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ABSTRACT

DEAD-box RNA helicases are enzymes that unwind RNA duplexes and are found in virtually all organisms. Most organisms
harbor multiple DEAD-box helicases, suggesting that these factors participate in distinct aspects of RNA metabolism. To define
the individual and collective contribution of the five DEAD-box helicases in the bacterium Escherichia coli (E. coli), nonpolar
deletion mutants lacking single or multiple DEAD-box genes were constructed. An analysis of the single-deletion strains
indicated that the absence of either the DeaD or SrmB RNA helicase causes growth and/or ribosomal defects under typical
laboratory growth conditions. The analysis of strains lacking multiple DEAD-box genes showed cumulative growth defects at
low temperatures. A strain deleted for all five DEAD-box genes was also constructed for these studies, representing the first time
all DEAD-box genes have been removed in any organism. Additional investigations revealed that the growth and ribosomal
defects of such a DEAD-box deficient strain can be sharply attenuated under alternative conditions, indicating that the defects

caused by a lack of DEAD-box genes are modulated by growth context.
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INTRODUCTION

Different classes of RNA molecules play a variety of func-
tions in the cell, which include important roles in trans-
lation, gene regulation, and the transfer of genetic informa-
tion. The function of RNA is critically dependent upon its
ability to adopt productive secondary and tertiary confor-
mations. For that purpose, cells contain a number of factors
that promote correct RNA folding or resolve incorrect struc-
tures. One prominent class of such factors includes RNA
helicases, which regulate RNA structure through their ability
to unravel duplex RNA into single strands using energy de-
rived from nucleotide triphosphates (Cordin et al. 2006;
Linder 2006).

The known RNA helicases can be grouped into five
superfamilies that share a number of characteristic motifs
(Gorbalenya et al. 1989; Tanner and Linder 2001). Among
these, the majority of RNA helicases are members of the
DEAD-box family, which belongs to the SF2 superfamily of
RNA helicases. DEAD-box RNA helicases are characterized
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by the presence of nine sequence motifs distributed over
350-400 amino acids (Gorbalenya et al. 1989; Rocak and
Linder 2004; Cordin et al. 2006). These motifs are variously
involved in binding substrate RNA, nucleotide triphos-
phate (NTP), magnesium ion, or in NTP-coupled unwind-
ing of duplex RNA. Apart from a canonical RNA duplex
unwinding activity, several DEAD-box helicases possess
additional functions, including RNA chaperone, RNA an-
nealing, strand exchange, and protein displacement activity
(Jankowsky et al. 2001; Fairman et al. 2004; Yang and
Jankowsky 2005; Rajkowitsch et al. 2007). Such properties
indicate that DEAD-box proteins can be even more
versatile than was previously appreciated.

Escherichia coli is a well-established model organism for
studying RNA metabolism that harbors five DEAD-box
RNA helicases: DbpA, RhlB, SrmB, DeaD (CsdA), and RhIE
(Kalman et al. 1991; Iost and Dreyfus 2006). DbpA in-
teracts specifically with helix 92 of 23S ribosomal rRNA
(rRNA), an interaction that promotes its ATPase and
helicase activity (Diges and Uhlenbeck 2001). RhIB is an in-
tegral component of the “RNA degradosome,” an RNA de-
grading complex that includes two ribonucleases (RNases),
ribonuclease E and polynucleotide phosphorylase (Coburn
et al. 1999; Khemici and Carpousis 2004; Khemici et al.
2005). SrmB and DeaD are implicated in ribosome bio-
genesis as assembly factors and the absence of either confers
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a cold-sensitive growth phenotype (Charollais et al. 2003,
2004). No role for RhIE has been established, though it was
recently shown to modulate the function of SrmB and
DeaD (Jain 2008).

DEAD-box proteins are present in virtually all organ-
isms, which support the notion that these proteins are
required in key RNA metabolic processes. In many model
organisms, several DEAD-box proteins have also been found
to be essential. For example, each of the two DEAD-box
genes in Mycoplasma genitalium (M. genitalium), a bacterium
with a reduced ~0.6 Mb genome, is required for viability
(Glass et al. 2006). Similarly, of the 26 DEAD-box genes
in Saccharomyces cerevisiae (S. cerevisiae), 18 are essential
(Linder et al. 2000). In contrast, none of the five E. coli genes
is individually required for growth (Iost and Dreyfus 2006).
This raises the possibility that either the E. coli DEAD-box
proteins do not perform any essential cellular function, or
that they possess redundant functions that allow individual
DEAD-box genes to be deleted without dramatic conse-
quences. To address these issues, we constructed a suite of
E. coli mutant strains that lack different combinations of
DEAD-box proteins. A phenotypic and molecular analysis
of these strains is described below.

RESULTS AND DISCUSSION

To study the consequences of removing DEAD-box genes,
isogenic strains containing DEAD-box gene deletions were
created in strain MG1655%. MG1655* is a direct derivative of
MG1655, the first sequenced E. coli strain, which unlike the
latter, contains a wild-type allele for the Ribonuclease PH
gene (Blattner et al. 1997). Deletion alleles of helicase genes,
obtained from the Keio collection of E. coli gene deletion
strains (Baba et al. 2006), were transferred into MG1655*
by P1 transduction and gene deletion was confirmed by PCR
after each round.

Analysis of single-deletion strains

A first set of mutant strains examined contained single
nonpolar deletion mutations in each of the five DEAD-box
genes. An initial analysis of these strains was carried out by
measuring growth rate in rich medium at 37°C. Strains
containing AdbpA, ArhiB, ArhiE, or AsrmB deletions grew,
as well as the wild-type strain, but the AdeaD strain con-
sistently grew with a 4-5 min longer generation time as
compared to the wild-type strain (Fig. 1A). Similar growth
rate measurements were also performed at 25°C to test for
a low-temperature growth phenotype. These measurements
showed a marked reduction in the growth rate of the
AdeaD strain as compared to the wild-type strain and a
small reduction for the AsrmB strain. These results are
consistent with a cold-sensitive phenotype reported pre-
viously for the AdeaD and AsrmB strains (Charollais et al.
2003, 2004). Additional experiments indicated that the
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FIGURE 1. Characterization of single DEAD-box gene-deletion
strains. (A) Doubling time measurements. Saturated cultures of the
wild-type strain, MG1655%, and its derivatives containing DEAD-box
gene deletions were subcultured into rich medium, and grown at 37°C
or 25°C with periodic measurements of cell density within the ex-
ponential growth phase. Cell doubling times and standard deviations
were calculated based on eight to 10 replicates. (B) 23S rRNA
processing. Total RNA was isolated from MG1655* or DEAD-box
gene-deletion strains grown in rich medium at 37°C. Processing of
23S rRNA at the 5’ end was analyzed by primer extension using
a labeled oligonucleotide complementary to 23S rRNA. The position
of the processed 5’ end and a precursor that contains seven un-
processed nucleotides is indicated. The ratio of unprocessed to pro-
cessed RNAs (U/P) is also indicated for each sample. (C) Ribosome
analysis. Cell lysates were prepared from MG1655* or from AdeaD
and AsrmB strains grown at 37°C in rich medium. Ribosome profiles
were generated following ultracentrifugation of clarified cell extracts
on a 14%-32% sucrose gradient. The positions of the 70S ribosomes
and of the 50S and 30S subunits are indicated. An increased density at
~40S observed in AdeaD and AsrmB mutants, which corresponds to
50S precursors, is indicated by an arrow. A quantitation of the
normalized amounts of 70S ribosomes, the individual subunits and
the precursors (indicated in italics), is shown at the bottom. The
precursors are assumed to be present at negligible levels in the wild-
type strain.

growth defects of AdeaD and AsrmB strains were even
more pronounced at lower temperatures (data not shown).
To rule out the possibility that the observed defects were
not caused by changes in the expression of a gene abutting
deaD or srmB, the corresponding deletion strains were
transformed with deaD or srmB plasmids, respectively. In
each case, growth rates comparable to the wild-type strain
were observed at 25°C (data not shown).

Defects in processing of 23S ribosomal RNA (rRNA) at
both the 5" and 3’ ends have been observed in deaD and
srmB strains at low temperatures (Srivastava and Schlessinger
1990; Charollais et al. 2003, 2004), but no such defects have
been previously reported at 37°C. The processing defects in
the former case include the accumulation of precursors
containing three to seven unprocessed nucleotides at the
5" end and seven to nine unprocessed nucleotides at the
3’ end. To explore the possibility that similar processing
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defects can also occur at 37°C, total RNA was isolated from
a wild-type strain and each of the single-deletion strains
grown at 37°C, and 5'-end processing of 23S rRNA was
analyzed by primer extension. Two mutants showed in-
creased levels of rRNA precursors. In the AdeaD strain, the
fraction of rRNA containing seven unprocessed nucleotides
at the 5’ end was found to be 0.12 as compared to 0.03 in
a wild-type strain (Fig. 1B). A AsrmB deletion strain also
showed significant accumulation of unprocessed RNA, with
an unprocessed to processed rRNA ratio of 0.17 (Fig. 1B).
The latter result was unexpected because the AsrmB strain,
unlike the AdeaD strain, showed no associated growth
defect at 37°C (Fig. 1A). Additional analysis of the 3’ end of
23S rRNA indicated that the levels of 3'-end precursors in
AdeaD and AsrmB strains were similarly elevated three- to
fourfold over the wild-type strain (data not shown).

The increased levels of unprocessed RNA in AdeaD and
AsrmB strains suggested that there could be additional
ribosomal defects as well. To investigate this possibility,
ribosomal profiles were generated from wild-type, AdeaD,
and AsrmB strains grown at 37°C. Each strain showed the
expected peaks corresponding to 70S ribosomes and to the
30S and 50S ribosomal subunits. However, the mutant
strains also displayed a noticeable accumulation of aberrant
particles that sediment at around 40S and account for 4%-—
5% of the ribosomal particles (Fig. 1C). In addition, the
levels of 50S particles, as compared to the 30S subunits,
were reduced slightly, consistent with the 40S particles
harboring precursors of the 50S subunits (Charollais et al.
2003, 2004). A similar profile has been recently reported
for a AdeaD strain grown at 37°C (Peil et al. 2008). The
profiles from the mutant strains were qualitatively similar
to those observed at low temperatures; conditions under
which the accumulation of the 40S particles is accentuated
in the mutant strains (Charollais et al. 2003, 2004). We
conclude that DeaD and SrmB contribute to 50S ribosomal
subunit biogenesis not only at low temperatures, but also at
37°C, near the optimum temperature for E. coli growth.

Construction and analysis of multiple-deletion strains

An important question concerning DEAD-box helicases
is whether cellular defects become more pronounced as
DEAD-box helicases are successively deleted, and specifi-
cally, whether it is possible to delete all five DEAD-box
helicase genes in E. coli. To address these questions, a series
of multiple-deletion strains was constructed (Fig. 2A).
Noting that only deaD or srmB deletions gave rise to
significant defects, double mutant strains lacking each of
these genes (AdAs and AsAd) were constructed first. Three
triple-deletion mutant strains lacking one additional heli-
case were then made, followed by three quadruple-deletion
mutants that contained only one functional DEAD-box
gene (dbpA, rhiB, or rhiE). Finally, a quintuple mutant (A5)
strain that lacks all five DEAD-box helicase genes was

1388 RNA, Vol. 16, No. 7

A B
MG1655*
AdeaD AsrmB
1500 bp—
AdAs AsAd
+ 1000 bp—|
AdASADA AdASATB AdASATE

500 bp—|

ASAdADA ASAdArB

v

AdASAAATE
ASADArEAdA

ASAAATE

AdASArBATE
ASADArEArB

AdASAdAArB
ASAJArBAdA

ADASArBArEAdA ADASAJAATEArB AJASAJAArBArE

FIGURE 2. Construction of multiply mutated strains. (A) Strain
construction strategy. Strains deleted for up to five DEAD-box genes
were constructed sequentially. The starting single-deletion strains
lacked either deaD or srmB. Two double-deletion strains (AdAs or
AsAd; d = deaD, s = srmB) lacking both genes were created from either
single mutant. Duplicate isolates of three triple mutant strains were
derived from AdAs or AsAd. Next, two isolates for each of the three
quadruple mutant strains were made from the triple mutant strains.
Finally, three independent isolates of the quintiple mutant strain (A5)
were derived from these quadruple mutants. dA = dbpA; rB = rhiB;
and rE = rhlE. For each multiply deleted isolate, the order in which
sequential deletions were introduced is from left to right. A fourth
A5 isolate (not shown), in which the AdeaD deletion was introduced
last, was made via a different route (AdAArBArEAsAd). The succes-
sive transfer of deletion alleles at each step was confirmed by PCR
genotyping of all strains. (B) PCR verification of DEAD-box gene de-
letion. A A5 strain isolate was subjected to colony PCR using primer
sets that hybridize 250-500 base pairs (bp) upstream of and 100-250
bp downstream from each DEAD-box gene. Lanes I-5 correspond
to PCR using primer sets for dbpA, deaD, rhiB, rhlE, or srmB, re-
spectively. The expected sizes of the PCR products are 0.69 kilobases
(kb) for the AdbpA deletion allele and 0.60 kb for each of the other
four deletion alleles. M = 100 bp DNA molecular weight marker.
None of these products was obtained when DNA from strains
containing wild-type alleles was used instead (data not shown).

successfully constructed. Because of the possibility that
suppressor mutants might have arisen if any of the mutant
strains were to exhibit a significant growth defect, each
multiply mutated strain was constructed independently
a minimum of two times, and in particular, the A5 strain
was made four times. PCR verification to confirm that all
five DEAD-box genes were deleted in one isolate of the A5
strain is shown in Figure 2B.

To determine the consequences of deleting multiple
DEAD-box genes, first, growth rates were measured for
the multiple-deletion strains in rich medium at 37°C. As
controls, the wild-type and AdeaD strains were also in-
cluded. Growth measurements revealed that each of the
multiple mutants grew more slowly than a wild-type strain,
but none grew significantly slower than the singly mutated
AdeaD strain (Fig. 3A). These results suggested that the
absence of deaD is primarily responsible for the growth
defects of the multiply mutated strains at 37°C. Consistent
with this inference, we found that combined deletion of
the other four helicases genes (dbpA, rhiB, rhiE, and srmB)
from MGI1655* increased the cell doubling time by just
~20% as compared to the increase observed for the singly
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FIGURE 3. Characterization of multiply mutated strains. (A) Growth rate measurements. Multiply deleted strains were grown in rich medium at
37°C or 25°C, and cell density was measured during exponential phase growth. Mean cell-doubling times and standard deviations are based on
eight to 12 cultures using two independent isolates of each multiple-deletion strain or four isolates of the A5 strain (Fig. 2A). No statistically
significant growth rate differences were found between different isolates of any mutant strain, suggesting an absence of growth suppressors. For
comparison purposes, doubling times of the wild-type and AdeaD strains were also measured. (B,C) RNA and ribosomal analyses. Four strains:
wild-type, AdeaD, AdAs, and A5 were grown at 25°C, and separately harvested for RNA or ribosomal analysis. (B) RNA was isolated and analyzed
by primer extension using a 23S rRNA-specific labeled oligonucleotide (Materials and Methods). The positions of unprocessed and processed
RNA ends, as well as the relative amounts of the two products (U/P), are indicated. (C) Cell extracts were analyzed by sucrose density gradient
ultracentrifugation. The positions of 70S ribosomes and the ribosomal subunits (50S and 30S) are shown. These particles, as well as precursors of
the 50S subunit that sediment at 40S, were quantified as described for Fig. 1C.

deleted AdeaD mutant (data not shown). Next, growth rate
measurements were performed in rich medium at 25°C.
Under these conditions, a progressive trend of increasing
doubling times with successive gene deletion was observed
(Fig. 3A). These observations indicated that there are ad-
ditive effects of deleting multiple helicase genes on growth
at low temperatures. In particular, the cell doubling time
for the A5 strain (181 min) was significantly longer than for
the AdeaD strain (140 min). The growth phenotypes were
corroborated by rRNA processing and ribosome analysis
of four strains: wild-type, AdeaD, AdAs, and A5. Primer
extension to measure 5'-end processing indicated an in-
creasing ratio of unprocessed to processed 23S rRNA at
25°C, ranging from 0.35 in the wild-type strain to 1.84 in
the A5 strain (Fig. 3B). Similarly, ribosomal analysis
indicated significant defects in the mutant strains (Fig.
3C). In particular, each mutant strain displayed reduced
amounts of 70S ribosomes in relation to 30S subunits, an
accumulation of 40S precursors and decreased levels of 50S
subunits. These defects are symptomatic of an increasing
failure of the mutant cells to convert 40S precursors into

50S subunits and to form functional ribosomes. The mag-
nitude of the ribosomal defects was least for the AdeaD
mutant, slightly greater for the AdAs double mutant, and
greatest for the A5 mutant. Additional ribosome profiling
experiments indicated that the ribosomal defect observed
in a strain lacking dbpA, deaD, and srmB, three DEAD-box
genes with an established role in ribosome interaction or
assembly, is less severe than in a A5 strain (data not
shown), indicating that the remaining two helicases, RhiB
and RhIE, also contribute to ribosome biogenesis when
DbpA, DeaD, and SrmB are absent. Overall, these analyses
demonstrate cumulative low-temperature growth defects as a
consequence of deleting multiple DEAD-box genes in E. coli.

The defects of the A5 strain are growth-condition
dependent

To further explore the consequences of deleting DEAD-box
genes, growth rates of the single mutant strains were
measured under several different conditions. Although no
differences were observed between a wild-type strain and
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those containing AdbpA, ArhiB, ArhlE, or AsrmB deletions
(data not shown), surprisingly, we noted that in minimal
medium at 37°C, the AdeaD strain grew just as rapidly as
the wild-type strain. This contrasts with a 15%-20%
increase in the doubling time for the AdeaD strain in rich
medium at 37°C (Figs. 1A, 3A). To extend these observa-
tions, growth of the wild-type and A5 strains was also
compared. As shown in Figure 4A, the doubling times of
wild-type strain, the AdeaD strain, and the A5 strain in
minimal medium at 37°C were statistically indistinguish-
able, indicating a lack of any substantial growth defect.

To ascertain whether the effects on growth in minimal
medium extend to lower temperatures, the wild-type and
A5 strains were grown at 25°C. Under these conditions, the
doubling time for the A5 strain was 25% greater than for
a wild-type strain (Fig. 4A). This contrasts with a much
greater 150% increase in rich medium at 25°C (Fig. 3A).
Thus, the attenuation of growth defects for a A5 strain in
minimal medium extends to low temperatures as well.

To determine whether a lack of growth defect for the A5
strain in minimal medium is correlated with ribosomal
integrity, ribosome profiles of the A5
strain grown in rich or minimal me-
dium at 37°C were compared. The A5
strain ribosomal profile was found to

A

generated. Whereas, the latter strain shows an expected
ribosomal defect at 37°C, with a significant accumulation of
40S particles and reduced levels of 50S subunits (Fig. 4B),
these defects were slightly reduced at 41°C and considerably
so at 45°C (Fig. 4C). Therefore, a relatively modest increase
in growth temperature was sufficient to alleviate the
ribosomal defects associated with a loss of DEAD-box
helicases. These observations were extended using RNA
analysis to compare the extent of 23S rRNA processing at
different temperatures. These analyses showed a progressive
reduction in the amount of unprocessed RNA in the A5
strain as the growth temperature was increased (Fig. 4D).
Specifically, the ratio of unprocessed to processed rRNA in
the A5 strain was reduced from 0.46 at 37°C to 0.15 at
45°C. The comparable numbers for the wild-type strain
over this temperature range were 0.07-0.08. Overall, these
data indicate that the defects associated with the absence of
helicases are sensitive to the environmental conditions
experienced by cells during growth.

DEAD-box helicases have been implicated in a number of
important cellular processes. However, in most instances, the
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observe any significant differences in the AB
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tance of these unwinding factors to re-
store correct RNA folding (Noble and
Guthrie 1996; Mohr et al. 2002). Con-
versely, elevated temperatures could be
a condition under which the defects
caused by a lack of DEAD-box helicases
become minimized. To test this predic-
tion, the wild-type and A5 strains were
grown at 37°C, 41°C, or 45°C in rich
medium, and ribosome profiles were
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FIGURE 4. Analysis of mutant strains in minimal medium and at elevated temperatures. (A)
Cell doubling times for wild-type, AdeaD, and A5 mutants in minimal medium at 37°C or
25°C. Mean and standard deviations are based on four cultures per strain. n.d. = not determined.
(B,C) Ribosome profiles of the wild-type and A5 strains. The positions of 70S ribosomes and
ribosomal subunits (50S and 30S) are indicated, and the location of 40S precursor particles is
indicated by an arrow. Profiles were generated and quantified as described for Fig. 1C. (B)
Ribosome profiles of the strains grown in rich or minimal medium at 37°C. (C) Ribosome
profiles of the strains grown in rich medium at 41°C or 45°C. (D) Analysis of 23S rRNA
processing in wild-type and A5 strains grown at 37°C, 41°C, or 45°C in rich medium. The
positions of the processed and unprocessed 5" ends are shown. The ratios of the unprocessed to
processed RNAs (U/P), averaged over five independent experiments, are indicated.



E. coli strains lacking DEAD-box helicases

precise functions of DEAD-box helicases inside the cell are
not known. As most organisms contain multiple DEAD-box
helicases, it suggests that different DEAD-box helicases could
possess distinct functions. In that event, the analysis of single
mutants, coupled with the use of appropriate assays, could
help to delineate their individual cellular contributions.
However, it is also possible that different sets of DEAD-
box helicases could share common or overlapping func-
tions. To identify such related helicase functions, it would
then be necessary to analyze multiple mutants. Here, we
present the findings derived from an analysis of single- and
multiple-deletion mutant strains.

We observed that singly mutated strains lacking DeaD or
SrmB exhibit defective rRNA processing and ribosomal
maturation, not only at low temperatures as previously
described, but also at 37°C in rich medium. Under these
conditions, 23S rRNA by itself can account for 50% of total
cellular RNA by weight (Nomura et al. 1984). Hence, both
SrmB and DeaD are involved in a major metabolic process.
In addition, a series of multiple-deletion strains was con-
structed to ascertain whether the viability of the single-
deletion strains could be explained by the presence of
overlapping functions shared by different helicases. These
included the successful construction of a strain lacking all five
DEAD-box helicases, demonstrating that a lack of DEAD-
box helicase activity does not cause inviability. However, as
our analysis shows, under certain conditions, such as at low
temperatures, the loss of all five DEAD-box helicases causes
a greater defect as compared to the loss of any subset of these
factors (Fig. 3). These observations indicate a collective role
of these enzymes for maintaining optimal cellular fitness.

In addition, we observed that many defects associated
with the loss of the DEAD-box helicases can be alleviated
by growing helicase-deficient strains under alternative con-
ditions. One such condition was minimal medium, whereby
growth rate differences between a wild-type and A5 strain
were abolished. Another condition was growth at elevated
temperatures, which resulted in considerable attenuation
of the ribosomal defects of a A5 strain. These examples
highlight the role of environmental conditions in regulating
the mutant phenotype. Using a similar analogy, we spec-
ulate that a rigorous search may help to identify conditions
under which the role of DEAD-box helicases, either col-
lectively or individually, become much more significant
than under the limited set of conditions tested here.

MATERIALS AND METHODS

Strain construction

MG1655* (F LAM") was the wild-type strain used in this study.
Strains containing marked DEAD-box helicase gene deletions
were obtained from the Keio collection (Baba et al. 2006), and
the deletions were transduced into MG1655* using P1 phage.
Subsequently, a kanamycin-resistance (kan®) cassette used for

selection was removed by FLP-mediated excision to leave behind
a nonpolar deletion (Datsenko and Wanner 2000). Each gene
deletion was confirmed by PCR using cells or genomic DNA as
a template. The primers sets used for verification of the deletion
alleles are as follows:

AdbpA: 5'-GTAACAAAAGCAATTTTTCCGG-3" and 5'-GGTTA
ACGGGGGTGATCTGGCG-3';

AdeaD: 5'-GATACGCATTGTTGGAATTATCGC-3" and 5'-GCA
GAGAAAACATCCCTGCGCC-3';

ArhiB: 5'-GGCGATCATTTTGCACGGACCGC-3" and 5'-GCGTT
TTATTCGCGTCAGCGTCTGG-3';

ArhilE: 5'-GTCATGGCAGGATTATTCATCGC-3' and 5'-GGCTA
TAGAGAAGTAACGTCTCGG-3'; and

AsrmB: 5'-GCCCATGCGCCCAATAAAATACC-3" and 5'-GTGT
GTTGAAGAGAGTTTTGTGGC-3'.

Growth studies

To measure cell doubling time, saturated cultures were diluted 50-
fold into 5 mL of rich medium (LB medium supplemented with
0.2% glucose and 1 mM MgSO,) or minimal medium (1X M9
salts, 0.2% glucose, and 1 mM MgSO,). Cultures were incubated
with shaking to an ODggo of ~0.2. One-milliliter aliquots were
then removed at regular intervals to measure cell density during
exponential phase growth, and doubling times were calculated by
regression of the data points obtained.

Ribosome and RNA analysis

Strains were grown in 40 mL of rich or minimal medium and
harvested at an Agqg of 0.2-0.5. Cells were lysed by sonication, and
ribosome profiles were generated by sucrose density gradient ul-
tracentrifugation, as described previously (Jain 2008). Each ribo-
some profile experiment was repeated three to eight times. Quan-
titation of the different ribosomal particles is based on averages
derived from two to three matching sets. For RNA isolation, cells
were grown under the conditions specified and RNA was extracted
from using the hot-phenol method (Aiba et al. 1981). Primer
extension reactions to assay 5’-end maturation of 23S rRNA were
carried out using a radioactively labeled oligonucleotide primer
that anneals 35-55 nucleotides from the 5 end of mature 23S
rRNA, as described previously (Slagter-Jager et al. 2007). The
primer extension products were separated on a 6% polyacryl-
amide-8 M urea sequencing gel, dried, and visualized using
a Molecular Dynamics Storm 840 PhosphorImager.
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