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Posttranscriptional modifications of bacterial rRNA serve a variety of purposes, from stabilizing ribosome structure to preserv-
ing its functional integrity. Here, we investigated the functional role of one rRNA modification in particular—the methylation of
guanosine at position 518 (G518) of the 16S rRNA in Mycobacterium tuberculosis. Based on previously reported evidence that
G518 is located 5 A; from proline 44 of ribosomal protein $12, which interacts directly with the mRNA wobble position of the
codon:anticodon helix at the A site during translation, we speculated that methylation of G518 affects protein translation. We
transformed reporter constructs designed to probe the effect of functional lesions at one of the three codon positions on transla-
tional fidelity into the wild-type strain, H37Ryv, and into a AgidB mutant, which lacks the methyltransferase (GidB) that meth-
ylates G518. We show that mistranslation occurs less in the AgidB mutant only in the construct bearing a lesion in the wobble
position compared to H37Rv. Thus, the methylation of G518 allows mistranslation to occur at some level in order for translation
to proceed smoothly and efficiently. We also explored the role of methylation at G518 in altering the susceptibility of M. tubercu-
losis to streptomycin (SM). Using high-performance liquid chromatography-tandem mass spectrometry (HPLC-MS/MS), we
confirmed that G518 is not methylated in the AgidB mutant. Furthermore, isothermal titration calorimetry experiments per-
formed on 70S ribosomes purified from wild-type and AgidB mutant strains showed that methylation significantly enhances SM
binding. These results provide a mechanistic explanation for the low-level, SM-resistant phenotype observed in M. tuberculosis

strains that contain a gidB mutation.

Posttranscriptional modification of rRNA is highly conserved
and spans all kingdoms of life (1). In bacteria, ribosomal
RNAs are typically posttranscriptionally modified with one of the
following modifications: (i) conversion of uridine to pseudouri-
dine; (ii) methylation of the 2"hydroxyl of the pentose moiety; and
(iii) modification, typically methylation, of the base moiety at var-
ious positions (2). Such modifications expand the chemical and
structural interactions and functionalities of the ribosome beyond
what could be afforded by the four bases alone. Some modifica-
tions help maintain the structural integrity of the ribosome by
stabilizing RNA-RNA interactions and facilitating 30S and 50S
subunit assembly (1, 3-5); other modifications serve to fine-tune
the functional capabilities of the ribosome (6-8). The role of
modifications in maintaining the functional integrity of the
ribosome is further supported when one considers that most
rRNA modifications cluster in functionally important regions
of the ribosome (2). Yet, despite the evidence demonstrating
the importance of such modifications on a macromolecular
complex that is so vital for the livelihood of the organism, the
functional role of many of the known ribosomal modifications
remains poorly understood (1).

In this study, we investigated the functional role of the methyl
modification on the guanine base at position 518 (G518) of the
16S rRNA in Mycobacterium tuberculosis. We hypothesized that
G518 methylation is indirectly involved in structurally stabilizing
the 16S rRNA during protein translation via interaction with the
S12 ribosomal protein, which stabilizes tRNA-mRNA interactions
during aminoacyl-tRNA selection in the decoding process (9).
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Several lines of evidence have been reported that support this pro-
posed role of the GidB-methylated nucleotide. First, the GidB-
methylated, N7 atom of G518 is situated in close (~5 A) proximity
to C4 of the proline residue at position 44 (P44) of the S12 ribo-
somal protein (Fig. 1) (9). Second, P44 interacts with the third,
wobble position of the mRNA codon and helps position other 16S
rRNA nucleotides into making critical contact with the first and
second base pairs of the codon:anticodon helix (Fig. 1) (9, 10).
And third, P44 is part of a highly conserved loop region of the S12
protein (data not shown) and a proline-to-alanine mutation is
lethal in Escherichia coli, underscoring the importance of the res-
idue (10). Using a set of misincorporation assays that monitor
changes in translational fidelity at each of the three positions in a
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FIG 1 (A) Crystal structure of the 30S ribosomal subunit of Thermus thermophilus complexed with mRNA and cognate tRNA in the A site (Protein Data Bank
[PDB] accession no. 11IBM). 16S rRNA is shown in gray, the A site is in orange, the S12 ribosomal protein is in blue, tRNA is in dark green, and mRNA is in light
green. The black box highlights the region shown in panel B. (B) The N7 atom (pink) of G527 (magenta balls and sticks), which corresponds to G518 in M.
tuberculosis, is approximately 5 A; from the C4 atom (turquoise) of proline 44 (blue balls and sticks) of the S12 ribosomal protein (blue tube). The S12 ribosomal
protein interacts with the wobble position (highlighted in yellow) of the mRNA:tRNA codon:anticodon helix (dark and light green) (9).

codon, we demonstrate that loss of methylation indeed results in
altered translational fidelity at the wobble position.

We also explored the role of the G518 methyl modification in
altering bacterial susceptibility to streptomycin (SM). This re-
search was prompted by previous results from our group and oth-
ers that collectively implicate the methylation status of G518 in
modulating SM susceptibility. These results include crystallo-
graphic evidence demonstrating that G527 of the 16S rRNA of
Thermus thermophilus, which corresponds to G518 in M. tubercu-
losis, interacts directly with SM (11). G527 has also been shown in
Escherichia coli to be the methylation target of the 16S rRNA meth-
yltransferase, GidB (12). Recently, we and others observed a loose
but suggestive correlation between clinical isolates that contain a
mutation in gidB and a low-level SM phenotype (12, 13). Upon
evaluating an isogenic AgidB mutant constructed from the wild-
type (WT) laboratory strain, H37Rv, we demonstrated the causal
role of GidB in conferring low-level SM resistance in M. fubercu-
losis (14). In light of these findings, we hypothesized and demon-
strate here that mutations in gidB cause SM resistance by disrupt-
ing the methyltransferase function of the expressed enzyme, and
in turn, altering the methylation status of G518. The altered meth-
ylation status consequently disrupts binding of SM to its 16S
rRNA target and ultimately gives rise to the SM resistance pheno-
type that has been observed in both laboratory and clinical M.
tuberculosis strains (12, 13, 15).

MATERIALS AND METHODS

Mycobacterial translational fidelity assay. A set of “gain-of-function”
reporters (16; B. Javid, unpublished data) were used to sensitively measure
small differences in mistranslation rates. These reporters work by expres-
sion of an enzyme— kanamycin (KM) kinase protein (Aph)—that is in-
activated through mutation of a critical aspartate residue (D214) that is
essential for function (17). Mistranslation of a reporter carrying a mutated
copy of aph results in inadvertent reconstitution of the original (active)
residue, which leads to a gain of enzymatic function that can be detected.
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The aph gene was cloned into plasmid pJW3 (kind gift from Jun-Rong
Wei [Harvard University, School of Public Health]). We made several
constructs by site-directed mutagenesis to measure mistranslation at po-
sitions 1, 2, and 3 of the codon coding for D214 (GAT®0~%42) Mutation
of the G**° to A (AAT, coding for Asn) would measure mistranslation at
position 1 (DN reporter). Similarly, mutation of A®*! to T (GTT, coding
for Val) would measure mistranslation at position 2 (DV reporter). To
measure wobble mistranslation, two constructs were made, T¢** to A
(GAA [coding for Glu], DE, reporter) and G (GAG, DE, reporter). An
increase in mistranslation would result in active kanamycin kinase and in
ameasurable increase in the kanamycin MIC. However, the four reporters
would be able to discriminate whether decoding errors at the ribosome
occurred at position 1 (DN reporter), position 2 (DV reporter), or wobble
position 3 (DE, and DE,) of the mutated codon coding for D214.

All five reporter constructs (including the unmutated aph gene) were
transformed separately into the wild-type H37Rv and AgidB mutant
strains. Successful transformation was confirmed by direct sequencing of
plasmid DNA isolated from each strain.

Cultures (5 ml) of each reporter-containing strain were grown in
Middlebrook 7H9 broth (Becton, Dickinson, Franklin Lakes, NJ) supple-
mented with 10% albumin-dextrose-catalase (ADC), 0.05% Tween 80,
0.2% glycerol, and 25 wg/ml zeocin. Control H37Rv and AgidB strains
containing no reporter were grown without zeocin selection. All strains
were grown until the early log phase and subsequently diluted with their
respective growth media to prepare a 10~ dilution for use in the assay.
Kanamycin (KM) was added to the first column of a round-bottom, 96-
well plate in duplicate. A 2-fold serial dilution of the drug was created
down the remaining columns, with their respective 7H9 growth media
used as the diluent. Equal volumes of the cell suspensions diluted 1,000-
fold were added to all drug-containing wells for a final volume in each well
of 100 wl. Plates were incubated at 37°C for 14 days, after which cell
growth was visually inspected.

Cells expressing mutated aph are resistant to KM only when substan-
tial misincorporation of aspartate instead of the coded amino acid residue
occurs (i.e., a gain of function due to mistranslation). The measured MIC
is an indication of the relative amounts of amino acid misincorporation.
Mistranslation was quantified as the KM MIC, which was defined as the
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lowest drug concentration that resulted in <1% growth compared to
growth in no-drug control wells.

Preparation of 70S ribosomes. The M. tuberculosis wild-type strain,
H37Rv, and the mutant strain, AgidB, were grown in Middlebrook 7H9
broth (Becton, Dickinson, Franklin Lakes, NJ) supplemented with 10%
ADC, 0.05% Tween 80, and 0.2% glycerol. Cells were harvested at the
mid-log growth phase (optical density at 650 nm [ODg,] of ~1.2) and
washed twice in ice-cold washing buffer (100 mM ammonium chloride,
50 mM magnesium acetate, 20 mM Tris-HCl [pH 7.5], 1.0 mM dithio-
threitol [DTT], 0.5 mM EDTA). After resuspending cells in the same
buffer at a 1:2 (wt/vol) ratio, 20 ml of the cell suspension was transferred
to a 50-ml homogenizer chamber (Biospec Products, Bartlesville, OK)
containing 15 ml of 0.1-mm-diameter zirconia/silica beads (Biospec
Products, Bartlesville, OK). Cells were disrupted by three 30-s pulses in a
BioSpec BeadBeater with a 5-min ice incubation after each pulse. DNase I
was added to the resultant suspension to achieve a final concentration of 2
pg/ml to degrade contaminant DNA, and the reaction mixture was left to
incubate at 4°C for 20 min. Cellular debris was removed by centrifuging
the lysate in a Beckman Coulter Avanti J-E centrifuge fitted with the JA-12
rotor at 10,000 rpm for 8 min at 4°C followed by centrifugation at 12,000
rpm for 1 h at 4°C. The collected supernatant was then layered over a
high-salt sucrose cushion (20 mM Tris-HCl [pH 7.5], 50 mM magnesium
acetate, 100 mM ammonium chloride, 1 mM DTT, 0.5 mM EDTA, 1.1 M
sucrose) and centrifuged at 100,000 X gin an SW Ti60 Beckman rotor for
16 h at 4°C.

70S ribosomes were further purified and fractionated using sucrose
density fractionation. Samples were layered on top of a 7% to 30% linear
sucrose gradient (10 mM Tris-HCI [pH 7.5], 6 mM magnesium acetate, 50
mM ammonium chloride, 1 mM DTT, 0.5 mM EDTA) and centrifuged at
85,000 X g for 4 h. After centrifugation, the gradients were fractionated
and the absorbance at 260 nm was used to identify fractions containing
ribosomes. Fractionated ribosomes were then pooled and recovered by
centrifugation at 100,000 X g for 16 h at 4°C. Ribosomes were removed of
any residual sucrose by resuspending pooled ribosomes in and dialyzing
against dialysis buffer (10 mM magnesium chloride, 50 mM ammonium
chloride, 5 mM B-mercaptoethanol, 10 mM HEPES-KOH, pH 7.6) in a
dialysis cassette (Slide-A-Lyzer, Pierce, Rockford, IL) (10,000 molecular
weight cutoff [MWCO]) for 2 days at 4°C with a change of buffer after the
first day.

Ribosomal protein extraction. Ribosomal protein was isolated using
the acid extraction method. The resuspended ribosomes were combined
with a 0.1 volume of 1 M magnesium chloride and then with 2 volumes of
cold glacial acetic acid and were stirred for 45 min at 4°C. The insoluble
fraction containing contaminant rRNA was removed by centrifugation at
13,000 X gfor 15 min at4°C. The supernatant was then dialyzed overnight
in a dialysis cassette (Slide-A-Lyzer, Pierce, Rockford, IL) (3,500 MWCO)
against ammonium acetate buffer.

16S rRNA extraction. 70S ribosomes were resuspended in dissocia-
tion buffer (10 mM Tris-HCI [pH 7.5], I mM magnesium acetate, 100
mM ammonium chloride, 1 mM DTT, 0.5 mM EDTA) and dialyzed in the
same buffer in a dialysis cassette (Slide-A-Lyzer, Pierce, Rockford, IL)
(10,000 MWCO) overnight at 4°C. The retentate was layered on top of a
7% to 30% linear sucrose gradient (10 mM Tris-HCl [pH 7.5], 1 mM
magnesium acetate, 100 mM ammonium chloride, 1 mM DTT, 0.5 mM
EDTA) and centrifuged at 242,000 X gfor 3 hin a SW Ti60 Beckman rotor
at 4°C. After centrifugation, the gradients were fractionated and the ab-
sorbance at 260 nm was used to identify fractions containing the 50S and
30S subunits. Fractionated subunits were then pooled and recovered by
centrifugation at 100,000 X g for 16 h at 4°C.

From the 30S ribosomal subunit, 16S rRNA was isolated using the
phenol-chloroform extraction method. One A, unit of 30S ribosomal
subunit was resuspended in 300 wl of protein digestion buffer (250 mM
Tris-HCI [pH 7.5], 25 mM EDTA, 0.3 M NaCl, 50 units/ml RNasin RNase
inhibitor). A proteinase K solution with a final volume of 100 pl was
added to the 300- .l ribosomal subunit solution at a 1:20 (WT proteinase
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K/WT ribosome) ratio. The resultant solution was incubated in a shaking
incubator at 37°C for 45 min. One volume of 25:24:1 phenol-chloroform-
isoamyl alcohol was added to the solution, vortexed for 5 min, and cen-
trifuged at 13,000 X g for 5 min at room temperature. The top layer was
removed, and the phenol-chloroform-isoamyl alcohol extraction was re-
peated a second time. An equal volume of cold chloroform was then
added to the extracted top layer, vortexed for 5 min, and centrifuged at
13,000 X g for 5 min at 4°C. The top layer was removed, and 1 ml of cold
100% ethanol was added and mixed by inversion. After overnight incu-
bation at —20°C, the solution was centrifuged at 13,000 X g for 30 min at
4°C. The pellet was washed twice with 70% ethanol, after which the pellet
was allowed to dry for at least several hours at room temperature. The
dried pellet was resuspended in 150 pl of 2.5 M ammonium acetate. Two
and a half volumes of ethanol were added, and the solution was mixed by
inversion. rRNA was allowed to precipitate by overnight incubation at
—20°C and then recovered by centrifuging at 13,000 X gfor 30 min at 4°C.
After the ammonium acetate-ethanol extraction was performed a second
time, 1 ml of cold 70% ethanol was added to the final rRNA pellet and the
mixture was chilled at —20°C for 10 min and centrifuged at 13,000 X g for
10 min at 4°C. The supernatant was removed, and the pellet was allowed
to dry overnight in vacuo.

MS of proteins. To determine the purity of isolated ribosomes, ex-
tracted proteins from two separate biological replicates were first sepa-
rated on one-dimensional (1D)-polyacrylamide gels, subjected to in-gel
digestion/peptide extraction, and then analyzed by mass spectrometry
(MS) using a modified version of a method described in a previous report
(18). Briefly, one-dimensional liquid chromatography tandem mass spec-
trometry (1D LC-MS/MS) was performed using an Eksigent Nano LC 1D
Proteomics high-performance LC (HPLC) system (AB Sciex, Framing-
ham, MA) coupled online to a Thermo LTQ-XL linear ion trap mass
spectrometer equipped with a nanoflow electrospray (Thermo Electron,
San Jose, CA). 1D LC/MS/MS experiments were operated such that spec-
tra were acquired for 60 min in the data-dependent mode with dynamic
exclusion enabled. The top 5 peaks in the m1/z 350 to 2,000 range of every
MS survey scan were fragmented.

MS data files were searched against the UniProt Knowledge database
(version 14.8), with the taxonomy selected for mycobacterium species
using the Mascot search engine (Matrix Sciences, London, United King-
dom). Search parameters were as follows: trypsin specificity, 1 missed
cleavage, carboxymethylation of cysteine as a static modification, methi-
onine oxidation (+16 Da) as a variable modification, and +1 through +4
charge states. The precursor ion mass tolerance was * 1.0 Da, and the
fragment ion mass tolerance was = 0.8 Da. Mascot output files were
analyzed using the software MassSieve (19). MassSieve filters were ad-
justed to include only peptide identifications with Mascot ion scores equal
to or exceeding their identity scores (corresponds to =95% confidence).
This resulted in calculated false-positive discovery rates of 1.2% and 1.8%
for the first and second biological replicates, respectively. A minimum of
2 peptide identifications were required for a protein to be considered
identified.

Mass spectrometry of 16S rRNA methylation. Identification of site-
specific modification to RNA was done using RNA mass mapping and the
sequencing approach using high-performance liquid chromatography—
tandem mass spectrometry analysis (20). Briefly, 5 to 7 pg of purified 16S
rRNA (at a 1 pg/pl concentration) was digested with RNase T1 (Roche
Diagnostics; 50 U/ug of rRNA) in 10 pl of 220 mM ammonium acetate
(pH 6 to 6.5). The digestion mixture was incubated at 37°C for 2 h, dried
in a SpeedVac, and resuspended in 7 to 10 pl of mobile phase A (400 mM
hexafluoroisopropanol [HFIP; Sigma, St. Louis, MO], 16.3 mM triethyl
amine [TEA; Fisher, Fair Lawn, NJ], water [Burdick and Jackson, Bridge-
port, NJ] at pH 7.0). The resuspended digestion products were subse-
quently analyzed by mass spectrometry.

A Thermo LTQ XL ion trap with a Thermo Surveyor HPLC system
and a Thermo Micro AS auto sampler were used for all LC/MS analyses.
Injections (5 to 10 pg) of digested 16S rRNA were made on an Xterra C
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column (Waters Milford, MA) (1.0 mm by 150 mm). A 70-min gradient
elution of mobile phase A and mobile phase B (200 mM HFIP, 8.15 mM
TEA, methanol [Burdick and Jackson, Bridgeport, NJ] at pH 7.0) was used
ata flow rate of 40 pwl/min. The gradient was as follows: 5% phase B to 20%
phase B in 5 min; 20% phase B to 30% phase B in 2 min; 30% phase B to
95% phase B in 43 min; and hold at 95% phase B for 5 min followed by
equilibration for another 15 min at 5% phase B.

Sheath gas, auxiliary gas, and sweep gas were set to 25, 14, and 10
arbitrary units (au), respectively. The spray voltage was 4 kV, the capillary
temperature was 275°C, the capillary voltage was —23 V, and the tube lens
was set to —80 V. The mass was restricted to a range of /2 550 to 2,000 to
avoid the HFIP dimer at m/z 334, with data collected in negative ion
polarity. Collision-induced dissociation (CID) tandem mass spectrome-
try (normalized collision energy, 30 au) was used in data-dependent mode
to obtain sequence information from the RNase digestion products. The
data-dependent scan was recorded based on the most abundant ion, and
each ion selected for CID was analyzed for up to 5 scans or 30 s before it
was added to a dynamic exclusion list for 30 s. A second round of CID
tandem mass spectrometery (MS/MS/MS) was performed by selecting the
most abundant fragment ion from the MS/MS step and dissociating that
ion using the same conditions as described above.

An in silico analysis using Mongo Oligo Mass Calculator (ver. 2.06;
http://library.med.utah.edu/masspec/) was performed to identify the ap-
propriate m/z values that would confirm methylation at G518 and to
identify the number of RNase T1 digestion products that might interfere
with this determination. The in silico analysis provides a complete theo-
retical set of the digestion products, and their corresponding m/z values,
that result from RNase T1 digestion of 16S rRNA. In silico digestion was
performed on the 16S rRNA sequence from locus CP003248 (GI:
395136682) with and without putative methylation of G518.

ITC. The binding interaction between streptomycin and 70S ribo-
somes was investigated by isothermal titration calorimetry (ITC) per a
previously reported protocol (21). Briefly, 70S ribosomes purified from
H37Rv and AgidB strains were each evaluated at a concentration of 4.5
M in dialysis buffer (10 mM magnesium chloride, 50 mM ammonium
chloride, 5 mM -mercaptoethanol, 10 mM HEPES-KOH, pH 7.6).
Streptomycin was dissolved in the respective excess dialysis buffers at 112
M. ITC experiments were conducted at 37°C on an iTC200 isothermal
titration calorimeter (GE Healthcare). Streptomycin was titrated into 4.5
M 70S ribosomes in 3.3-pl injections in 180-s intervals. The ribosome-
containing cell was stirred at 800 rpm throughout the experiment. The
heats of injections were integrated using Origin 7. Data and error analyses
were performed using the single-site heteroassociation model in
SEDPHAT (22). Confidence interval calculations were performed as de-
scribed previously (23).

RESULTS

Methyl modification on G518 affects translational fidelity via
indirect interaction with the wobble position of the mRNA
codon. The functional role of the methylation of G518 in the
absence of drug was evaluated in a mycobacterial translational
fidelity assay that employs a gain of function to measure changes
in translation error rates (see Materials and Methods). Mutations
were introduced in a critical aspartate residue (D214) of the aph
gene which codes for a kanamycin kinase. The mutations produce
an inactive form of the kinase (17) and render the bacterium sus-
ceptible to alevel of KM close to that of a bacterium containing no
reporter. The mutated reporters used in this assay were designed
to interrogate the effects on translation due to nucleotide muta-
tions in the first position (DN reporter), second position (DV
reporter), or wobble position (DE; and DE, reporters) of the
mRNA codon coding for D214. All four mutated reporters and the
wild-type reporter were individually transformed into H37Rv and
AgidB strains. Translational fidelity was assessed by the level of
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TABLE 1 Translational fidelity as represented by kanamycin MIC?

MIC (wg/ml) for M. tuberculosis strain:

Reporter H37Rv AgidB

No pDNA 0.98 = 0 0.98 = 0
WT >500 =0 >500 =0
DN 098 0 0.98 =0
DV 098 0 0.98 £0
DE, (GAA) 15.6 * 0 391+ 0
DE, (GAG) 195+ 0 098 =0

@ Higher MICs correspond to reduced levels of translational fidelity. Data shown are
mean values and standard deviations obtained from three independent biological
samples that were each tested in duplicate. pDNA, plasmid DNA.

kanamycin resistance observed in strains containing the DN, DV,
DE,, or DE, reporters. An increase in MIC between the H37Rv
and AgidB strains can be due only to differences in protein trans-
lational fidelity, since mistranslation would result in a functional
copy of the aph gene product that is expressed due to misreading
of the mutated codon.

Table 1 shows the degree of mistranslation of strains H37Rv
and AgidB, both transformed with each of the reporters, as repre-
sented by the MIC of KM. No difference between the wild-type
and AgidB mutant strains in mistranslation was observed when
the strains were transformed with the wild-type (WT), DN, or DV
reporter. In both strains, however, mistranslation occurs to a
greater extent in both DE reporters than in the DN and DV re-
porters. This observation is consistent with reports showing that
translational errors due to misreading of the wobble position oc-
cur more frequently (24, 25). Moreover, of the two DE reporters,
mistranslation occurred to a greater extent with the GAA version
of the DE reporter than with the GAG version. This observation is
also consistent with previous reports that demonstrate the codon-
specific effects on misreading of the wobble position (24, 26).

Notably, in both DE reporters, the H37Rv strain mistranslates
the GAA codon to a greater extent than the AgidB mutant, as
indicated by the 4-fold increase in KM MIC of H37Rv containing
the GAA reporter over that measured for the mutant strain. Sim-
ilarly, when transformed with the GAG reporter, H37Rv experi-
ences a 2-fold increase in KM MIC compared to the mutant strain
containing the same reporter.

G518 is unmethylated in the AgidB strain 16S rRNA. High-
performance liquid chromatography coupled to electrospray ion-
ization mass spectrometry was used to detect the presence of
methylation on the guanine base at position 518 of the 16S rRNA.
From both H37Rv and AgidB strains, 16S rRNA was purified and
digested with RNase T1, a highly efficient endonuclease that spe-
cifically cleaves at the 3’ end of unmodified guanosine residues of
single-stranded RNA. The RNA region of interest and the diges-
tion products expected to arise after RNase T1 cleavage were de-
termined (data not shown). In particular, the oligonucleotide di-
gestion product from H37Rv, [516]CC[mG]CG[520] at m/z
817.6, corresponding to the doubly charged ion in negative polar-
ity, would be detected by mass spectrometry only if G518 were
modified. If the modification were absent, this specific oligonu-
cleotide ([516]CCGCG[520]) would not be detected in the digest.
RNase T1 is inhibited by the methylation at G518; thus, the ab-
sence of the methylation would result in the enzyme digesting this
specific oligonucleotide into [516]CCG[518] and [519]CG[520].
By taking advantage of this specificity in RNase T1 digestion, a
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detected signal at m/z 817.6 would reveal the presence of methyl-
ation at G518 whereas the absence of a detected signal at this m/z
would reveal the absence of methylation at this specific nucleotide
residue. A complete in silico analysis of the expected RNase T1
digestion products from 16S rRNA found no other digestion
products that would interfere with this analysis (see Table S1 in
the supplemental material).

Figure 2 shows the comparative LC/MS analysis of the H37Rv
wild-type and AgidB mutant 16S rRNA digests. Only the RNase
T1-digested fragments from H37Rv exhibited a well-defined peak
for m/z 817.61 in the extracted ion chromatogram (XIC) (Fig. 24,
middle chromatogram). The AgidB mutant sample exhibited a
large number of responses in the XIC for m/z 817.6 (Fig. 2B, mid-
dle chromatogram). However, none of these responses corre-
sponded to the correct retention time for CC[mG]CG, were all of
much lower ion abundance than the response from the wild-type
sample, and did not show the presence of the expected analyte ion
in the mass spectrum (data not shown).

The m/z value corresponding to the peak retained at 24.56 min
for the wild-type sample was confirmed to be 817.6 as shown in
Fig. 3A. CID of the selected ion, m/z 817.6, yielded a fragment ion
(with m/z 735.1) as the most abundant peak in the MS/MS spec-
trum (Fig. 3B). This observed m/z value corresponds to the loss of
a methylguanine base (—164 Da) from the precursor ion. Al-
though the oligonucleotide sequence may be reconstructed from
sequence-informative fragments, their abundance was quite low
in the CID spectrum due to the high level of nucleobase loss from
the precursor ion. To provide additional confirmation that this
m/z corresponded to the targeted oligonucleotide with methyl-
ation at G518, the most abundant fragment ion in the MS/MS
analysis (rm/z 735.1) was mass selected and again analyzed by CID
to generate an MS/MS/MS spectrum (Fig. 3C). The sequence-
informative c- and y-type ions were used to identify the sequence
as CC[mG]CG, after accounting for loss of the methylated base
(see above) from the sequence. These analyses confirm the pres-
ence of methylation at position 518 in the 16S rRNA of the wild-
type strain, H37Rv. Multistage fragmentation was also performed
on the ions observed in the XIC for m/z 817.6 for the AgidB mu-
tant sample. The highly specific MS/MS/MS approach did not
detect any signal, and a well-defined peak was absent at the ex-
pected retention time (Fig. 2B, bottom chromatogram).

Based on the results shown in Fig. 2 and 3, we conclude that
methylguanosine was present at G518 in the wild-type sample and
absent in the AgidB mutant sample.

Streptomycin binds to strain AgidB ribosomes with less af-
finity than to strain H37Rv ribosomes. To evaluate the binding
interaction between SM and the ribosome, we used isothermal
titration calorimetry. The binding isotherms obtained from this
analysis are shown in Fig. 4. SM binds to mutant 70S ribosomes
with an affinity that is 2 orders of magnitude less than that of the
binding of SM to wild-type ribosomes (strain H37Rv K, [dissoci-
ation constant] = 0.8 nM, with a confidence interval of 4.3 nM or
greater; strain AgidB K; = 340 nM, with a confidence interval of
147 nM to 787 nM).

DISCUSSION

Posttranscriptional modifications of bacterial rRNA serve a vari-
ety of purposes, ranging from stabilizing the ribosome structure to
preserving the functional integrity of the ribosome. For this re-
port, we sought to elucidate the functional role of one rRNA mod-
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FIG 2 A comparative LC-MS (multiple-stage mass spectrometry) analysis of
the RNase T1 digest of 16S rRNA purified from strain H37Rv (A) and strain
AgidB (B) shown to scale. (A) The top chromatogram is the total ion chro-
matogram (TIC) of the RNase T1 digest of 5 pg of 16S rRNA from H37Rv. The
middle chromatogram shows a well-defined peak for m/z 817.6, which corre-
sponds to the modification of the specific oligonucleotide CC[mG]CG. The
bottom chromatogram shows the peak for multiple-stage mass spectrometry
of the analyte ion, where m/z 817.6 was subjected to a first stage of fragmenta-
tion (MS/MS) and the resulting most abundant fragment ion m/z 735.1 was
subjected to a second stage of fragmentation (MS/MS/MS). Only an ion that
generates m/z 735.1 from m/z 817.6 yields a response in this analysis. (B) The
top chromatogram is the TIC of the RNase T1 digest of 7 ug of 16S rRNA from
strain AgidB. The middle chromatogram does not show a well-defined peak for
m/z 817.6. The bottom chromatogram corresponds to the multiple-stage mass
spectrometry of the analyte ions as described above. The absence of any re-
sponse represented in the bottom chromatogram indicates the lack of a meth-
ylguanine base loss from the oligonucleotides that yielded a response in the
first stage of tandem mass spectrometry shown in the middle chromatogram.
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FIG 3 (A) Electrospray mass spectrum corresponding to the peak seen in the extracted ion chromatogram for m/z817.6 of the RNase T1 digest of 5 g of 16S rRNA from
H37Rv M. tuberculosis (Fig. 2A, middle chromatogram). The mass spectral data are consistent with the doubly charged ion that would be expected for CC[mG]CG. The
other m/z values in this mass spectrum correspond to additional RNase T1 digestion products from 16S rRNA. (B) Collision-induced dissociation (CID) mass spectrum
of the RNase T1 digestion product at 11/z 817.6 shown in panel A. (C) CID mass spectrum of the fragment with #1/z 735.1 shown in panel B. The observed sequence-
informative fragments correspond to the expected fragmentation pattern of oligonucleotide CC[mG]CG, which has an mG-base loss. The absence of mG is depicted as
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FIG 4 Binding isotherms obtained from isothermal titration calorimetry
analysis of streptomycin (SM) bound to H37Rv wild-type (top plot) or AgidB
mutant (bottom plot) 70S ribosomes. SM binds to wild-type ribosomes with a
binding affinity that is 2 orders greater than that seen with the binding of SM to
mutant ribosomes. (strain H37Rv K; = 0.8 nM, with a confidence interval of
4.3 nM or greater; strain AgidB K ; = 340 nM, with a confidence interval of 147
nM to 787 nM).

ification in particular—the methyl modification of the guanine
base at position 518 of the 16S rRNA in M. tuberculosis.

We provide the first biochemical evidence that G518 methyl-
ation plays a role in protein translation in normal bacterial func-
tion. Specifically, we demonstrate that the methyl modification
affects translational fidelity through interaction with the mRNA
wobble position, and not with the first position or second posi-
tion, of the mRNA:tRNA codon:anticodon helix. The interaction
is likely to be indirect and occurs via the S12 ribosomal protein
since crystallographic evidence suggests that the methyl modifica-
tion and the wobble position are too distant to have direct contact
(11). Based on the increased mistranslation of strain H37Rv con-
taining DE, or DE, reporters compared to strain AgidB containing
the same reporters, we also show that the methyl modification
actually enhances mistranslation. We speculate that this role of
allowing some level of mistranslation to occur allows translation
to proceed smoothly and efficiently.

We also demonstrate that, in the presence of the antibiotic SM,
the methyl modification renders the bacterium vulnerable to the
toxic effects of SM by enabling the drug to bind to the ribosome
with high affinity and subsequently killing the bacterium. How-
ever, in the absence of the methyl modification, due to mutations
in the methyltranferase (GidB) that is responsible for methylating
G518, SM binds to the ribosome with less affinity, which confers
low-level resistance of the bacterium to the drug.
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The fitness costs associated with the acquisition of the various
mutations that confer SM resistance are complex and not well
understood. Interestingly, in this case, deletion of gidB, which in-
duces low-level SM resistance, was found to induce a higher level
of translational fidelity. Estimates of the intrinsic error frequency
of amino acid misincorporation range from 107> to 10>, de-
pending on how the measurements were performed and details of
the experimental methods used for the analysis (26-28). Under
some conditions, mistranslation can be beneficial for the cell, for
example, under growth conditions where amino acids are in lim-
ited supply, by allowing the cell to continue to produce proteins
with a more limited repertoire of precursors (29). The ribosome
has evolved in the face of pressure to maximize speed while achiev-
ing reasonable accuracy (30). Our experiments suggest the possi-
bility that the organism normally methylates G518 at a lower level
of translational accuracy at the wobble position, possibly to im-
prove translational speed, although we have not yet formally
tested that. The long-term selective pressure leading to the fixation
of methylation appears to be relatively modest, and further exper-
imentation is required to establish the fitness costs to M. tubercu-
losis for acquisition of low-level SM resistance.
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