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Era is an essential G-protein in Escherichia coli
dentified originally as a homologue protein to Ras (E.
oli Ras-like protein). It binds to GTP/GDP and con-
ains a low intrinsic GTPase activity. Its function re-
ains elusive, although it has been suggested that Era

s associated with the cytoplasmic membrane, cell di-
ision, energy metabolism, and cell-cycle check point.
ecently, a cold-sensitive phenotype was found to be

uppressed by the overexpression of 16S rRNA meth-
ltransferase, suggesting Era association with the ri-
osome. Here we demonstrate that Era specifically
inds to 16S rRNA and the 30S ribosomal subunit.
oth GTP and GDP, but not GMP, inhibit Era binding

o ribosomal component. Involvement of Era in pro-
ein synthesis is suggested by the fact that Era deple-
ion results in the translation defect both in vitro and
n vivo. © 1999 Academic Press

Era is an Escherichia coli small G-protein (1, 2). Era
ave considerable homology with bacterial G-proteins
uch as E. coli EF-Tu, EF-G, IF2. Homologues of Era
ave been identified in every bacterium sequenced to
ate making it an attractive target for possible anti-
acterial drug development. However, the finding of
ra in human, mouse and antirrhinum indicated that

he function of Era is not limited within bacteria (3, 4).
eletion of era gene is lethal to E. coli. Depletion of Era
ffects various cellular processes such as cell division,
nd carbon assimilation, and certain mutations in Era
re associated with the cold sensitive phenotype of E.
oli (5–8). A possible role of Era in cell cycle progres-
ion has also been proposed (3). However, despite these
emonstrations from genetic experiments the function
f Era still remains elusive.

1 These authors contributed equally to this work.
2 Present address: Institute of Molecular and Cellular Biosciences,
niversity of Tokyo, 1-1-1, Yayoi, Bunkyo-ku, Tokyo 113 Japan.
3 To whom correspondence should be addressed. Fax: (732) 235-

559/4783. E-mail: inouye@rwja.umdnj.edu.
51
Previously, we have shown that the overexpression
f ksgA gene for 16S rRNA transmethylase suppressed
he cold-sensitive phenotype of Era (E200K) (8). Era
ontains an RNA-binding KH-like domain (9) at the
-terminal region (A. Lupas, personal communication;
nd also described in Ref. 10), suggesting a possibility
hat Era is an RNA binding protein. Bacterial GTP-
inding proteins are known to be involved in protein
ynthesis (11). Our present findings that Era binds to
0S ribosomal subunit along with the observation of
nhibition of ribosomal protein synthesis machinery in
ra depleted cells suggest that Era function is related
ith protein synthesis mechanism of the cell and may

hus explain its essential characteristic. It is possible
hat there is an obligatory interaction of cell division
nd initiation of protein synthesis and Era may play a
entral role in signaling of such interactions.

ATERIALS AND METHODS

Preparation of ribosomal fractions. Era depletion was carried out
y shifting the growing E. coli strain CL213 (Dera::kan F9lacIq) (6) to
3°C for 4 h. Wild-type (JM83) and Era-depleted cells grown under
dentical condition were broken at 900 psi 3 2 at 4°C. S100 fractions
rom the wild-type cells and Era-depleted cells were prepared as
escribed in Ref. 12. Ribosomal fractions were precipitated out from
he cytosolic fractions by ultracentrifugation at 350,000g at 4°C for
5 min. rRNA was obtained from E. coli ribosomes after phenol
xtractions.

Sucrose-density gradient fractionations. Unless otherwise stated,
ucrose gradients (5–25 and 3–10%) were prepared in Beckman ultra
entrifuge tubes (14 3 89 mm) in the buffer A containing 10 mM
ris–HCl (pH 7.5), 0.25 mM MgCl2 and 1 mM DTT. Interaction
etween Era and ribosomes (or rRNAs) were carried out at 4°C for 30
in in a 100-ml reaction mixture in buffer A containing 50 pmol of
ra, and 1 mg of ribosome (or 100 mg rRNA) extracted from E. coli.
o examine the effects of guanine nucleotides, GTP (also GTPgS),
DP or GMP were included both in the gradient and in the reaction
ixture at a final concentrations of 100 mM. Each reaction mixture
as applied on the top of the gradient and subjected to centrifugation
t 39,000 rpm in a SW41 rotor at 4°C for 3.5 h followed by fraction-
tion into 30 to 35 fractions using a peristaltic pump. Fractions thus
btained were loaded onto a 10% SDS–PAGE, transferred onto ni-
rocellulose membrane and immunoblotting was performed with
nti-Era antibody.
0006-291X/99 $30.00
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In vitro translation assay. In vitro transcription of mRNAs of
mpF-Lpp and DHFR from the plasmids containing their respective
enes were performed using SP6 RNA polymerase (Boehringer-
annheim) and the various components of the cell-free translation

ystems were assembled as described previously (12). [35S]Methio-
ine-labeled translated products were loaded on to a polyacrylamide
el as described in Ref. 13. Dried gel was exposed on to X-OMAT film
Kodak).

ESULTS AND DISCUSSION

Era was incubated with E. coli rRNA at 4°C in the
eaction buffer containing 0.25 mM Mg21. After 30 min
f incubation, the mixture was fractionated to 30 frac-
ions by a 3–10% sucrose density gradient ultracentrif-
gation (Fig. 1). Each fraction was run onto SDS–
AGE followed by Western blot analysis with anti-Era
ntibody shown at the bottom of each pattern. Era was
pecifically detected in the fractions corresponding to
6S rRNA (Fig. 1a). No Era was detected in the frac-
ions corresponding to 23S rRNA. Unbound free Era
as stayed in the upper part of the gradient.
Next we examined the effect of guanine nucleotides

n Era-16S rRNA binding by adding GTP, GDP and
MP in the binding reaction. Addition of GTP and
DP in the binding reaction completely abolished Era

nteraction with 16S rRNA (Figs. 1b and 1c, respec-
ively). When nonhydrolyzable analogue, GTPgS, was
sed instead of GTP, similar results were obtained
data not shown). However, GMP did not show any in-
ibitory effect on Era-rRNA interaction (Fig. 1d). Since,
F-Tu, EF-G, and IF2, three other E. coli G-proteins,

equired for protein synthesis, bind to ribosome (14),
e next examined if Era binds to ribosome. Era and

ibosome were mixed in the presence of 0.25 mM Mg21

nd after 30 min of incubation the mixture was sub-

FIG. 1. Cosedimentation of Era with E. coli rRNA. Era and
RNA preparations were mixed in the presence of (a) none, (b) GTP,
c) GDP, and (d) GMP, and the mixture was separated into 30–35
ractions by 3–10% sucrose gradient ultracentifugation. Era in each
raction was detected by Western blot with anti-Era antibody.
52
ected onto a 5–25% sucrose density gradient ultracen-
rifugation. The gradient was fractionated into 30 to 35
ractions. The presence of Era in each fraction was
xamined by performing SDS–PAGE followed by West-
rn blot analysis with anti-Era antibody as above. Con-
istent with Era binding to 16S rRNA, Era was found
o be specifically cofractionated with the small 30S
ubunit (Fig. 2a). It did not bind with large 50S sub-
nit. Unbound free Era was detected in the upper
ractions corresponding to lower sucrose gradient frac-
ions and quite distinctively separated from ribosomal
30S unit) fractions. The addition of GTP and GDP
nhibited this Era-ribosome interaction (Figs. 2b and
c, respectively). The above results indicate that GTP-
r GDP-bound forms of Era have reduced or inhibited
inding ability to ribosomal components. It is well
nown that Ras proteins bind to both GTP and GDP
ith identical Kd values. Because the concentration of
TP in the cell is much higher (;10-fold) than that of
DP, in the presence of guanine exchange factor (GEF)
as preferably becomes loaded with GTP to activate
ownstream signaling (15, 16). Similarly, it is possible
hat Era binding to ribosomal component is regulated
y GTP, but not by GDP, in vivo.
Most of the G-proteins in bacteria have found to be

ssociated with protein synthesis (11). The GTPase
omain of Era has considerable homology with those of
rotein synthesis factors such as EF-Tu, EF-G, and
F-2 (1) and the present study demonstrates Era asso-
iation with ribosomes. The above finding that Era
inds to ribosome prompted us to examine the role of
ra in protein synthesis, using Era-depleted cells. Era
epletion was carried out using E. coli CL213
Dera::kan F9lacIq) harboring a temperature-sensitive
lasmid containing the wild-type era gene (6). Cells
ere incubated at 43°C for 4 h, where the content of
ra was reduced to approximately 10% compared to

hat of wild-type cells, as judged by Western blot anal-
sis. The ratio of RNA to protein in Era-depleted cells
ignificantly increased (approximately twofold) in com-
arison with that of the wild-type cells. It was found
hat Era depletion seriously affected protein synthesis
n the cell, as was observed with [35S]methionine label-
ng of total protein synthesis after shifting the growing
. coli CL213 to 43°C. To determine how Era depletion
ffected on protein synthesis, a cell-free protein syn-
hesis system (S100 fraction) was prepared from the
ra-depleted cells and also from wild-type cells under

dentical condition. The mRNA for a hybrid protein,
mpF-Lpp, was used for the cell-free system (12). The

ell extracts from Era-depleted cells was unable to
ranslate ompF-lpp mRNA (Fig. 3A, lane 1), while the
ell-free system from wild-type cells gave the 6 kDa
mpF-Lpp polypeptide product (Fig. 3A, lane 2). The

ranslation inability of Era-depleted cell extract was
onfirmed with another mRNA (mRNA for DHFR, data
ot shown), indicating that the Era depletion causes a
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lobal blockade in the protein synthesis activity and
hus causes the inhibition of cell growth. It has to be
oted that the addition of Era in the cell-free transla-
ion system from Era-depleted cells could not resume
he protein synthesis, indicating that Era is not re-
uired as a direct factor in protein synthesis. We have
lso found that 70S ribosomes are abnormally accumu-
ated in Era-depleted cells, whereas wild-type cells con-
ain 70S ribosomes as well as 30S and 50S subunits.
reviously, Nashimoto reported that a cold-sensitive
utation of Era resulted in defective processing of 16S

FIG. 2. Cosedimentation of Era with E. coli ribosomal particles. E
c) GDP, and the mixture was separated into 30–35 fractions by 5–25%
y Western blot with anti-Era antibody.

FIG. 3. In vitro translation assay with cell extracts prepared
rom wild-type cells and Era-depleted cells. The ompF-lpp mRNA
as used as template transcript. (A) Translation assay was per-

ormed with S100 extracts from Era-depleted cells (lane 1) and
ild-type cells (lane 2). (B) Translation assay was performed with

econstituted S100 system by cytosolic (Cyt) and ribosomal (Rib)
ractions from Era depleted cells (CL) and wild-type (wt) cells with
ifferent combinations such as wt Cyt and wt Rib (lane 3); wt Cyt and
L Rib (lane 2); CL Cyt and CL Rib (lane 4); CL Cyt and Rib (lane 1);
nd CL Cyt and CL Rib supplemented with wt Cyt (lane 5) as
escribed in the text. Arrow indicates the position of OmpF-Lpp.
53
RNA (17). In consistent with this report, we have also
ound that the accumulated 70S ribosomes in Era-
epleted cells contain unprocessed 16S rRNA (data not
hown).
To further examine if the defect in translation is

aused at the level of ribosomes or at cytoplasmic sol-
ble factor(s), we fractionated the ribosomal and pos-
ribosomal (cytosolic) fractions by ultracentrifugation.
ell-free translation was carried out with different
ombination of ribosomal fractions (Rib) and cytosolic
ractions (Cyt) from wild-type cells and CL213 Era-
epleted cells (Fig. 3B). The combination of wild type
yt and CL213 Rib efficiently translated the added
mpF-lpp mRNA (Fig. 3B, lane 2) as well as that of
ild-type Cyt and wild-type Rib (Fig. 3B, lane 3),
hereas the combination of both fractions from CL213

ailed to support any translation (Fig. 3B, lane 4). The
ddition of CL213 Cyt to wild-type Rib could not also
upport the translation of the mRNA (Fig. 3B, lane 1),
ndicating that the Era depletion resulted in defect
depletion or inactivation) in cytosolic factors required
or protein synthesis. Interestingly, the protein synthe-
is was resumed by the S100 fractions (mixture of Rib
nd Cyt of CL213) if supplemented with as low as 10%
mount of the wild-type Cyt required for translation
ssay in lane 2 (Fig. 3B, lane 5). However, the wild-
ype Cyt supplement after a heat treatment could not
esume protein synthesis in S100 extracts from Era-
epleted cell (data not shown). This indicates that an

and ribosomes were mixed in the presence of (a) none, (b) GTP, and
crose gradient ultracentifugation. Era in each fraction was detected
ra
su
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ssential ‘putative’ protein factor, which is abundant in
ild-type cells, is depleted or defective in Era-depleted

ells. Era may be required for expression (synthesis),
olding, complex formation, peptide cleavage, or modi-
cation of this essential factor.
GTPases play a key role in ribosomal protein synthe-

is (14, 18, 19). All the major reactions, except peptide
ond formation, involve the hydrolysis of GTP to GDP.
n the basis of the present finding Era seems to be
nother GTPase related to ribosomal protein synthesis
ctivity, although the action of Era seemed to be quiet
ifferent from those of EF-Tu and EF-G. First, EF-Tu
nd EF-G bind to 50S subunit by interacting with 23S
RNA, whereas Era binds to 30S subunit by interact-
ng with 16S rRNA. Second, both GTP and GDP inhib-
ts Era-ribosome (and 16S rRNA) binding. EF-Tu and
F-G become “activated” upon GTP binding which fa-

ilitates their association to ribosomes. When bound
TP is hydrolyzed by their intrinsic GTPase activity, a

onformational change occurs and the resulting GDP-
ound form is released from ribosomes. In contrast,
ra is most likely not to be directly involved in protein
ynthesis, as the addition of Era to the cell-free system
or the Era-depleted cells did not restore protein syn-
hesis. However, it is difficult at this point to ascertain
hether Era GTPase activity plays a role in the ‘indi-

ect’ involvement of Era in ribosomal mechanics. Iden-
ification and characterization of the putative protein-
ynthesis factor described above would be vital in this
egard. Nonetheless, the data presented here support
he previous assumption that the cell cycle arrest in
ra mutants may be related with aborted protein syn-
hesis (3).

Note added in proof. While this manuscript was being prepared a
eport on crystallographic analysis of E. coli Era has been published
20). The X-ray structure of Era has depicted a two-domain structure
54
ontaining the probable RNA-binding site.
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