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Recent work with bacteria and eukaryotes has shown that GTPases play important roles in ribosome
assembly. Here we show that the essential GTPase YqeH is required for proper 70S ribosome formation and
30S subunit assembly/stability in Bacillus subtilis.

Several GTPases contain a circular permutation of the GTP-
binding domain (cpGTPases) in which the normal G1-G2-G3-
G4-G5 motif orientation of the GTP-binding domain has been
rearranged to G4-G5-G1-G2-G3 (10). Structural, bioinfor-
matic, and biochemical studies of cpGTPases revealed that this
G domain permutation occurs in proteins implicated in ribo-
some assembly or with domains that interact with RNA (1, 6,
8, 11, 15). Several cpGTPases, including the bacterial RbgA
protein and Saccharomyces cerevisiae homologs Nog2p, Nug1p,
and Lsg1p, have been demonstrated to participate in large
ribosomal subunit assembly (2, 8, 11, 15, 16).

The GTPase YqeH is a cpGTPase that has an interesting
phylogenetic distribution and is found in many bacterial and
eukaryotic genomes (10). YqeH contains an N-terminal zinc
ribbon motif that has been implicated in RNA binding and is
found in several ribosomal proteins (9). YqeH is essential for
growth in several bacteria, but the biological function of YqeH
has remained elusive (12, 17). For Bacillus subtilis, cells de-
pleted of YqeH show a loss of coordination of DNA replica-
tion, suggesting that YqeH is somehow involved in the negative
regulation of DNA replication (12). Interestingly, the Arabi-
dopsis thaliana AtNOS1 protein, a mitochondrial nitric oxide
synthase that is required for the plant to resist reactive oxygen
stress, is the eukaryotic homolog with the highest degree of
similarity to YqeH (5, 7). In this study, we show that YqeH is
required for the efficient assembly of 70S ribosomes and of the
small ribosomal subunit. Cells depleted of YqeH are greatly
reduced in functional 70S ribosomes and 30S subunits. YqeH
is therefore a member of the growing number of cpGTPases
that have functional roles in ribosome biogenesis.

Effects of depletion of YqeH on cell growth. Previous work
has shown that yqeH, encoding a GTPase of unknown function
in B. subtilis, is essential for growth (12). In order to study the
effects of depleting YqeH on cell growth, we constructed
strains that place the expression of yqeH under the control of
the isopropyl-beta-D-thiogalactopyranoside (IPTG)-inducible,
LacI-repressible promoter Pspank. A 283-bp fragment contain-
ing the ribosome-binding site and the 5� end of the yqeH gene
was cloned into the Pspank vector pJL86, which cannot replicate

in B. subtilis. The resulting plasmid (pLS20) was transformed
and recombined into the chromosome of B. subtilis by a single
crossover. This recombination results in the removal of the
full-length yqeH gene from the control of its native promoter
and places it under the control of the Pspank promoter (gener-
ating strain RB286). Primer sequences for all strain construc-
tions are available upon request.

The location of the yqeH gene suggests that it is coexpressed
with a number of additional genes (aroD-yqeIJKLM). There-
fore, we were concerned that construction of the Pspank-yqeH
strain would result in a decreased expression of genes down-
stream of yqeH, making it difficult to assign observed pheno-
types to yqeH depletion and not to the downstream genes. To
address this problem, we constructed an additional strain
(RB288) that places aroD, the gene immediately downstream
of yqeH, under the control of Pspank. This was achieved by
cloning a 282-bp fragment containing the ribosome-binding
site and the 5� end of the aroD gene into the Pspank vector
pJL86 (resulting in plasmid pLS21). The Pspank-yqeH and
Pspank-aroD strains were grown on LB medium in the presence
of 1 mM IPTG and in the absence of IPTG. As expected, both
strains formed large colonies after overnight incubation at
37°C in the presence of 1 mM IPTG. However, only the Pspank-
yqeH strain showed reduced growth in the absence of IPTG,
with small colonies visible after 24 h. The growth rate of the
Pspank-aroD (RB288) strain grown in the absence of IPTG was
indistinguishable from that of the strain grown with 1 mM
IPTG, demonstrating that depletion of YqeH is required for
the growth defect. To confirm this result, we constructed a
second strain (RB406) in which the full-length yqeH gene was
placed at the amyE locus under the control of the PxylA pro-
moter, using the plasmid pSWEET (generating plasmid
pMK1), and the native yqeH gene was replaced by a spectino-
mycin cassette (3). All of the growth, rRNA, and ribosome
defects associated with RB286 (Pspank-yqeH) were observed in
the RB406 strain grown in the absence of xylose (see below and
data not shown). Because the expression of yqeH from the PxylA

promoter was sufficient to complement the defects associated
with the disruption of yqeH, polar effects on genes downstream
of yqeH were unlikely to be involved in the observed pheno-
types.

A decrease in the growth rate directly correlated with the
amount of IPTG present in RB286 (Pspank-yqeH) cultures.
Strain RB286 was grown in LB medium at 37°C in the presence
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of decreasing amounts of IPTG. RB286 cells grown in the
presence of 1 mM IPTG grew at a rate indistinguishable from
that of wild-type cells (doubling time, 28 min). The growth rate
decreased until a doubling time of 100 min was achieved in the
absence of IPTG. Cells grown without IPTG still grew expo-
nentially, likely due to leaky expression from the Pspank pro-
moter. Intermediate levels of growth (45-min doubling time
with 10 �M IPTG and 70-min doubling time with 5 �M IPTG)
were observed when the IPTG concentration was varied, show-
ing that the growth rate correlated with the YqeH level. A
dependence of growth rate on the level of a protein involved in
translation is expected and has been demonstrated for the
essential GTPase RbgA and for initiation factor 2 in Esche-
richia coli (4, 15).

Decreased levels of 16S rRNA are associated with YqeH
depletion. When isolating RNAs from YqeH-depleted cells,
we frequently observed that the 16S rRNA band was much
fainter than the 16S rRNA band for RNAs isolated from non-
depleted cells. To quantify this reduction in 16S rRNA, RB286
(Pspank-yqeH) cells were grown in 1 mM IPTG, 10 �M IPTG,
5 �M IPTG, or no IPTG to identical optical densities at 600
nm, and cells were harvested for RNA isolation. RNAs were
analyzed by formaldehyde-agarose gel electrophoresis, and
band intensities were measured by densitometry with an Alpha
Imager 2200 (Alpha Innotech) gel documentation system.
rRNAs isolated from RB286 cells grown in 1 mM IPTG had a
23S/16S rRNA ratio of approximately 1.5, similar to what we
observed for rRNAs isolated from wild-type B. subtilis cells
(data not shown). rRNAs isolated from cells depleted of YqeH

showed an increased ratio of 23S/16S rRNA (Fig. 1). The
increasing ratio correlated inversely with the amount of IPTG
added to the culture. Decreasing the amount of IPTG, and
thus the YqeH level, resulted in higher 23S/16S rRNA ratios.
For cultures grown in the absence of IPTG (100-min doubling
time), the 23S/16S ratio was �2.6. Making the assumption that
the level of 23S rRNA was not altered in these cells, the 16S
rRNA was �40% less abundant in cells depleted of YqeH.
These results were confirmed using strain RB406 by growing
the strain in various levels of xylose (data not shown). Two
conclusions about these experiments are worth noting. First,
the decrease in 16S rRNA correlates well with the decrease in
YqeH level and growth rate: as the YqeH level decreases, the
amount of 16S rRNA decreases. Second, a 40% decrease in
16S rRNA is dramatic considering that the ribosome is one of
the most abundant molecules in the cell. The addition of an
RNase inhibitor to cells prior to RNA isolation had no effect
on the stability of 16S rRNA, suggesting that 16S rRNA was
not being degraded during RNA isolation. These results
strongly suggest a role for YqeH in translation, possibly in 16S
rRNA stability or 30S subunit assembly.

Ribosome assembly defects in cells depleted of YqeH. Anal-
ysis of ribosomes and ribosomal subunits from YqeH-depleted
cells indicated that 30S ribosome assembly or stability is de-
fective. Figure 2 shows the results of the ribosome profile
analysis for RB286 cells grown in the presence (1 mM) or
absence of IPTG. Cell lysates were prepared and ultracentri-
fuged over a 10 to 25% sucrose gradient, as previously de-
scribed (14, 15). When RB286 was grown in LB medium at

FIG. 1. The ratio of 23S/16S rRNA is altered in RB286 (Pspank-yqeH) cells. Total RNA was run in a 1% formaldehyde-agarose gel. RNAs from
induced (left) and fully YqeH-depleted cells are shown. The ratio of 23S/16S rRNA levels was quantitated. Results for three independent
experiments are shown. Error bars depict the standard errors of the means (SEM).
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37°C in the presence of 1 mM IPTG (Fig. 2A), the cells showed
a distribution of 70S ribosomes and individual 50S and 30S
subunits that was similar to that in wild-type cells. When cells
were grown in the absence of IPTG (Fig. 2B), there was a
decrease in the 30S subunit peak and a reduction of functional
70S ribosomes. The 50S subunits appeared to be increased,
presumably due to a lack of 30S subunits to partner with to
form a 70S ribosome. (The RB288 strain that depletes the
expression of genes downstream of yqeH had a ribosome pro-
file indistinguishable from a wild-type profile when grown with-
out IPTG [data not shown].) This profile correlates well with
our data showing that 16S rRNA is specifically depleted in
YqeH-depleted cells (Fig. 1) and indicates that the biogenesis
of the 30S subunit is defective. Notably, this ribosome profile is
very different from that for cells depleted of known translation
initiation and elongation factors, demonstrating that the
YqeH-depleted profile is not simply an indirect effect of a
defect in translation (15). With translation factor-depleted
cells, we did not observe a loss of 30S subunits relative to 50S
ribosomes. These ribosome assembly defects were also ob-
served in the RB406 strain grown in the absence of xylose (data
not shown).

The zinc ribbon motif and GTP-binding domain are re-
quired for YqeH function in vivo. YqeH contains a highly
conserved zinc ribbon motif (CXXCN26CXXC), which has
been found in ribosomal proteins and may participate in pro-
tein-RNA interactions (9). This motif is conserved in all bac-
terial and eukaryotic yqeH homologs sequenced to date. To
test if the zinc ribbon motif was required for function, we
created a site-directed mutation in this motif to determine if
the mutant YqeH protein could support growth. Because yqeH
is essential, we created a strain in which the wild-type copy of
yqeH was under the control of the IPTG-inducible Pspank pro-
moter (RB286 strain) and mutant copies of yqeH were under
the control of the xylose-inducible promoter PxylA. Site-di-
rected mutations were made in the yqeH gene of plasmid
pMK1 by using a QuikChange II kit (Stratagene), generating a

C36A/C39A double mutation (plasmid pWU1). These muta-
tions alter the first two cysteines of the zinc ribbon motif. In
addition, extra copies of lacI were provided to the RB286
strain by the addition of the pMAP65 plasmid (13) to reduce
leaky transcription from Pspank, generating strain RB567. Plas-
mids pMK1 and pWU1 were transformed into the RB567
background, generating strains RB641 and RB643, respec-
tively. The resulting strains produced wild-type YqeH when
grown in the presence of IPTG but produced wild-type or
mutated YqeH when grown in the presence of xylose without
IPTG. Strain RB641 had wild-type versions of yqeH at both
loci, whereas RB643 had a mutant version of yqeH (C36A/
C39A) under the control of the xylose promoter. RB641 was
able to form wild-type colonies in the presence of either 1 mM
IPTG or 2% xylose but formed only small colonies in the
absence of any inducer (likely due to leaky expression of yqeH
from the Pspank promoter). RB643 formed wild-type colonies
in the presence of IPTG but formed small colonies in the
presence of only 2% xylose (Fig. 3). These colonies were in-
distinguishable from those of RB643 cells grown in the absence
of either inducer, indicating that the C36A/C39A mutation in
yqeH resulted in a severe, possibly null defect. These results
demonstrate that the putative zinc ribbon motif is important
for yqeH function or for the stability or folding of YqeH.

The same experimental approach was also used to deter-
mine if the GTP-binding domain is also required for yqeH
function. A mutation in lysine 104 of the G1 domain (K104A),
which participates in the binding of GTP, was cloned into the
pSWEET vector (resulting in plasmid pWU16). This vector
was then transformed into the RB567 background. The result-
ing strain (RB647) containing the K104A mutation behaved
similarly to strain RB643 and was unable to support wild-type
growth on LB medium supplemented with 2% xylose (data not
shown). Thus, not surprisingly, the GTP-binding domain is also
required for YqeH function.

FIG. 2. Ribosome profiling of YqeH-depleted cells. (A) Ribosome
profile of RB286 grown in the presence of 1 mM IPTG (no depletion
of YqeH). (B) Ribosome profile of RB286 grown in the absence of
IPTG (YqeH-depleted cells). The direction of the 10 to 25% sucrose
gradient is indicated on the x axis, and the A260 reading is indicated on
the y axis.

FIG. 3. Mutation of the putative zinc ribbon motif in YqeH does
not support wild-type growth. (Top) Strains RB641 and RB643 grown
on LB plates in the presence of 1 mM IPTG. (Middle) Strains RB641
and RB643 grown on LB plates in the presence of 2% xylose. (Bottom)
Strains RB641 and RB643 grown on LB plates without an inducer.
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Conclusions. Our results indicate that the essential GTPase
YqeH is involved in ribosome assembly. The specific loss of
30S ribosomes and degradation of 16S rRNA suggest that
YqeH depletion results in a defect in the small ribosomal
subunit. Future studies are planned to dissect the roles of
YqeH in ribosome assembly and to determine how YqeH may
be involved in coordinating ribosome biogenesis and the initi-
ation of DNA replication.
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