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Aminoglycoside ototoxicity has been related to a surprisingly large
number of cellular structures and metabolic pathways. The finding
that patients with mutations in mitochondrial rRNA are hypersus-
ceptible to aminoglycoside-induced hearing loss has indicated a
possible role for mitochondrial protein synthesis. To study the
molecular interaction of aminoglycosides with eukaryotic ribo-
somes, we made use of the observation that the drug binding site
is a distinct domain defined by the small subunit rRNA, and
investigated drug susceptibility of bacterial hybrid ribosomes car-
rying various alleles of the eukaryotic decoding site. Compared to
hybrid ribosomes with the A site of human cytosolic ribosomes,
susceptibility of mitochondrial hybrid ribosomes to various ami-
noglycosides correlated with the relative cochleotoxicity of these
drugs. Sequence alterations that correspond to the mitochondrial
deafness mutations A1555G and C1494T increased drug-binding
and rendered the ribosomal decoding site hypersusceptible to
aminoglycoside-induced mistranslation and inhibition of protein
synthesis. Our results provide experimental support for aminogly-
coside-induced dysfunction of the mitochondrial ribosome. We
propose a pathogenic mechanism in which interference of amino-
glycosides with mitochondrial protein synthesis exacerbates the
drugs’ cochlear toxicity, playing a key role in sporadic dose-
dependent and genetically inherited, aminoglycoside-induced
deafness.

decoding � mitochondria � ribosomes � toxicity � translation

Low cost and high efficacy make aminoglycosides a common
choice for treatment of serious infections caused by gram-

negative bacilli, including endocarditis, sepsis, pneumonia, py-
elonephritis, and multidrug-resistant tuberculosis (1). Unfortu-
nately, aminoglycosides are both nephrotoxic and ototoxic.
Although renal impairment is in general mild and reversible,
ototoxicity results from drug-induced apoptosis of cochlear and
vestibular hair cells and is irreversible (2, 3). Ototoxicity of
aminoglycoside antibiotics occurs both in a dose-dependent and
in an inherited idiosyncratic fashion. Despite attempts to limit
drug doses and to monitor blood levels carefully, measurable
signs of hearing loss are found in 20% of patients receiving
aminoglycosides (2). Familial cases of aminoglycoside-induced
deafness are maternally transmitted and linked to mutations in
mitochondrial DNA (mtDNA) (4–6).

The mechanisms by which aminoglycoside antibiotics exert
their toxic effects are controversial. A surprisingly large and
diverse number of effects have been associated with aminogly-
cosides. Aminoglycosides have been reported to affect DNA,
RNA, and protein synthesis; energy metabolism and ion trans-
port; and synthesis or degradation of prostaglandins, ganglio-
sides, mucopolysaccharides and lipids (2). In addition, it has
been hypothesized that aminoglycosides may form cochleotoxic
metabolites. Antioxidants apparently attenuate aminoglycoside-
induced hearing loss, pointing to a role of the mitochondrion, an
organelle involved in oxidation, as a target of ototoxic drugs (7,

8). Genetic analyses of individuals hypersensitive to aminogly-
cosides have identified mutations in mitochondrial rRNA. Tran-
sition mutations in the mitochondrial small ribosomal RNA
gene, namely A1555G and, less frequently C1494T, have been
identified as primary genetic traits in aminoglycoside-induced
deafness (4, 6, 9). A1555G and C1494T both map to the
aminoacyl-tRNA acceptor site (A site) of the small ribosomal
subunit. The bacterial A-site rRNA is target for aminoglycoside
antibiotics, which exert their antibacterial effect at the level of
the prokaryotic ribosome (10–13). Aminoglycosides affect pro-
tein synthesis by inducing codon misreading and by inhibiting
translocation of the tRNA-mRNA complex (14, 15). The basis
for aminoglycoside selectivity is presumably their preferential
binding to the bacterial as opposed to eukaryotic ribosomes (13,
16, 17).

The high copy number of mtDNA in mitochondria and the vast
number of mitochondria in a single cell have frustrated any
attempt of genetic manipulation of mitochondrial rRNA in lower
and higher eukaryotes. Model oligonucleotides designed to
mimic the drug-binding site have been used to investigate various
aspects of aminoglycoside-ribosome interaction (18–22). How-
ever, conclusions derived from the study of model A-site oligo-
nucleotides are compromised by several findings: (i) in contrast
to drug susceptibility of complete ribosomes, binding affinities of
aminoglycosides to prokaryotic decoding region constructs are
not very sensitive to mutations within the RNA-binding region
(23); (ii) in vivo drug susceptibilities of mutant ribosomes and in
vitro binding affinities using variants of model A-site oligonu-
cleotides may or may not correlate (24–26); (iii) the exquisite
specificity of aminoglycosides for the prokaryotic as opposed to
the eukaryotic cytosolic ribosome contrasts with the observation
that these drugs bind to eukaryotic decoding-site constructs with
approximately the same affinity as found for their prokaryotic
counterpart (23, 24); and (iv) while there is evidence that
mitochondrial ribosomes are susceptible to aminoglycosides (13,
27), oligonucleotides mimicking the mitochondrial A site do not
bind aminoglycosides to any significant extent (24, 28).

Using gene-shuffling experiments, we have previously re-
placed the A-site residues of helix 44 (H44) in bacterial 16S
rRNA with various eukaryotic homologues, demonstrating that
the A-site rRNA behaves as an autonomous domain, which can
be exchanged between different species for study of function (29,
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30). Replacement of a 34-nucleotide portion of bacterial 16S-
rRNA helix 44 with its human homologues resulted in rRNA-
decoding sites virtually identical to that in cytosolic and mito-
chondrial ribosomes. Here we used hybrid bacterial ribosomes
carrying distinct alleles of the mitochondrial decoding site to
study aminoglycoside susceptibility of wild-type and mutant
mitochondrial rRNA.

Results and Discussion
The in vivo activity of various 2-deoxystreptamine antibiotics
against isogenic Mycobacterium smegmatis strains carrying mi-
tochondrial-bacterial hybrid ribosomes was tested in minimal
inhibitory concentration (MIC) assays, which determine growth
inhibition at the whole-cell level. Compared to bacterial ribo-
somes, which were found to be unanimously susceptible to all
aminoglycosides tested, the hybrid ribosomes with a wild-type
mitochondrial H44 revealed a heterogeneous drug susceptibility
pattern, with MIC values ranging from 32 to 1,024 �g/ml (Table
1). The ratio of MIC mitochondrial hybrid to MIC wild-type M.
smegmatis varied from 64-fold (gentamicin, amikacin) to 256-
fold (netilmicin, kanamycin), providing a relative measure of the
drug-target selectivity of different 2-deoxystreptamine antibiot-
ics. We next investigated recombinants where the bacterial H44
has been replaced by mitochondrial deafness alleles correspond-
ing to mtDNA mutations A1555G and C1494T. The resulting

mutant mitochondrial hybrid ribosomes differ from the wild-
type mitochondrial hybrid only in 16S rRNA residues 1490 and
1410; compare Fig. 1C to Fig. 1 D and E (bacterial 16S rRNA
residues are numbered according to Escherichia coli nomencla-
ture). The presence of the A1555G or the C1494T mutation
increased drug susceptibility of cells carrying the mitochondrial
hybrid ribosomes by 4- to 16-fold (see Table 1).

For a more detailed study of the mt A1555G and C1494T
alleles, we studied purified hybrid ribosomes in cell-free trans-
lation reactions. We first used an AUG(UUU)12-mRNA tem-
plate, as this message allows determination of drug-induced
inhibition of polypeptide synthesis and amino acid misincorpo-
ration. Dose-response curves of aminoglycoside-induced inhibi-
tion of phenylalanine incorporation were analyzed to define the
IC50 values of the individual 2-deoxystreptamines. Both the
A1555G and the C1494T genotypes were more susceptible to
aminoglycoside antibiotics than the wild-type mitochondrial
decoding site, as indicated by the finding that significantly less
drug concentrations were required to inhibit AUG(UUU)12
mRNA-driven polyPhe synthesis [see Fig. 2A, Table 2, and
supporting information (SI) Fig. S1].

Aminoglycosides are known to affect the translational fidelity
of ribosomes by inducing misreading of the genetic code (14).
For study of aminoglycoside-induced mistranslation we used the
AUG(UUU)12-driven polypeptide synthesis assay to determine

Table 1. Minimal inhibitory concentrations (�g/ml) of aminoglycoside antibiotics

Aminoglycoside

A-site rRNA

Bacteriala
Mitochondrial (mt)

hybrid
mt A1555G

hybrid
mt C1494T

hybrid

Neomycin B 0.5 16–32 8 8
Paromomycin 1 � 1,024 256–512 256–512
Kanamycin A 1 256–512 16–32 16
Tobramycin 1 128 16 16
Amikacin 0.5 32–64 2–4 2–4
Gentamicin 1 64–128 16–32 16–32
Netilmicin 2 512–1024 64 64–128

aM. smegmatis wild-type rRNA

Fig. 1. Secondary structure of rRNA helix 44 in the ribosomal decoding site. (A) Decoding site of M. smegmatis wild-type ribosomes; rRNA nucleotides are
numbered according to the bacterial nomenclature (i.e., homologous E. coli 16S rRNA positions). (B) Decoding site of human mitochondrial ribosomes; rRNA
residues are numbered according to the mitochondrial nomenclature. (C–E) Mitochondrial decoding sites within human-bacterial hybrid ribosomes: wild type
sequence (C) and deafness-associated alterations adenine to guanine at position 1490 (corresponding to mitochondrial mutation A1555G) (D); cytosine to uracil
mutation at position 1410 (corresponding to mitochondrial mutation C1494T) (E). Nucleotide positions depicted in blue represent residues that are specific for
human rRNA; nucleotide positions in red highlight the pathogenic mutations; the transplanted helix is boxed. (F) Decoding site of the M. smegmatis G1491C
mutant.
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the relative amount of near-cognate leucine incorporation com-
pared to incorporation of the cognate amino acid phenylalanine
in the presence of various concentrations of gentamicin. Relative
incorporation of [3H]-labeled leucine versus [14C]-labeled phe-
nylalanine was determined and plotted against gentamicin con-
centration. Introduction of the A1555G and C1494T alteration
rendered the mitochondrial hybrid ribosomes highly susceptible
to aminoglycoside-induced misreading (Fig. 2B; see also Fig.
S2). In quantitative terms, the amount of gentamicin-induced
misreading (calculated as leucine per phenylalanine incorpora-
tion) in A1555G and C1494T mutant hybrid ribosomes was up
to 1.75 leucine per phenylalanine, as compared to a maximum of
0.2 leucine per phenylalanine for hybrid ribosomes with a
wild-type mitochondrial decoding site.

To study the effect of aminoglycoside antibiotics on translation
of a more natural mRNA template, we tested wild-type and mutant
mitochondrial hybrid ribosomes in a cell-free luciferase synthesis
assay. As depicted in Fig. 2C, Table 3, and Fig. S3, the allele- and
drug-specific inhibition of luciferase synthesis essentially correlated
with the results of the MIC and AUG(UUU)12 assays. Drug-
mediated inhibition of luciferase synthesis was significantly in-
creased in A1555G and C1494T mutant ribosomes.

The basis for the selectivity of aminoglycosides is presumably
their preferential binding to bacterial as opposed to eukaryotic
ribosomes (10, 13, 16, 17). In particular, 16S rRNA nucleotides
1408, 1409, and 1491 of helix 44 have been shown to be critical
for drug-binding by forming direct contacts with ring I of the
2-deoxystreptamines (12, 13, 16, 17, 26, 31–38) (see Fig. S4 for
the chemical structures of aminoglycosides used in this study). In
the absence of X-ray structures for aminoglycosides complexed

to the mitochondrial ribosome, we can rationalize our findings
on data invoked from the study of bacterial ribosome-drug
complexes (12, 39). The rRNA secondary structure of the drug
binding site in mitochondrial A1555G and C1494T mutant
ribosomes resembles that of bacterial ribosomes with a G1491C
alteration in that the C1409-C1491 opposition is accompanied by
a 1410–1490 Watson–Crick pair (see Fig. 1). The bacterial
G1491C ribosome shows a drug-susceptibility phenotype that is
virtually superimposable on that found for the mitochondrial
deafness alleles (see Table S1 for comparison). To determine
whether the affinity of aminoglycosides to mutant mitochondrial
decoding sites corresponds to that of the bacterial G1491C
decoding site, we probed gentamicin binding by chemical foot-
printing experiments. Bacterial wild-type ribosomes showed
drug-mediated protection from dimethyl sulfate (DMS) modi-
fication at G1405 (N-7), which is in good agreement with
previous reports on aminoglycoside protection in bacterial 16S
rRNA (34). Wild-type mitochondrial hybrid ribosomes showed
little protection, while mutant mitochondrial A1555G and
C1494T hybrid ribosomes showed a concentration-dependent
protection of G1405 that resembles the dose-response curve
observed with bacterial G1491C ribosomes (Fig. 3). Thus, bind-
ing of aminoglycosides to ribosomes with an adenine at 16S
rRNA position 1408, appears to be mainly determined by the
structural geometry of base pairs 1409–1491 and 1410–1490.

When studying drug-induced miscoding, we found that the
decoding accuracy of bacterial G1491C ribosomes is barely
affected by aminoglycoside antibiotics. In absolute terms and in
contrast to the mitochondrial A1555G and C1494T deafness
mutants, the bacterial G1491C ribosomes showed little drug-

Fig. 2. Aminoglycoside susceptibility of mutant and wild-type mitochondrial hybrid ribosomes. Dose-response curves of wild-type mitochondrial (red squares),
mutant A1555G (green triangles), and mutant C1494T (blue inverted triangles) hybrid ribosomes; bacterial ribosomes (black circles) are included for comparison.
(A) Gentamicin-induced inhibition of [14C]-phenylalanine incorporation (n � 3; � SD.). The 100% value corresponds to 25 to 30 pmol Phe incorporation.
Corresponding IC50 values of gentamicin and selected aminoglycoside antibiotics are presented in Table 2. (B) Gentamicin-induced increase in misincorporation
of the near-cognate [3H]-leucine relative to the drug-free control (n � 3; � SD.). (C) Gentamicin-induced inhibition of luciferase synthesis relative to the drug-free
control (n � 3; � SD.). Corresponding IC50 values for gentamicin and selected aminoglycoside antibiotics are presented in Table 3.

Table 2. Aminoglycoside-induced inhibition of AUG(UUU)12-driven phenylalanine
incorporation (IC50, �M)

Aminoglycoside

A-site rRNA

Bacteriala
Mitochondrial (mt)

hybrid
mt A1555G

hybrid
mt C1494T

hybrid

Neomycin B 0.2 � 0.0 209 � 61 3.1 � 0.3 3.7 � 0.7
Paromomycin 0.7 � 0.1 � 500 124 � 35 116 � 20
Kanamycin A 1.2 � 0.2 � 500 20 � 2 95 � 29
Tobramycin 0.7 � 0.1 � 500 15 � 3 70 � 23
Amikacin 0.8 � 0.1 � 500 7.1 � 0.8 13 � 3
Gentamicin 1.3 � 0.2 � 500 13 � 2 62 � 16
Netilmicin 1.2 � 0.3 � 500 71 � 10 331 � 84

IC50 values represent the drug concentrations in �M that are required to inhibit AUG(UUU)12-driven phenyl-
alanine incorporation to half-maximal extent. A representative graph showing phenylalanine incorporation
plotted against gentamicin concentration is shown in Fig. 2A.
aM. smegmatis wild-type rRNA
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induced misreading (see Fig. S2). The bacterial G1491C mutant
and the hybrid deafness ribosomes differ primarily in 16S rRNA
residues 1413 to 1415 and 1485 to 1487, which form the lower
stem of helix 44 (see Fig. 1). At the structural level, helix 44
interacts with helix 27. By modeling, nucleotide alterations in the
lower stem of H44 have been suggested to affect this interaction

and the relative movement between these two helices as part of
the conformational change required in decoding (30). Appar-
ently, the nature of the lower stem plays an important role in
both spontaneous and drug-aggravated miscoding and deter-
mines the translational accuracy of the mutant decoding sites.
Thus, susceptibility of A1555G and C1494T deafness mitoribo-
somes is the result of two mechanisms, which act in concert:
increased drug binding to its target and excessive aggravation of
the mutants’ inherent deficiency in ribosomal accuracy.

Several lines of evidence link aminoglycoside ototoxicity to the
mitochondrial ribosome: (i) mitochondrial ribosomes are struc-
turally more similar to their prokaryotic ancestor than to the
eukaryotic cytosolic homologues; (ii) compared to cytosolic
ribosomes, the mitochondrial ribosomes of higher eukaryotes
exhibit a remarkable degree of aminoglycoside susceptibility
(27) [see Table S2, which compares the drug susceptibility of
hybrid bacterial ribosomes with the A site (H44) of human
cytosolic ribosomes to that of hybrid ribosomes with the mitochon-
drial decoding site]; and (iii) idiosyncratic drug susceptibility is
associated with genetic predisposition, in particular mutations in
mtDNA: 20 to 40% of patients with aminoglycoside-induced
ototoxicity either carry the A1555G or the C1494T mutation in
the 12S rRNA gene (6, 40).

To further assess whether aminoglycoside-induced ototoxicity
is a result of the drugs’ anti-mitoribosomal activity, we compared
the potencies of a series of aminoglycosides to inhibit mitoribo-
some function with their relative cochleotoxicity in humans (41).
The correlation between these two measures (Fig. 4) is consis-
tent with the hypothesis that aminoglycoside-induced cochleo-
toxicity relates to the drugs’ activity against mitochondrial
ribosomes. Further evidence for this hypothesis is provided by
our finding that netilmicin, which displays the least cochlear
toxicity of the clinical aminoglycosides (reviewed in ref. 42), is
significantly less active against hybrid mitochondrial ribosomes
than gentamicin, tobramycin, or amikacin.

In summary, we provide experimental evidence for a mech-
anistic linkage between the mitochondrial A1555G and C1494T
mutations and hypersusceptibility to aminoglycosides, although
the exquisite tissue-specific action of aminoglycoside toxicity
(that is, ototoxicity) is likely to involve additional factors (e.g.,
reactive oxygen species, drug uptake, or polyamine-like activa-
tion of NMDA receptors) (2, 43). Our results provide experi-
mental support for aminoglycoside-induced dysfunction of the
mitochondrial ribosome. We propose a pathogenic mechanism,
in which interference of aminoglycosides with mitochondrial
protein synthesis exacerbates the drugs’ cochlear toxicity, play-
ing a key role in sporadic dose-dependent and genetically
inherited, aminoglycoside-induced deafness. Based upon our
experiments, we suggest a scenario of aminoglycoside hearing

Table 3. Aminoglycoside-induced inhibition of luciferase synthesis (IC50, �M)

Aminoglycoside

A-site rRNA

Bacteriala
Mitochondrial (mt)

hybrid
mt A1555G

hybrid
mt C1494T

hybrid

Neamine 1.4 131 32 35
Neomycin B 0.04 0.7 0.5 0.4
Paromomycin 0.03 33 2.4 3.1
Kanamycin A 0.05 15.7 1.2 1.1
Tobramycin 0.02 7.8 0.8 0.9
Amikacin 0.02 7.0 0.4 0.6
Gentamicin 0.03 5.7 0.6 0.7
Netilmicin 0.05 17.6 0.8 2.6

IC50 values represent the drug concentrations in �M that are required to inhibit synthesis of functional firefly
luciferase to 50%. Relative luciferase activity plotted against aminoglycoside concentration is shown in Fig. 2C.
aM. smegmatis wild-type rRNA

Fig. 3. Chemical footprints of gentamicin binding to wild-type and mutant
mitochondrial decoding sites in comparison to bacterial wild-type and G1491C
ribosomes. (A) Gentamicin-dependent protection of G1405 in wild-type mi-
tochondrial (red squares), mutant mt A1555G (green triangles), mutant mt
C1494T (blue inverted triangles), and bacterial G1491C (purple diamonds)
decoding sites; wild-type bacterial ribosomes (black circles) are included for
comparison. (B) Corresponding footprinting blots showing primer extensions
starting with U1420. i, bacterial wild type; ii, mt wild type; iii, mt A1555G; iv,
mt C1494T; v, bacterial G1491C.

Hobbie et al. PNAS � December 30, 2008 � vol. 105 � no. 52 � 20891

M
ED

IC
A

L
SC

IE
N

CE
S

http://www.pnas.org/cgi/data/0811258106/DCSupplemental/Supplemental_PDF#nameddest=SF2
http://www.pnas.org/cgi/data/0811258106/DCSupplemental/Supplemental_PDF#nameddest=ST2


loss, which is initiated by mitoribosomal misreading, subse-
quently via activation of downstream signaling pathways, such as
MAPK and JNK (44, 45), misreading results in hair cell death
through apoptosis.

Materials and Methods
Construction of Mutant Strains with Hybrid Ribosomes. The recently described
M. smegmatis mc2 155 SmS �rrnB (38) was used for all genetic manipulations.
Site-directed mutagenesis of its single rRNA operon was done by PCR mu-
tagenesis using hybrid rDNA oligonucleotides comprising the wild-type or
mutant mitochondrial helix 44 decoding-site sequence. The resulting hybrid
gene fragment was cloned into an integration-proficient plasmid used to
transform M. smegmatis �rrnB. Transformants were selected on LB agar plates
containing 20 �g/ml paromomycin for gene replacement by homologous
recombination. Resulting recombinant M. smegmatis cells had the central
34-nucleotide part of the bacterial H44 replaced by its mitochondrial coun-
terpart. Successful replacement of the bacterial decoding-site sequence with
the mitochondrial sequence was controlled by sequence analysis of the chro-
mosomal rrnA locus.

Minimal Inhibitory Concentration Assays. Minimal inhibitory concentrations of
neomycin B, paromomycin, kanamycin A, tobramycin, amikacin, gentamicin,
netilmicin (all Sigma), and neamine were determined by broth microdilution
assays as described previously (46). Neamine was a kind gift of Andrea Vasella,
ETH Zurich. The gentamicin used in this study is a mixture of gentamicin C1,
gentamicin C1a, and gentamicin C2 in a 45:35:30 ratio.

Isolation and Purification of Ribosomes. Ribosomes were purified from bacte-
rial cell pellets as described previously (30). In brief, ribosome particles were
isolated by successive centrifugations and fractionated by sucrose gradient
(10–40%) centrifugation. The 70S ribosome-enriched fraction was pelleted,
resuspended in association buffer, incubated for 30 min at 4 °C, dispensed into
aliquots, and stored at �80 °C following shock freezing in liquid nitrogen.
Ribosome concentrations of 70S were determined by absorption measure-
ments on the basis of 23 pmol ribosomes per A260 unit. Integrity and functional
activity of purified 70S ribosomes was determined by analytical ultra-
centrifugation and by assessing their capacity to form initiation complexes, as
described previously (29).

Cell-free AUG(UUU)12 Translation Assays. Cell-free translation reactions were
done as described previously (30). A reaction mixture containing M. smegma-
tis tRNAbulk, amino acids, S100 extract, energy mix, pyruvate kinase, and
polyamines was preincubated with 30 �M [14C]-phenylalanine (110 mCi/
mmol) and/or 30 �M [3H]-leucine (500 mCi/mmol) at 37 °C for 15 min. The
translation reaction was started by addition of ribosomes to a final concen-
tration of 0.25 �M, AUG(UUU)12-mRNA (5�-GCGGCAAGGAGGUAAAUA AUG
(UUU)12 UAA GCAGG-3�, obtained from Dharmacon) to 1 �M, and aminogly-
coside antibiotics in serial dilutions. Following incubation for 60 min at 37 °C,
the reaction was stopped by addition of KOH, precipitated polypeptides were
collected on filters, and [14C]-phenylalanine or [3H]-leucine were quantified.
Background values for Phe and Leu incorporation were 0.4 to 0.5 pmol at time
zero; the background was not subtracted from the experimental values
determined.

Cell-Free Luciferase Translation Assays. Purified 70S hybrid ribosomes were
used in a coupled transcription-translation reaction as described previously
(29). The reaction mixture was incubated for 60 min at 37 °C, stopped on ice,
and luciferase assay substrate (Promega) was added. Functional protein was
quantified by measuring bioluminescence in a luminometer (Bio-Tek instru-
ments, FLx800).

Footprinting Analyses. DMS modification of 70S ribosomes (20 pmol) was per-
formedin100�lbuffercontaining80mMpotassiumcacodylate (pH6.5),100mM
ammonium chloride, 20 mM magnesium chloride, 1 mM DTT, and 0.5 mM EDTA.
Following ribosome activation for 15 min at 37 °C, gentamicin was added and the
reaction mixture was incubated for another 15 min before addition of DMS (6 �l,
1:10 inethanol).Followinga30-minincubationat37 °C, thereactionwasstopped
by addition of 100 �l DMS Stop solution (50 mM Tris, pH 7.5, 300 mM sodium
chloride, 1% SDS, 200 mM �-mercaptoethanol). Ribosomes were precipitated
with ethanol, pelleted, resuspended in 200 �l 50 mM Tris pH 8, 0.5% SDS, and
extracted with phenol/chloroform. DMS-modified RNA was precipitated with
ethanol and sodium borohydride reduction and aniline-induced strand scission
was performed as described previously (47). Primer extension of 16S rRNA was
performed as described (48), using DNA oligonucleotides complementary to
16S-rRNA nucleotides 1445 to 1421. Air-dried gels were scanned and quantified
using the STORM PhosphorImaging System with ImageQuant 5.2 Software (Am-
ersham Bioscience).
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