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GTPases have been demonstrated to be necessary for the proper assembly of the ribosome in bacteria and
eukaryotes. Here, we show that the essential GTPases YphC and YsxC are required for large ribosomal subunit
biogenesis in Bacillus subtilis. Sucrose density gradient centrifugation of large ribosomal subunits isolated from
YphC-depleted cells and YsxC-depleted cells indicates that they are similar to the 45S intermediate previously
identified in RbgA-depleted cells. The sedimentation of the large-subunit intermediate isolated from YphC-
depleted cells was identical to the intermediate found in RbgA-depleted cells, while the intermediate isolated
from YsxC-depleted cells sedimented slightly slower than 45S, suggesting that it is a novel intermediate.
Analysis of the protein composition of the large-subunit intermediates isolated from either YphC-depleted cells
or YsxC-depleted cells indicated that L16 and L36 are missing. Purified YphC and YsxC are able to interact
with the ribosome in vitro, supporting a direct role for these two proteins in the assembly of the 50S subunit.
Our results indicate that, as has been demonstrated for Saccharomyces cerevisiae ribosome biogenesis, bacterial
50S ribosome assembly requires the function of multiple essential GTPases.

The functions of nonribosomal proteins in the assembly of
ribosomes are just recently being uncovered in both eukaryotic
organisms and bacteria. In Saccharomyces cerevisiae, more that
200 proteins have been implicated in ribosome biogenesis,
including several GTPases that play essential roles in the as-
sembly and export of the large and small ribosomal subunits
(12, 18). In contrast, relatively few factors that contribute to
the assembly of ribosomes in bacteria have been identified (9).
Several bacterial GTPases have now been proposed to partic-
ipate in this process (10, 24, 30, 31, 33, 36). Despite recent
investigations aimed at characterizing the function of GTPases
in ribosome assembly, in most cases, the precise molecular
functions of these proteins in ribosome biogenesis are unclear.
Recent work has shown that the yeast GTPase Bms1 partici-
pates in 40S ribosomal subunit assembly by regulating the
recruitment of Rcll, an rRNA endonuclease, to the small-
subunit preribosomal complex (19). Thus, one possible func-
tion for GTPases involved in ribosome assembly may be reg-
ulating the recruitment of key factors involved in ribosome
maturation.

Recently, we and others have demonstrated that an essential
GTPase in Bacillus subtilis, RbgA (formerly YIqF), is required
for 50S ribosomal subunit assembly in vivo (24, 33). A 45S
ribosomal intermediate accumulates in cells depleted of RbgA,
and in vitro, RbgA binds to this 45S complex but not to mature
50S subunits (33). These results suggest that RbgA is a ribo-
some maturation factor that, by some unknown mechanism,
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participates in the maturation of the ribosomal 45S interme-
diate into a functional 50S subunit. GTPyS stabilizes the as-
sociation of RbgA with the 50S complex (24), suggesting that
RbgA participates in a final maturation step of the large ribo-
somal subunit. The possibility of a rate-limiting step in gram-
positive 50S subunit formation has been previously postulated
by in vitro experiments with Bacillus stearothermophilus ribo-
some assembly (13). This proposed rate-limiting step involves
the maturation of a complex that is similar in protein compo-
sition to the 45S subunit isolated in RbgA-depleted cells, in-
dicating that RbgA may be involved in an important step of
large-subunit maturation in vivo. The ribosomal protein L16 is
missing from the 45S intermediate, suggesting that the regula-
tion of L16 incorporation is governed by RbgA. Lsglp, a yeast
RbgA homolog, is proposed to regulate the incorporation of
the eukaryotic L16 ribosomal protein homolog Rpl10p (15).
Thus, the regulation of ribosome assembly appears to be con-
served throughout evolution.

Several GTPases that have poorly understood biological
functions are essential for growth in bacteria (26, 35). Recent
work suggests that most of these proteins are involved in some
aspect of ribosome assembly or function. The GTPases Era,
Obg (CgtA or ObgE), YjeQ (YloQ or RsgA), and BipA
(YlaG) have all been implicated in ribosome function, stability,
or assembly (alternative gene names are provided in parenthe-
ses) (5, 6, 10, 16, 17, 28, 31, 34). These observations, coupled
with our recently published work on RbgA (33), led us to
investigate whether YphC (EngA or Der) and YsxC (YihA)
were also involved in ribosome biogenesis. Both of these pro-
teins are GTPases that are essential for growth in bacteria and
are predicted to interact with RNA (1, 29). In spite of extensive
biochemical and structural data available for both of these
proteins, their biological functions have not been elucidated.
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EngA from E. coli has been postulated to be involved in 23S
rRNA maturation, as the overexpression of EngA can suppress
a temperature-sensitive allele of rrm/, a 23S methyltransferase
(32). YihA was previously postulated to participate in the cell
cycle and may play a role in cell division (11). Here, we show
that the essential GTPases YphC and YsxC participate in
ribosome assembly in B. subtilis, specifically in the biogenesis
of the large subunit. This work adds to a growing list of non-
ribosomal proteins that function in the biogenesis of the ribo-
some in bacteria.

MATERIALS AND METHODS

Plasmid and strain construction. pLS7 was created by cloning a 418-bp 5’
fragment of ysxC into pJL86, a vector used to create fusions of chromosomal
genes to the isopropyl-B-p-thiogalactopyranoside (IPTG)-inducible, Lacl-re-
pressible P, promoter (33). pJL86 contains a chloramphenicol acetyltrans-
ferase gene that allows the selection of transformants on 5 pg/ml chloram-
phenicol. pLS7 was transformed into RB247 (JH642) to create strain RB260
(PspankysxC). pLS22 was created by cloning a 280-bp 5" fragment of yphC into
pJL86. pLS22 was transformed into RB247 (JH642) to create strain RB290
(PspankyPhC). pLS23 was created by cloning a 278-bp 5" fragment of gpsA into
pJL86. pLS23 was transformed into RB247 (JH642) to create strain RB318
(Pspank-gpsA). pLS1 was created by cloning a 418-bp 5’ fragment of era into
pJL86. pLS1 was transformed into RB247 (JH642) to create strain RB269
(Pgpank-era). pLS2 was created by cloning a 361-bp 5’ fragment of 0bg into pJL86.
pLS2 was transformed into RB247 (JH642) to create strain RB264 (Pyp,,c-0bg).
All experiments were performed at 37°C in Luria-Bertani (LB) medium. Chlor-
amphenicol (5 pg/ml) was added when necessary. IPTG was purchased from
Teknova.

The Hisg-ysxC and Hiss-yphC fusion plasmids were constructed by PCR am-
plification of either ysxC or yphC using Pfu Turbo DNA polymerase (Stratagene),
digestion of the PCR product by using the restriction enzymes Ndel and BlpI,
and ligation into the Ndel and BlpI sites of the pET-15b vector (Novagen). The
correct nucleotide sequence was confirmed by DNA sequencing (Genome Ex-
press). Oligonucleotide sequences used for cloning are available upon request.

Protein expression and purification. E. coli strain BL21(DE3) or C41(DE3)
(25) was transformed with plasmid ysxC-pET15b or yphC-pET15b, respectively.
For overexpression, E. coli cells were grown at 37°C in Luria-Bertani medium
(Sigma) supplemented with 100 wg/ml of ampicillin (Sigma) in the presence
(YphC) or absence (YsxC) of 1% glucose. Bacteria were grown to an optical
density at 600 nm (ODy) of 0.6 to 0.8 and then induced with 1 mM isopropyl-
B-thiogalactopyranoside (Euromedex) for 3 to 4 h at 37°C. Cells were harvested
by centrifugation at 4,000 X g for 10 min.

His,-YsxC was purified as follows. E. coli cells were resuspended in a solution
containing 50 mM NaPO, (pH 8.5), 1 mM MgCl,, 1 mM phenylmethanesulfonyl
fluoride (FLUKA), 10 uM leupeptin (Euromedex), and 6 pM pepstatin
(Euromedex); sonicated three times for 20 s; and spun at 39,000 X g for 20 min
at 4°C. The supernatant fraction collected was loaded onto a 4-ml Ni-nitrilotri-
acetic acid agarose column (QIAGEN) equilibrated with buffer A (50 mM
NaPO,, pH 8, 0.3 M NaCl). The column was washed with 100 ml of buffer A
containing 10 mM imidazole (Sigma) and eluted with 10 ml of buffer A contain-
ing 100 mM imidazole. The fractions containing His,-YsxC were collected, con-
centrated on a Centricon YM10 filter (Millipore), and gel filtrated on a Superdex
200 10/300GL column (Amersham) equilibrated with buffer B (50 mM NaPO,,
pH 8, 0.1 M NaCl). Fractions containing Hiss-YsxC were concentrated on a
Centricon YM10 filter, and glycerol was added to a final concentration of 15%
(vol/vol). Aliquots were frozen in liquid nitrogen and stored at —80°C until use.

His,-YphC was purified as follows. E. coli cells were resuspended in a solution
containing 50 mM HEPES-KOH (pH 8), 10 mM NaCl, 1 mM phenylmethane-
sulfonyl fluoride, 10 pM leupeptin, 6 pM pepstatin, and 5 mM B-mercaptoeth-
anol and disrupted using a French press (1,000 1b/in?). The lysate was centrifuged
at 10,000 X g for 45 min, and the supernatant was loaded onto a DEAE-cellulose
column (Sigma) equilibrated with a solution containing 50 mM HEPES-KOH
(pH 8), 10 mM NaCl, and 5 mM B-mercaptoethanol. The column was washed
with 100 ml of the same buffer and eluted with 50 ml of buffer B (50 mM
HEPES-KOH, pH 8, 500 mM NaCl, 10 mM imidazole, 5 mM B-mercaptoetha-
nol, and 10% glycerol). Fractions containing Hiss-YphC were pooled and loaded
onto a 5-ml Ni-nitrilotriacetic acid agarose affinity column equilibrated with
buffer B. The column was then washed with 100 ml of a solution containing 50
mM HEPES-KOH (pH 8), 250 mM NaCl, 20 mM imidazole, 5 mM B-mercap-
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toethanol, and 10% glycerol and eluted with the same buffer containing 250 mM
imidazole. The proteins were then concentrated on an Amicon Ultra 10-kDa
column (Millipore) and loaded onto a Superdex 75 column (Amersham) equil-
ibrated with a solution containing 50 mM HEPES-KOH (pH 8), 100 mM NaCl,
and 5 mM B-mercaptoethanol. The fractions containing Hiss-YphC were con-
centrated on a Centricon YM10 filter, and glycerol was added to a final concen-
tration of 10% (vol/vol). Aliquots were frozen in liquid nitrogen and stored at
—80°C until use. The protein concentrations were determined using the Coo-
massie Plus protein assay reagent (Pierce), with serum albumin as a standard.

Ribosome profiling experiments. Ribosome profiles were prepared by sucrose
density centrifugation (7, 21) of lysates of the indicated cells grown to an ODyy
of 0.5. Sucrose density gradients (10% to 25%) were prepared by discontinuous
loading of multiple density layers and overnight diffusion at 4°C for a continuous
gradient. Sucrose layers were prepared in a solution containing 10 mM Tris-HCI
buffer (pH 7.5) with 10 mM MgCl,, 50 mM NH,CI, and 1 mM dithiothreitol
(DTT). To deplete the cells of YsxC or YphC, the strains were cultured in LB
medium containing the indicated concentration of inducer for several genera-
tions at 37°C until a constant growth rate was observed. Cells were grown to an
ODg of 0.5 in 150-ml cultures. Chloramphenicol (Sigma) was added to a final
concentration of 100 wg/ml 5 min prior to harvesting to prevent ribosome runoff.
Cells were pelleted and resuspended in 6 ml of lysis buffer consisting of 10 mM
Tris-HCI (pH 7.5), 60 mM KCI, 10 mM MgCl,, 0.5% sodium deoxycholate, 0.5%
Tween 20, 1 mM DTT, 1X Complete EDTA-Free protease inhibitors (Roche),
and 10 U/ml RNase-free DNase (Roche). Cells were disrupted using a French
press, and the lysates were clarified by centrifugation at 16,000 X g for 20 min.
Lysates were loaded on top of prepared sucrose gradients and centrifuged using
an SW41 rotor (Beckman) for 3.5 h at 35,000 rpm. After centrifugation, the
bottom of the gradient was punctured, and the gradient was drawn out and
monitored for UV absorbance using a flow cell. The Svedberg (S) value for the
45S intermediate was determined based on the formula that S is proportional to
the natural log of the radius of sedimentation through the sucrose gradient; using
the 708, 508, and 30S complexes as known standards, the S value of the aberrant
large subunit was determined to be ~458S.

For the identification of proteins associated with the 45S and 44.5S interme-
diates, both 12% sodium dodecyl sulfate-polyacrylamide gel electrophoresis
(SDS-PAGE) and 16% SDS-PAGE were performed. Individual protein bands
were cut out and submitted to the Michigan Proteome Consortium for identifi-
cation by tandem mass spectrometry analysis.

Interactions of GTPases with the ribosome. Highly purified ribosomes from
Bacillus subtilis strain 168 were prepared exactly as described previously by
Daigle and Brown (10), starting from 2 liters of LB medium inoculated with 20
ml of a culture of B. subtilis grown overnight. A mixture of Bacillus ribosomes (41
pmol) and 18 pmol of His,-YsxC was incubated in 100 pl of a solution containing
0.02 M NaPO, (pH 8), 0.15 M NaCl, and 2 mM Mg acetate (and, when indicated,
with 1 mM GTP or GDP) at room temperature for 15 min. This was then
overlaid onto 1 ml of a 10% sucrose cushion made up in a solution containing
0.02 M NaPO, (pH 8), 0.15 M NaCl, and 2 mM Mg acetate (and, when indicated,
with 1 mM GTP or GDP). Samples were centrifuged at 150,000 X g for 1 h at 4°C
in a Beckman TLA 100.3 rotor. The pellets were dissolved in 50 .l of a solution
containing 0.02 M NaPO, (pH 8), 0.15 M NaCl, and 2 mM Mg acetate, and
one-third of the solution was loaded onto a 12% SDS-PAGE gel. The proteins
from the gel were transferred onto an Immobilon-P*? transfer membrane (Mil-
lipore), and histidine-tagged YsxC was detected using an India HisProbe-HRP
antibody (Pierce) according to the manufacturer’s immunoblotting protocol.
Antibodies were detected by fluorography with the Supersignal West Pico
Chemiluminescent Substrate Working Solution (Pierce) as recommended by the
manufacturer.

For the analysis of YphC, 200 pmol of YphC was added to 200 pmol of
ribosome with or without nucleotides. The mixes were then incubated at 37°C for
30 min; applied onto a 10% sucrose cushion prepared in a solution containing 20
mM HEPES-KOH (pH 7.5), 10 mM MgCl,, 50 mM NH,Cl, and 1 mM DTT
buffer (buffer C); and centrifuged at 70,000 rpm in a TLA120.1 rotor (Beckman)
for 1 h at 4°C. The pellet was then washed and resuspended in 25 pl of buffer C
and resolved on a 14% SDS-PAGE gel. Detection of Hisg-YphC was performed
as described above for Hisg-YsxC.

RESULTS

Growth defects of strains depleted of YphC or YsxC. Previ-
ous studies have shown that both YsxC and YphC are essential
for growth in Bacillus subtilis and several other bacteria (2, 26,
35). We developed strains that were capable of depleting
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FIG. 1. Growth curves of strains depleted of YsxC or YphC.
Strains RB260 (Py,,,yxsC) and RB290 (P, -yphC) were grown for
several generations in the presence of 1 mM IPTG or without an
inducer. When the cultures reached on ODy, of 1.0, they were diluted
back into prewarmed LB medium. Circles, RB260 grown in the pres-
ence of 1 mM IPTG (YsxC™"); diamonds, RB290 grown in the presence
of 1 mM IPTG (YphC"); squares, RB260 grown in the absence of
IPTG (YsxC™); X, RB290 grown in the absence of IPTG (YphC™).

YphC or YsxC by fusing the only copy of either gene to the
IPTG-inducible, Lacl-repressible promoter Pg,,... This was
performed by cloning 5" fragments of either ysxC or yphC into
vector pJL86 and transforming the plasmid into a wild-type B.
subtilis strain (RB247). The resulting strains, RB260 (P, -
ysxC) and RB290 (Py,,,-yphC) were grown with or without 1
mM IPTG in LB medium at 37°C to determine the effects of
depletion on cell growth. RB260 and RB290 grew at normal
wild-type growth rates when grown in the presence of 1 mM
IPTG. When cells were grown in the absence of IPTG, the
doubling time slowed until a steady-state rate that was consid-
erably slower than that of wild-type cells was reached (Fig. 1).
After several generations of protein depletion, RB260 had a
doubling time of 87 min when maximally depleted of YsxC
using our conditions, while RB290 had a doubling time of 115
min when depleted of YphC. This residual growth is likely due
to leaky expression from the Pg,,,, promoter and allows for
limited growth in the absence of IPTG.

ysxC is located at the end of a predicted operon with the
lonA gene, and the expression of no other gene in the region
was altered by the P,,.-ysxC construct, as demonstrated by
DNA microarray analysis (data not shown). yphC is predicted
to be the first gene of a two-gene operon with gpsA4, which
encodes glycerol 3-phosphate dehydrogenase. Microarray
analysis showed that when RB290 was grown without IPTG, a
less-than-twofold decrease in the levels of gps4 also occurred
(data not shown). To confirm that gps4 does not affect cell
growth, we created a P, -gpsA strain (RB318). No effect on
cell growth was observed when RB318 cells were grown on
plates lacking IPTG, whereas RB290 cells exhibited a signifi-
cant growth defect when plated onto medium lacking IPTG
(data not shown). Using a strain harboring yphC driven by the
IPTG-inducible promoter P, ., Morimoto et al. previously
showed that providing an extra copy of gpsA did not rescue the
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FIG. 2. Ribosome biogenesis defects in YsxC- and YphC-depleted
cells. Ribosome profiles were generated by centrifugation of lysates
through a 10 to 25% sucrose gradient. (A) Wild-type ribosome profile
from the RB301 strains that is fully induced for RbgA expression in the
presence of 1 mM IPTG. Ribosome profiles of cells depleted of
(B) RbgA, (C) YsxC, and (D) YphC are also shown. Dashed lines
indicate the migration of 70S subunits, the 45S intermediate, and
mature 30S subunits.

v

growth defect observed when cells were grown without IPTG
(26). Their results, along with those reported here, suggest that
gpsA has no effect on cell growth when depleted.

Strains depleted of either YphC or YsxC are defective in the
assembly of the 50S subunit. Depletion of either YphC or
YsxC results in the accumulation of an altered large ribosomal
subunit. Our previous work with the essential GTPase RbgA
demonstrated that RbgA participates in the assembly of the
50S ribosomal subunit (33). We therefore tested the possibility
that YsxC and/or YphC may be involved in ribosome assembly.
Strain RB260 (Py,,,ysxC) and strain RB290 (P, -yphC)
were grown in the absence of IPTG until a steady-state dou-
bling time was achieved. Lysates from these strains were made,
and ribosomes were fractionated on 10 to 25% sucrose gradi-
ents by sucrose density gradient ultracentrifugation. In the
presence of IPTG, both RB260 and RB290 displayed wild-type
ribosome profiles that were indistinguishable from those of
wild-type cells or RB301 cells (P, -7bgA) grown in the pres-
ence of IPTG (Fig. 2A and data not shown). In the absence of
IPTG, there were two defects that were clearly apparent from
both strains (Fig. 2C and D). First, there was a drastic reduc-
tion in the level of 70S ribosomes in both strains. In strain
RB290, 70S ribosomes were nearly undetectable after long-
term depletion of YphC. Strain RB260 (YsxC) contained re-
duced levels of 70S ribosomes but always had a higher level
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than was found in strain RB290. This is likely due to a higher
level of leaky expression found in the RB260 cells. Second,
both YphC-depleted and YsxC-depleted cells have altered
large ribosomal subunits that migrate more slowly in the su-
crose gradient, similar to the large ribosomal intermediate
isolated from cells depleted of the essential GTPase RbgA
(Fig. 2B). As in RbgA-depleted cells, the large ribosomal sub-
unit in YphC-depleted cells migrates at 45S. In YsxC-depleted
cells, we observed a small but reproducible shift in the large
subunit in comparison to YphC- and RbgA-depleted cells. This
result suggests that the large ribosomal intermediate isolated
from YsxC-depleted cells is a distinct intermediate, and we will
therefore refer to it as the 44.5S intermediate for the rest of
this paper.

Comparative analysis of the proteins missing from the large
ribosomal intermediates isolated from RbgA-, YsxC-, and
YphC-depleted cells. In RbgA-depleted cells, the 45S subunit
intermediate lacks ribosomal proteins 116 and L27 as well as
possibly an additional protein under 10 kDa in size (24, 33).
We analyzed the proteins from the 45S intermediate isolated
from YphC-depleted cells and the 44.5S intermediate isolated
from YsxC-depleted cells and compared the protein composi-
tions to the RbgA-depleted 45S intermediate and to the ma-
ture 50S subunit. We used two different SDS-PAGE conditions
to identify the maximum amount of ribosomal proteins by
one-dimensional analysis. We found that ribosomal protein
L16 was absent from both of the intermediates, as was found in
RbgA-depleted cells (Fig. 3A). We also identified an addi-
tional protein that is missing from the ribosomal intermediates
formed in YsxC-, YphC-, or RbgA-depleted cells (Fig. 3B).
Ribosomal protein L36 is missing from all three ribosomal
intermediates. In addition, a protein that migrates near L27
appears to be missing from all these complexes, as has previ-
ously been described for RbgA-depleted cells (24). However,
our gel conditions have not allowed the separation and positive
identification of this protein. Under all the conditions tested,
the ribosomal proteins that are missing from all three inter-
mediates appear to be the same.

The analysis of nonribosomal proteins that associate with
the ribosomal intermediates suggests that the YsxC-depleted
44.5S subunit is distinct from the 45S intermediate found in
YphC- or RbgA-depleted cells. Figure 3A highlights differ-
ences in the nonribosomal proteins that associate with the
44.5S subunit (arrow, top of gel). Again, the 45S intermediates
isolated from YphC- or RbgA-depleted cells appear to be the
same. Three distinct bands between 55 and 60 kDa are present
in YphC- and RbgA-depleted cells, whereas the wild-type sam-
ple contains one single strong band at approximately 59 kDa.
In contrast, only two bands are present in this size range in
YsxC-depleted cells, one of which appears to comigrate with
the wild-type band and the other of which appears to comi-
grate with the largest band in the YphC- and RbgA-depleted
samples. We are currently working to determine the identities
of these proteins.

YsxC and YphC directly interact with the ribosome. To
determine if YphC or YsxC directly interacts with the ribo-
some, purified ribosomes and purified Hise-YsxC protein or
His,-YphC protein were incubated together under a variety of
guanine nucleotide conditions. Complexes were then overlaid
onto sucrose cushions, pelleted ribosomes were collected, and
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FIG. 3. Analysis of the protein content of the ribosomal interme-
diates isolated from YsxC- and YphC-depleted cells. (A) A 12% SDS-
PAGE gel containing purified large-subunit intermediates. Molecular
masses (kDa) are indicated on the left side of the gel. Lane 1, 44.5S
intermediate isolated from YsxC-depleted cells; lane 2, 45S interme-
diate isolated from YphC-depleted cells; lane 3, 45S intermediate
isolated from RbgA-depleted cells; lane 4, mature 50S subunits iso-
lated from wild-type cells. The bottom arrow indicates where L16 is
present in the 50S subunit but absent from the intermediates. The top
arrow indicates a region of the gel where the 44.5S complex differs
from the 45S intermediates. The identities of the proteins are not yet
known, although their sizes indicate that they cannot be ribosomal
proteins. (B) A 16% SDS-PAGE gel containing purified large-subunit
intermediates. Only the region of the gel at 12 kDa and smaller is
shown. Lane 1, 44.5S complex from YsxC-depleted cells; lane 2, 45S
complex from YphC-depleted cells; lane 3, 45S complex from RbgA-
depleted cells; lane 4, mature 50S subunits from wild-type cells. Arrows
indicate the positions of 136 and possibly L27, found only in the
mature 50S subunit.

the presence of His,-YsxC or Hisy-YphC was monitored by
Western blotting using a specific His-tagged antibody. Both
His,-YsxC and His,-YphC were able to bind to 70S ribosomes
(Fig. 4). In the case of Hisg-YsxC, the strength of this interac-
tion was increased by the presence of either GTP or GDP (Fig.
4A). YsxC specifically interacts with individual 50S subunits
but not 30S subunits, consistent with a direct role in the as-
sembly of the large subunit (C. Wicker-Planquart and J.-M.
Jault, unpublished data).

YphC was also found to interact with 70S ribosomes, and
this interaction was stabilized by the nonhydrolyzable analog
GMPPNP (Fig. 4B). Unlike YsxC, the addition of GTP (in the
presence of Mg?*) or GDP strongly inhibited the interaction,
suggesting that YphC in a GDP-bound state is unable to in-
teract with the ribosome. (YphC has a potent intrinsic GTPase
activity; thus, the addition of GTP will likely result in YphC
existing in the GDP-bound form [A.-E. Foucher and J.-M.
Jault, unpublished data].) This finding is similar to the binding
of RbgA to the 50S subunit in that RbgA will interact only with
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FIG. 4. YsxC and YphC directly interact with the ribosome.
(A) Analysis of Hisg-YsxC by Western blotting of the pellets obtained
from centrifugation on a 10% sucrose cushion of the mixtures of
Hisg-YsxC and ribosome incubated in the presence of 1 mM GDP
(lane 1), Hise-YsxC and ribosome incubated in the presence of 1 mM
GTP (lane 2), Hisg-YsxC and ribosome incubated without any added
nucleotide (lane 3), ribosome alone (lane 4), and Hiss-YsxC alone
(lane 5). His,-YsxC incubated with 1 mM GTP or 1 mM GDP gave a
signal that was similar to that of His,-YsxC alone (lane 1), indicating
that Hise-YsxC does not significantly precipitate or aggregate in the
presence of nucleotides (data not shown). (B) Analysis of Hisg-YphC
by Western blotting of the pellets obtained from centrifugation on a
10% sucrose cushion of the mixtures of Hiss-YphC alone (lane 1),
Hiss-YphC and ribosome (lane 2), His,-YphC and ribosome in pres-
ence of 2 mM GTP (lane 3), His,-YphC and ribosome in presence of
2 mM GDP (lane 4), and His,-YphC and ribosome in presence of 2
mM GMPPNP (lane 5). His,-YphC incubated with 2 mM GTP gave a
signal that was similar to that of Hise-YphC alone (lane 1), indicating
that His,-YphC does not significantly precipitate or aggregate in the
presence of nucleotides (data not shown).

the mature 50S complex when bound to a nonhydrolyzable
analog of GTP (24).

DISCUSSION

The results provided in this paper demonstrate that when
either YphC or YsxC is depleted from B. subtilis, a defect in
the assembly of the large ribosomal subunit occurs. These
defects lead to a sharp decrease in functional 70S ribosomes
and a marked slowing of the growth rate, as has been previ-
ously described for the essential GTPase RbgA (24, 33). Both
GTPases directly interact with the ribosome. These results
indicate that YsxC and YphC directly participate in ribo-
some biogenesis and suggest that, as has been described for
eukaryotic ribosome 60S subunit biogenesis, multiple GTPases
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participate in the assembly of the large ribosomal subunit in
bacteria.

Interestingly, YsxC and YphC have easily identifiable ho-
mologs in Escherichia coli (unlike RbgA), the organism for
which most of the work on bacterial ribosome biogenesis has
been performed. YihA, the E. coli YsxC homolog, has been
implicated in the cell cycle and in cell division (32), and EngA,
the YphC homolog in E. coli, is thought to be involved in 23S
rRNA maturation (28). A ribosomal intermediate similar to
the 45S or 44.5S complex that we have observed in B. subtilis
has not been previously described for E. coli. Thus, it will be
interesting to learn if the YsxC and YphC homologs in E. coli
also yield an intermediate similar to that observed in B. subtilis
or if they will control the maturation of previously described E.
coli 50S ribosomal subunit intermediates.

The ribosomal intermediate that accumulates in YsxC-de-
pleted cells is a distinct complex from previously identified
ribosomal intermediates. The large ribosomal subunit inter-
mediate isolated from YphC-depleted cells migrates at 45S in
a sucrose gradient and is indistinguishable from the 45S inter-
mediate that accumulates in RbgA-depleted cells. In contrast,
the large ribosomal subunit isolated from YsxC-depleted cells
migrates slightly slower than 45S (44.5S), indicating an altered
protein composition and/or an altered conformation. SDS-
PAGE analysis of the proteins associated with the 44.5S com-
plex indicates that the difference between the 44.5S and 45S
complexes is likely at the level of nonribosomal proteins asso-
ciated with these complexes, as each complex is missing the
same three ribosomal proteins (L16, L27, and L36).

The finding that 136, in addition to L16 and L27, is also
missing from the ribosomal intermediates isolated from
RbgA-, YsxC-, and YphC-depleted cells is not surprising.
These three proteins lie adjacent to one another in the 50S
subunit, with L16 sandwiched between L.27 and L36 (Fig. 5) (3,
14). L36 plays an important role in the structural organization
of the 50S subunit of E. coli, and the deletion of .36 results in
alterations in the RNA structure distant from the direct con-
tacts between L.36 and rRNA (22). L36 lies adjacent to L16 in
the ribosome, and both proteins make specific contacts with
helix 89 of domain V of the 23S rRNA (Fig. 5). The base of

0N, Helix 38

FIG. 5. Location of L16, L.27, and L36 in the 50S subunit. (A) Crown view representation of the 50S subunit from Deinococcus radiodurans
(Protein Data Bank accession number INKW). The locations of L16 (blue), L27 (red), and L36 (yellow) in the 50S subunit are shown. The rRNA
is dark gray; helix 89 and helix 38 are shown in light gray. (B) Enlarged view of L16, L27, and L36 in the ribosome. Colors are the same as in A.

Figures were generated using VMD software.
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helix 89 forms part of the peptidyltransferase center, and this
helix makes important contacts with IF2 during subunit asso-
ciation. L16 and L27 both make specific contacts with helix 38.
Thus, L16, L27, and L36 lie adjacent to one another in the
ribosome structure, and their incorporation appears to be a
late step in the biogenesis of the B. subtilis large ribosomal
subunit.

At this point, we are unable to speculate about the precise
molecular functions of these GTPases in ribosome assembly.
Incorporation of L27 or L36 is not likely to be the essential
function(s) of RbgA, YsxC, or YphC, as L27 and L36 are
dispensable for growth in both E. coli and B. subtilis (22, 23,
27). Conversely, mutants defective in L16 have not been iso-
lated, suggesting that L16 is essential. One possibility for the
functions of these essential GTPases is that they may control
the structural organization of the ribosome, rendering the
large subunit inactive until properly configured by the com-
bined action of RbgA, YsxC, and YphC. In support of this
idea, previous studies of L16, L.27, and L36 suggest that they
have functional as well as structural roles in the ribosome. L16
and L27 were previously proposed to make specific contacts
with tRNA molecules that occupy the A site and the P site,
respectively (4, 23). Furthermore, helix 89 likely participates in
subunit association, and the lack of L16 and L.36 would likely
cause a defect in the secondary structure of this helix (20, 22).
In addition to serving a structural role in the ribosome, L36
may also participate in elongation factor binding and/or sub-
unit association (22). Taken together, the regulated incorpo-
ration of L16, L27, and L36 may allow the assembling ribo-
some to remain inactive for functional activities and subunit
association until the subunit is fully formed. Alternatively,
YsxC or YphC may participate in the assembly process after
incorporation of the ribosomal proteins. Depletion of these
GTPases may yield a large subunit that is unstable and loses
L16, L27, and L36 upon purification. We find it unlikely that
YsxC and/or YphC functions in translation initiation or elon-
gation, as cells defective in these processes have large subunits
that migrate at 50S in sucrose gradients (33). Attempts are
under way to determine if YsxC and YphC can specifically
interact with the large-subunit intermediates that accumulate
upon their depletion.

The ribosomal intermediates that form in RbgA-, YsxC-, or
YphC-depleted cells are similar to a Bacillus stearothermophi-
lus intermediate that forms during in vitro ribosome assembly.
When purified ribosomal components from B. stearothermophi-
lus are incubated in vitro at 37°C, a reconstitution intermediate
(RIsp) is formed, which migrates much slower on a sucrose
gradient than fully functional 50S subunits (13). RIs, has none
of the functional activities associated with 50S subunits. Heat-
ing of this R, complex to 60°C for 1 h results in the activation
of the particle (designated RIs,*). When the protein compo-
sitions of Rls, and RI5,* were compared, it was found that
RIs, was missing three proteins and had a reduced level of a
fourth protein (8, 13). One of the missing proteins is ~16 kDa,
indicating that it could be L16. Interestingly, the other two
proteins that are missing are both small ribosomal proteins
whose identities cannot be predicted with certainty from pre-
viously published data. However, their sizes are consistent with
these proteins being L27 and L36. The fact that the missing
proteins in the Rl particle during in vitro assembly correlate
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well with the proteins that are missing in the altered large-
subunit complexes in RbgA-, YsxC-, or YphC-depleted cells is
intriguing and further supports the possibility that the 45S and
44.5S complexes isolated in vivo are naturally occurring assem-
bly intermediates. Indeed, Fahnestock and coworkers previ-
ously speculated that the conversion of Rls, into an active
ribosomal subunit would likely be carried out by a nonriboso-
mal factor (13). We suggest that the Rbg GTPases could serve
as such factors.

Multiple GTPases control large-subunit ribosome assembly.
Our results indicate that RbgA, YsxC, and YphC participate in
the assembly of the 50S subunit in Bacillus subtilis. RbgA binds
to both the 458 intermediate and to the mature 50S subunit (in
the presence of GTPyS), suggesting that RbgA participates in
the final maturation step. We envision at least two possibilities
for the roles of RbgA, YsxC, and YphC in ribosome assembly.
First, these GTPases could function in a linear pathway with
one of the GTPases acting prior to the others. As the 44.5S
subunit from YsxC appears to be distinct from the 458 inter-
mediates isolated from YphC of RbgA-depleted cells, it is
possible that YsxC may act independently of RbgA and YphC
in ribosome assembly. From our current data, we detect no
significant difference between YphC- and RbgA-depleted cells,
indicating that they may act at a similar step in ribosome
biogenesis. Alternatively, these GTPases may all function on
the same ribosomal intermediate, a protein complex similar to
RI;, that accumulates during in vitro assembly. An analogous
situation occurs during the biogenesis of the 60S subunit in
yeast in which at least three GTPases participate in the matu-
ration of the pre-60S complex (12). A more detailed analysis of
the 44.5S and 45S protein composition and structure may help
elucidate the role of GTPases in ribosome assembly.
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