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ABSTRACT

The unique Escherichia coli GTPase Der (double Era-like GTPase), which contains tandemly repeated GTP-binding domains,
has been shown to play an essential role in 50S ribosomal subunit biogenesis. The depletion of Der results in the accumulation of
precursors of 50S ribosomal subunits that are structurally unstable at low Mg2� concentrations. Der homologs are ubiquitously
found in eubacteria. Conversely, very few are conserved in eukaryotes, and none is conserved in archaea. In the present study, to
verify their conserved role in bacterial 50S ribosomal subunit biogenesis, we cloned Der homologs from two gammaproteobacte-
ria, Klebsiella pneumoniae and Salmonella enterica serovar Typhimurium; two pathogenic bacteria, Staphylococcus aureus and
Neisseria gonorrhoeae; and the extremophile Deinococcus radiodurans and then evaluated whether they could functionally com-
plement the E. coli der-null phenotype. Only K. pneumoniae and S. Typhimurium Der proteins enabled the E. coli der-null
strain to grow under nonpermissive conditions. Sucrose density gradient experiments revealed that the expression of K. pneu-
moniae and S. Typhimurium Der proteins rescued the structural instability of 50S ribosomal subunits, which was caused by E.
coli Der depletion. To determine what allows their complementation, we constructed Der chimeras. We found that only Der chi-
meras harboring both the linker and long C-terminal regions could reverse the growth defects of the der-null strain. Our find-
ings suggest that ubiquitously conserved essential GTPase Der is involved in 50S ribosomal subunit biosynthesis in various bac-
teria and that the linker and C-terminal regions may participate in species-specific recognition or interaction with the 50S
ribosomal subunit.

IMPORTANCE

In Escherichia coli, Der (double Era-like GTPase) is an essential GTPase that is important for the production of mature 50S ribo-
somal subunits. However, to date, its precise role in ribosome biogenesis has not been clarified. In this study, we used five Der
homologs from gammaproteobacteria, pathogenic bacteria, and an extremophile to elucidate their conserved function in 50S
ribosomal subunit biogenesis. Among them, Klebsiella pneumoniae and Salmonella enterica serovar Typhimurium Der ho-
mologs implicated the participation of Der in ribosome assembly in E. coli. Our results show that the linker and C-terminal re-
gions of Der homologs are correlated with its functional complementation in E. coli der mutants, suggesting that they are in-
volved in species-specific recognition or interaction with 50S ribosomal subunits.

GTPases are one of the most widespread protein families in all
kingdoms of life (1). A number of GTPases play key roles in

eukaryotes, prokaryotes, and archaea by regulating various cellu-
lar processes, such as proliferation, cell growth, protein transla-
tion, protein translocation, and signal transduction (1–4). To reg-
ulate these cellular functions tightly, GTPase proteins undergo
three different conformation states: a nucleotide-free empty state,
a GTP-bound active state, and a GDP-bound inactive state (1, 2, 5,
6). Escherichia coli contains numerous GTPase proteins, most of
which play pivotal roles in ribosome function (either translation
or biogenesis). Among these GTPases, Era and RsgA are involved
in the maturation of 30S ribosomal subunits, whereas Der (double
Era-like GTPase) and ObgE participate in the completion of 50S
ribosomal subunits (7–13).

Der, also known as EngA (essential neisserial GTPase) or
YphC, is an essential bacterial GTPase (14, 15). The subfamily of
Der GTPases belongs to the TrmE-Era-EngA-YihA-Septin-like
superfamily of the TRAFAC (translation-factor-related) class
(16, 17) and to the HAS-GTPase class (hydrophobic amino acid
substituted for catalytic glutamine GTPases) (18). Der is unique
among all GTPases as it bears two consecutive GTP-binding do-
mains, G domain 1 (GD1) and G domain 2 (GD2), at the N-ter-

minal region, followed by a unique C-terminal KH domain (14).
Based on the crystal structure of Der of Thermotoga maritima, it
was postulated that the KH domain participates in protein-pro-
tein and/or protein-nucleic acid interactions (19).

Genetic screening revealed that the overexpression of either of
two genes encoding the universally conserved bacterial GTPases,
ObgE and Der, restored the growth defect and abnormality of the
ribosome profile in the �rrmJ strain (HB23 strain) (20). RrmJ is a
methyltransferase that methylates the U2552 residue in the A loop
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of 23S rRNA in intact 50S ribosomal subunits (20, 21). Although
rrmJ deletion is not lethal, it causes serious defects in cell growth.
This growth impairment is caused by the accumulation of 50S and
30S ribosomal subunits in the polysome profiles at the expense of
70S ribosomes and polysomes. Suppression by Der was found to
be mediated without methylation at U2552, suggesting that Der
plays a novel role in 50S ribosomal subunit assembly (20).

When lysates of wild-type E. coli were fractionated on sucrose
gradients, endogenous Der was specifically cofractionated with
50S ribosomal subunits in a GTP-dependent manner (11, 22, 23).
In addition, the polysome profiles of Der-depleted cells revealed
decreased levels of 70S ribosomes and the accumulation of both
30S and 50S ribosomal subunits compared with the features of
wild-type cells (11, 22, 23). In 50S ribosomal subunits isolated
from Der-depleted cells, ribosomal proteins (r-proteins) L9 and
L18 were significantly diminished, and r-proteins L2 and L6 were
marginally reduced (11). All the r-proteins affected by Der deple-
tion belong to the late assembly proteins in 50S ribosomal subunit
biogenesis, among which L9 is necessary to structurally stabilize
50S ribosomal subunits when the GTPase activity of Der is low
(24). The depletion of Der also causes the accumulation of the
rRNA precursors pre-23S and pre-16S rRNA, which are unpro-
cessed at both the 5= and 3= ends (11). This evidence demonstrates
that Der participates in 50S ribosomal subunit maturation at a
later biogenesis step. Interestingly, both GTP-binding domains
(GD1 and GD2) were essential for cell growth. Moreover, the two
GTP-binding domains function cooperatively, suggesting that
GTP-induced conformational changes and GTPase activities are
indispensable for cell viability and function (11, 22). Der-depleted
cells also exhibited uncharacterized phenotypes, such as morpho-
logical filamentation and aberrant chromosomal segregation (14,
25). Although Der interacts with 50S ribosomal subunits and is
important for the production of fully mature 50S ribosomal sub-
units, its precise role in ribosome biogenesis is unclear.

Der homologs from various bacteria, such as Neisseria gonor-
rhoeae, Bacillus subtilis, and Staphylococcus aureus, were previ-
ously revealed to be essential for cell viability (15, 25–27). In
addition, der was presumed to be essential for Mycoplasma geni-
talium, which has one of the smallest genomes, indicating that
it belongs to a minimal gene set in bacteria (28, 29). A unique
GTPase subfamily of Der is conserved in eubacteria as well as a few
plants, and interestingly, Der proteins in these plants are targeted
to parts of chloroplasts, such as stroma and the thylakoid mem-
brane (30). Arabidopsis thaliana der-null mutants exhibited an
embryonic lethal phenotype, and virus-induced gene silencing of
der in Nicotiana benthamiana resulted in defective rRNA process-
ing and ribosome biogenesis in chloroplasts. These findings indi-
cate that plant Der homologs are also involved in ribosome bio-
genesis in chloroplasts. Thus, there are emerging evidences that
bacterial and plant Der proteins comprise a novel 50S ribosomal
subunit maturation (or stabilization) GTPase.

In this study, we heterologously expressed Deinococcus radio-
durans, Klebsiella pneumoniae, N. gonorrhoeae, Staphylococcus au-
reus, and Salmonella enterica serovar Typhimurium Der homologs
(DrDer, KpDer, NgDer, SaDer, and StDer, respectively) in an E.
coli der-null strain and examined their functional complementa-
tions to elucidate the conserved function of bacterial Der ho-
mologs in 50S ribosomal subunit biogenesis and stabilization. In
addition, we constructed chimeric Der proteins to identify critical

regions in Der that enable complementation to the phenotype of
the der-null strain.

MATERIALS AND METHODS
Construction of the der-null strain. For linear DNA transformation, the
der::kan fragment (der replaced with a kanamycin resistance cassette) was
amplified from pUCDerK by PCR (14). Strain BW25113 harboring
pKD46 (containing � Red recombinase and a temperature-sensitive ori-
gin [orits]) (31) and the helper plasmid pINEcDer (der� [wild type] lppp

lacpo cat) was subjected to linear DNA transformation. Transformants
resistant to chloramphenicol and kanamycin at 30°C were isolated and
confirmed for gene disruption by PCR. The resultant strain was used to
prepare for P1 transduction (32). The P1 lysate was transduced into strain
MG1655 harboring pIEEcttg (14), a helper plasmid containing der, an
ampicillin-resistant gene, and a temperature-sensitive replication origin.
The transductant resistant to ampicillin and kanamycin at 30°C was tested
for temperature sensitivity to 43°C, yielding strain MK (der-null strain)
(Table 1). The der deletion in strain MK was confirmed by PCR.

Plasmids. DNA fragments of DrDer, KpDer, SaDer, and StDer were
amplified by PCR of the genomic DNA in each bacterium using primer
sets designed such that the PCR amplicon carried an NdeI site at the 5= end
and a BamHI site at the 3= end (see Table S1 in the supplemental material).
Primer sets to amplify the DNA fragment of NgDer contained an NdeI site
at the 5= end and an EcoRI site at the 3= end. Subsequently, each PCR
fragment was subjected to blunt-end ligation into the SmaI site of pUC19
(see Table S2 in the supplemental material), and these subclones were
digested with the appropriate restriction enzymes. Then, each insert
was ligated into pIN vectors, yielding pINDrDer, pINKpDer, pINNgDer,
pINSaDer, and pINStDer (Table 2). In this manner, pMAL-DrDer,
pMAL-KpDer, pMAL-NgDer, pMAL-SaDer, and pMAL-StDer were con-
structed using pMAL-c5x (New England BioLabs). To construct plant der
expression vectors, plasmids T;AtDer, T;NbDer, and T;T1458 (see Table
S2) were digested by NdeI and BamHI, after which inserts were cloned
into pIN vectors, yielding pINAtDer, pINNbDer, and pINT1458.

The chimeric der genes were constructed using an overlapping PCR
method, as shown in Fig. S1 in the supplemental material. Primers P1 �
P2 and P3 � P4 were used to construct pBAD33DrC1 and pBAD33NgC1,
respectively, both of which contain an E. coli linker. The E. coli C-terminal
region was amplified using primers P6 and P7, and this PCR fragment
was fused to the PCR product amplified by primers P1 � P5, result-
ing in pBAD33DrC2 and pBAD33NgC2. Plasmids pBAD33DrC3 and
pBAD33NgC3 were constructed with primers P1 � P5 and P6 � P7 using
pBAD33DrC1 and pBAD33NgC1 as the templates, respectively. Each
PCR fragment was digested with NdeI-EcoRI or NdeI-BamHI and ligated
into pBAD33 vectors (Table 2). To construct pBAD33EcDer, pINEcDer
was digested with NdeI and EcoRI, and the insert was ligated into
pBAD33.

Bacterial strains and growth conditions. Strain MK (der-null strain)
was routinely used for the heterologous expression of Der homologs.
Transformants resistant to ampicillin, chloramphenicol, and kanamycin
at 30°C were isolated and precultivated at 30°C in Luria-Bertani (LB)
medium containing the same antibiotics for 4 h. Portions of cultures were

TABLE 1 E. coli strains used in this study and their genotypes

Strain Description
Source or
reference

MG1655 F� �� ilvG rfb-50 rph-1 52
BW25113 lacIp4000(lacIq) rrnB3 �lacZ4787 hsdR514

�(araBAD)567 �(rhaBAD)568 rph-1
31

BL21(DE3) F� ompT hsdSB(rB
� mB

�) gal dcm (DE3) Novagen
MK MG1655 der::kan(pIEEcttg) This study
HB23 MG1655 zgi-203::Tn10 Tetr rrmJ(ftsJ)�567 53
ESC08 MG1655 der::kan(pBAD33EcDer) This study
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centrifuged to remove antibiotics and then resuspended in prewarmed LB
medium containing kanamycin and chloramphenicol. The cultures were
shifted to 43°C and then repeatedly diluted (1:3 to 1:5 ratio) into a fresh
prewarmed medium during culture at this temperature. HB23 strains
were grown in LB medium, as described previously (33), after which they
were diluted five times, and their optical density at 600 nm (OD600) values
were measured to develop a growth curve. Each antibiotic was applied at a
concentration of 50 �g/ml.

Protein overexpression and purification. All pMAL-c5x expression
vectors were introduced to the E. coli BL21(DE3) strain, after which trans-
formants were grown to an OD600 of 0.5 to 0.6 in 4 liters of LB medium
containing ampicillin. Cells were then induced with 0.3 mM isopropyl
�-D-thiogalactopyranoside (IPTG) and further grown at 37°C for 2 to 4 h.
The induced cells were subsequently harvested by centrifugation at 4°C,
after which the cell pellets were washed with 10 mM Tris HCl (pH 6.8) and
subjected to a second centrifugation. The cell pellets were then resus-
pended in 20 ml of buffer A (20 mM Tris HCl [pH 7.5], 200 mM KCl, 1
mM EDTA), lysed by sonication, and centrifuged at 10,000 � g for 25 min
at 4°C. The resulting supernatant was subjected to ultracentrifugation at
70,000 � g for 1 h at 4°C in a Beckman 70Ti rotor to remove the mem-
brane and insoluble fractions. Next, the soluble fractions were diluted
with six volumes of buffer A, and the diluted soluble fraction was applied
to amylose resin (New England BioLabs) that had been equilibrated with
buffer A. The column was subsequently washed with buffer A, after which
maltose-binding protein (MBP) fusion proteins were eluted with buffer A
containing 10 mM maltose. Fractions containing MBP fusion proteins
were pooled and dialyzed twice against 2 liters of buffer A without EDTA.

To purify His-tagged proteins, pET28EcDer was introduced into E.
coli BL21(DE3), and transformants were grown to an OD600 of 0.5 to 0.6

in 1 liter of LB medium containing kanamycin. Next, cells were induced
with 0.5 mM IPTG and grown at 37°C for 1.5 h, after which they were
harvested by centrifugation at 4°C. Cell pellets were washed with 10 mM
Tris HCl (pH 6.8), followed by a second centrifugation. The cell pellets
were subsequently resuspended in 20 ml of buffer B (50 mM Tris HCl
[pH 7.5], 200 mM KCl, 10 mM imidazole), lysed by sonication, and cen-
trifuged at 10,000 � g for 25 min to remove cell debris and unbroken cells.
The membrane fraction was removed, as described previously. The final
soluble fractions were applied to a nickel-nitrilotriacetic acid-agarose
resin (Qiagen) column that had been equilibrated with buffer B. The
column was washed with buffer C (50 mM Tris HCl [pH 7.5], 200 mM
KCl, 20 mM imidazole), after which His-tagged proteins were eluted with
buffer D (50 mM Tris HCl [pH 7.5], 200 mM KCl, 250 mM imidazole).
Fractions containing His-tagged proteins were pooled and dialyzed twice
against 2 liters of buffer E (20 mM Tris HCl [pH 7.5], 200 mM KCl, 5 mM
�-mercaptoethanol, and 5% glycerol).

For further purification, dialyzed proteins were loaded onto a Hi-Load
16/60 Superdex 200 prep-grade column (GE Healthcare) and eluted with
buffer A without EDTA at a flow rate of 1 ml/min. Fractions (3 ml per
fraction) were collected and monitored using a UV monitor.

SDS-PAGE and Western blot. SDS-PAGE and Western blot analy-
ses were conducted as described previously (14). The immunoassay
part of Western blot analyses was conducted using polyclonal anti-Der
antiserum generated by Pocono Rabbit Farm and Laboratory (Ca-
nadensis, PA).

Sucrose density gradient sedimentation. Polysomes were prepared
and resolved as described previously, with minor modifications (34). In
brief, strain MK was grown at 30°C for 3 h in 100 ml of LB medium
containing kanamycin and ampicillin, and MK transformants harboring

TABLE 2 Plasmids used in this study and their genotypes

Plasmid Description Source or reference

pIN lppp lacpo cat 54
pINEcDer der� in pIN 14
pINDrDer Deinococcus radiodurans der� in pIN This study
pINKpDer Klebsiella pneumoniae der� in pIN This study
pINNgDer Neisseria gonorrhoeae der� in pIN This study
pINSaDer Staphylococcus aureus der� in pIN This study
pINStDer Salmonella enterica serovar Typhimurium der� in pIN This study
pINAtDer pIN expressing N-terminally truncated Der from Arabidopsis

thaliana
This study

pINNbDer pIN expressing N-terminally truncated Der from Nicotiana
benthamiana

This study

pINT1458 Nicotiana benthamiana der� in pIN This study
pET28a His-tagged expression vector Novagen
pET28EcDer der� in pET28a 45
pMAL-c5x MBP fusion expression vector New England Biolabs
pMAL-EcDer der� in pMAL-c5x This study
pMAL-DrDer Deinococcus radiodurans der� in pMAL-c5x This study
pMAL-KpDer Klebsiella pneumoniae der� in pMAL-c5x This study
pMAL-NgDer Neisseria gonorrhoeae der� in pMAL-c5x This study
pMAL-SaDer Staphylococcus aureus der� in pMAL-c5x This study
pMAL-StDer Salmonella enterica serovar Typhimurium der� in pMAL-c5x This study
pBAD33 Expression vector, Para promoter, cat 55
pBAD33EcDer der� in pBAD33 This study
pBAD33DrC1 Chimeric D. radiodurans der in pBAD33 This study
pBAD33DrC2 Chimeric D. radiodurans der in pBAD33 This study
pBAD33DrC3 Chimeric D. radiodurans der in pBAD33 This study
pBAD33NgC1 Chimeric N. gonorrhoeae der in pBAD33 This study
pBAD33NgC2 Chimeric N. gonorrhoeae der in pBAD33 This study
pBAD33NgC3 Chimeric N. gonorrhoeae der in pBAD33 This study
pKD46 	 � exo (� Red recombinase; bla orits) 31
pIEEcttg der� bla orits 14
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pINEcDer, pINKpDer, or pINStDer were grown at 30°C for 4 h in 100 ml
of LB medium containing ampicillin, kanamycin, and chloramphenicol.
Portions of cultures were centrifuged to remove antibiotics and then re-
suspended in prewarmed LB medium containing 1 mM IPTG, after which
the cultures were shifted to 43°C. During incubation at 43°C, the cultures
were repeatedly diluted (1:10 for strain MK or 1:3 to 1:5 for MK transfor-
mants) using fresh prewarmed medium. After 6 h of incubation at 43°C,
polysomes were trapped by the addition of chloramphenicol to the culture
at a final concentration of 0.1 mg/ml. Following an additional 3 min of
incubation, cells were harvested by centrifugation. The cell pellet was then
resuspended in 0.5 ml of buffer BP (20 mM Tris HCl [pH 7.5], 10 mM
MgCl2, 100 mM NH4Cl, and 5 mM �-mercaptoethanol). For immunoas-
say analysis of colocalization, the cell pellet was resuspended in 0.5 ml of
buffer BP containing 0.1 mM GMP-PNP (a nonhydrolyzable analog of
GTP) or GDP and placed in a Beckman ultracentrifuge tube. Cells were
then lysed by immersing the tube into a liquid nitrogen bath for 1 min,
followed by thawing in cold water until no traces of ice remained. This
freeze-thaw cycle was repeated twice, and the lysate was subsequently
subjected to centrifugation at 17,000 � g for 30 min at 4°C. Polysomes and
subunits were resolved as described previously (11). HB23 strains were
grown at 30°C in 100 ml of LB medium until reaching an OD600 of ap-
proximately 0.6, and their polysome and subunit profiles were analyzed as
described previously.

Isolation of ribosomal subunits. The ribosomal subunits from the
wild-type strain (MG1655) were separated using a 5% to 25% linear su-
crose density gradient containing 1 mM MgCl2. The fractions containing
50S and 30S ribosomal subunits were combined, and sucrose in the com-
bined fraction was diluted by adding buffer BP containing 1 mM MgCl2.
Isolated subunits were concentrated by ultrafiltration (10-kDa molecular-
weight cutoff; Vivaspin). The quantity of ribosomal subunits in buffer BP
containing 1 mM MgCl2 was determined by absorbance at 260 nm (35).

GTPase assay. Enzymatic assays were performed as described previ-
ously, with minor modifications (14). The release of free inorganic phos-
phate was measured using the malachite green phosphate assay kit (Bio-
Assay Systems), according to the manufacturer’s instructions. The
reaction was conducted in a 100-�l reaction mixture of 50 mM Tris HCl
(pH 7.5), 400 mM KCl, 5 mM MgCl2, 128 �M GTP, and 0.2 �M purified
Der proteins at 37°C for 20 min. The reaction was stopped by adding
working reagent prepared as described in the kit, after which the reaction
mixture was incubated for 30 min at room temperature for color devel-
opment. The absorbance was then measured at 620 nm using an Epoch
microplate spectrophotometer (Biotek). Each value was averaged from at
least two independent experiments.

RESULTS
Restoration of growth of E. coli Der-depleted cells via the ex-
pression of Der homologs. Our goal in this study was to elucidate
the conserved and essential role of Der GTPase from various bac-
teria; thus, we compared and analyzed the primary sequences
through multiple-sequence alignment of Der homologs prior to
functional characterization of Der GTPases (Fig. 1). The align-
ment revealed that both G domains were highly similar and well
conserved, whereas the linker region between GD1 and GD2 and
the C-terminal region varied in length and amino acid composi-
tion. Among these, StDer and KpDer displayed the highest ho-
mology with E. coli Der (EcDer). In the case of DrDer and SaDer,
the linker and C-terminal regions were shorter than those of
EcDer. Interestingly, NgDer has a shorter linker region but a lon-
ger C-terminal region than EcDer. In addition, we examined the
similarity and identity scores of each domain of the Der homologs
using BLAST. Comparison with the full amino acid sequence of
EcDer revealed that StDer had the highest similarity and identity
(99% and 97%, respectively), followed by KpDer (96% and 92%,
respectively) (see Table S3 in the supplemental material). The

similarities of DrDer, NgDer, and SaDer were 55%, 67%, and
61%, respectively, and the identities of these Der homologs were
less than 50%. Among the Der homologs, DrDer displayed the
lowest similarity and identity. We also examined the similarity
and identity scores of each domain of the Der homologs by ana-
lyzing their partial sequences. KpDer and StDer, which are most
similar to EcDer, exhibited similarity scores of 96% to 100% in
GD1, 98% to 99% in GD2, and 96% to 98% in the KH domain.
The remaining Der homologs, namely, DrDer, NgDer, and SaDer,
had similarity scores of 59% to 67% in GD1, 64% to 80% in GD2,
and 51% to 68% in the KH domain, which were lower than the
scores of StDer and KpDer. As the lengths of the linker and C-ter-
minal regions of Der homologs varied, some homologs could not
be compared with EcDer. With regard to the linker region, only
KpDer and StDer could be analyzed. The similarity scores of these
homologs were 90% and 95%, respectively. For the C-terminal
region, KpDer, StDer, and NgDer were subjected to multiple-
sequence alignment, and they had similarity scores of 96%, 100%,
and 71%, respectively. These findings indicate that GD2 is the
most highly conserved region in Der homologs, followed by GD1
and the KH domain. Overall, comparison of the primary se-
quences indicated that KpDer and StDer can likely serve as sub-
stitutes for EcDer in E. coli.

To determine whether Der homologs in other bacteria inher-
ently function in 50S ribosomal subunit assembly and can com-
plement E. coli der deletion, we constructed a der-null strain
(strain MK). In this strain, the open reading frame of der on the
chromosome was replaced with a kanamycin resistance cassette.
In addition, strain MK harbors pIEEcttg, a helper plasmid con-
taining E. coli der with its own promoter and a temperature-sen-
sitive replication origin (14). We cloned Der homolog genes in the
IPTG-inducible expression vector pIN, yielding pINDrDer,
pINKpDer, pINNgDer, pINSaDer, and pINStDer, as described in
Materials and Methods.

These plasmids were transformed into strain MK, overnight
cultures of each transformant were diluted 105-fold in LB me-
dium, and a 50-�l aliquot of the diluted culture was spread onto
LB agar plates. Because the temperature-sensitive helper plasmid
pIEEcttg can replicate at 30°C, colonies must be formed on LB
agar plates containing ampicillin, kanamycin, and chloramphen-
icol (LB � AKC) at 30°C. Conversely, pIEEcttg does not replicate
at 43°C, and it is diluted out of the cells after proliferation. If Der
homologs of other bacteria were functionally complementary,
colonies could be formed at 43°C on LB agar plates containing
kanamycin and chloramphenicol (LB � KC). All transformants
harboring the aforementioned plasmids formed colonies at 30°C
on LB � AKC plates (Fig. 2A). Among these, only MK/pINStDer
(MK strain harboring pINStDer) formed colonies on LB � KC
plates even in the absence of IPTG, whereas MK/pINKpDer could
form colonies on LB � KC plates only in the presence of 1 mM
IPTG at 43°C. To confirm the absence of a helper plasmid, the
diluted culture was spread onto LB agar plates containing ampi-
cillin and kanamycin (LB � AK) at 43°C. As shown in Fig. 2A,
colonies were not formed on LB � AK plates, indicating that all
transformants lost a helper plasmid at 43°C and the functional
complementation by StDer and KpDer was solely due to expres-
sion from pINStDer and pINKpDer.

To confirm these results in liquid medium, we monitored the
growth of strain MK expressing Der homologs for 12 h at 43°C.
After a temperature shift from 30°C to 43°C, only MK/pINStDer
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exhibited similar growth to the pINEcDer transformant in LB me-
dium without IPTG (Fig. 2B). MK/pINKpDer displayed nearly
identical growth to strain MK harboring an empty vector. How-
ever, when cells were cultured in LB medium containing 1 mM
IPTG, both pINStDer and pINKpDer transformants grew simi-
larly to the isogenic wild-type pINEcDer transformant. MK/
pINDrDer and MK/pINNgDer grew similarly to strain MK har-
boring pIN, even in the presence of IPTG (see Fig. S2 in the sup-
plemental material). We also examined whether plant Der could
complement E. coli der deletion, and neither Nicotiana benthami-
ana Der (NbDer) nor Arabidopsis thaliana Der (AtDer) could res-
cue the der-null phenotype (see Fig. S3A in the supplemental
material). These results suggest that the Der homologs of gamma-
proteobacteria StDer and KpDer were able to complement the
der-null phenotype, which is likely to be due to the similarity be-
tween primary sequences.

Expression of Der homologs rescues ribosome defects of E.
coli Der-depleted cells. Bacillus subtilis YphC and E. coli Der in-
teract with the 50S ribosomal subunit in a GMP-PNP-dependent
manner, whereas Der-depleted cells disintegrate 50S ribosomal

subunits accumulating aberrant particles under low Mg2� condi-
tions (11, 23). In the next experiment, we conducted sucrose gra-
dient sedimentation analysis and tested the colocalization of Der
homologs with E. coli 50S ribosomal subunits to determine
whether Der homologs could bind to the E. coli 50S ribosomal
subunit and restore the abnormal ribosome profile of the der-null
strain. First, we checked whether anti-EcDer antiserum cross-
reacted with other Der homologs. To accomplish this, wild-
type E. coli cells were transformed with an empty vector,
pINEcDer, pINDrDer, pINKpDer, pINNgDer, pINSaDer, or
pINStDer. Cell lysates of each transformant were then subjected to
12.5% SDS-PAGE, followed by Western blot analysis using anti-
EcDer antiserum (see Fig. S4A in the supplemental material). The
results revealed that anti-EcDer antiserum cross-reacts as strongly
with KpDer and StDer as with EcDer; however, it did not interact
with the remaining Der homologs. The result of Coomassie blue
staining showed that all Der homologs were expressed at similar
levels, suggesting that cross-reactivity with Der homologs is de-
pendent on antiserum specificity but not on the expression level
(see Fig. S4B in the supplemental material).

FIG 1 Multiple-sequence alignment of Der homologs. Sequence alignment was conducted using ClustalW and ESPript (50, 51). G domain 1, G domain 2, and
the KH domain are shown, and high conservation is noted within these domains. In contrast, there are significant variations between the linker (first dashed line)
and C-terminal regions (second dashed line). The numbers correspond to the residues. The GenBank accession numbers for the Der homologs are as follows:
TmDer, AHD18661.1; EcDer, AAC75564.2; DrDer, AAF11852.1; KpDer, CCN30978.1; NgDer, AAC63508; SaDer, BAF78346.1; and StDer, AAL21413.1.
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We next investigated whether the expression of Der homologs
could recover the ribosome profile of Der-depleted cells. Strain
MK cells harboring Der homolog expression vectors were cul-
tured in medium containing 1 mM IPTG, and cell cultures from 0
and 6 h after temperature upshift were withdrawn for polysome
profile analysis. Cleared cell lysates were then subjected to 5% to
40% sucrose density gradient fractionation. As shown in Fig. 3A,
strain MK had dramatically reduced amounts of 70S ribosomes
with a concomitant increase in free 50S and 30S ribosomal
subunits at 6 h. However, this abnormal ribosome profile was
not observed in MK/pINEcDer. Lysates obtained from MK/
pINKpDer or MK/pINStDer exhibited a normal ribosome profile
that closely resembled that of MK/pINEcDer. These results sug-
gest that KpDer and StDer are capable of replacing EcDer during
ribosome assembly. Western blot analyses of the fractions col-
lected upon polysome analysis were performed using anti-EcDer
antiserum. The results revealed that the exogenously expressed
EcDer, KpDer, and StDer specifically comigrated with 50S ribo-
somal subunits in the presence of GMP-PNP but not with 70S
monosomes or 30S ribosomal subunits (Fig. 3B). These results
demonstrate that KpDer or StDer specifically interacts with the
50S ribosomal subunit of E. coli and restores ribosome assembly in
der-null strains. Accordingly, these findings are consistent with

the idea that KpDer or StDer participates in 50S ribosomal sub-
unit biogenesis in the respective bacterium.

Under low levels of Mg2�, Der depletion in E. coli causes 50S
ribosomal subunits to be destabilized with a concomitant accu-
mulation of approximately 40S subunits (11). To examine
whether KpDer or StDer expression in strain MK rescues this
instability of 50S ribosomal subunits, ribosomal subunit profiles
were analyzed via a 5% to 25% sucrose gradient sedimentation
experiment. As shown in Fig. 3C, the amount of 50S ribosomal
subunits in strain MK was decreased at 6 h, whereas that of the
approximately 40S particle was increased significantly. Neverthe-
less, the amount and stability of 30S ribosomal subunits remained
unaffected. The integrity of 50S ribosomal subunits was main-
tained in strain MK cells exogenously expressing EcDer or StDer.
It should be noted that the expression of KpDer gave rise to a small
40S peak at 30°C and a wider 50S peak compared to EcDer after 6
h of shift to higher temperature, suggesting partial complementa-
tion by KpDer. These results implied that the conserved role of
Der homologs contributes to the conformational stability of 50S
ribosomal subunits.

Suppression of rrmJ deletion by E. coli Der or Der homologs.
RrmJ participates in 50S ribosomal subunit biogenesis by meth-
ylating 23S rRNA and generating the highly conserved 2-O-meth-
yluridine at position 2552 in 23S rRNA (20, 21). The rrmJ-null
strain has substantial defects in growth and ribosome assembly,
but the phenotypes can be restored via the overexpression of ei-
ther Der or ObgE (20). In this study, strain HB23 cells were trans-
formed with Der homolog expression vectors to investigate
whether Der homologs could also restore the growth defects of
strain HB23.

The 50-�l aliquot of overnight cultures was diluted 105-fold in
LB medium and spread onto LB agar plates containing chloram-
phenicol (LB � Cm), after which the plates were incubated at
30°C. HB23/pINStDer (strain HB23 harboring pINStDer) grew as
normally as HB23/pINRrmJ or HB23/pINEcDer, even without
IPTG (Fig. 4A). HB23/pINKpDer exhibited a similar colony size
to transformants containing pIN, whereas HB23/pINDrDer,
HB23/pINNgDer, and HB23/pINSaDer grew very slowly (see Fig.
S5A in the supplemental material). When 1 mM IPTG was added
to LB � Cm plates, consistent results were obtained, indicating
that both EcDer and StDer suppress the null phenotype of rrmJ.

Comparison of the growth curves revealed that the growth
defects of the rrmJ-null strain were suppressed only by the over-
expression of EcDer or StDer; conversely, the other homologs
could not restore the phenotype, and they exhibited a similar
growth rate to HB23/pIN (Fig. 4B). Unlike the results obtained
from the der deletion complementation experiment, the overex-
pression of KpDer could not suppress the growth defect of the
rrmJ-null strain, consistent with the idea that 50S ribosomal sub-
units containing unmethylated U2552 were not recognized by
KpDer. Furthermore, HB23 transformants expressing DrDer,
NgDer, SaDer, NbDer, or AtDer grew more slowly than HB23 cells
harboring pIN vectors (see Fig. S3B and S5B in the supplemental
material). It is possible that this hampered growth resulted from
the toxicity of overexpressed foreign proteins, which was also ob-
served in Fig. S2 in the supplemental material. We cannot exclude
the possibility that DrDer, NgDer, and SaDer bind to 50S ribo-
some subunits in E. coli, preventing the formation of functional
70S ribosomes.

The rrmJ suppression effect was further investigated by analyz-

FIG 2 Growth of the der-null strain expressing E. coli Der or its homologs. (A)
Complementation of strain MK by Der homologs found in other bacteria.
First, 50-�l aliquots of diluted overnight cultures were spread onto LB plates
containing the indicated antibiotics with or without 1 mM IPTG, after which
the plates were incubated at 30°C or 43°C overnight. A, C, and K indicate
ampicillin, chloramphenicol, and kanamycin, respectively. (B) Growth curves
of the der-null strain producing E. coli Der or Der homologs. Transformants
were incubated in LB medium with or without 1 mM IPTG. Growth of trans-
formants was measured as described in Materials and Methods.
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ing the polysome and ribosomal subunits. HB23 cells harboring
each plasmid were cultured in LB medium containing chloram-
phenicol and 1 mM IPTG until the midexponential growth phase.
Cell cultures were then centrifuged, after which cleared cell lysates
were prepared, as described previously. Polysome profiles showed
that EcDer and StDer restored impairment of the ribosome profile
of strain HB23 (Fig. 5A). Ribosomal subunit profiles also revealed
that StDer alleviated the accumulation of destabilized 50S parti-
cles in strain HB23 (Fig. 5C). To determine whether restoration of
the abnormal ribosome profile was caused by the binding of StDer
to the 50S ribosomal subunit, Western blot analyses were per-
formed using anti-EcDer antiserum. StDer comigrated with 50S
ribosomal subunits but not with 70S monosomes or 30S ribo-
somal subunits in the presence of 0.1 mM GMP-PNP (Fig. 5B).
These results demonstrate that overexpression of StDer led to the
normal assembly of 50S ribosomal subunits in strain HB23.

GTPase activities of Der homologs. Our results demon-
strated that only two Der homologs of gammaproteobacteria
rescue the der-null phenotype. As mentioned previously, be-
cause the GTPase activity of Der is essential to cellular viability, we
compared the GTP hydrolysis activities of EcDer, DrDer, KpDer,
NgDer, SaDer, and StDer. Initially, we tried to purify His-tagged

Der homologs; however, His-tagged KpDer and StDer began to
aggregate within a short time. In order to resolve this problem, the
open reading frames of Der homologs were cloned into pMAL-c5x,
yielding pMAL-EcDer, pMAL-DrDer, pMAL-KpDer, pMAL-
NgDer, pMAL-SaDer, and pMAL-StDer. These plasmids express
N-terminal MBP fusion proteins. Each vector was transformed
into BL21(DE3), and the proteins were purified as described in
Materials and Methods. A GTPase assay was performed in a
100-�l reaction mixture of 20 mM Tris HCl (pH 8.0) containing 5
mM MgCl2, 400 mM KCl, 0.2 �M protein, and 128 �M GTP for
20 min at 37°C. The results revealed that all Der homologs had
intrinsic GTPase activity, with MBP-NgDer displaying the great-
est activity, followed by MBP-SaDer, MBP-StDer, MBP-DrDer,
MBP-EcDer, and MBP-KpDer (Fig. 6A). The GTPase activities of
MBP-NgDer, MBP-SaDer, and MBP-StDer were significantly
higher than that of MBP-EcDer (777%, 286%, and 243%, respec-
tively). Among the homologs, the GTPase activity of MBP-DrDer
was the most similar to that of MBP-EcDer (124%). Only MBP-
KpDer had lower activity than MBP-EcDer.

The MBP tag is bulky, and it may therefore affect the biochem-
ical behavior of the target protein. Therefore, to examine the ef-
fects of the MBP tag on the GTPase activity of EcDer, the open

FIG 3 The phenotypes of heterologously complemented der deletion and Western blot analysis of Der homologs. (A) Polysome profiles of der-null strains
complemented with Der homologs. Samples were collected at 0 and 6 h after temperature shift. Cell lysate for polysome analysis was prepared and separated as
described in Materials and Methods. (B) Cofractionation of Der with 50S ribosomal subunits. Samples collected at 6 h after temperature shift were mixed with
GMP-PNP at a final concentration of 100 �M, and cell lysates were prepared and separated as in panel A. Fractions containing trisomes to free RNA were
subjected to 12.5% SDS-PAGE, followed by Western blotting. (C) Subunit profiles of der-null mutants complemented with Der homologs. Cell pellets were
resuspended in buffer BP containing 1 mM MgCl2. Arrow indicates approximately 40S particles.
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reading frame of EcDer was cloned into pET28a to generate
pET28EcDer, which was transformed into BL21(DE3). We then
expressed and purified His-EcDer, as described previously. MBP-
EcDer exhibited lower GTPase activity (approximately 51%) than
His-EcDer. Investigation of Thermotoga maritima Der demon-
strated that the GTPase activity of GD1 is approximately 2-fold
higher than that of GD2, and the substrate-binding site of GD1
faces the C-terminal KH-like domain, which negatively modulates
nucleotide binding and/or dissociation (19, 36, 37). As GTPase
undergoes a large conformational change upon nucleotide bind-
ing and hydrolysis, it is assumed that the decreased GTPase activ-
ity of MBP-EcDer is due to the bulky MBP tag, which may inter-
fere with conformational changes and the nucleotide association
of Der, or at least GD1. Nevertheless, MBP-EcDer, MBP-KpDer,
and MBP-StDer could complement the growth phenotype of
strain MK (see Fig. S6 in the supplemental material).

A previous study showed that the GTPase activity of Thermo-
toga maritima Der was preferentially stimulated by KCl (14).
Therefore, a GTPase assay was performed in a 100-�l reaction
mixture under the same conditions as those described previously
to examine the salt dependence of Der homologs using various
concentrations of KCl or NaCl. Interestingly, the GTPase activities

of most Der homologs tended to increase with increasing concen-
trations of KCl (Fig. 6B). Maximal activity of His-EcDer and
MBP-EcDer was observed in the presence of 0.8 M KCl. Similarly,
MBP-KpDer, MBP-SaDer, and MBP-StDer exhibited maximal
GTP hydrolysis in response to 0.8 M KCl, whereas the highest
activity of MBP-NgDer was obtained in the presence of 0.6 M KCl.
However, at 1 or 1.2 M KCl, the GTPase activities of all homologs
were slightly reduced (see Fig. S7 in the supplemental material).
MBP-EcDer and MBP-StDer were strongly stimulated by KCl rel-
ative to other Der homologs; however, levels of KCl greater than
0.2 M did not further stimulate MBP-DrDer activity. It should be
noted that stimulation by NaCl was not observed in all Der ho-
mologs. In addition, most ribosome-associating GTPases are ac-
tivated upon interaction with ribosomal subunits (36, 38–40);
therefore, we examined whether the 50S ribosomal subunit of E.
coli could stimulate the GTPase activities of Der homologs. As
shown in Fig. S8 in the supplemental material, the GTPase activ-
ities of all Der homologs were not stimulated by 50S ribosomal
subunits. Although significant enhancement of the GTP hydroly-
sis rate was not observed in the presence of 50S ribosomal sub-
units, it is possible that the precursor 50S particle is indeed a native
stimulator of Der GTPase activity.

Overall, the finding that the GTPase activity of MBP-NgDer
was significantly higher than those of MBP-StDer and MBP-Kp-
Der indicates that GTP hydrolysis function is not correlated with
the complementation phenotype.

Complementation of der deletion by Der chimeras. Previ-
ously, we observed that truncation of the last 30 amino acid resi-
dues of EcDer causes it to lose its specific association with 50S
ribosome subunits (33). In addition, the linker of YphC (Bacillus
subtilis Der) contributes to the rotation of GTP-binding domain
upon nucleotide binding, consequently exposing the ribosome-
binding surface (37). Thus, we rationalized that, because non-
complementing Der homologs have very short linker and C-ter-
minal regions (Fig. 1), key factors for a species-specific interaction
between Der and 50S ribosomes may reside in the linker and C-
terminal regions. To test this hypothesis, we constructed six Der
chimeras by incorporating the linker or C-terminal region of
EcDer into DrDer or NgDer, as described in Materials and Meth-
ods (Fig. 7A; see also Fig. S1 in the supplemental material). To
examine complementation ability, strain MK was transformed
with chimeric plasmids, and an overnight culture of each trans-
formant was diluted 105-fold in LB medium. Then, a 50-�l aliquot
of the diluted culture was spread on LB agar plates. Among six Der
chimeras, only DrC3, NgC1, and NgC3 complemented the null
phenotype of strain MK in the presence of arabinose (Fig. 7B). All
successfully complementing chimeras harbored both linker and
long C-terminal regions. Interestingly, although NgC1 possessed a
C-terminal region with low homology to EcDer, it could be sub-
stituted for EcDer. These results suggested that linker and C-ter-
minal regions are required for Der homologs to replace EcDer.
However, due to the abundance of positively charged amino acids
in the C-terminal region, we cannot exclude the possibility that
the sequence of the C-terminal region is important for comple-
mentation.

DISCUSSION

In this study, we found that six Der homologs have intrinsic GTP
hydrolysis activities and two homologs (K. pneumoniae and S.
enterica serovar Typhimurium Der proteins) can substitute the

FIG 4 Suppression of the slow growth of rrmJ-null strains by E. coli Der or Der
homologs. (A) Suppression of rrmJ deletion by the overexpression of Der
homologs. HB23 cells were transformed with the following plasmids: pIN (a),
pINRrmJ (b), pINEcDer (c), pINKpDer (d), or pINStDer (e). pIN was used as
a negative control, and pINRrmJ was used as a positive control. (B) Growth
curve of strain HB23 harboring E. coli Der or other Der homolog expression
vectors. Cells were cultured in LB medium containing chloramphenicol or
chloramphenicol and 1 mM IPTG at 30°C, after which cultures were diluted
five times before measurement of the optical density at 600 nm.
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essential function of E. coli Der in 50S ribosomal subunit assem-
bly. In both solid and liquid cultures, the expression of KpDer or
StDer enabled strain MK cells to grow under nonpermissive con-
ditions (Fig. 2). Polysome analysis and cosedimentation experi-
ments revealed that KpDer and StDer can synthesize structurally
stable 50S ribosomal subunits in der-null strains (Fig. 3). There-
fore, it is more likely that KpDer and StDer are engaged in late
steps of 50S ribosomal subunit biosynthesis in the respective bac-
terium. Interestingly, KpDer was able to complement the der-null
phenotype only when IPTG was added. When Der homologs were
expressed in MG1655 strains, the expression level of KpDer was
lower than that of EcDer or StDer (see Fig. S4B in the supplemen-
tal material). Thus, the low expression level of KpDer in MG1655
strains could explain why KpDer complemented der deletion in
the presence of IPTG (Fig. 2).

Interestingly, although the der-null phenotype was comple-
mented by the overexpression of either StDer or KpDer, the rrmJ
null-phenotype was suppressed by StDer but not by KpDer.
U2552 methylated by RrmJ is located in the A loop of 23S rRNA,
which is a required modification of the ribosome peptidyltrans-

ferase center that forms a noncanonical base pair with C2556 (41,
42). A structural study of fragmented rRNA demonstrated that
methylation at U2552 substantially influenced the conforma-
tional features of loop residues, including U2552, U2555, and
C2556, which mediate tertiary interactions of the A loop within
the ribosome structure (43). Although U2552 was universally
conserved in the 23S rRNA sequences of all bacteria used in this
study, the conformation around U2552 may be differently ad-
opted in each bacterium, as S. aureus does not possess a homolog
of RrmJ. Therefore, it is likely that not all Der homologs expressed
in E. coli can recognize the local arrangements formed by un-
methylated U2552 of the 50S subunit in the �rrmJ strain. Appar-
ently, the KH domain of E. coli Der is surrounded by a P loop
(nucleotides G2246 to C2258) and A loop (nucleotides G2545 to
U2563) and interacts with them (36). Analysis of P-loop or A-loop
sequences in 23S rRNA from bacteria used in this study revealed
that the P loop was highly conserved among the six bacteria; how-
ever, there was extensive variation of A-loop sequences. The A
loops of K. pneumoniae, S. enterica serovar Typhimurium, and N.
gonorrhoeae were identical to that of E. coli, but the A loops of D.

FIG 5 Phenotypes of rrmJ-null strains expressing Der homologs. (A) Polysome profiles of rrmJ-null strain expressing Der homologs. Cell lysate for polysome
analysis was prepared and separated as described in Materials and Methods. (B) Cofractionation of Der with 50S ribosomal subunits in �rrmJ. Samples were
mixed with GMP-PNP at a final concentration of 100 �M, and cell lysate was prepared and separated as described in Fig. 3B. Fractions containing trisomes to free
RNA were subjected to 12.5% SDS-PAGE followed by Western blotting. (C) Ribosomal subunit profiles of the rrmJ-null strain expressing Der homologs. The cell
pellets were resuspended with a buffer BP (1 mM Mg2�), and cleared lysates were layered onto a 5% to 25% sucrose gradient (1 mM Mg2�). Arrows indicate
approximately 40S particles.
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radiodurans and S. aureus were different. Therefore, it appears that
complementation by Der homologs is more correlated with A-
loop sequences than with P-loop sequences.

Given that noncomplementing Der homologs did have
comparably high GTPase activity and that they were expressed
well, these factors do not appear to be crucial for functional
complementation. Rather, complementing Der homologs do
have similar linker and C-terminal regions to EcDer. Among
chimeric Der proteins, chimeras having linker and long C-ter-

minal regions restored the growth of strain MK (Fig. 7). The
linker likely contributes to the flexibility between two G do-
mains upon nucleotide binding, after which the KH domain is
positioned to recognize its binding site on 50S ribosomal sub-
units (33). Although ribosomes are well-conserved macromo-
lecular structures, rRNA, ribosomal proteins, and mechanisms
of ribosome assembly differ notably among organisms. It is
thus likely that these differences prevented DrDer, NgDer, and
SaDer from restoring the defects of growth and ribosome as-

FIG 6 Comparison of enzymatic properties of Der homologs. (A) GTPase activities of Der homologs. The GTPase assay was conducted in a 100-�l reaction
mixture containing 50 mM Tris HCl (pH 7.5), 400 mM KCl, 5 mM MgCl2, 128 �M GTP, and 0.2 �M protein for 20 min at 37°C. (B) Effects of salt on the GTPase
activities of Der homologs. The GTPase assay was performed in the same reaction mixture described previously but containing different concentrations (0 to 0.8
M) of KCl or NaCl for 20 min at 37°C.
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sembly and that functional complementation effects were
mostly due to the structural recognition.

Previously, it was observed that, similar to our complementa-
tion results, Rickettsia rickettsii and Rickettsia typhi SecA homologs
could not reverse the growth defect of the E. coli secAts mutant
(44). R. rickettsii and R. typhi are distantly related to E. coli, and the
alignment of amino acid sequences revealed that the N-terminal
ATPase domain is conserved, whereas the C-terminal regions are
variable. The chimeric SecA combining the N-terminal region of
R. rickettsii SecA with the C-terminal region of E. coli SecA recov-
ered the growth defect of the E. coli secAts mutant, suggesting that
the C terminus provides species-specific characteristics to SecA
for its preprotein translocation activity (44). The parallels to Der
are intriguing, because the KH domain and C-terminal region of
Der protein may confer species specificity to the protein.

None of the Der homologs was stimulated by either of the
ribosomal subunits (see Fig. S8 in the supplemental material). We
previously demonstrated that immature 50S ribosomal subunits
lacking L9 and L18 are accumulated in Der-depleted cells (11).

The overexpression of YihI, which stimulates the GTPase activity
of Der, also promoted the accumulation of aberrant 50S ribo-
somal subunits lacking L9, L18, and L25 (45). Accordingly, it is
possible that the fully processed mature 50S subunit does not in-
teract with EcDer or influence GTPase activity. Nevertheless, it is
apparent that KCl acts as a GTPase-activating element for Der
proteins. Similar potassium-dependent activation was observed
in TrmE (also known as MnmE), which is a tRNA modifica-
tion GTP-binding protein (46). The presence of KCl triggered
dimerization of the N-terminal 
/� domain of TrmE, resulting in
juxtaposed alignment of the nucleotide-binding sites of the re-
spective GTP-binding domains (47). Size-exclusion chromatog-
raphy and yeast two-hybrid experiments revealed that EcDer can
dimerize (45). Therefore, it is necessary to determine the struc-
tural organization of Der in the presence of KCl to address
whether potassium ion affects dimerization of Der and to deter-
mine the mechanism by which it functions as a GTPase activating
cofactor.

Despite the importance of Der GTPase in ribosome biogenesis,

FIG 7 Complementation of the der-null strain by Der chimera. (A) Schematic representation of chimeric Der proteins. Six chimeric der clones were constructed
from Ecder and Drder or Ngder. Either the linker or C-terminal region of DrDer or NgDer was replaced with that of EcDer, as described in Materials and Methods.
(B) MK cells were transformed with pBAD33, pBAD33EcDer, pBAD33DrC1, pBAD33DrC2, pBAD33DrC3, pBAD33NgC1, pBAD33NgC2, or pBAD33NgC3.
The transformants were grown at 30°C overnight in LB � AKC medium, and cultures were then diluted 105-fold in LB medium. Next, 50 �l of diluted cultures
was spread onto LB plates containing the indicated antibiotics with or without 0.1% arabinose and incubated at 30°C or 43°C overnight.
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little is known about the enzymatic regulation and detailed mech-
anism of Der in the ribosome maturation process. Our findings
shed light on the conserved role of Der GTPases in ribosome as-
sembly and the enzymatic characteristics of Der homologs. More
importantly, we uncovered that the linker and C-terminal region
are pivotal to 50S ribosome association. These key elements of Der
appear to be attractive targets to develop novel antimicrobial
agents against Der or Der-50S ribosome association, as attempted
previously (48, 49).
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