 2). Therefore, we con-
clude that the yebH gene corresponds to the rrmA locus and
encodes the 23S rRNA m'G745 methyltransferase.

The rrmA mutant is resistant to viomycin. Many antibiotics
function as specific ribosome binding factors that inactivate the
ribosome, and thereby inactivate translation, by interacting
with accessible structures. Changing the ribosome surface by
removing a hydrophobic methyl group from an exposed nucle-
otide may affect the binding of different factors, such as anti-
biotics, to the ribosome. Examples of modified ribosomal nu-
cleotides that alter the level of resistance to various antibiotics
include 16S m$A1518,1519, which changes the resistance to

kasugamycin (14), 23S Am1067, which changes resistance to
thiostrepton (34), and 23S m$A2058, which changes resistance
to erythromycin (12). Based on this, we asked whether the lack
of m*G745 resulted in altered resistance to any of a number of
different antibiotics that have been shown to bind 23S rRNA.
Strains CP79, IB10, and IB103 were grown on rich-medium
agar plates. A filter soaked in the antibiotic to be tested was
placed on each plate, and the plates were incubated at 37°C.
The following day, the zone of growth inhibition was deter-
mined. Strain CP79 showed a 5-mm clearance zone surround-
ing the filters soaked in viomycin, whereas strains IB103 and
IB10 were not sensitive to the drug (Fig. 5). The remaining
tested antibiotics did not exhibit any significant difference in
the level of resistance. Further characterization showed that
strain CP79 grows on rich-medium plates at 37°C with a vio-
mycin MIC of 50 wM. The viomycin MIC for strains IB10 and
IB103 was shown to be 200 wM.

Viomycin protection of rRNA in wild-type and mutant
strains. It has previously been shown that viomycin protects
G914 of 23S rRNA from chemical modification by kethoxal
(26). The relative level of protection by viomycin from chem-
ical modification of CP79-derived 50S and IB103-derived 50S
ribosomal subunits was determined. The concentration of vio-
mycin was determined in the presence of the 50S subunits. The
rRNA was chemically modified by addition of kethoxal and
isolated by phenol extraction. Kethoxal attacks and blocks ex-
posed N-1 and N-2 of guanosine to prevent base pairing. The
blocked G can then be identified by reverse transcription. It
was shown that 30 uM viomycin was sufficient to protect 50%
of G914 from kethoxal modification in 50S ribosomal subunits
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FIG. 4. Gene organization of the chromosomal inserts of plasmids pSJ6 (21)
and pBP51. Both plasmids are derivatives of pUC19 (39). Designations of ORFs
are from reference 5, where o and f represent different orientations of transcrip-
tion and the number gives the length of the gene product in amino acids.
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FIG. 5. Viomycin protects G914 100-fold better in strains lacking m'G745.
Shown is protection by viomycin against kethoxal modification at base G914 in
ribosomes containing or lacking m'G745. The autoradiogram band intensities
were measured with a PhosphorImager and are given as the ratio to the protec-
tion of C908, a base which is unaffected by viomycin and kethoxal. Each bar

represents at least two independent experiments; in each experiment, the sam-
ples were done in triplicate. m, strain IB103 (rrmA); O, strain CP79 (wild type).

containing m'G745. In 50S subunits lacking m'G745, only 0.3
wM is required to achieve the same degree of protection (Fig.
5). The removal of the m'G745 modification from 23S thus
increases the protection of G914 by a factor of 100.

m'G745 is conserved within gram-negative bacteria. The
guanosine at position 745 of the DNA template of 23S rRNA
is well conserved within a wide range of organisms (22). To
determine if the level of conservation at this position reflects
the guanosine or m'G745, we analyzed the presence of
m'G745 in some representative organisms. rRNA was pre-
pared from Micrococcus luteus and Bacillus subtilis (gram-pos-
itive bacteria), from Pseudomonas aeruginosa and E. coli C600
(gram-negative bacteria), and from Thermus aquaticus (Ther-
motogales). All the analyzed organisms have a guanosine in the
equivalent position of their respective DNA sequences. The
presence of m'G745 (or other G - C base-pair-disturbing mod-
ification) was determined by reverse transcriptase as described
above. The presence of m'G745 was shown to be confined to
the gram-negative bacteria E. coli and P. aeruginosa of the
bacteria tested (Fig. 6).

DISCUSSION

In this work, we characterized the gene encoding an enzyme
that specifically forms m'G in E. coli 23S rRNA at position
745. E. coli 1B10 and IB103 lacking this modified nucleotide
have previously been isolated (3). The HPLC profiles of hy-
drolyzed RNA show the presence of m'G in 23S rRNA iso-
lated from E. coli CP79 (rrmA™) but not in 23S rRNA isolated
from the mutated derivative strains IB10 or IB103 (rrmA). The
HPLC profiles of hydrolyzed 16S rRNA and tRNA are iden-
tical between the strains. The molar ratio of m'G to m*A (1
m?A per 23S) in 23S rRNA of CP79 is close to 1, indicating the
presence of 1 m'G per 23S rRNA molecule. The presence of
m'G in E. coli 23S at position 745 is long established (15). The
position of the rrmA-related m'G was determined with reverse
transcriptase, which identified a strong stop at positions 746 to
745 as being the only detectable difference between the 23S
rRNA isolated from the 77mA mutant and 23S rRNA isolated
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from the corresponding wild type. Taken together, these facts
provide strong evidence that the rrmA-encoded protein is 23S
rRNA m'G745 methyltransferase.

The r7mA gene encoding 23S rRNA (m'G745) methyltrans-
ferase was mapped to min 40.9 on the E. coli chromosome by
Hfr conjugations and P1 transductions. This region contains
one previously sequenced gene, yebH, that has characteristics
of an RNA-modifying enzyme. The yebH ORF contains an
S-adenosylmethionine-binding site and shows significant ho-
mology to a gene, myrA, encoding resistance to the antibiotic
mycinamicin (16), as well as to yxjB from Bacillus subtilis (8).
The yebH ORF is 29% identical to myr4 and 28% identical to
yxjB at the amino acid level. Plasmid pBP51 (Fig. 4), containing
yebH, was transformed into GRB1394 (rrmA). The pBP51 plas-
mid was shown to trans-complement both the reduction in
growth and the 23S m'G methylation as assayed by HPLC,
thus confirming that rrmA is identical to yebH.

A convenient way to analyze changes in the surface of the
ribosome is by measuring changes in the binding affinity for
different ligands, such as tRNA, proteins, or antibiotics. Many
antibiotics interact directly or indirectly with the ribosome to
block protein synthesis, and even small changes in the binding
surface of the ribosome can result in detectable differences in
level of resistance to the antibiotic (9). The increased level of
resistance to viomycin presented in this work (fourfold higher
than the wild-type level) probably does not reflect a specific
resistance mechanism but, instead, may be a consequence of
the changes on the surface of the 50S subunit that occur when
the hydrophobic group m'G is removed or may be an indirect
effect of the altered levels of loosely coupled 70S ribosomes.

Viomycin is a member of the tuberatinomycin group of
antibiotics. The mode of action of the antibiotic is by blocking
translocation and confining the peptidyl-tRNA to the ribo-
somal A site (27). Viomycin protects G914 in 23S rRNA from
chemical modification 100-fold better in the mutant lacking
m'G745 than in the corresponding wild-type strain (Fig. 5).
Still, the mutant IB103 is more resistant to the drug than is the
wild-type CP79. This apparent contradiction could be ex-
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FIG. 6. The modified nucleotide m'G is present in purple bacteria. The
autoradiogram shows reverse transcription of 23S from various bacterial sources
as noted. The position of G745 or its equivalent is marked.
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plained by a model where the specific difference between the
wild-type and mutant ribosomes is a change of the exact posi-
tioning of the viomycin on the 50S subunit rather than a de-
crease in binding affinity. The chemical protection experiment
(Fig. 5) measured only the protection of this particular G914
from chemical modification. Also, the protection of G914 is
not necessarily a result of direct interaction of viomycin but
could be an indirect effect due to the conformational changes
of the ribosome induced by the drug (23).

Strains of Mycobacterium smegmatis, resistant to viomycin,
had mutations affecting either the 50S or the 30S ribosomal
subunits (33, 37). Resistance to viomycin was shown to be
determined by 23S rRNA from mutants containing resistant
50S subunits and by 16S rRNA from those with resistant 30S
subunits (38). Since strains lacking m'G745 are resistant to
viomycin, as shown above, it was of interest to see if the reverse
was true, i.e., if the normal viomycin resistance mechanism
involves removal of the methyl group from m'G745. Strain
CP79 was spread on rich-medium plates with 150 uM viomy-
cin, and Vio" mutants were found at a frequency of 1/1,000.
rRNA from 10 Vio" CP79-derived strains still contained the
m'G745 modification (data not shown). It is likely that the high
level of spontaneous Vio™ that we found (1/1,000) is in accor-
dance with this and merely reflects mutations occurring at
several positions in both 16S and 23S rRNA, whose structural
genes are present in seven copies on the genome, as well as
mutations in other factors affecting the overall ribosomal sur-
face in the region interacting with viomycin.

It has been proposed that the general function of modified
nucleotides in tRNA and rRNA consists of fine-tuning the
translational machinery. In contrast to this hypothesis, the
rmmA mutant is severely affected by the lack of m'G745, as is
best seen by the 40% reduction in growth rate under nonre-
stricting conditions. A 40% reduction in growth rate is suffi-
cient for an rmA™ strain to completely outgrow an isogenic
rrmA mutant strain in just a few generations. The reduced
growth rate may be a consequence of malfunctioning transla-
tion. The polysome profile of the rrmA mutant strain IB103
reveals sharply reduced levels of loosely bound 70S ribosomes
(i.e., 70S ribosomes sensitive to low Mg*" concentrations). It is
possible, but not likely, that the polysome distribution and cgr,
are consequences of closely linked mutagenic lesions. The m'G
nucleotide is exposed on the surface of the 50S ribosomal
subunit (6, 18) that appears to interact, directly or indirectly,
with subunit association, thereby causing decreased binding
affinity for the ribosomal 30S subunit. We suggest that the
decreased translational velocity (cgr,,) shown in strain IB103 is
a consequence of the suboptimal ribosomal subunit associa-
tion.
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