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ABSTRACT

Escherichia coli DbpA is an ATP-dependent RNA
helicase with specificity for hairpin 92 of 23S
ribosomal RNA, an important part of the peptidyl
transferase center. The R331A active site mutant
of DbpA confers a dominant slow growth and cold
sensitive phenotype when overexpressed in E. coli
containing endogenous DbpA. Ribosome profiles
from cells overexpressing DbpA R331A display
increased levels of 50S and 30S subunits and
decreased levels 70S ribosomes. Profiles run at
low Mg2+ exhibit fewer 50S subunits and accumulate
a 45S particle that contains incompletely processed
and undermodified 23S rRNA in addition to reduced
levels of several ribosomal proteins that bind late in
the assembly pathway. Unlike mature 50S subunits,
these 45S particles can stimulate the ATPase
activity of DbpA, indicating that hairpin 92 has not
yet been sequestered within the 50S subunit.
Overexpression of the inactive DbpA R331A mutant
appears to block assembly at a late stage when
the peptidyl transferase center is formed, indicating
a possible role for DbpA promoting this confor-
mational change.

INTRODUCTION

Biogenesis of the two subunits of the Escherichia coli 70S
ribosome involves coordinated transcription, processing
and folding of three ribosomal RNA (rRNA) molecules
and sequential binding of the 54 ribosomal proteins
(r-proteins) (1,2). Ribosome assembly proceeds in vivo
through at least two known small subunit (30S) precursors
(3,4) and three known large subunit (50S) precursors (3–6)

that are short-lived at normal growth conditions (7).
Reconstitution of subunits from rRNA and total
r-proteins (TP30 and TP50) in vitro is characterized by
intermediate particles (8–10) that are similar to the
precursors observed in vivo (2,11,12). The resulting
assembly maps that define the sequence of r-protein
binding events during in vitro reconstitution of both
subunits (13,14) are generally thought to be good models
for the biogenesis of ribosomes in vivo. However,
successful reconstitution of subunits in vitro requires
non-physiological conditions such as long incubation
times and elevated temperatures to overcome kinetic
barriers due to misfolding of the rRNA (15).
Several proteins have been identified as assembly

cofactors that interact transiently with the maturing
ribosome and may serve to overcome similar kinetic
barriers in vivo (16,17). More than 20 E. coli ribosomal
assembly factors identified to date can be classified in three
groups: maturation factors, GTPases and DEAD-box
proteins (16). Although the precise roles in assembly for
most of these factors are not well defined, a majority of
these ribosomal assembly factors have been implicated in
50S subunit assembly, possibly due to its more complex
tertiary structure (18,19) compared to the 30S subunit.
One 50S assembly cofactor that is particularly well

characterized is DbpA, an E. coli DEAD-box protein
with ATPase activity that is strongly stimulated by 23S
rRNA (20,21). The C-terminal domain of DbpA
resembles an RNA Recognition Motif (RRM) and binds
tightly and specifically to hairpin 92, which is part of the
peptidyl transferase center (PTC) of 23S rRNA (20–24).
Two N-terminal RecA-like domains bind RNA weakly
and non-specifically and form the ATP binding pocket
between them (22). In the presence of 23S rRNA, intact
DbpA binds tightly to hairpin 92 and its ATPase activity
is activated by nearby rRNA residues that contact the
RecA-like domains. When in the presence of other
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RNAs, DbpA is difficult to saturate but can show much
lower rates of ATPase activity (21,25). DbpA has been
demonstrated to be a non-essential gene at various
growth conditions (26,27). However, an active site
mutant, dbpA R331A, confers a dominant negative slow
growth phenotype when overexpressed in a wild-type
background (28). The DbpA R331A protein binds
rRNA normally but is severely impaired in ATPase and
helicase activities compared to wild-type DbpA protein.
The ATPase activity of DbpA is not stimulated by
mature 50S subunits or 70S ribosomes, leading to the
hypothesis that DbpA is involved in ribosome assembly
rather than translation (21).
Here, we examine the role of DbpA in 50S assembly by

characterizing 45S particles that accumulate in the DbpA
R331A mutant strain. Formation of the 45S particle is
accompanied by defects in rRNA processing and
modification. Analysis of the protein composition of the
45S particle reveals depleted levels of proteins, including
the late-binding protein L16, which binds near the PTC
and the 23S rRNA binding site of DbpA. These particles
stimulate DbpA ATPase activity but this activity alone is
not sufficient to reconstitute mature 50S subunits. Taken
together these results suggest a possible mechanism of
DbpA action during the timeline of 50S subunit
maturation.

MATERIALS AND METHODS

Protein, RNA and DNA preparation

Site-directed mutagenesis and purification of DbpA,
DbpA R331A, DbpA K53A and DbpA E154A proteins
were performed as described previously (28,29).
BL21(DE3) �dbpA was a generous gift from I. Iost. The

deletion was originally constructed in the strain WJW45
by replacing the dbpA ORF with a kanamycin resistance
gene (30). The dbpA deletion was tagged with Tn10 using
the CAG12081 strain (zda-3061::tn10) and then
P1-transduced into the BL21(DE3) strain. The resulting
strain is kanamycin and tetracycline resistant.
Native E. coli ribosomal RNA (23S+16S rRNA),

RNA from ribosomal subunits collected from sucrose
gradients (described below), and the 23S rRNA transcript
transcribed from pCW1 (21) were prepared as described
previously (30). The 32 nucleotide minimal substrate for
DbpA (31,32) and 20-O-methyl U2552 derivative were
purchased from IDT DNA.
DNA primers were purchased from IDT DNA and

50-32P labeled with polynucleotide kinase and g-32P ATP.
Labeled DNA was purified by 20% denaturing PAGE,
extracted from the gel by passive elution overnight at
4�C and then precipitated with ethanol. Primers 1, 2 and
3 were complementary to residues 35–55, 2567–2592 and
2519–2545 of 23S rRNA, respectively.

Ribosome profiles

Plasmids containing wild-type dbpA or mutants dbpA
R331A, dbpA K53A, or dbpA E154A were transformed
into E. coli TunerTM (DE3) pLacI (Novagen) modified
to be RecA� (a gift from M.E. Saks), grown to

OD600� 0.3–0.4, quick-cooled by pouring over ice, and
harvested by centrifugation. Cells were lysed as described
previously (33), except the lysis buffer contained 20mM
Hepes pH 7.5, 30mM NH4Cl, 10mM MgCl2 and 4mM
b-Mercaptoethanol. Clarified lysate was layered over 40%
sucrose in buffer A (10mM MgCl2, 20mM Hepes KOH
pH 7.5, 150mM NH4Cl, 4mM b-mercaptoethanol) and
centrifuged twice in a Type 70.1 Ti rotor in a Beckman
Optima LE-80K ultracentrifuge at 42 000 rpm and 4�C for
15 h to purify the ribosomes. Pelleted ribosomes were
resuspended in buffer B (10mM MgCl2, 50mM Hepes–
KOH pH 7.5, 50mM KCl), aliquoted, and used
immediately or flash frozen and at �80�C. To separate
polysomes, 70S ribosomes, and the individual subunits,
clarified lysate or purified ribosomes were loaded onto
linear gradients containing 10–50% sucrose in buffer A
and centrifuged in a Beckman SW-41 rotor at
24 000 r.p.m. and 4�C for 13.4 h. To completely dissociate
all polysomes and 70S ribosomes into the individual
subunits, clarified lysate or purified ribosomes were
loaded onto linear gradients containing 20–40% sucrose
in buffer C (1mM MgCl2, 20mM Hepes–KOH pH 7.5,
150mM NH4Cl, 4mM b-mercaptoethanol) and cen-
trifuged in a Beckman SW-41 rotor at 31 500 r.p.m. and
4�C for 14 h. Gradients were analyzed and fractionated
using a Teledyne Isco density gradient system with a
UA-6 detector and Foxy Jr. fraction collector. Fractions
were collected in a 96-well flat bottom UV–Vis plate and
analyzed with a Molecular Devices plate reader at 254 nm.
Fractions corresponding to 70S, 50S, 45S, or 30S were
pooled and pelleted by centrifuging in a Beckman Type
70.1 Ti rotor at 40 000 r.p.m. and 4�C for 15 h. Pelleted
ribosomes and subunits were resuspended in buffer B and
loaded on subsequent gradients at the same conditions to
further purify the subunits or flash frozen and stored at
�80�C. Analytical ribosome profiles were analyzed by
pumping the gradient through a flow cell cuvette and
measuring the absorbance at 254-nm every 2 s over a
total of 18min with a SpectraMax Plus 384 spectro-
photometer (Molecular Devices). Purified ribosome
subunits and particles from wild-type rrmJ (HB24) and
�rrmJ (HB23) strains (33) were collected by similar
methods.

Recombination of 70S ribosomes from subunits was
performed by incubating equal concentrations of 30S
subunits from MRE600 cells with DbpA 50S subunits
or 45S particles in buffer B at 37�C for 30min. This was
then loaded onto sucrose gradients containing 10mM
Mg2+ and analyzed with a flow cell cuvette as explained
above. Additional recombination experiments were per-
formed in the presence of 1.8mM DbpA and 2mM ATP
or 10 pmol tRNAfmet and 10 pmol of a 27 nucleotide
mRNA (34) and analyzed similarly.

Partial reconstitution of 50S subunits was performed
by adding 1 mM DbpA and 15mM ATP to fresh DbpA
R331A lysates, incubating at 24�C for 60min and
analyzed by running on 20–40% sucrose gradients con-
taining 1mM Mg2+ followed by measuring the
absorbance of the gradient in a flow cell cuvette as
described earlier.
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Primer extension

Detection of single nucleotide modifications was
performed by primer extension in the presence of a low
concentration of dNTPs based on experiments described
previously (35). 50-32P-end labeled 23S DNA primers 2 or
3 (300 nM) was annealed to 23S+16S rRNA or rRNA
purified from 50S subunits or 45S particles (150 nM) in
annealing buffer (500mM Tris–HCl pH 7.5, 500mM
KCl and 100mM DTT) by heating at 95�C for 2min
then 50�C for 5min and cooling on ice for 5min.
Reverse transcription was performed in the presence of
high (1mM) or low (4 mM) dNTPs and 1U AMV RT
enzyme (Promega) and 1� reaction buffer (Promega) at
37�C for 1 h. To each reaction tube, 1 mg of RNaseA was
added and then incubated for 1 h at 37�C. Formamide
load dye was added and the entire reaction loaded on
a 20% acrylamide sequencing gel and run at 100W for
�8 h. Gels were exposed to phosphor screens overnight.

Primer extension to determine the length of the 50-end
of 23S rRNA from purified 50S subunits and 45S particles
was performed using 50-32P end labeled DNA primer 1
annealed to rRNA purified from 50S subunits or 45S
particles as above. Reverse transcription was performed
as above with 1U of AMV RT in the presence of 1mM
dNTPs.

LiCl washed 50S subunits

MRE600 cells grown to midlog at 37�C were lysed and run
on 20–40% sucrose gradients containing 1mM Mg2+ as
explained earlier. Fractions containing 50S subunits were
collected and purified on 40% sucrose cushions as
explained earlier. Purified 50S subunits were washed
with 0.4, 0.6, 0.8, or 1.0M LiCl in wash buffer (1M
Tris–HCl pH 7.5, 1M MgOAc) for 5 h on ice and
pelleted as described previously (11,36). Particles were
resuspended in buffer B, flash frozen and stored at �80�C.

Quantitative analysis of protein levels using
mass spectrometry

Complete ribosomal subunits and sub-ribosomal particles
collected from sucrose gradients were analyzed for
ribosomal protein content by quantitative electrospray
ionization time-of-flight mass spectrometry (ESI-TOF
MS). Total proteins from wild-type 50S, DbpA R331A
50S, DbpA R331A 45S and LiCl washed particles were
first purified by TCA precipitation. Aliquots containing
50–100 pmol of total protein were then mixed with an
equal amount of a standard mixture consisting of
stoichiometric amounts of total proteins isolated from
15N-labeled 50S subunits. The mixture of unlabeled
sample proteins and fully 15N-labeled standard proteins
was digested overnight with trypsin, and then analyzed
using liquid chromatography coupled ESI-TOF MS,
essentially as described previously (37).

The ESI-TOF MS data consists of pairs of peaks
corresponding to unlabeled and fully labeled copies of
peptides. Individual peaks are identified by their charge
and mass/charge ratio and peak pairs are determined by
differences in mass/charge ratios, which correspond to the

number of nitrogens in the peptide. Typically, data is
obtained for multiple peptides for each protein, although
this number varies between samples and with the size of
the protein.
The relative amounts of unlabeled sample and labeled

standard for each pair of peaks are determined by fitting
theoretical isotope distributions to the experimental data
as previously described (37). The unlabeled : labeled ratio
for each protein is determined by averaging the ratios
obtained for all peptides from that protein, including
multiple charge states for a single peptide.
The magnitude of these ratios is dependent upon the

actual amounts of sample and standard mixed together,
so they are normalized such that the value obtained for L3
is one and all other values are relative to the L3 content
of the particle. L3 is chosen as the basis for normalization
as it is both a primary binder expected to be consistently
present at near wild-type levels and is a large protein for
which data from multiple peptides are consistently
obtained. Proteins that are relatively less abundant in
the sample than in the standard will have normalized
unlabeled fractions less than one. In some cases proteins
have normalized ratios slightly larger than one, and this is
attributed to experimental errors and the imperfect use of
L3 as a benchmark as opposed to these proteins actually
being present in super-stoichiometric amounts.
To compensate for differences between strains and

laboratories (the samples and standard mixture are
prepared in two different laboratories), the normalized
ratios from each sample are divided by the normalized
ratios obtained for wild-type 50S particles on a protein-
by-protein basis. The resulting values give the relative
amount of each protein present in the sample as a
fraction of the amount present in wild-type subunits.
As a control to demonstrate the accuracy of the ESI-

TOF MS method, both unlabeled and labeled versions of
the standard mixture were mixed together and the result-
ing ratios normalized to the value obtained for L3. Data
were obtained for 30 proteins, with an average ratio of
0.97� 0.06, which is a good estimate for the error
inherent to the method itself (Supplementary Figure S1).

ATPase assay

The rate of ATP hydrolysis by DbpA in the presence
of 32-mer RNA with and without the 20-O-methyl at
U2552 was measured using the previously described
high-throughput coupled spectroscopic assay (22).
Endpoint or kinetic rates of ATP hydrolysis by DbpA

in the presence of ribosomal subunits or particles were
measured using a TLC plate assay as described previously
(38) with the following modifications. In a total volume
of 25 ml, 100 nM of RNA (transcribed 23S rRNA, purified
ribosome subunits or particles, or LiCl cores) was
incubated with 40 nM DbpA and 20 mM ATP plus
0.1mCi a-32P ATP in buffer (50mM Hepes pH 7.5,
20mM KCl, 5mM MgCl2, 1mM DTT, 0.1% Tween 20)
for 30min at 24�C. At various time points, 2 ml aliquots
(or the entire reaction) were quenched with 500mM
EDTA pH 8, and 2 ml aliquots were spotted on a PEI
cellulose TLC plate, run in a LiCl : Formic acid buffer
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(750mM : 1M), dried, and exposed to a phosphor screen.
The fraction of ATP hydrolyzed was quantitated and
converted to the concentration of ATP hydrolyzed per
DbpA. This value was plotted versus time, and the
resulting linear slopes were determined as the rates of
ATP hydrolysis.

RESULTS

DbpA mutant strains accumulate incomplete large subunits

Ribosomes and polysomes in strains overexpressing either
wild-type or mutant DbpA R331A were analyzed and
compared using sucrose gradient ultracentrifugation. At
37�C, cells overexpressing the mutant exhibited increased
levels of individual subunits and decreased levels of 70S
ribosomes, compared to cells overexpressing wild-type
DbpA (Figure 1A). At 22�C, where the slow growth
phenotype is more severe (28), the proportion of 70S
ribosomes is further reduced in the mutant overexpressing
strain (Figure 1B). Therefore, the slow growth of cells
overexpressing DbpA R331A may reflect the reduced
rate of protein synthesis resulting from fewer actively
translating 70S ribosomes.
Sucrose gradient profiles in low magnesium conditions,

where polysomes and ribosomes dissociate into subunits,
reveal a 45S particle in the strain overexpressing DbpA
R331A mutant at both 37�C (Figure 1C) and 22�C
(Figure 1D) that is virtually absent in the strain expressing
wild-type DbpA. The presence of this 45S particle
correlates with the higher proportion of free subunits
observed at high magnesium conditions, which suggests
that it is unable to be incorporated into 70S subunits.
To test this, the 50S and 70S peaks from the DbpA
R331A strain were collected at high magnesium and
reanalyzed under conditions where the subunits dissociate
(low magnesium). As shown in Figure 2A, the 70S ribo-
somes dissociate into clearly defined 30S and 50S peaks,
while the 50S subunit is primarily a 45S particle. Both 45S
and 50S particles from the DbpA R331A overexpressing
strain were also tested for their ability to form 70S
ribosomes by incubating them in vitro with wild-type
30S subunits at high magnesium concentration. While
the 50S particles could assemble into 70S ribosomes, the
45S particle could not (Figure 2B). Incubation of the
DbpA R331A 45S particle with either DbpA and ATP
or DbpA, ATP, mRNA, and tRNAfmet prior to the
addition of 30S subunits did not promote 70S ribosome
formation (data not shown). Taken together, these results
indicate that the large subunits isolated from the cells
expressing DbpA R331A are a mixture of 50S subunits
that can assemble into 70S ribosomes and of partially-
assembled 45S particles that cannot.
Ribosomes from cells that overexpress two different

active site mutants of DbpA, DbpA K53A and DbpA
E154A also showed accumulation of 45S particles. These
mutants were chosen because they have less severe growth
defects and slightly greater RNA-dependent ATPase
activity than the DbpA R331A mutant (27). At 37�C,
cells overexpressing DbpA K53A and DbpA E154A
grow similarly to cells expressing wild-type DbpA.

However, at 22�C, the doubling times of DbpA K53A
and DbpA E154A (130min) are slightly slower than
wild-type (110min), but faster than cells expressing the
DbpA R331A mutant (250min) (27). Ribosomes isolated
from cells overexpressing DbpA K53A and DbpA E154A
grown at 37�C resemble wild-type ribosomes (data not
shown), but when they are grown at 22�, they clearly
show enhanced amounts of 45S particles, although less
than in the cells overexpressing DbpA R331A (Figure
2C). Therefore, the severity of the slow growth phenotype
and the accompanying accumulation of 45S particles is
roughly correlated with the degree to which the
biochemical activity of the overexpressed protein is
impaired.

As several groups have observed with other dbpA dis-
ruption strains (26,27,39), E. coli BL21(DE3) cells with a
deletion of the chromosomal copy of dbpA (DdbpA) grow
normally at both 22 and 37�C. Ribosomes isolated from
DdbpA dissociate completely into 50S and 30S subunits
similar to wild-type BL21(DE3) cells (Figure 2D).
Therefore, it is not the absence of DbpA activity, but
rather the presence of large amounts of inactive DbpA
that causes ribosome assembly defects and specific accu-
mulation of the 45S particle. However, ribosome assembly
is not completely blocked in these DdbpA strains or in any
of the strains overexpressing inactive DbpA because some
mature 50S and 70S ribosomes are produced.

Characterization of the rRNA component in 45S particles

The rRNA present in the 50S subunits and 45S particles
from cells overexpressing wild-type DbpA or DbpA
R331A mutant was analyzed for possible alterations in
rRNA processing or modification. Primer extension
analysis of rRNA in 50S subunits from cells over-
expressing wild-type DbpA or DbpA R331A showed the
mature 50-end of 23S rRNA and small amounts of a
+3 nucleotide extension from incomplete processing
(Figure 3A), as had been observed previously (33,40,41).
However, a similar analysis of the 50-ends of the rRNA
from DbpA R331A 45S particles revealed reduced
amounts of mature 23S rRNA and substantial amounts
of incompletely processed +3 and +7 nucleotide
products (Figure 3A). Corresponding results have been
observed in other particles isolated from deletion strains
of different ribosome assembly factors (33,40,42,43),
consistent with observations that the final steps of 23S
rRNA processing do not occur until after a 70S
translation initiation complex is formed (41,44). Primer
extension experiments on the rRNA from the broader
30S peak observed for DbpA R331A grown at 22�C
(Figure 1D) revealed that a small amount of pre-23S
rRNA was present (data not shown), suggesting the
presence of a second much smaller precursor particle
that could not be resolved from the 30S subunits. It will
be interesting to purify this particle and determine its
protein and RNA composition.

Similar primer extension experiments were performed
with a primer specific for the 50-end of 5S rRNA in 45S
and 50S particles, revealing mature 50-ends in both the
wild-type DbpA and DbpA R331A overexpressing

6506 Nucleic Acids Research, 2009, Vol. 37, No. 19



strains (data not shown). Primer extension analysis of the
50-end of 16S rRNA from 30S subunits of cells
overexpressing wild-type DbpA was fully processed, but
the 16S rRNA from cells overexpressing DbpA R331A
contained a small amount of a +115 nucleotide
product. This minor product is likely to be the 17S
precursor of 16S rRNA that is matured late in assembly,
possibly after subunit association (45). The presence of
immature 50-end of 16S rRNA in cells overexpressing
DbpA R331A may be an indirect consequence of the
defect in 50S subunit assembly, which leads to an accu-
mulation of 30S subunits that do not form 70S ribosomes,
which is necessary for complete 16S rRNA processing.
A similar indirect effect on 30S biogenesis has been
observed in deletion strains of other E. coli large
ribosomal subunit assembly factors (33,40,42,43).

Numerous covalent modifications of rRNA occur
during various stages of ribosome maturation (46). In
the region of 23S rRNA where DbpA footprints (29),
three methylation sites, Um2552, m2A2503 and Cm2498,

can all be detected as primer extension stops in the
presence of low dNTP concentrations (35,47). The 23S
rRNA isolated from 50S subunits from E. coli HB24
cells (48) or cells overexpressing wild-type DbpA or
DbpA R331A showed clear primer extension stops at all
three expected positions (Figure 3B). However, pre-23S
rRNA from the 45S particles showed normal primer
extension stops at A2503 and C2498 but only a very
weak primer extension stop corresponding to U2552
(Figure 3B), suggesting that this modification is absent
in the 45S particles. The 20-O-methylation at position
2552 is generated by the methyltransferase RrmJ late in
assembly (48). As expected, 23S rRNA from either 50S
subunits or 40S particles isolated from an rrmJ deletion
strain (33) is completely missing the U2252 20-O-methyl
modification (Figure 3B).
Given that U2552 is in hairpin 92, the primary binding

site of DbpA, the undermethylation in 45S particles raised
the possibility of a functional relationship between DbpA
and RrmJ methyltransferase. To determine whether the
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20-O-methyl modification at U2552 had any effect on the
binding or activity of DbpA, synthetic 32-nucleotide
minimal rRNA substrates (31,32) with and without
the U2552 modification were tested for activity in the
DbpA ATPase assay. The kmax and Kapp,RNA values
for these two substrates are identical, as shown in
Table 1, confirming that the 20-O-methyl group has no
effect on DbpA function in vitro. Earlier experiments
comparing DbpA activity in the presence of modified
and unmodified 23S rRNA also suggested that there was
no preference (21).

Characterization of the r-protein composition of 45S
particles

It is unclear from the sedimentation coefficient alone
whether the 45S particles from DbpA R331A cells are
missing certain r-proteins or sediment slower due to an
extended or more open conformation. Slower sedimenting

precursor particles that are present during assembly (4) or
that accumulate in mutant strains (33) often contain
incomplete complements of r-proteins. However, other
slower sedimenting particles present in 50S biogenesis
and in vitro reconstitution experiments contain a full
complement of L-proteins, and as a result must have an
altered conformation (8). The 45S particles and 50S
subunits from cells overexpressing the DbpA R331A
mutant were purified from two successive sucrose
gradients and the L-protein composition was
quantitatively analyzed using ESI-TOF MS. In order to
observe any differences in L-protein composition, the
relative protein levels for the 14N-45S particles were
compared to the wild-type 15N-50S subunits (Figure 4).
Seven proteins (L16, L25, L27, L28, L33, L34 and L35)
were significantly reduced (relative abundance <0.75)
in the DbpA R331A 45S particles. Three additional
proteins (L20, L29 and L30) were reduced in only one
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of two replicates (levels were slightly above 75% in the
other replicate). L26 is present at a reduced level, but
this may be due to differential segregation of L26
between subunits in the 45S particle compared to the
wild-type 50S subunits, as L26 is also protein S20 from
the small subunit (49). No data was obtained for L36
because it is a small protein for which peptides are not
routinely found in the new LC/MS data. The relative
abundance of these proteins varies significantly, but only
L35 is nearly completely absent, indicating the 45S
particles are heterogeneous in r-protein composition,
each missing only a subset of the proteins present in
reduced quantities. With the exception of L20, none of
the proteins present at reduced levels assemble early in
assembly experiments in vitro, and none of them are
required for subsequent protein binding, aside from the
dependency of L33 on L28 (14,49,50).

In order to detect the presence of DbpA in isolated
ribosomal subunits, Western blots were performed
using a polyclonal antibody against DbpA (28). While
no endogenous DbpA was observed in 50S or 30S
subunits isolated from wild-type E. coli cells (28),
significant levels of DbpA were detected in 30S and 50S
subunits from cells overexpressing wild-type DbpA and
in 30S, 45S and 50S subunits from cells overexpressing
DbpA R331A. After purifying particles through a
second sucrose gradient, only very low levels of wild-
type or mutant DbpA was observed in any of the particles.
This suggests that the observed association of the over-
expressed DbpA with ribosomes is the result of non-
specific interaction of the basic protein with the
polyanionic ribosomes. The absence of stable association
of DbpA with any specific ribosomal subunit is in contrast
to results demonstrating that two other E. coli DEAD-box
proteins, SrmB and CsdA, selectively associate with 40S
precursor particles on sucrose gradients when added to
cell lysates from �srmB and �csdAmutant strains (33,40).

DbpA R331A 45S particles closely resemble
other precursor particles

Accumulation of 50S precursors has been previously
observed in cells containing mutations of other proteins
proposed to participate in ribosome assembly. Deletions
of two other E. coli DEAD-box proteins, SrmB and
CsdA, result in slow growth and accumulation of 40S pre-
cursor particles which contain incompletely processed 23S
rRNA (33,40). However, these particles are somewhat
smaller, containing reduced levels of at least 14 different
L-proteins, and they presumably correspond to inter-
mediates from earlier stages in ribosome assembly.
Deletion or mutation of two different E. coli GTPases,
CgtAE and EngA, also results in the accumulation of
50S and 30S subunits and precursor particles that
contain incompletely processed 23S rRNA (42,43,51,52).
A strain containing a mutant form of CgtAE (G80E
D85N) clearly resembles cells overexpressing DbpA
R331A, where a 40S particle accumulates, containing
reduced levels of L33, L34 and to a lesser extent L16
(43). The large subunit precursor particle that most
closely resembles the DbpA R331A 45S particle accu-
mulates in the �rrmJ strain (48,53). Since RrmJ targets

Table 1. ATPase activities of DbpA with 32-mer RNA with and

without the 20-O-methyl at U2552

kmax (min�1) Kapp,RNA(nM)

32-mer 45±3.6 220±32
20-O-methyl 32-mer 43±2.6 230±31

The Kapp,RNA and kmax values were measured in the presence of
saturating (5mM) ATP, 60 nM DbpA and 0–2mM RNA in buffer
(50mM Hepes pH 7.5, 10mM MgCl2, 50mM KC1, 100mM DTT,
200mM NADH, 1mM phospho(enol)pyruvate and 10mM phosphate
kinase/lactate dehydrogenase) at 24�C. Lines were fit to the Michaelis–
Menten equation.
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the same hairpin that binds and activates DbpA, the
protein composition of ribosomes from a �rrmJ strain
was directly compared with ribosomes from cells over-
expressing DbpA R331A. Although the �rrmJ precursor
particle was termed 40S in previous experiments (48), it
runs at a similar position on sucrose gradients as the
DbpA R331A 45S particle. Quantitation of the protein
levels in the �rrmJ 40S particle shows that proteins L6,
L7/L12, L10, L16, L25, L27, L28, L31, L33 and L35 are
observed at reduced levels (Supplementary Figure S2),
which is similar to those reduced in the DbpA R331A
45S particle (Figure 4).
Because the DbpA R331A 45S particles have reduced

levels of L-proteins that are primarily late-stage assembly
proteins, they can also be compared with 50S subunits
treated with increasing concentrations of LiCl, which suc-
cessively removes L-proteins in an order that is inversely

correlated to 50S assembly (11,14). Treatment of 50S
subunits with 0.4, 0.6, 0.8 and 1.0M LiCl produced
three different core particles which were isolated, and
their L-protein content was determined using quantitative
mass spectrometry as explained earlier. The 0.4M LiCl
cores showed only very slightly reduced levels of a few
proteins, the 0.6M LiCl cores contained reduced
amounts of L28 and the 0.8M LiCl cores contained
clearly reduced amounts of L16 and L28 and slightly
reduced amounts of L7/L12 and L10 (Supplementary
Figure S3). The 1.0M LiCl core particles contained
severely reduced levels of L16 and L28 and slightly
reduced levels of L25, and in addition, proteins L9, L10,
L11, L7/L12 that are not reduced in the DbpA R331A
45S particle. The 0.8M LiCl particle is the closest repre-
sentation of DbpA R331A 45S particles because it has a
similar sedimentation coefficient and protein compositions

Table 2. ATP hydrolysis rates of rRNA and particles

Strain Substrate ATP hydrolyzed
per DbpA (min�1)

+40 nM
R331A

+100 nM
R331A

+200 nM
R331A

ATP only 0.05±0.01
23S rRNA 25.1±0.9 18.6±1.1 10.4±1.2 4.6±1.0

Tuner+dbpA 50S 0.4±0.1

Tuner+R331A 45S 10.6±1.5 7.3±1.3 5.0±0.4 4.0±0.8
50S 2.1±0.2

rrmJ 50S 0.5±0.2

�rrmJ 40S 10.3±1.4
50S 5.1±1.5

LiCl cores 0.4M 4.5±0.6
0.6M 15.3±2.0
0.8M 19.3±1.4

ATP hydrolyzed per DbpA was monitored over time in the presence of 100 nM 23S rRNA or ribosome particles,
40 nM DbpA and 20 mM ATP in buffer (50mM Hepes pH 7.5, 20mM KC1, 5mM MgCl2, 1mM DTT, 0.1%
Tween 20) at 24�C.
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and also does not bind 30S subunits to form 70S ribo-
somes (data not shown).

DbpA R331A 45S particles and LiCl core particles
are substrates for DbpA

Mature 70S ribosomes and 50S subunits do not stimulate
the ATPase activity of DbpA because the binding site
of DbpA is likely buried (21). Therefore, the incomplete
45S particles from DbpA R331A and �rrmJ strains along
with the LiCl core particles were tested for their ability to
stimulate the ATPase activity of DbpA using a TLC assay
(38). Both the DbpA R331A 45S and �rrmJ 40S particles
stimulate ATP hydrolysis by DbpA to an extent that is
intermediate (�10min�1) to the rate observed in the
presence of 50S subunits (0.4min�1) and the rate
observed with 23S rRNA (25min�1) (Table 2). Con-
sequently, the DbpA binding site in hairpin 92 must
be much more accessible in 45S and 40S particles than
it is in mature 50S subunits. However, since the rate of
ATP hydrolysis by DbpA is still not as high as that
observed with 23S rRNA, hairpin 92 may still be slightly
occluded by L-proteins or other rRNA helices. The 0.4,
0.6 and 0.8M LiCl core particles stimulate ATP hydrolysis
by DbpA to rates of 4.5, 15.3 and 19min�1, respectively
(Table 2). The 0.4M LiCl particles are apparently
somewhat accessible to DbpA, even though they have a
nearly complete complement of proteins. The particles
from higher LiCl concentrations give rates that
approach the observed rates for 23S rRNA, suggesting
the DbpA binding site is even less occluded than in 45S
particles.

The inactive DbpA R331A mutant can bind to full
23S rRNA and 23S rRNA fragments equally as well as
wild-type DbpA (28). This suggests that the accumulation
of the 45S particle results from the large amounts
of DbpA R331A protein binding to hairpin 92 and
blocking access to active DbpA during ribosome
assembly. To confirm that DbpA R331A can effectively
compete with wild-type DbpA for substrates, competition
assays were performed where the activity of DbpA
stimulated by saturating amounts of 23S rRNA or 45S
particles was measured in the presence of DbpA R331A.
The addition of increasing concentrations of the mutant
DbpA R331A protein significantly reduces the rate of
ATP hydrolysis in the presence of 23S rRNA from
25min�1 to 4.6min�1 (Table 2). Similarly, the rate of
ATP hydrolysis in the presence of 45S particles is
reduced from 10.6min�1 in the absence of DbpA R331A
protein to 4.0min�1 when DbpA R331A protein is added
(Table 2). This reduction in ATP hydrolysis rate con-
firms that the inactive DbpA R331A mutant can
compete with active DbpA and therefore can block its
function in vivo where the levels of wild-type DbpA are
much lower than the overexpressed mutant protein (28).

Since the DbpA R331A 45S particles are substrates
for DbpA in vitro, it is possible that in the presence of
wild-type DbpA a structural rearrangement could occur,
which would allow the particle to continue on the
assembly pathway and form 50S subunits in vitro. As
mentioned above, this type of rearrangement of 45S

particles does not occur in the absence of other
components, such as L-proteins, because the addition
of DbpA and ATP alone to 45S particles did not permit
the formation of 70S ribosomes (Figure 2B). Therefore,
DbpA R331A lysates were supplemented with high con-
centrations of DbpA and ATP, enough to compete with
the DbpA R331A protein and relieve the block in
assembly, in an environment where L-proteins are
available. Fresh clarified lysates of DbpA R331A cells
were incubated with up to 1 mM DbpA protein and
1.5mM ATP for 60min at 24�C and then run on
sucrose gradients containing low magnesium. The
resulting ribosome profiles showed no difference and
were similar to the profiles of extracts not treated with
DbpA (Figure 1C and D).

DISCUSSION

DEAD-box proteins catalyze structural rearrangements in
many RNA–protein complexes (54–56), so it is reasonable
to propose that DbpA carries out a similar role in the
large subunit assembly pathway. However, cells lacking
DbpA grow at wild-type rates and show no defect in
ribosome assembly, and thus any conformational
rearrangement stimulated by DbpA must not be limiting
for assembly under normal growth conditions. Ribosome
assembly in the absence of DbpA may proceed through a
slightly different pathway, possibly involving other
DEAD-box proteins (57), but still resulting in normal
active ribosomes. If DbpA is not essential for 50S
maturation, why do 45S particles accumulate in E. coli
when inactive mutant DbpA is overproduced but not
when active DbpA is overproduced? One attractive
explanation is that the inactive enzyme is unable to
catalyze an rRNA conformational change in the 50S
assembly pathway and as a result prevents further
addition of ribosomal proteins and leads to accumulation
of an intermediate particle. Because this intermediate can
presumably still bind DbpA, the presence of a high con-
centration of inactive protein can saturate the site and
block any alternative assembly pathways used by the
dbpA deletion strains. Presumably, the lower amounts of
intact 50S subunits that are observed in the mutant strain
are either the result of occasional successful competition
by an alternative pathway or the activity of the low
concentration of endogenous wild-type DbpA. Con-
versely, when wild-type DbpA is overproduced, the
necessary conformational change does occur and
additional ribosomal proteins bind rapidly and block
further access to DbpA, allowing 50S subunits to form
along the normal pathway. Therefore, although the
mutant and wild-type proteins both bind and release
rRNA rapidly and show similar binding constants (28),
only the overproduction of the inactive mutant protein
leads to an assembly defect because it cannot catalyze
the conformation change.
It is possible that the 45S particle that accumulates

in cells overexpressing the inactive R331A mutant of
DbpA is an intermediate in the 50S assembly pathway
upon which DbpA normally acts. As shown above, this
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45S particle exhibits reduced levels of seven L-proteins
(L16, L25, L27, L28, L33, L34 and L35). Since the
molecular weight of the 45S particle is only slightly less
than the 50S subunit, its slower sedimentation rate is
primarily due to an extended, or more open, conformation
that is also observed with natural 50S precursors and
reconstitution intermediates that are in the final stages
of assembly (8). Indeed, many of the proteins that are
reduced in the 45S subunit bind late in the proposed
ribosome assembly pathways (Supplementary Figure S4),
and most of them bind near the peptidyl transferase center
of the 50S subunit where DbpA also binds (14,29). Of
particular interest is the reduced amount of L16 in the
45S particles. In in vitro ribosome assembly, the binding
of L16 to a core particle induces a large conformational
change, suggesting that it acts as ‘molecular glue’ to hold
the 50S subunit in its compact structure (58). Additionally,
it is striking that L16 makes contacts with 23S rRNA at
helix 89, which has also been identified as a site of DbpA
binding in the presence of ATP and thus a putative site of
DbpA action (29,59). Thus, it seems possible that DbpA
could promote structural changes in the 45S particle that
permits binding of L16 and other late proteins that allows
the final assembly of the compact 50S subunit.
Because these 45S particles contain little to no inactive

DbpA after purification over two sucrose gradients, it was
possible to assay them for stimulation of ATPase activity
by wild-type DbpA. Although robust ATPase activity was
observed, this only establishes that hairpin 92 is accessible
in the 45S particle, not that the 45S particle is the natural
substrate of DbpA. Because DbpA binds tightly to and
reacts with 23S rRNA in the absence of L-proteins (21), it
is possible that it acts early in the assembly pathway and,
when inactive, prevents the further maturation of the 50S
subunit. In this scenario, the 45S particle is a misfolded,
dead-end intermediate that has accumulated many of the
L-proteins but cannot progress further in assembly
because of the absence of an early rRNA isomerization
step. Additionally, the 45S particle, which appears to be a
heterogeneous mixture of particles, may also be the result
of the dissociation of proteins from an improperly
assembled even larger particle that is not stable in the
low MgCl2 conditions used for purification. An important
future goal is to establish whether or not this 45S particle
is able to form active ribosomes. Although our failure to
convert 45S particles into 50S ribosomes by adding active
DbpA to crude extracts suggests that they are dead end
intermediates, pulse chase experiments using either labeled
RNA or proteins will be more definitive.
Another possible explanation for the observed effects

of overexpression of DbpA R331A is that the methylation
of U2552 in hairpin 92 by RrmJ is blocked, which may be
an essential event for the final maturation of the 50S
subunit. This model is supported by the observation
that the 20-O-methylation at U2552 is absent in DbpA
R331A 45S particles and by the fact that �rrmJ strains
also accumulate 40S particles that are very similar to the
45S particles obtained by overproducing the DbpA
R331A mutant (Supplementary Figure S2). However,
since RrmJ methylates 50S particles and not 40S particles
from �rrmJ strains, it is proposed to act late in assembly

after the 50S subunit is nearly complete (48,60). Therefore,
the unmethylated U2552 in DbpA R331A mutant 45S
particles would presumably not be recognized as a sub-
strate for RrmJ and would not be modified until later.
Consequently, inhibition of U2552 methylation seems
unlikely as the explanation for the phenotype of the
DbpA R331A mutant.

In summary, although the absence of DbpA activity
does not affect ribosome assembly under normal con-
ditions, the overproduction of inactive DbpA mutants
cause a block in assembly resulting in slow growth due
to an accumulation of incomplete 50S subunits. These
45S particles contain reduced amounts of L-proteins that
are found near the DbpA binding site, which is consistent
with the absence of a conformational rearrangement
necessary for their binding at this site. However, the
point at which DbpA acts in assembly of the 50S
subunit is not precisely defined and future studies will be
important in determining the nature of the conformational
change as well as the stage in assembly at which it occurs.
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Supplementary Data are available at NAR Online.
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