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Background: The mechanism by which mycobacteria maintain ribosome stability during latent infection is unknown.
Results: Mycobacterium smegmatis uses a DosR-regulated S30AE domain protein, RafH, to maintain the associated (stable)
ribosome during the hypoxia model of persistence.
Conclusion: Ribosomal stability, mediated by RafH, is essential for survival and emergence from hypoxia.
Significance: Learning how mycobacteria stabilize ribosomes to survive hypoxia is crucial for understanding latent
tuberculosis.

It is thought that during latent infection, Mycobacterium
tuberculosis bacilli are retained within granulomas in a low-
oxygen environment.Thedormancy survival (Dos) regulon, reg-
ulated by the response regulator DosR, appears to be essential
for hypoxic survival inM. tuberculosis, but it is not known how
the regulon promotes survival. Here we report that mycobacte-
ria, in contrast to enteric bacteria, do not form higher-order
structures (e.g. ribosomal dimers) upon entry into stasis.
Instead, ribosomes are stabilized in the associated form (70S).
Using a strategy incorporating microfluidic, proteomic, and
ribosomal profiling techniques to elucidate the fate ofmycobac-
terial ribosomes during hypoxic stasis, we show that the dor-
mancy regulator DosR is required for optimal ribosome stabili-
zation. We present evidence that the majority of this effect is
mediated by the DosR-regulated protein MSMEG_3935 (a
S30AE domain protein), which is associated with the ribosome
under hypoxic conditions. A �3935 mutant phenocopies the
�dosRmutant during hypoxia, and complementation of �dosR
with theMSMEG_3935 gene leads to complete recovery of dosR
mutant phenotypes during hypoxia. We suggest that this pro-
tein is named ribosome-associated factor under hypoxia (RafH)
and that it is the major factor responsible for DosR-mediated
hypoxic survival in mycobacteria.

The vast majority of individuals infected with Mycobacte-
rium tuberculosis are asymptomatic and harbor bacilli in a
latent infection that can reactivate to cause acute tuberculosis,
often decades after initial infection (1).

During latent infection, M. tuberculosis bacilli are retained
within granulomas (2), where they can survive for several
decades (3). However, the physiological state in which they
exist is poorly defined. There is evidence that theM. tuberculo-
sis granuloma may be a low-oxygen environment (4), and so a
significant body of research has been concerned with under-
standing the hypoxic adaptations ofM. tuberculosis (5–7).

The dormancy survival regulon, regulated by the response
regulator DosR, comprises 48 genes and appears to be essential
for hypoxic survival in many mycobacterial species, including
M. tuberculosis (8–11), Mycobacterium bovis BCG (12), and
Mycobacterium smegmatis (13). DosR is controlled by two
heme-containing sensor histidine kinases, DosS andDosT, that
are responsive to redox potential, oxygen tension, nitric oxide,
and carbon monoxide (14–20). The requirement for DosR
activity in in vitropersistencemodels iswell established (11–13,
21) but remains controversial in vivo (22, 23). Recent data indi-
cate a role of the DosR regulon in adaptation to low-energy
conditions, possibly via an effect on metabolism or at the level
of biosynthesis through maintenance of ATP homeostasis and
redox balance during hypoxia (11, 24, 25). However, the reason
why loss of DosR leads to loss of viability during hypoxia in
mycobacteria is not known.
To be able to re-emerge from the non-replicating persistent

state, mycobacteria must maintain a level of macromolecular
integrity compatible with sufficient functionality to resume
growth, and it seems likely that stabilization of key cellular
components, rather than de novo synthesis, will be an impor-
tant factor in this. The bacterial ribosome is a 2.5-MDa complex
comprising three RNAmolecules and over 50 proteins made at
great energetic expense to the cell. Given that in mycobacteria
ribosomal genes are down-regulated concomitantly with the
cessation of growth (26) and that there is limited chemical
energy available to the non-growing cell (11, 24), it is probable
that mycobacteria stabilize their ribosomes during prolonged
stasis. The role of the stringent response inmycobacterial adap-
tation to nutrient stress survival, including hypoxia, supports
this hypothesis (24, 27). RelA, in concert with CarD, mediates
the down-regulation of ribosomal RNA synthesis and ribo-
somal protein genes during starvation (28). Consequently,
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�relAM. tuberculosis has five timesmore ribosomes thanwild-
type bacteria in carbon-limited conditions, outlining the
importance of this adaptation for the maintenance of sustain-
able energy levels (27).
Studies of ribosomal stability during the transition from

active growth to stasis have been carried out primarily in Esch-
erichia coli. When E. coli cells stop growing, part of the ribo-
somal population is degraded, whereas a proportion undergoes
dimerization, leading to the formation of 100S ribosomal
dimers that are not translationally active and are considered to
be in a hibernation state (29–32). As such, ribosome stabiliza-
tion could be important in mycobacterial persistence and, con-
sequently, latent infection. We hypothesize that during non-
replicating persistence and, consequently, during latent
infection, mycobacterial ribosomes are stabilized to be acti-
vated and re-engage in translation upon resuscitation and exit
from the persistent state. Therefore, we set out to investigate
the stability of mycobacterial ribosomes, focusing on the
hypoxic persistence model (33).
We demonstrate that, unlike enteric bacteria, mycobacterial

ribosomes do not dimerize upon cessation of growth and that
the dormancy regulator DosR controls ribosome stability dur-
ing the hypoxic stationary phase. We present evidence for a
dissociation-dependent process of ribosomal degradation and
evidence to support a role for DosR control of ribosome stabil-
ity in hypoxic mycobacteria through its control of a hypoxia-
regulated, ribosome-associated protein.

EXPERIMENTAL PROCEDURES

Bacterial Strains and Growth Media—The strains used dur-
ing this study are listed in supplemental Table S2.M. smegmatis
was routinely cultured at 37 °C in LBmedium (0.5% (w/v)NaCl,
0.5% (w/v) yeast extract, 1.0% (w/v) tryptone) supplemented
with 0.05% (w/v) Tween 80. For carbon starvation and hypoxic
growth experiments, the cells were grown inHartmans-de Bont
medium as described previously (13, 34, 35). Exponential (log)
phase cells were harvested at A600 of 0.5. Stationary phase cells
and cells grown under hypoxic or carbon-limiting conditions
were harvested 48 h post-inoculation unless stated otherwise.
For the heat shock experiments, cultures were grown into
hypoxic stationary phase, and the cultures were transferred to a
55 °C incubator at 48 h post-inoculation. For culture on solid
medium we added 2% (w/v) agar to LB medium prior to auto-
claving. Bacterial viability was determined by plating 20-�l
serial dilutions onto solid media, and growth was enumerated
after 3 days.
RNA Isolation, Biosynthesis, and rRNA Profiling—Cells from

50 ml of bacterial culture were harvested by centrifugation
(6000 � g, 10 min at 4 °C), and RNA was isolated using TRIzol
as described previously (36). RNA concentration was deter-
mined spectrophotometrically. RNA synthesis was assessed by
adding L-[5,6-3H]uracil (PerkinElmer Life Sciences) to a final
concentration of 0.5 �Ci/ml to cultures. The RNA was
extracted as described above and quantified spectrophoto-
metrically prior to adding 3 ml of UltimaGold scintillation liq-
uid (PerkinElmer Life Sciences). Radioactivity was measured
using a Wallac scintillation counter (PerkinElmer Life Sci-
ences). RNA integrity was assayed using the Agilent RNA 6000

Nano Chip kit (Agilent) and analyzed by a 2100 Bioanalyzer
instrument (Agilent). RNA samples were prepared for analysis
according to the instructions of the manufacturer.
Crude Lysate Preparation and Ribosomal Profiling—Cul-

tures to be grown into normoxic stationary phase were grown
in 2.5-liter glass conical flasks (Pyrex) containing either 1 liter of
Hartmans-de Bont or LB medium, hypoxic cultures were
grown in flasks containing 1.7 liters of LBmedium sealed with a
tight-fitting rubber bung that has been perforated andmodified
to fit a 33-mm SubaSeal air-tight rubber septum (Sigma). Each
bung was further sealed with silicone grease and wrapped in
parafilm tominimize the diffusion of oxygen across the seal. At
least 6 liters of culture were harvested by centrifugation
(10,000 � g, 15 min at 4 °C), and the pellet was resuspended in
ribosomal buffer (10 mM Tris-HCl (pH 7.4), 70 mM KCl, 10 mM

MgCl2) at the concentration of 1.0 gwet weight/ml and lysed by
a single passage through a French press (10,000 psi). After cell
breakage, the cellular debris and unbroken cells were removed
by centrifugation (30,000 � g, 30 min at 4 °C). Ribosomal pro-
filing was performed as described previously (37).
FPLCPurification of Ribosomes—Ribosomeswere purified as

described previously (37) using anAKTA-FPLC liquid chroma-
tography system (GEHealthcare) using a 0.6-mlmixer unit and
either a 100-�l or 5-ml sample loop. Two quaternary amine
convective interaction media (QA) monolithic discs (BIA sep-
arations) encased within a polyoxymethylene casing (BIA sep-
arations) were used for the separation.
iTRAQ4 Labeling of Ribosomal Peptides—The protein con-

centration in ribosomal samples was determined using a Coo-
massie Plus protein assay (Thermo). 100 �g of protein was ace-
tone-precipitated and resuspended in 20 �l of dissolution
buffer provided in the iTRAQ labeling kit (Applied Biosys-
tems). The samples were labeledwith the isobaric 8plex iTRAQ
reagent (Applied Biosystems) according to the protocol of the
manufacturer. Two FPLC-purified samples were analyzed for
each of the following conditions during the compositional anal-
ysis: wild-type M. smegmatis log phase, wild-type carbon star-
vation, wild-type hypoxia, and �dosR hypoxia. Peptides were
then purified using an iCAT cation exchange cartridge
(Applied Biosystems) to remove chemicals that may interfere
with mass spectrometry. The eluent was vacuum-dried in a
SpeedVac, resuspended in 100�l of distilledwater, and used for
mass spectrometric analysis.
Mass Spectrometric Analysis of iTRAQ-labeled Ribosomal

Peptides—The samples were analyzed on an Applied Biosys-
tems QTrap MS coupled to an Agilent 1100 LC stack, and the
systemwas controlled usingAnalyst software (Version 1.5.1AB
SCIEX). TheAgilent stack consisted of a binary pump, capillary
pump, well plate autosampler, and a column oven with an inte-
grated six-port valve. The system was configured to load sam-
ples onto a trap column (Agilent Zorbax SB, 5 �m � 0.3 mm �
35 mm) using the binary pump. The trap column was washed
and then switched into the capillary flow. Peptides were sepa-

4 The abbreviations used are: iTRAQ, Isobaric tag for relative and absolute
quantitation; iCAT, isotope coded affinity tag; MIDAS, multiple reaction
monitoring initiated detection and sequencing; IDA, information depend-
ent acquisition.
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rated on a capillary column (Agilent SB, 5 �m 0.3 mm � 150
mmcolumn). The LCwas interfaced to theMSwith a turbo ion
spray source. The loading/washing solvent wasH2O containing
3%CH3CNand 0.3%COOHat a flow rate of 50�l/min, and the
resolving solventwas a gradient systemof 0%B to 30%Bover 90
min at a flow rate of 5 �l/min (A: 94.9% H2O, 5% CH3CN, 0.1%
COOH; B: 94.9% CH3CN, 5% H2O, 0.1% COOH). The column
oven was heated to 40 °C, and the valve was switched to direct
the flow from the trap on to the resolving column after a 60-min
wash. Typically, theMS parameters were set as follows: Curtain
gas, 10 psi; GS1, 20 psi; GS2, 20 psi; interface heater on; TEM,
150 °C; and DP, 65.
Data were collected with an IDAmethod consisting of a sur-

vey scan (350 m/z to 1200 m/z), an enhanced resolution scan,
and four enhanced product ion scans (100 m/z to 1500 m/z).
Dynamic background subtraction was used prior to ion selec-
tion. The four most abundant doubly or triply charged ions
were selected for the product ion scans. To increase the depth
of sample coverage, multiple runs of the same sample in which
the mass range of the initial survey scan was divided into dis-
tinct mass windows were performed. The mass ranges used
were 325–400, 400–500, 500–550, 550–600, 600–650, 650–
700, 700–800, 800–900, and 900–1200 m/z. The resulting
spectra were analyzed and quantified by ProteinPilot software
(version 2.0.1, revision 67476, Applied Biosystems/MDS
SCIEX). Specifically, spectra were assigned with the Paragon
algorithm (default parameters) using a custom FASTA protein
database containing all predicted proteins encoded by the
M. smegmatis genome and a collection of common contami-
nants (database released on 11/07/2007 by Applied Biosys-
tems). Proteins were identified and quantified using the Pro-
Group algorithm (Unused ProtScore of less than 1.3–95%
confidence). The quoted significance valueswere obtainedwith
the inbuilt statistical analysis tool. ProteinPilot-calculated
ratios of label abundance for the measured peptides were used
to plot the distribution of peptides from the 30S and the 50S
ribosomal subunits. The significance of the difference of the
distributions was calculated using a two-tailed, unpaired Stu-
dent’s t test.
MSMEG_3935 and MSMEG_1878 detection Using Multiple

Reaction Monitoring MS—Using the configuration described
above but operating the QTrap in “Triple Quadrupole” mode,
an multiple reaction monitoring acquisition method on the
basis of the detection of specific mother ion 3 daughter ion
transitions (see supplemental Table S4) was developed.
Althoughmaintaining the same solvents, the resolving gradient
was modified to reduce the run time (0–40% B over 40 min,
wash time reduced to 5 min). We tested six peptides identified
in silico using the MIDAS Workflow Designer (AB SCIEX, see
AB SCIEX Tech Note, 2007, Publication 114TN38-01) as pos-
sible candidates for multiple reaction monitoring analysis.
Three unique peptides with good signal intensity and well
defined chromatographywere used for the analysis of each pro-
tein (shown in bold in supplemental Table S4). Only ions with
ion transitions corresponding to these peptides were recorded.
The data were analyzed with the Analyst software.

Construction of the MSMEG_3935 Mutant and Comple-
mentation—Mutant M. smegmatis strains were obtained fol-
lowing the protocol established as in Ref. 38. Briefly, a linear
construct was generated so that it contained a hygromycin cas-
sette flanked by �500 bp homologous to the sequence found
up- and downstream of MSMEG_3935 in M. smegmatis. The
construct was amplified by PCR and electroporated into
M. smegmatis mc2155 cells harboring the pJV53 plasmid (see
supplemental Table S2) and, following recovery, plated onto
7H10 medium containing hygromycin (20 �g/ml). Genomic
DNAwas purified from potential mutants (39) and assessed for
the presence of the hygromycin cassette as well as the insertion
of HygR into the correct genetic locus by PCR. The
MSMEG_3935mutantwas complementedwith a single copy of
MSMEG_3935 under the control of a tetracycline-regulatable
promoter. The regulatable vector pTETR2 was created on the
basis of the system developed by Ehrt et al. (40, 41). The pMC1s
and pME1sL1 vectors provided by Sabine Ehrt were adapted to
include the tetracycline repressor and the gene of interest on a
single integrating plasmid, and the tetracycline repressor was
replaced with a codon-optimized version with improved gene
silencing (40).
Complementation of �dosR in M. smegmatis—An

M. smegmatis �dosR mutant (13) was complemented with
the M. tuberculosis dosR under the control of its own pro-
moter in the integrating pMV306 vector. The M. tuberculo-
sis dosR gene was amplified from genomic DNA using the
primers dosRF TCTAGAATAAGGACTAACGGCCCTCA
and dosRR AAGCTTTCATGGTCCATCACCGGG, incor-
porating the restriction sites XbaI and HindIII, respectively,
which were used in the subsequent cloning into pMV306
(42).

RESULTS

Survival and Biosynthesis during Long-term Hypoxia in
M. smegmatis—We determined the viability of the wild type,
�dosR, and �dosR complemented with the dosR gene from
M. tuberculosis (DosRc) strains of M. smegmatis during pro-
longed hypoxia and found that our results were consistent with
those in the literature (13).�dosR had a severe survival defect in
hypoxic conditions, and we were able to complement this phe-
notype with the dosR gene fromM. tuberculosis (Fig. 1A), sup-
porting the functional overlap betweenDosR fromM. smegma-
tis and M. tuberculosis (8, 9, 13). The regrowth of the �dosR
mutant after 5 weeks in hypoxic stasis is not well understood
and seems to be specific toM. smegmatis, but it is not due to the
acquisition of a suppressor mutation (13). Indeed, data suggest
that �dosR mutant cells may spontaneously reactivate from a
“non-culturable” dormant state (43). We estimated the biosyn-
thetic activity of these strains bymeasuring [3H]uracil incorpo-
ration intoRNAand found a decrease of over 90%early after the
onset of hypoxic stasis (Fig. 1B). Given the long labeling period
required for these experiments, these data are likely to reflect
turnover aswell asde novo synthesis The levels of incorporation
thereafter were several orders of magnitude smaller than dur-
ing active growth suggesting that metabolic activity of the cul-
ture as a whole is very low. Interestingly levels of incorporation
were significantly higher in the�dosR strain comparedwith the
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wild type, in particular after 21 days of hypoxia. This increase
was reversed in the complemented strain. This effect was even
more pronounced when the average incorporation per colony
forming unit was calculated (see supplemental Fig. S1).
DosR Is Needed for Ribosomal Stability during Hypoxia in

M. smegmatis—We carried out ribosomal profiling of the wild
type and �dosR M. smegmatis during exponential growth and
normoxic and hypoxic stationary phase in LB medium (Fig. 2).
The transition from growth to normoxic stasis was character-
ized by the disappearance of polysomes and the apparent stabi-
lization of ribosomes in the associated form. No formation of
100S ribosome dimers was apparent. The profiles of the �dosR
strain were comparable with thewild type and theDosRC strain
during exponential growth and in normoxic stationary phase.
In contrast, upon entry into hypoxic stationary phase, there
were clear differences between the wild type and�dosRmutant
strain (Fig. 2C). 70S ribosomes were much less abundant in the
�dosRmutant strain, with the 50S subunit being the dominant
species. Levels of the 30S subunit were very low in comparison
with the 50S subunit. These data suggest a preferential loss of
the 30S ribosomal subunit in hypoxic stationary phase. No evi-
dence of higher-order ribosomal structures reminiscent of the
100S dimer of enteric bacteria was observed during hypoxia
(30). We next analyzed the stability of rRNA during prolonged
hypoxia in thewild type,�dosR, andDosRc strains usingmicro-
fluidics-based separation. After 6 days in hypoxic stationary
phase, both 16S and 23S rRNA are present and resolved (Fig. 2,
D andE). After this time,we observed a progressive degradation
of the rRNA pool in the wild type and DosRc. We were able to
detect the presence of multiple intermediate RNA species (not
observed during active growth) that could be indicative of dis-
crete rRNA cleavage events. Specific stepwise breakdown of
rRNA is documented in enteric bacteria (44). The degradation
of rRNA in the �dosR strain occurred more rapidly, with the
majority of the culture devoid of rRNA within the first 2 weeks
of hypoxia. RNA fragmentation and degradationwas specific to
hypoxia. Prolonged stasis under carbon starvation conditions
did not lead to significant loss of rRNA integrity in neither the
wild type nor �dosR strains (supplemental Fig. S2). It is impor-
tant to note that rRNA levels closely paralleled the changes seen
in ribosome profiling (supplemental Fig. S3).

Ribosomal Subunit Ratio Is Significantly Altered by Stasis in
M. smegmatis—In the absence of changes to the higher-order
organization of ribosomes, we turned to protein compositional
analysis to better understand the role that DosR might play in
ribosome stability. Using quantitative proteomics (iTRAQ), we
compared the composition of ribosomes obtained fromactively
growing, hypoxic (wild type and �dosR) and carbon-starved
cultures ofM. smegmatis. We were able to detect and quantify
all but two ribosomal proteins: L31 and L34. Importantly, all
ribosomal proteins were detected in all samples, indicating that
complete loss of ribosomal proteins during stasis was unlikely.
Therewas an increase in the relative abundance of large ribo-

some subunit (50S) proteins during hypoxic stasis when com-
pared with active growth. Similarly, the relative levels of small
subunit (30S) proteins were found to be lower during carbon
starvation (supplemental Table S1). To assess the significance
of this finding, we compared the ratios of all ribosomal peptides
from stationary phase samples (stationary phase/exponential
phase) to those of the control set (exponential phase/exponen-
tial phase).We only analyzed peptides that were identified with
at least 95% confidence andwere found to come fromeither 50S
or 30S ribosomal subunits. By doing so, we were able to deter-
mine that overall, 50S subunit peptides were significantly more
abundant in all hypoxic samples (Student’s t test, p� 0.01) (Fig.
3). In the case of ribosomes from �dosR cultures harvested 3
days after the onset of hypoxic stasis, we were able to detect a
significant decrease (2-fold) of 30S ribosomal peptides (Stu-
dent’s t test, p � 0.01) (Fig. 3C). Taken together, these observa-
tions pointed to a stasis-induced bias toward 50S subunits,
which occurs more slowly in wild-type cultures than in the
�dosRmutant. To illustrate this effect, we plotted the distribu-
tion of the logarithm of peptide ratios (treatment/exponential
phase (Fig. 3)). We expected the logarithm of the ratios to be
normally distributed and centered around the mean (�) of 0 in
the case where there is no difference between the two samples.
An observed mean significantly different from 0 would be
indicative of a difference in the levels of that subunit for those
two samples. Of particular interest is the time-dependent
progressive increase in the ratio of 50S peptides, which
orders hypoxic samples as follows: � � 0 � wild type (2 days

FIGURE 1. The effect of DosR on survival and RNA synthesis of M. smegmatis during hypoxic stationary phase. A, cultures of M. smegmatis mc2155
wild-type, �dosR, and �dosR/DosRc were grown into hypoxic stationary phase, and their viability was determined by plating at the times indicated. CFU,
culture-forming units. B, RNA biosynthesis was measured by determining [3H]uracil incorporation for 24 h. Bq � becquerels. Each data point is the average of
measurements from three independent cultures. Error bars are mean � S.D. *, p � 0.05, Bonferroni post-test following two-way analysis of variance. **, p �
0.001, Bonferroni post-test following two-way analysis of variance.
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of hypoxia) � wild type (3 days of hypoxia) � �dosR (2 days
of hypoxia) � �dosR (3 days of hypoxia) � � � 1.1.

The only exception to the trend of increasing relative abun-
dance of large subunit proteins was protein L9, which was sig-
nificantly underrepresented in all samples from hypoxic stasis
(p� 0.01).Overall, iTRAQanalysis of ribosomes obtained from
hypoxic stationary phase cells confirmed the 50S bias observed
during ribosomal profiling of hypoxic cultures (Fig. 2).
We were able also to analyze the levels of known ribosomally

associated proteins: elongation factor Tu and trigger factor.
Both were significantly (p � 0.05) less abundant in �dosR
hypoxic samples (2.40-fold and 3.91-fold, respectively) when

comparedwith log phase cultures (supplemental Table S1). The
same was true for wild-type hypoxic samples where EF-Tu and
trigger factor were significantly (p � 0.05) less abundant (4.95-
fold and 2.87-fold, respectively) when compared with active
growth (supplemental Table S1). In addition to known ribo-
somally associated proteins, we detected two hypothetical pro-
teins,MSMEG_1878 andMSMEG_3935, that associated exclu-
sively with stationary phase ribosomes in wild-type bacteria. In
silico sequence analysis indicates the presence of an S30AE
(ribosomal protein S30AE/Sigma 54 modulation protein)
domain in MSMEG_1878 and MSMEG_3935 (supplemental
Fig. S4). The domain was predicted by Pfam (63) to be present

FIGURE 2. Loss of DosR has a profound effect on ribosome and ribosomal RNA stability. Cultures of M. smegmatis mc2155 wild-type and the �dosR mutant
were grown at 37 °C to mid-exponential phase (A), normoxic stationary phase (B), or hypoxic stationary phase (C). Cells were harvested, lysed, and ribosomes
were isolated by ultracentrifugation and fractionated through a linear sucrose gradient (15– 40%). Then the A254 and refraction were determined per fraction
and plotted. D and E, for ribosomal RNA stability experiments, cultures were grown to hypoxic stationary phase at 37 °C in LB. RNA was purified using the TRIzol
reagent and analyzed with RNA Nano 6000 chips on an Agilent 2100 bioanalyzer. Traces shown are the average of three independent experiments and were
normalized to account for chip variability.
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between residues 32–131 (E value, 1.3 � 10�22) in
MSMEG_1878 and between residues 12–99 (E value, 6.2 �
10�6) inMSMEG_3935. These are the only two S30AEproteins
encoded by the M. smegmatis genome. Homologues of
MSMEG_1878 are present in all mycobacterial genomes
sequenced to date, includingMycobacterium leprae, where it is
the sole S30AE protein. There is at least one MSMEG_3935
homologue in most sequenced mycobacterial genomes, with
the exception of Mycobacterium abscessus, Mycobacterium
avium, andM. leprae (45). Phylogenetic analysis of mycobacte-
rial S30AE proteins points to the presence of two clusters
(see supplemental Fig. S4). Group I contains MSMEG_1878
and the M. tuberculosis homologue Rv3241c and its members
are closely related to S30AE domain proteins from other bac-
teria, except that the mycobacterial proteins have C-terminal
extensions of �100 amino acids. Group II contains MSMEG_
3935, and the M. tuberculosis homologue Rv0079 and the
sequences of its members are less conserved outside of myco-
bacteria, apart from some firmicutes.

The low abundance of peptides derived fromMSMEG_1878
and MSMEG_3935 in stationary phase samples, and their
absence in exponentially growing cells precluded a quantita-
tive and statistically significant analysis. Nonetheless, qualita-
tive analysis of the apparent differences in their levels in sam-
ples obtained from wild-type and �dosR hypoxic cultures may
be biologically very relevant. TheM. tuberculosis homologue of
MSMEG_3935, Rv0079, is a member of the DosR regulon.
Importantly, MSMEG_3935 appears to have a putative DosR
binding site 82 bp upstream of the start codon (Fig. 4) that is
very similar to that of Rv0079 found 87 bp upstream of the start
codon (9). This finding complements the observations presented
in Fig. 2 and leads us to hypothesize that DosR plays a specific role
in ribosomal stability via the action ofMSMEG_3935.
S30AE Domain Proteins MSMEG_3935 and MSMEG_1878

Are Associated with the Mycobacterial Ribosome Exclusively
during Stasis—Because of the low signal obtained from
MSMEG_1878 andMSMEG_3935 peptides during our iTRAQ
analysis, we validated our results by using the more sensitive
complementary approach of multiple reaction monitoring
mass spectrometry. (46) Using this technique, which targets
unique tryptic peptides from proteins, MSMEG_3935 and
MSMEG_1878 were found not to associate with ribosomes
from actively growing cells. The interaction of MSMEG_1878
was observed during both hypoxic and carbon-starved station-
ary phase, whereas MSMEG_3935 was detected to associate
only with ribosomes from hypoxic cultures, and, crucially, this
association was DosR-dependent, as no MSMEG_3935 could
be detected in ribosomes isolated from �dosR during hypoxia.
(Fig. 5)Thesedata indicate thatMSMEG_3935 isDosR-regulated.
Weconsidered the interestingpossibility that the lackof induction
of MSMEG_3935 in the �dosR mutant might explain the loss of
viability of mycobacteria during hypoxic stationary phase.
Loss of MSMEG_3935 is the major factor leading to the dosR

mutant phenotype—We generated a �MSMEG_3935 strain
and assayed the stability of its rRNA during prolonged hypoxia
(see Fig. S5). The mutant exhibited decreased levels of 16S and
23S rRNAwhen compared with wild type.Wewanted to estab-
lish whether MSMEG_3935 plays a role hypoxic survival of
M. smegmatis and if so to determine its contribution to the
hypoxia phenotype of�dosR. The�MSMEG_3935mutant was
complemented in trans byMSMEG_3935 expressed from aTet
regulatable promoter.We introduced the same construct into
the �dosR mutant to determine the contribution of
MSMEG_3935 to the �dosR mutant phenotypes (9–13).
�MSMEG_3935 phenocopies the �dosR mutant during
hypoxic stasis (Fig. 4), suggesting that loss of MSMEG_3935 is
the major contributing factor to the hypoxic survival defect of
�dosR mutant strains. Crucially, expressing MSMEG_3935 in
trans in the �dosRmutant led to complete sparing of its hypoxic
survival defect, as the survival of the �dosR/3935 strain was not
significantly different fromDosRc or the wild-typeM. smegmatis.

Although not tested in othermycobacteria, inM. smegmatis,
loss of dosR leads to increased sensitivity to heat shock at 55 °C
(13). When tested, �MSMEG_3935 proved to be equally sensi-
tive to heat shock as �dosR. Consistently with the rescue of
hypoxic survival, expressing MSMEG_3935 in trans can com-
plement the heat shock phenotype of �dosR, suggesting that

FIGURE 3. Hypoxic stasis results in the progressive degradation of the
ribosome that is manifested by an imbalance in the 30S/50S ratio. The
abundance of ribosomal peptides (confidence score of at least 95% in Pro-
teinPilot) from each biological sample was compared with the corresponding
abundance in control samples (actively growing M. smegmatis). The loga-
rithms of the ratios of peptides corresponding to either 30S or 50S ribosomal
subunits were pooled, and their distribution was plotted (data were split into
25 bins). A, comparison of ribosomal peptides from actively growing cells.
B, carbon-starved ribosomes versus exponential phase ribosomes. C, hypoxic
stasis of the indicated strain and time versus exponential phase for 30S ribo-
some peptides. D, hypoxic stasis of the indicated strain and time versus expo-
nential phase for 50S ribosomal peptides.
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MSMEG_3935 mediates the known in vitro phenotypes of the
�dosRmutant (Fig. 4C).

DISCUSSION

The marked decrease in RNA biosynthesis and turnover in
hypoxic cultures (Fig. 1B, inset) indicated that in the absence of
biosynthesis the mycobacterial cell would need to rely on sta-
bilization to maintain its complement of RNA molecules. In
fact, stabilization of mycobacterial mRNA has been reported
during stasis (34). The �dosR cells show a higher level of
[3H]uracil incorporation than the wild type or DosRc during
hypoxia, suggesting higher RNA turnover. The physiological
implications include an increased level of energy consumption
as well as a possible decrease in the stability of RNA. Both could
explain the �dosR hypoxic phenotype. The importance of
nucleic acid turnover tomaintain hypoxic survival is supported
by the finding that a purF mutant, defective in de novo purine
synthesis, has a hypoxic survival phenotype that is remarkably
similar to a dosRmutant (13, 35).
In enteric bacteria and Staphylococcus aureus ribosome sta-

bilization occurs through the formation of 100S ribosomal
dimers (30, 47), but such higher-order ribosome structures,
including ribosome dimers, do not form in mycobacteria (Fig.
2). We identified the associated ribosome as the predominant
species during normoxic, hypoxic, and carbon-starved stasis,
suggesting that stabilization occurs at the level of 70S mono-
mers in mycobacteria. There is a time-dependent depletion of

the M. smegmatis ribosomes during hypoxic stasis. It seems
that the degradation occurs first by the dissociation of 70S ribo-
somes, with a coinciding accumulation of the 50S but not the
30S subunit, suggesting that the small subunit is more suscep-
tible to degradation. This process continues until no 70S ribo-
somes can be detected and only a small proportion of 50S
remains. This course of events may reflect a more general
mechanism, as the same sequence of changes has been
observed during many stress conditions, leading to ribosomal
degradation in E. coli (44, 48–50). In all these studies, 16S
rRNA appeared to be less stable than 23S rRNA, leading to a
disparity in the level of subunits that resulted from the dissoci-
ation of 70S ribosome. The “50S subunit bias” was particularly
evident from our quantitative proteomics analysis. There was a
clear correlation between the relative increase in the levels of
the 50S subunit and the time cells were in hypoxic stasis (Fig.
3D). This effect was particularly pronounced in the �dosR
mutant, which was found to undergo faster ribosome destabi-
lization during hypoxia using ribosomal profiling, rRNA profil-
ing, and compositional analysis. These observations provide
significant evidence in support of ribosomal association as the
major mechanism of ribosomal stability in stationary phase
M. smegmatis.

Furthermore, we observed that hypoxic ribosomes contained
significantly less ribosomal protein L9 than ribosomes from
actively growing cells. L9 protrudes from the ribosome struc-

FIGURE 4. Loss of MSMEG_3935 is the major factor leading to the �dosR mutant phenotype. A, genetic context of MSMEG_3935 and Rv0079. PEP,
synthase-phosphoenolpyruvate synthase; TF, transcription factor; USP, universal stress protein. The numbers indicate the standard annotation of genes whose
function is unknown. The figure is not drawn to scale. MSMEG_3935 has a putative DosR-responsive element upstream of its start codon. The DosR response
of element of MSMEG_3935 has a high degree of sequence identity of that of Rv0079 (underlined). Letters in bold are in agreement with the consensus
determined by Park et al. (9). B, viability of the mc2155 wild type, �dosR, and �MSMEG_3935 mutants and the complemented strains �dosR(dosR),
�dosR(MSMEG_3935), and�MSMEG_3935(MSMEG_3935) during hypoxic stationary phase was determined. Triplicate cultures were grown in LB media 	 0.05%
Tween 80, and viability was determined by plating at the times indicated. Error bars represent mean � S.D. CFU, colony-forming units. C, viability of the mc2155
wild type, �dosR, and �MSMEG_3935 mutants and the complemented strains �dosR/DosRc, �dosR/MSMEG_3935c, and�MSMEG_3935/MSMEG_3935c during
55 °C heat shock was determined. Triplicate cultures were grown at 37 °C in LB media 	 0.05% Tween 80 into hypoxic stationary phase. After 1 day in stationary
phase, cultures were transferred to 55 °C, and viability was determined by plating at the times indicated. Error bars represent mean � S.D.
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ture (51) and interacts with mRNA, thus preventing mistrans-
lation because of mRNA slippage (52). The levels of the two
ribosomally associated factors EF-Tu (needed to shuttle amino-
acylated-tRNA (53)) and Trigger factor (a chaperone for nas-
cent proteins (54)) were also found to be lower during hypoxia
than during active growth.We do not know at present whether
the absence of L9 from hypoxic cultures is a result of lowered
expression or its reduced incorporation into or its selective
removal from the ribosome. Nevertheless, the absence of L9
would lead to a severe decrease in the translational fidelity of
the ribosome, whereas the reduction of associated EF-Tu and
Trigger factor indicate reduced translational activity. An
additional possibility is that thus modified ribosomes enhance
the translation of mRNAs required for survival during pro-
longed hypoxia (22). An analogous mechanism to the stress-
induced cleavage of 16S rRNA by MazF leads to an increased
affinity of modified ribosomes for leaderless mRNAs, thus pre-
senting a new paradigm of posttranscriptional regulation of
gene expression (55). Although further work is required to val-
idate the selective translation hypothesis, it does seem possible
that in non-growing mycobacteria, associated 70S ribosomes
have a decreased level of translational activity. A model for
ribosome stabilization inM. smegmatis on the basis of the data
presented here is shown in Fig. 6. Overall, unlike E. coli or the
Gram-positive bacterium S. aureus, M. smegmatis does not
resort to ribosomal dimerization for stability but, rather, stabi-
lizes associated 70S ribosomes.
Loss of DosR has a destabilizing effect on the ribosome and

rRNA during hypoxia (Figs. 2 and 3). The stability of rRNA is
closely related to viability. Davis et al. (48) stipulated that ribo-
somal degradation during starvation is not the result of cell
death but rather its cause. Our data show that rRNA stability
and viability are interdependent and that the loss of one leads to
the loss of the other. In the case of hypoxia, viability falls simul-
taneously with the loss of rRNA stability. However, the exact
causality is not clear. Changes in the composition of ribosomes

FIGURE 5. MS analysis using multiple reaction monitoring indicates
that MSMEG_3935 is absent from hypoxic M. smegmatis �dosR cul-
tures. MSMEG_3935 is absent from M. smegmatis �dosR ribosomes dur-
ing hypoxia. Ribosomes from hypoxic stationary phase cultures of
M. smegmatis wild type (A) and M. smegmatis �dosR (B) were isolated and
analyzed by tandem mass spectrometry using the multiple reaction
monitoring method. The transitions used to detect peptides from
MSMEG_3935, MSMEG_1878, and ribosomal proteins L7/12 and S2 are
listed in supplemental Table S4.

FIGURE 6. Model of ribosomal stability during stasis. Active growth is characterized by the presence of actively translating ribosomes present either as 70S
monomers or polysomes or free 50S and 30S subunits as they progress through the ribosomal cycle. Upon the cessation of growth (or exposure of stress), the
S30AE domain proteins (RafH and RafS) become ribosome-attached and promote the associated form of the ribosome (70S), therefore leading to its stabili-
zation and perhaps translational quiescence. We suggest that the S30AE-bound subpopulation of ribosomes is protected to allow the outgrowth of bacteria
following stasis. Ribosomes that are not bound by S30AE proteins are more likely to expose the interface of the subunits, which serves as the substrate for endo-
and exoribonucleases. Cleavage is likely to occur in a specific manner, leading to the fragmentation of rRNA (see Fig. 2). Although ribosomes may continue to
exist with fragmented rRNA, perhaps as a “sacrificial population” to carry out the translation necessary to survive prolonged stasis, they eventually begin to
disappear, leading to the complete degradation of the ribosome, breaking down first the 30S subunit leading to a 50S bias followed, finally, by the loss of the
50S subunit. S30AE, denotes RafH (MSMEG_3935) or RafS (MSMEG_1878); N, specific endonucleases; X, specific exonucleases; L9, large ribosomal subunit
protein L9; EF-Tu, elongation factor Tu.

DosR Mediates the Stability of Mycobacterial Ribosomes

24060 JOURNAL OF BIOLOGICAL CHEMISTRY VOLUME 287 • NUMBER 28 • JULY 6, 2012

http://www.jbc.org/cgi/content/full/M112.364851/DC1


during hypoxia provide important clues to a direct role for
DosR in ribosomal stability. �dosR ribosomes contain the
entire complement of integral ribosomal proteins. Therefore,
the apparent loss of stability is unlikely to be intrinsic to the
ribosomal particle. This is an important conclusion, as im-
paired ribosomal subunit assembly is known to lead to a
decrease in the stability of the entire ribosome (56). Impor-
tantly, the “50S bias” and rRNA fragmentation both occur in
�dosR during hypoxia just as in the wild-type strain. However,
they do somore rapidly and to a greater extent. During hypoxia,
�dosR ribosomes are therefore subject to the same processes as
wild-type ribosomes. However, they seem to be more suscepti-
ble to these destabilizing factors than their wild-type counter-
parts. As association is pivotal for themaintenance of ribosomal
stability, the loss of an association-promoting interaction could
lead to loss of stability. We identified MSMEG_3935 as a pos-
siblemediator of ribosomal association.Genetic deletion of this
member of the DosR regulon led to reduced viability during
prolonged hypoxia as well as an apparent decrease in rRNA
stability. It is important to note that not all single deletions of
DosR regulon genes lead to the same phenotype. Individual
universal stress protein deletions were shown to have no effect
on hypoxic survival inM. tuberculosis (57). Studies of the DosR
regulon have to date provided little or no clear mechanistic
insight into the roles of DosR regulon proteins. The reason why
loss of DosR leads to loss of hypoxic viability in mycobacteria is
not known. However, the remarkable phenotype of the
�MSMEG_3935 mutant provides an explanation. Both with
respect to hypoxic survival and heat shock, the�MSMEG_3935
mutant phenocopies the �dosR mutant. Furthermore, provid-
ing MSMEG_3935 in trans fully restores the wild-type pheno-
types to �dosR. These data indicate convincingly that loss of
MSMEG_3935 is responsible for the phenotypes of �dosR in
M. smegmatis and, we argue, also in M. bovis BCG and
M. tuberculosis.
S30AE domain proteins have been best studied in E. coli

where they are involved in ribosomal function and stability. The
two S30AE domain proteins of E. coli are cold shock protein Y,
whose induction interferes with the ribosome cycle and stabi-
lizes the 70S ribosome (58), and hibernation-promoting factor,
which is essential for the maturation of 90S ribosomal particles
to 100S dimers during stasis (31). The action of both E. coli
S30AE proteins is to promote the inherently more stable asso-
ciated form of the ribosome (44), hence they can be thought of
as ribosome-stabilizing factors.
Hibernation-promoting factor and protein Y in E. coli and

light-repressed transcript A (LrtA) in the cyanobacterium Syn-
echococcus PCC 7002 (another S30AE domain protein) are de
facto inhibitors of translation (31, 59, 60). Their expression and
ribosomal association is induced during periods that are not
favorable to bacterial growth. Their activitywould allow the cell
to control translational activity without having to alter the ribo-
somal pool at great biosynthetic and energetic cost. Do
MSMEG_3935 and MSMEG_1878 share this function? Their
expression pattern during stasis would support this hypothesis.
MSMEG_3935 and its homologue in M. tuberculosis, Rv0079,
are induced during hypoxia (9, 61), and MSMEG_1878 is
expressed more highly during carbon-limited conditions in

M. smegmatis (61), as is its homologue in M. tuberculosis,
Rv3241c (62). We have established during this study that they
do associate to the ribosome exclusively during stasis: hypoxic
stasis in the case of MSMEG_3935 and both hypoxic and car-
bon-starved stasis in the case of MSMEG_1878. Furthermore,
loss of MSMEG_3935 has a detrimental effect on survival dur-
ing hypoxia. It is worthwhile noting that the detected levels of
MSMEG_3935 and MSMEG_1878 do not match those of
the ribosomal proteins to which they associate. Therefore,
MSMEG_3935/MSMEG_1878-associated ribosomes account
for only a proportion of the total ribosomal population. The
direct action of either of these proteins on ribosomal activity
remains to be explored further. The role of MSMEG_1878
remains to be determined, but its function in M. smegmatis is
probably distinct, as MSMEG_1878, although associated with
the ribosome during hypoxia, does not compensate for the
absence of MSMEG_3935. For this reason, we suggest to
rename MSMEG_3935 to RafH (ribosome-associated factor
during hypoxia) and MSMEG_1878 to RafS (ribosome-associ-
ated factor during stasis).
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