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Abstract

Ribosome biogenesis is facilitated by a growing list of assembly cofactors, including helicases,
GTPases, chaperones, and other proteins, but the specific functions of many of these assembly
cofactors are still unclear. The effect of three assembly cofactors on 30S ribosome assembly was
determined in vitro using a previously developed mass spectrometry-based method that monitors the
rRNA binding kinetics of ribosomal proteins. The essential GTPase Era caused several late-binding
proteins to bind rRNA faster when included in a 30S reconstitution. RimM enabled faster binding
of S9 and S19, and inhibited the binding of S12 and S13, perhaps by blocking those proteins' binding
sites. RimP caused proteins S5 and S12 to bind dramatically faster. These quantitative kinetic data
provide important clues about the roles of these assembly cofactors in the mechanism of 30S
biogenesis.

Communication Body

A significant fraction of the mass of rapidly growing bacteria consists of ribosomes,! which
are essential to all living cells. In eukaryotes, ribosome biogenesis is assisted by hundreds of
protein cofactors,2:3 whereas the cytoplasmic assembly of ribosomes is facilitated by only
approximately twenty cofactors in bacteria.# In vitro reconstitution studies of E. coli 30S° and
5056 ribosomal subunits have provided a framework for understanding the mechanism of
ribosome assembly and have demonstrated that protein binding is hierarchical, with some
ribosomal proteins (r-proteins) binding directly to the rRNA and others requiring prior binding
of one or more proteins.” For the small subunit, or 30S subunit, these protein-binding
dependencies are described by the Nomura equilibrium assembly map (Fig 1a) that was
constructed from the results of reconstitution experiments including various combinations of
proteins.’” The 30S ribosomal subunit is composed of three discrete structural units8 that can
be reconstituted independently in vitro from their RNA and r-protein components: the 5’
domain, the central domain, and the 3’ domain.®-11 Kinetic data shows that 5’ domain r-proteins
bind fastest, followed by central domain r-proteins, and 3’ domain r-proteins bind slowest (Fig.
1a).12-14 While the role of many r-proteins in assembly have been investigated in more detail
since the assembly map was published,®1° there are fewer data describing the function of
assembly cofactors in vitro.
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In the cell, ribosome assembly is very efficient, taking less than 3 minutes during exponential
growth.16 The r-proteins bind to the nascent ribosomal RNA transcript as their binding sites
become available.1”+18 Efficient assembly is facilitated by assembly cofactors including
GTPases, helicases, protein-folding chaperones, RNA modification enzymes such as
methyltransferases and pseudouridinylases, and other proteins.#19:20 Many of these factors
have been characterized using genetic studies, but little in vitro data regarding their functions
is available. One exception is DnaK, the protein-folding chaperone, which has been shown to
increase the yield of low-temperature 30S reconstitutions,?1-23 although the specific
mechanism is unknown.

A number of GTPases have been implicated in ribosome assembly.24 Era (E. coli Ras-like
protein) is essential in E. coli and is one of only two GTPases which have been implicated in
small subunit assembly.#2° Cells depleted in Era show inhibition of translation,2° incomplete
16S rRNA processing, and accumulation of 30S and 50S subunits with fewer 70S ribosomes
and polysomes.28 Overexpression of era can suppress the cold sensitive phenotype of a mutant
of rbfA, a 30S assembly co-factor.26 Era is a 34-kDa two-domain protein with a GTP-binding
domain at the N-terminus and a KH RNA-binding domain at the C-terminus,2” and binds the
30S ribosomal subunit between the head and platform, preventing 50S association28 and likely
preventing translation initiation.29 The GTPase activity of Era is stimulated by binding to an
RNA fragment identical to the 3’ terminus of the 16S rRNA, which is positioned between the
head and the platform in the structure.2® This binding suggests that Era may be involved as a
chaperone in the rRNA processing performed by RNases during biogenesis.2® Overexpression
of the methyltransferase ksgA, which may act as a checkpoint for assembly completion,3° can
suppress the slow growth phenotype of cells depleted in Era.3! This suggests that KsgA and
Era may function at similar points in assembly, although Era has been implicated in several
cellular processes,32 and the phenotype suppression observed may be related to some other
function rather than ribosome assembly.33

RimM (ribosome maturation factor M, also called 21K) was first implicated in 30S biogenesis
when it was observed that a rimM deletion strain had reduced translational efficiency.34
Deletion strains of rimM also demonstrate slow growth,3* incomplete 16S rRNA processing,
35 and accumulation of 30S and 50S subunits with fewer polysomes.3® RimM is a PRC B-barrel
protein which binds the 30S ribosomal subunit3°:36 and also the r-protein $19.37 Suppressor
mutations to rimM mutations also support a function for RimM in the assembly of the 3' domain.
36 Overexpression of assembly co-factor rbfA can suppress the slow growth phenotype of a
rimM deletion strain,3° suggesting the two proteins act at a similar point in assembly. The
inverse is not true since overexpression of rimM cannot suppress the slow growth phenotype
of an rbfA deletion strain.3 In a rimM deletion strain, most RbfA molecules are associated
with 30S subunits,3® indicating that RbfA can bind to pre-30S subunits without RimM and
suggesting that RimM may be required for the release of RbfA from 30S particles. These data
suggest that RbfA acts before RimM in the 30S assembly pathway.

RimP (formerly YhbC or P15a) isa 15-kDa protein that has recently been shown to be important
in 30S ribosomal subunit maturation.3® A rimP deletion strain demonstrates slower growth
rates, fewer polysomes, an accumulation of free 50S subunits, and an accumulation of
unprocessed pre-16S rRNA. In addition, RimP was found to be associated with 30S subunits
in cell extracts.38 An ortholog of RimP, SP14.3 from Streptococcus pneumonia, is a two-
domain protein, with both domains resembling known RNA-binding proteins.3? Although
RimP was found to interact with S5 and S7 in an interaction network study,? its mechanism
of action on maturing 30S subunits is largely unknown.

In order to further understand the role of these cofactors in ribosome biogenesis, we examined
their effect on the kinetics of 30S ribosomal subunit reconstitution in vitro, using the previously
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developed pulse-chase monitored by quantitative mass spectrometry (PC/QMS).13:14 This
method monitors the protein binding rates of all r-proteins using a pulse of 1°N labeled r-
proteins followed by a chase of excess 14N protein (Fig. 1b).14 Here, stoichiometric amounts
of the assembly cofactors Era, RimM, and RimP were preincubated with the 16S rRNA to
allow their association, and protein-binding rates in the presence of the factors were monitored
using the PC/QMS method. To our knowledge, these results are the first to demonstrate effects
of assembly cofactors on the rates of incorporation of specific proteins during ribosome
assembly.

The effects of Era on r-protein binding kinetics were measured by preincubation of Era with
the 16S rRNA for 20 min before the start of a PC/QMS kinetic experiment. The nucleotide
cofactor GTP was added to the reaction 30 sec before beginning the pulse-chase. Under these
conditions, the binding rates of proteins S5, S9, S11, and S12 were accelerated ~2-fold (Figs.
2a-d). Subtler rate increases were observed for 3' domain proteins S7, S10, S13, S14, and S19.
Overall, the slow-binding proteins bound faster, while the fast-binding proteins were
unchanged (Fig. 3a). For several proteins including S9 and S12, the rate increase was more
evident in the early time points due to an increase in the rate or the amplitude of the fast kinetic
phase, indicating that some pre-30S particles are better substrates for Era than others. The
kinetic changes observed for S13 are very subtle, although the calculated rates suggest that
S13 binds significantly faster in the presence of Era. The discrepancy between the kinetic
curves and the calculated monophasic rate for S13 is due to imperfect fitting of biphasic kinetics
with single exponential curves, and was only observed for S13. The fact that Era has several
modest effects but no dramatic specific effects suggests that Era does not facilitate the binding
of specific proteins, but rather, may facilitate a more global maturation event such as an RNA
conformational change. Also, since Era has significant effects on many proteins over a wide
range of binding rates, it is possible that Era remains bound to pre-30S subunits throughout
several RNA folding and protein binding events.

The effects of RimM on r-protein binding Kinetics were also measured using PC/QMS with
16S rRNA that was preincubated with RimM for 20 min. Most slow-binding proteins, including
3’ domain proteins S10 and S3, were modestly (1.5-fold) accelerated, but 3" domain proteins
S9 and S19 showed a larger, 2-4 fold acceleration (Figs 2a and f). The stimulatory effects on
these 3’ domain proteins are consistent with literature suggesting that RimM binds to the 3'
domain.3® Surprisingly, proteins S12 and S13 displayed a significant decrease in binding extent
(Figs. 2b and €). Given that S13 and S19 are close to each other in the 30S subunit structure,
and RimM binds S19, it is possible that the lowered binding extent of S13 is due to a physical
blocking of the binding site while RimM is bound to S19 on the pre-30S particle. The lowered
binding extent of S12 is more surprising, since evidence suggests RimM binds to the 3' domain,
and S12 binds to the 5’ domain. Interestingly, S12 and S13 are the only two proteins that bind
on the 50S interaction face of the 30S subunit, and their reduced binding here may suggest that
RimM binds on the intersubunit interface. It is also possible that the slight excess of RimM
included in the experiment enabled non-specific association that prevented stable association
of S12 and S13. However, it is clear that any non-specific association that occurred did not
produce further non-native effects since RimM had no effect on many of the fastest-binding
proteins (Fig. 3b). Given the known efficiency of ribosome biogenesis in vivo:16 it seems
unlikely that RimM stalls assembly by preventing the association of ribosomal proteins. It is
possible that in vivo, the release of RimM from the ribosome is facilitated by another ribosome
maturation factor. The in vitro experiments described here included only one factor at a time,
and so the release of RimM may have been delayed, preventing S13 from binding.

Finally, the effects of RimP on r-protein binding kinetics were measured in a reconstitution
reaction starting with 16S rRNA that was preincubated with RimP for 20 min prior to the pulse-
chase experiment. The binding rates of most slower-binding proteins were increased,
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particularly 5" domain proteins S5 and S12, which bound 2-fold and 6-fold faster, respectively
(Figs. 2b and c). The effect of RimP on S12 was the largest kinetic effect observed in this study.
Almost all of the 3’ domain proteins bound faster, with S9 showing a 2-fold acceleration (Fig.
2a),and S3, S7, S10, S13, and S14 displaying subtler rate increases. The binding of S12 showed
an additional kinetic phase not present in the control experiment, suggesting that some portion
of the pre-30S molecules were competent to bind S12 faster than others. Many proteins
exhibited no kinetic changes (Figs. 2d and 3c), indicating that these effects are specific. Since
RimP accelerates mainly the slowest binding proteins S5 and S12, it is likely that RimP is
involved in the last steps of protein binding in vivo. The role of RimP in ribosome biogenesis
is only beginning to be characterized, and these data constitute a significant contribution
towards the understanding of RimP's function.

It is noteworthy that in each of these experiments, only a subset of r-proteins showed kinetic
changes, and it is likely that the observed effects are specific and relevant to the function of
Era, RimM, and RimP. A preliminary experiment to measure the effects of the cofactors in
combination indicated that their effects were additive and not synergistic (data not shown).
These data, in combination with current knowledge, suggest a potential cotranscriptional model
for 30S biogenesis. Figure 4 shows a cartoon model of co-transcriptional ribosome biogenesis
with RimM, RimP, and Era facilitating assembly. The order of protein addition shown is based
on the in vitro binding rates of r-proteins,13:14 the in vivo order of addition,*! and the binding
sites of r-proteins.1® In the model, Era remains bound to the pre-30S particle throughout several
stages of assembly due to its subtle global effect on protein binding. This model also reflects
structural data?® suggesting that Era may remain bound to the pre-30S particle until rRNA
processing is complete. The r-protein binding kinetics presented here neither support nor
contradict the hypothesis that Era chaperones the processing of rRNA termini, because mature
rRNA was used in these experiments, and a model where Era dissociates after or during the
last steps of r-protein binding is consistent with this data. RimM facilitates the assembly of the
3’ domain in the model, and then dissociates prior to the binding of S12 and S13, which is
consistent with the hypothesis that RimM does not prevent the association of those proteins
invivo. In the model, RimP associates with the pre-30S particle during the late stages of protein
binding in order to facilitate the binding of several late binding proteins in the 5’ and 3’ domains.
RimP may dissociate after one of the last steps of protein binding, or it may remain bound to
the pre-30S particle until the final stages of rRNA processing.

These quantitative kinetic data demonstrate that PC/QMS is a powerful tool for investigating
the role of assembly cofactors in vitro. In these experiments, each individual assembly factor
caused significant and specific kinetic changes in ribosome assembly. The effects on specific
proteins observed in these in vitro experiments provide important clues to the mechanism of
these proteins. Consistent with what is known about the role of these cofactors in ribosome
biogenesis, these results suggest that Era remains bound to the 30S subunit throughout several
stages of assembly, while RimM acts during 3’ domain assembly, and RimP acts during the
late stages of r-protein binding. These are the first results to demonstrate specific effects of
assembly cofactors on r-protein binding, and these data represent a significant first step towards
proposing a complete mechanistic model for 30S ribosome biogenesis.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.

A) Nomura assembly map. Arrows represent protein-binding dependencies at equilibrium.”:
42 Colored circles represent protein binding rates at 40°C as determined by pulse-chase.!4 Red,
10-14 min-L; orange, 5.4-6 min“1; green, 2.2-3.6 min-L; blue, 0.39-0.84 min'L; purple, 0.14-0.24
min-L. B) Schematic of pulse-chase experiments with factors. Stable-isotope pulse-chase
experiments were performed as described previously with minor changes.1* PC/QMS
experiments were performed by mixing 16S rRNA with assembly factor before adding a pulse
of 15N TP30 and incubating for varying amounts of time, then chasing the assembly reaction
with an excess of 14N TP30. A 2x excess of assembly factor (360 pmol) was preincubated with
180 pmol of 16S rRNA for 20 minutes at 40°C in a volume of 555 pl of reconstitution buffer
(RB, 25 mM Tris pH 7.5, 20 mM MgCl,, 330 mM KCI, 2 mM DTT). For the experiment with
Era, the KCI concentration was 250 mM during the pre-incubation, and then 30 sec before the
pulse, 60 ul of 100 uM GTP in a higher KCI buffer was added, bringing the KCI concentration
to 330 mM and the GTP concentration to 10 uM. The pulse consisted of 45 ul of 6 uM 15N
TP30 in RB, and ranged in length from 10 sec to 40 min. After addition of a chase of 135 pl
of 10 uM 1*N TP30 in RB, the assembly reaction was incubated a further 40 min at 40°C and
then chilled on ice. Sample processing and LC-MS analysis were performed as described
previously.14:43 Briefly, the 30S subunits were loaded onto sucrose gradients and purified by
ultracentrifugation. The r-proteins were extracted, digested with trypsin, and analysed by LC-
MS using an Agilent ESI-TOF. In-house peptide identification software was used which takes
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advantage of the difference between 14N and 15N peptide peaks for identification purposes.

14 Quantitation was performed using an isotope fitting approach called least squares Fourier
transform convolution (LS-FTC).43
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The Kinetic effects of Era, RimM, and RimP on in vitro reconstitutions. a) — f) Protein binding
progress curves of selected proteins showing an experiment with RimM (red), RimP (green),
Era (purple) and a control14 (blue). Curves marked with asterisks are fit to a double exponential
based on the results of a statistical f-test, using a 95% confidence interval. Era, RimM and
RimP were prepared as follows. Plasmids pSTN022, pMW487 and pSTNO021 encoding N-
terminally his-tagged Era, RimM and RimP, respectively, expressed from a T7/lac promoter
were constructed by PCR amplification of DNA fragments containing the respective structural
gene using the following primer pairs: era-pETM10-F (5’
CATGCCATGGGCATCGATAAAAGTTACTGCGG 3') and era-pETM10-R (5'-
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CATGCTCGAGTTAAAGATCGTCAACGTAACCGAG-3'), rimM-Ncol-F (5'-
GGTCACCATGGGCAAACAACTCACCGCGCAA-3' and rimM-pETM10-R (5'-
CATGCTCGAGTTTAAAAACCAGGATCCCAATCTAC-3'), yhbC-pETM10-F (5'--
CATGCCATGGGCTTGTCCACATTAGAGC-3') and yhbC-pETM10-R (5'-
CATGCTCGAGTTAAAAGTGGGGAACCAGGTTCG-3'), and cloning of the DNA
fragments, after trimming of their ends with Ncol and Xhol, into Ncol and Xhol digested
expression vector pPETM10
(http://www.pepcore.embl.de/strains_vectors/vectors/bacterial_expression.html). Plasmid
clones verified by DNA sequencing were introduced into strain BL21 (DE3)* for
overproduction of the respective proteins. The resulting strains were grown in LB*° at 37°C
to a cell density of approx. 50 Klett units, at which 0.5 mM IPTG was added, to induce
expression from the T7/lac promoter on the plasmids, and the temperature shifted to ~21°C
for further incubation overnight. Cells from 1 L of culture were harvested by centrifugation
and dissolved in 5 ml of 20 mM Tris-HCI, pH 8.0, containing 0.5 M NaCl, 10% glycerol and
5mM imidazole, then 55 pl of 100 mM phenylmethanesulphonylfluoride (PMSF) and 250 pl
of 10 mg/ml lyzosyme were added before freeze/thawing three times in liquid nitrogen/water,
followed by 80 min centrifugation (20,800 x g) at 4°C. The obtained supernatants were passed
through Ni-NTA columns (Qiagen) by gravity flow, the columns were washed with 5 ml
aliquots of 20 mM Tris-HCI, pH 8.0, containing 0.5 M NaCl, 10% glycerol and increasing
concentrations of imidazole (5, 20, 50, 100 and 500 mM, respectively). Wash fractions
containing the respective proteins were pooled and further purified by FPLC using a HiLoad
16/60 Superdex 200 prep grade column (GE Healthcare Life Sciences) equilibrated in 20 mM
Tris-HCI, pH 8.0, containing 0.5 M NaCl and 10% glycerol. Prior to kinetic experiments, the
proteins were dialysed into TKMD (25 mM Tris pH 7.5, 20 mM MgCl,, 1 M KCI, 2 mM DTT)
for several hours or overnight. Native 30S subunits, 16S rRNA, and total r-proteins (TP30)
were prepared from E. coli MREG0O cells as previously described3:14 except that cells were
lysed using a Bead Beater (BioSpec).

J Mol Biol. Author manuscript; available in PMC 2011 April 23.


http://www.pepcore.embl.de/strains_vectors/vectors/bacterial_expression.html

1duosnuey Joyiny vd-HIN 1duosnuey Joyiny vd-HIN

1duosnuely Joyiny vd-HIN

Bunner et al.

Page 12

Now S
Il 1

|

Kops (min1) with Era

T T
1 8 56 10
kobs (min-1) control

I
2 3 456 8

Kops (Min1) with RimM

Kopbs (min-1) with RimP

T
2 3 456

T T
8 810

1
2 38 456

|
1
kobs (min-1) control

Figure 3.

First-order calculated rates of the control experimentl4 compared with those from an
experiment with a) Era, b) RimM, and c) RimP. Bounding boxes show fit errors. Black line is
y =X. For S9, the rate increase in the presence of Era occurred mainly in the faster of two
kinetic phases, indicating that some pre-30S particles are better substrates for Era than others.
The Kinetic changes observed for S13 with Era and RimP are very subtle, although the
calculated rates suggest that S13 binds significantly faster in the presence of Era.
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Figure 4.

Proposed cotranscriptional model of in vivo 30S ribosome assembly and the point at which
factors RimM, RimP, and Era are required. The cartoon 30S is made up of 3 major domains:
the 5" domain (lower left), the central domain (upper left) and the 3" major domain (upper right).
The 3" minor domain is in the center. Proteins are colored as in Fig. 1. Proteins bind to the
nascent, unfolded rRNA (pink) as soon as their binding sites become available. Era is involved
throughout several steps of assembly, while RimM facilitates 3’ domain assembly, RimP acts
during the later stages of protein binding, and RNAses mature the rRNA termini.
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