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We show that translation initiation factor EF-Tu plays a second
important role in cell shape maintenance in the bacterium Bacillus
subtilis. EF-Tu localizes in a helical pattern underneath the cell
membrane and colocalizes with MreB, an actin-like cytoskeletal
element setting up rod cell shape. The localization of MreB and
of EF-Tu is interdependent, but in contrast to the dynamic MreB
filaments, EF-Tu structures are more static and may serve as tracks
for MreB filaments. In agreement with this idea, EF-Tu and MreB
interact in vivo and in vitro. Lowering of the EF-Tu levels had a
minor effect on translation but a strong effect on cell shape and on
the localization of MreB, and blocking of the function of EF-Tu in
translation did not interfere with the localization of MreB, show-
ing that, directly or indirectly, EF-Tu affects the cytoskeletal MreB
structure and thus serves two important functions in a bacterium.
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Maintenance of cell morphology is an essential trait for most
cells. Except for the cell wall-less Mollicutes, bacterial cell

shape is dictated by the peptidoglycan (murein) cell wall. How-
ever, it is still unclear how the murein sacculus of bacteria obtains
its specific shape—be it rod shape, vibroid, spiral, or any other type
of morphology. Several membrane proteins of unknown function
[MreC, MreD, RodA, RodZ (1–5)] have been implicated in the
maintenance of rod shape in several bacteria, as well as MreB
(6, 7), an ortholog of actin.MreBhas a structure that is very similar
to that of actin and forms magnesium- and ATP- or GTP-
dependent straight double filaments in vitro (8–10), while actin
forms right-handed helical double filaments (11). MreB localizes
as helical filaments underneath the cell membrane, and is essential
for viability, in many bacteria analyzed so far (12). In Bacillus
subtilis and in Caulobacter crescentus, MreB filaments remodel
within a time scale of fewminutes and appear to extend at the plus
end and to retract at the minus end along a helical path (13–15).
Depletion of MreB results in the loss of rod shape in many bac-
teria, showing that it is a genuine cytoskeletal element. MreB
interacts with cell wall-synthesizing enzymes (16, 17), and with the
MreCmembrane protein (18, 19), which in turn interacts with cell
wall-synthesizing enzymes (20). According to a model, the helical
MreB filaments in the cytosol position the cell wall synthetic
machinerywithin the envelope, setting up cell wall synthesis, which
indeed occurs in a helical pattern along the lateral cell wall in
several rod-shaped bacteria (21). MreB has also been shown to
play an important role in the positioning of proteins to the cell
poles (22). However, it is still unclear howMreB obtains its helical
localization underneath the cell membrane, which is key to
understanding how helical incorporation of new cell wall material
is achieved. When expressed in yeast cells, Escherichia coli MreB
forms straight filaments within the cytosol (23), suggesting that
helicity is not an intrinsic property to MreB. Except for an inter-
action with RNA polymerase (24), it has been unclear whether
MreB interacts with any other cytosolic proteins, and whether
there are regulators of MreB filaments in bacteria.
Under rapid growth conditions, the translation elongation

factor EF-Tu is the most abundant protein in most bacterial
cells, reaching ≈10 times the concentration of ribosomes (i.e., up

to 700,000 molecules per cell) (25). The concentration of EF-Tu
varies greatly with growth rate, like that of ribosomes (26–28).
EF-Tu binds to GTP, which is hydrolyzed upon delivery of the
correct amino acyl-tRNA to the A site of the ribosome. GDP is
exchanged for GTP through exchange factor EF-Ts, which exists
at approximately one-tenth of the concentration of EF-Tu within
the cytosol. EF-Tu has been reported to form filamentous
structures in vitro (29, 30), and it has been speculated that EF-Tu
may be a cytoskeletal element in prokaryotes. The latter idea is
based on immuno-gold staining of electron micrographs (31, 32),
where EF-Tu was observed in defined structures just under the
cytoplasmic membrane in a variety of different bacterial species
(e.g., Mycoplasma, E. coli, Thermoaerobacter) (33). However, it
has remained unclear whether these structures also exist in live,
nonfixed cells.
Here, we present evidence that EF-Tu plays a dual role in the

model bacterium Bacillus subtilis, its established role in trans-
lation and an additional role in cell shape maintenance. We show
that MreB and EF-Tu interact within B. subtilis cells, and also in
vitro, and affect each other’s localization underneath the cell
membrane. We therefore provide proof that EF-Tu is associated
with the bacterial cytoskeleton and plays an important role in the
maintenance of the MreB cytoskeletal elements.

Results
MreB and EF-Tu Interact in Vivo and in Vitro. To identify further
cytoskeletal elements, which we reasoned might be MreB inter-
acting proteins in B. subtilis, we performed TAP-tag experiments
with a functional N-terminal TAP-tag fusion of MreB, which was
generated by a Campbell-like integration of a tap-mreB fusion at
the original gene locus. After elution from a protein A Sepharose
column by proteolytic cleavage of the first part of the TAP fusion,
the calcium-binding domain fusion of MreB (CBD-MreB) was
retrieved from the second affinity column (Fig. 1A). Several other
proteins coeluted with MreB, in contrast to the control (in which
only the TAP tag was expressed), which showed little or no signal
(Fig. 1A). GroEL and EF-Tu were among the proteins that
strongly interact with MreB, as identified by mass spectrometry.
We investigated further the MreB/EF-Tu interaction because
EF-Tuhas beendiscussed as a cytoskeletal element in bacteria (29,
31–33).MreB was detected as an interacting protein in the inverse
EF-Tu-TAP-tag assay in B. subtilis, together with GTP exchange
factor EF-Ts, a specific EF-Tu interacting protein (Fig. 1B). Note
that there is approximately one-tenth of EF-Ts relative to EF-Tu;
i.e., up to 70,000 molecules per cell versus ≈15,000 molecules of
MreB, suggesting that the MreB band indicates a considerable
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interaction between EF-Tu and MreB. To further verify the
interaction between MreB and EF-Tu, we either expressed EF-
Tu-6his alone (“control” in Fig. 1C) or coexpressed strep-MreB
and EF-Tu-6His in E. coli cells, and purified MreB using strepta-
vidin columns. Both MreB and EF-Tu proteins were recovered
from the columns in an ≈1:1 stoichiometry after coexpression, but
not in the control (Fig. 1C). As further controls for this experi-
ment, we coexpressed EF-Tu-6his with the chromosome segre-
gation protein ScpB or with the second MreB paralog, Mbl. EF-
Tu-6his did not coelute with ScpB-strep and little with strep-Mbl
(Fig. S1A). To rule out that an unknown factor from E. coli cell
extract mediates the interaction, we purified strep-MreB, strep-
Mbl, ScpB-strep, and EF-Tu-6his separately, and loaded strepta-
vidin columnswith either strep-MreBor the corresponding elution
fraction of strep-columns from extract of E. coli cells carrying the
empty MreB expression vector (“control” in Fig. 1D). EF-Tu-6his
was retrieved quantitatively from the MreB-containing columns,
but neither from control columns (Fig. 1D) nor from columns
preloaded with strep-Mbl or ScpB-strep (Fig. S1B), showing that
EF-Tu and MreB specifically interact in vivo and in vitro. EF-Tu
could be purified as fully soluble protein dependent on the pres-
ence of GDP, and likewise, MreB only in the presence of ATP
(and low salt); therefore, we were not able to determine whether
the interaction of MreB and EF-Tu depends on different
nucleotide cofactors.

EF-Tu Colocalizes and Interacts with MreB in Helical Filaments
Underneath the Cell Membrane. MreB localizes as helical fila-
ments (most likely bundles of protofilaments) underneath the
cell membrane in B. subtilis, E. coli, and C. crescentus cells (7).
We wanted to investigate whether the MreB/EF-Tu interaction is
also reflected by a specific subcellular localization of EF-Tu.

Cells expressing EF-Tu-CFP as sole source of the proteins
(under control of the native promoter) grew with indistinguish-
able doubling time as wild-type cells and expressed EF-Tu solely
in the form of the CFP fusion (Fig. S2), showing that EF-Tu is
fully functional. EF-Tu-CFP was mostly diffuse throughout the
cytosol and visibly enriched at the cell poles during the early
exponential growth phase (OD 0.1–0.5) (Fig. 2A), in full agree-
ment with its function in translation, because ribosomes are also
highly enriched at the cell poles (34). However, starting at mid
exponential growth (OD 0.5–1.5), EF-Tu-CFP was observed as
many discrete foci or transverse bands underneath the cell
membrane, when the focal plane was shifted to the top of the
cells (Fig. 2B). These foci became most clearly visible during late
exponential growth (OD 1.5–4) (Fig. 2C), and their pattern was
somewhat reminiscent of the MreB cytoskeleton (12, 14). Three-
dimensional deconvolution of Z stacks taken from cells bearing
EF-Tu-CFP revealed an obvious punctuate or band-like dis-
tribution of EF-Tu (Fig. 2D and Movies S1 and S2), with many
elongated assemblies of EF-Tu along the length of the cells, in
what appeared to be a helical arrangement. To confirm this
striking localization pattern, we performed immunofluorescence
experiments on cells growing at the late exponential phase. As
shown in Fig. 2E, B. subtilis EF-Tu signals were observed as
punctuate staining along the cell periphery, with transversal
bands evocative of helical structures. It should be noted that IF
experiments usually overemphasize the brightest signals, such
that the diffuse staining of EF-Tu within the cytosol as seen with
the CFP fusion is not apparent. These experiments verify the
existence of distinct accumulations of EF-Tu along the cell
periphery, in addition to the cytosolic localization of EF-Tu. We
favor the idea that the accumulations of EF-Tu are also present
during early exponential growth but are masked through the
diffuse EF-Tu molecules, because a larger fraction of EF-Tu may
be involved in translation at this growth period, and more EF-Tu
may switch from translation to the peripheral structures as cells
grow slower during late exponential growth.
Based on their interaction (Fig. 1), we assumed that the EF-Tu

structures along the cell membrane might colocalize with MreB
structures, and therefore analyzed a strain expressing EF-Tu-
CFP and YFP-MreB. A minor fraction of cells showed irregular
cell shape and aberrant MreB localization (10–20%), suggesting
that the strain expressing both fluorescent protein fusions may be
somewhat dysfunctional. Longer cells contained more EF-Tu-
CFP foci and YFP-MreB foci than shorter cells. In most cells,
YFP-MreB foci/filaments colocalized with EF-Tu-CFP foci (Fig.
2F), although nonoverlapping signals were also observed. In 82%
of all foci, these were coincident, whereas 18% of the foci were
clearly distinct (generally, these were YFP-MreB foci without
visible EF-Tu-CFP signal) (150 cells analyzed). To ensure that
the MreB and EF-Tu structures indeed interact, we performed
BiFC analysis. When EF-Tu or MreB were fused to either part of
split-YFP (EF-Tu-Yc was expressed from the original gene
locus, Yn-MreB from the ectopic amy site under the control of
the IPTG inducible hyper-spank promoter), no fluorescence
above background fluorescence was observed (Fig. 2G), like in
cells expressing EF-Tu-Yc and the Yn part, or Yn-MreB and just
the Yc part. Clear signals underneath the cell membrane were
observed when EF-Tu-Yc and Yn-MreB were coexpressed (Fig.
2H). In 55 cells analyzed, fluorescence intensity of BiFC signals
was 225 ± 25 AU, whereas fluorescence in control cells was 123
± 3 AU (n = 60), similar to values in wild-type cells lacking any
fluorescence protein fusion. MreB has been shown to interact
with the other two MreB-like proteins, Mbl and MreBH, in B.
subtilis, using BiFC (18). Mbl, but not MreB, has been shown to
interact with the membrane protein MreC (18), so we used Yn-
MreC as a control for the specificity of interaction between
MreB and EF-Tu. No fluorescence different from that of wild-
type cell was observed in the EF-Tu-Yc/Yn-MreC-expressing

Fig. 1. Coomassie-stained SDS/PAGE experiments showing the interaction
of MreB and EF-Tu. The identities of coeluting bands are indicated by tri-
angles or lines. (A) TAP-tag experiment of cells expressing TAP-MreB (JS82);
shown are the elution fractions of the second affinity column. Control,
extracts from cells expressing TAP-tag only; TAP-MreB, extracts from cells
expressing TAP-MreB. (B) TAP-tag experiments of cells expressing EF-Tu-TAP
or TAP-tag only (“control”); shown are second elution fractions. (C) Strep-
MreB and EF-Tu-6His coelution from streptavidin columns: overexpression of
both proteins (“strep-MreB”) and or just of EF-Tu-6His (“control”) in E. coli
cells. Shown are main MreB elution fractions. (D) Coelution of purified EF-
Tu-6His from Streptavidin columns preloaded with purified strep-MreB
(“strep-MreB”) or with elution fractions from a Streptavidin column from E.
coli cell extract lacking any overexpressed protein (“control”).
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cells (Fig. 2I). These experiments show that the interaction
between MreB and EF-Tu takes place between the cytoskeletal
structures formed by the two proteins. We also found Mbl as an
interacting partner in EF-Tu-TAP tag experiments, as deter-
mined by mass spectrometry. To further investigate this potential
interaction, we performed BiFC with EF-Tu and Mbl, which did
not reveal any specific signal (Fig. 2J), reinforcing the idea that
EF-Tu specifically interacts with MreB, and only indirectly with
Mbl, via MreB.

EF-Tu-CFP Structures Are More Static Than YFP-MreB Filaments and
Depend on MreB. GFP-MreB filaments have been shown to be
highly dynamic and need only a few minutes to fully recover after
photobleaching (13, 18). We performed time-lapse experiments
with EF-Tu-CFP, which revealed that the helical structures
formed by EF-Tu are much more static than MreB filaments.
EF-Tu-CFP structures did not change in their pattern between
1-min intervals for at least 10 min in growing cells (Movie S3),
whereas MreB filaments changed their position within 10-s
intervals (Movie S4). FRAP (fluorescence recovering after
photobleaching) experiments verified that EF-Tu structures are
rather static. EF-Tu-CFP structures did not recover after 10 min
(Fig. 3A) following bleaching, in contrast to GFP-MreB fila-
ments that show fast recovery within 1–2 min (18) (Fig. 3B).
Thus, EF-Tu and MreB cytoskeletal structures frequently over-
lap but show different dynamics. These findings could also
explain why MreB and EF-Tu signals are nonoverlapping in
some cases.
To assess whether MreB affects the cytoskeletal EF-Tu

structures, we moved the EF-Tu-CFP fusion into a strain car-
rying an in-frame mreB deletion, which is only possible under
special media conditions (high magnesium and sucrose concen-

trations) (35). Strikingly, only homogeneously localized EF-Tu-
CFP could be detected in the absence of MreB (Fig. 3C), in
contrast to wild-type cells grown under the same conditions (Fig.
3D). Optical sectioning of mreB mutant cells verified the absence
of any defined structures underneath the cell membrane (Fig.
3E), and Western blotting confirmed that the fusion is not
cleaved and still expressed at a level comparable to that in wild-
type cells (Fig. S2), showing that the formation of the EF-Tu
structures depends on the presence of MreB.

Lowering of the Cellular EF-Tu Levels Affects Cell Shape and the
Localization of MreB, but Has a Minor Effect on Translation. We next
addressed the question of whether EF-Tu affects MreB. This is
technically difficult because EF-Tu is essential for translation
and thus for viability. However, to obtain some further infor-
mation on the role of EF-Tu in cell shape determination, we
investigated the effect of lowering the EF-Tu level in growing
cells. EF-Tu is present in an ≈10:1 ratio to the number of
ribosomes within bacterial cells (25, 31), and it has been specu-
lated that only a fraction of the EF-Tu pool may be required for
efficient translation. We were able to reduce the amount of EF-
Tu by placing the EF-Tu gene under the control of the inducible
Pxyl promoter. Approximately 40% of EF-Tu protein levels were
detectable in the Pxyl strain (grown with the maximum induction
of Pxyl with 0.5% xylose) compared with wild-type cells (Fig.
4A). Under these decreased EF-Tu levels, cells showed a long lag
phase before exponential growth but were able to grow with a
similar doubling time between OD 0.2 and 0.5 as wild-type cells
(Fig. S3A). Interestingly, between 30% and 50% of the cells
showed a strong defect in cell morphology (400 cells counted),
being strongly bent, bulgy, or oval instead of rod-shaped [Fig. 4E
(compare with Fig. 4D)]. To determine whether the observed

Fig. 2. Localization of EF-Tu in B. subtilis cells.
(A–C) Cells expressing EF-Tu-CFP in B. Subtilis (JS88)
at the original locus early exponential phase (A)
(septa between cells are indicated by white lines
and can usually be seen due to a lack of fluo-
rescence between the cells), mid exponential phase
(B), late exponential phase (C). (D) Three-dimen-
sional deconvolution images. Arrow, direction of
the turning angle of the cell; white arrowhead, an
apparent helix. (E) Immunofluorescence on B. sub-
tilis wild-type cells (late exponential growth) using
anti-EF-Tu antiserum. (F) Two-dimensional decon-
volution images showing colocalization of YFP-
MreB and EF-Tu-CFP (strain JS89, late exponential
growth). Red arrowheads, YFP-MreB foci (red in the
overlay) that do not colocalize with EF-Tu-CFP foci
(green in the overlay image). (G–J) BiFC interaction
studies. Yn, N-terminal part of the split YFP; Yc, C-
terminal part [note that coexpression of EF-Tu-Yc
and just the Yn fragment (JS92) or of Yn-MreB and
just the Yc fragment (JS93) did not show any
defined signal]. (G) Expression of Yn-MreB (JS71;
Left) or of EF-Tu-Yc (JS90; Right). (H) Cells express-
ing both EF-Tu-Yc and Yn-MreB (JS94). (I) Cells
expressing of both EF-Tu-Yc and Yn-Mbl (JS95). (J)
Cells expressing both EF-Tu-Yc and Yn-MreC (JS96).
Cells were grown in S750 minimal media at room
temperature supplemented with necessary anti-
biotics or inducers (0.5% xylose for YFP-MreB or 1
mM IPTG for Yn-fusions). (Scale bars: 2 μm.)
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phenotype is due to a decrease in the general translation capacity
or the consequence of a more direct effect on cell shape main-
tenance, we measured the S35-methionine incorporation rate. In
these translation efficiency experiments (Fig. 4C), the Pxyl-tufA
strain did not show any significant difference compared with
wild-type cells growing under the same condition [i.e., mid
exponential growth at OD 0.5 in M9 fructose medium (Fig.
S3A)]. It appears from these data that lowering the levels of EF-
Tu has a strong effect on cell shape, but a small effect on
translation. This finding could be further stipulated as the
amount of MreB present in the Pxyl-tufA strain during mid
exponential growth was similar to that in wild-type cells (Fig.
4B). Based on this, it was possible to ask whether the localization
of MreB is affected by lowering the amount of EF-Tu. Instead of
regular helical structures (Fig. 4F), irregular and often straight
and extended GFP-MreB filaments were observed, which are
never observed in wild-type cells, as well as irregularly positioned

foci along the lateral cell membrane (Fig. 4G) (at OD 0.5 in M9
medium). Many foci contained a high amount of GFP-MreB,
indicating that MreB filaments may bundle or aggregate in an
uncontrolled manner. Importantly, MreB filaments were no
longer dynamic and did not change their position within 5 min
(Movies S5 and S6), showing that, under lowered levels of EF-
Tu, MreB forms rather static filaments that lose their helical
path underneath the membrane. Because EF-Tu failed to form
defined structures in the ΔmreB strain, our analyses suggest that
both proteins require each other’s presence in sufficient amounts
to properly localize in helical structures. The analyses also
indicate that EF-Tu affects the dynamics of MreB filaments in
vivo. It is possible, though, that lowering of EF-Tu levels has an
indirect effect on MreB localization and filament dynamics, via
an effect on a different protein affecting cell morphology.
The addition of a high concentration of magnesium (in PAB

medium) was reported to rescue the lethality and cell morphology

Fig. 3. Dynamics of EF-Tu-CFP filaments and effect of the loss of MreB. (A) FRAP experiment on EF-Tu-CFP-expressing cells (JS88). pre, before bleaching;
dotted circle, area of bleaching; numbers, minutes after bleaching. (B) FRAP profiles of EF-Tu-CFP (JS88) and of GFP-MreB (JS12). (C) Two-dimensional
deconvoluted images of the localization of EF-Tu-CFP in mreB null cells (JS97). (D) Two-dimensional deconvoluted image of EF-Tu-CFP in wild-type cells (JS88).
(E) Z-stack through mreB mutant cells expressing EF-Tu-CFP (JS97). White lines through circles, position of the focal plane. For FRAP experiments, strains JS12
and JS88 were grown in S750 minimal media at room temperature supplemented with necessary antibiotics or inducers (0.5% xylose for GFP-MreB). Strains
JS88 and JS97 were grown in PAB/SMM medium (high magnesium and sucrose concentration). Late exponentially growing cells (OD 1.5–3) were used for the
microscopy. (Scale bars, 2 μm.)
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defect ofmreBmutant cells (35). Addition of magnesium to PAB
medium did not restore the cell shape defect in pxyl-tufA cells, but
interestingly, YFP-MreB structures became somewhat more
regular (Fig. 4H) (yet still not as regular as in wild-type cells)
compared with the highly defective assemblies in normal medium
(Fig. 4G), suggesting that magnesium may stabilize the defective
MreB filaments in the EF-Tu depletion strain.

The Function of EF-Tu in Cell Shape Maintenance Is Not Affected
Through the Inhibition of EF-Tu in Translation. The above experi-
ments suggest that EF-Tu has a dual function, in translation and in
cell shape maintenance via MreB modulation. To address the
question of whether, possibly, two different populations of EF-Tu
confer these different roles, we used kirromycin, which specifically

blocks the release of EF-Tu from the ribosome, thereby inhibiting
elongation of translation (36, 37). The addition of 100 μg of kir-
romycin to exponentially growing B. subtilis cells expressing EF-
Tu-CFP or YFP-MreB (both from the respective original gene
loci) arrested cell growth after 1 h of incubation, showing that the
block in translation had become effective. However, in these cells,
clear YFP-MreB or EF-Tu-CFP structures underneath the cell
membrane similar to those in wild-type cells were present (Fig. 4 I
and J and Fig. S4), showing that a block in the function of EF-Tu in
translation does not affect the localization of EF-Tu to the helical
structures or the localization of MreB filaments. These experi-
ments show that EF-Tu functions in translation and in cell shape
maintenance can be separated.

Discussion
Our work provides evidence that the bacterial translation factor
EF-Tu serves two distinct vital roles in the bacterium Bacillus
subtilis. Besides its function in the elongation cycle of translation,
which involves a fraction of EF-Tu at sites close to the cell poles,
where most of the ribosomes are accumulated (34, 38), a distinct
pool of EF-Tu affects cell morphology, apparently through an
effect on the cytoskeletal elementMreB.We show that EF-Tu is a
major interaction partner of MreB in vivo and interacts in a 1:1
stoichiometry with MreB in vitro. Because MreB and EF-Tu have
been suggested to be interaction partners in E. coli (39), it is likely
that our findings are also valid for many other bacteria. Intrigu-
ingly, eukaryotic elongation factor EF1a has also been shown to
interact with actin in eukaryotic cells (40, 41), so the interaction
between these two proteins appears to be conserved through the
domains of organisms. The interaction of EF-Tu and MreB is
reflected in the localization of EF-Tu: a functional EF-Tu-CFP
fusion localizes to distinct sites along the lateral cell membrane
and extensively colocalizes with MreB. Because MreB forms
helical filaments underneath the cell membrane, it follows that
EF-Tu structures are also positioned in a helical fashion. BiFC
experiments show that EF-Tu and MreB interact at these sites,
showing that a fraction of EF-Tu is associated with the MreB
cytoskeleton. EF-Tu has been shown to be present at an ≈10-fold
excess over ribosomes (25, 31), and it has been speculated that
there may be no need for such an excess of the elongation factor.
We therefore generated a strain in which transcription of the tufA
gene encoding for EF-Tu is under the control of an inducible
promoter. Even under maximum induction, cells contained<50%
of EF-Tu compared with wild-type cells. In these cells, translation
occurred at a rate comparable to that in wild-type cells, but the
cells displayed a highly aberrant cell morphology, in that they
were twisted and bent. Interestingly, in these cells, MreB was
present at wild-type levels but had lost its helical localization;
rather, extended straight or curved filaments were observed
localizing along the long axis of the cells. These experiments show
that a decrease in the concentration of EF-Tu leads to a defect in
cell morphology and in MreB localization, while translation is not
detectably affected. In addition, MreB filaments did not show the
dynamic turnover that characterizes MreB filaments in wild-type
cells (13, 14).We have shown that the dynamics ofMreB filaments
are essential for the proper function of the cytoskeletal element,
indicating the need to ensure sufficient filament turnover (18).
Based on the finding that EF-Tu structures are rather static and
do not turn over within a few minutes like MreB filaments, we
speculate that EF-Tu serves as tracks for MreB filaments, which
(based on the interaction between the two proteins) could extend
along themore static EF-Tu structures (Fig. S5). Interestingly, the
defined EF-Tu structures in B. subtilis depended on MreB,
showing that the proteins mutually affect each other’s pattern of
localization and that, therefore, EF-Tu is a true component of the
bacterial cytoskeleton. We speculate that EF-Tu is positioned in
its GDP form (in which it interacts with MreB) through MreB
filaments and thereby forms the relatively static extended struc-

Fig. 4. Effect of the depletion of EF-Tu in B. subtilis cells. (A) Western blot
using EF-Tu antiserum showing levels of EF-Tu in wild-type cells (WT) and in
the pxyl-tufA strain (JS91, OD = 0.5, M9 minimal medium plus fructose and
xylose). (B) Western blot using MreB antiserum showing levels of MreB in
wild-type (WT) cells and in the pxyl-tufA strain (JS91, OD = 0.5). (C) Trans-
lation efficiency (incorporation of radioactive methionine into cellular pro-
teins) in wild-type and pxyl-tufA (JS91) cells. Cells were grown in M9 medium
with fructose and xylose until early exponential phase (OD600 = 0.5), where
wild-type and JS91 cells showed the same doubling time (Fig. S3). See SI
Materials and Methods for details. (D–G) Fluorescence microscopy of early
exponential phase (OD600 = 0.5) growing B. subtilis cells in M9 medium with
fructose and xylose. (D) Wild-type cells. (E) pxyl-tufA cells (JS91, EF-Tu
depletion). (F) Localization of YFP-MreB in wild-type cells (JS36). (G) pxyl-
tufA cells (JS98). Arrowhead, irregular nonhelical filament; white lines, ends
of cells. (H) Cells of strain JS98 (YFP-MreB, pxyl-tufA) growing in SMM/PAB
medium (high magnesium and sucrose). (I–J) Cells 1 h after addition of kir-
romycin, where growth had ceased, after growth in S750 minimal medium to
late exponential phase. (I) Cells expressing YFP-MreB (JS36). (J) Cells
expressing EF-Tu-CFP (JS88). (Scale bars, 2 μm.)
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tures, which may not be available for EF-Ts to exchange the GDP
cofactor. MreB may assemble on these structures in its ATP
bound form, and may disassemble after ATP hydrolysis, thus
dynamically remodeling along EF-Ts tracks.
To further analyze the two functions of EF-Tu, we blocked the

activity of EF-Tu in translation by the specific antibiotic kirro-
mycin, which resulted in an eventual arrest in cell growth but did
not affect the localization of MreB or the formation of the helical
EF-Tu structures underneath the membrane. These analyses
indicate that two distinct EF-Tu fractions are involved in trans-
lation, whichmostly occurs at polar zones inB. subtilis (Fig. S5) and
as a cytoskeletal element in conjunction with MreB. It will be
important to investigate how the recruitment of EF-Tu to the
cytoskeletal structure is regulated and how the cell ensures that
both essential functions of EF-Tu are granted to occur in a
proper fashion.

Materials and Methods
Growth Conditions. For genetic manipulations, E. coli and B. subtilis strains
were grown in LB rich medium. Transformants were selected under anti-
biotics pressure, as required, with 100 μg/mL ampicillin, 50 μg/mL strepto-
mycin, 5 μg/mL chloramphenicol, 50 μg/mL spectinomycin, and 5 μg/mL

kanamycin. For microscopy, B. subtilis cells were grown in S750 or M9 mini-
mal medium, except for mreB mutant cells, which were grown in PAB
medium supplemented with 20 mM magnesium and 0.5 M sucrose. Expres-
sion of YFP-MreB in the Pxyl-tufA strain was driven by 0.5% xylose in S750
medium containing fructose instead of glucose. The generation of strains is
described in SI Materials and Methods.

Strains and Plasmids. All plasmids and Bacillus strains generated in this work
are listed in Tables S1 and S2, respectively.

Immunofluorescence and Microscopy. EF-Tu antiserum was obtained through
immunization of rabbits with an EF-Tu-derived peptide (derived from the last
20 amino acids of EF-Tu). Cells were fixed with glutaraldehyde and were
treated with 1:5,000 diluted EF-Tu antiserum, and with secondary Alexa Fluor
488-coupled secondary antibody (Molecular Probes/Invitrogen). For fluo-
rescence microscopy, DNA was stained with 4′,6-diamidino-1-phenylindole
(DAPI) (0.2 ng/mL), and membranes were stained with FM4-64 (1 nM). For
further details, see SI Materials and Methods. Fluorescence intensities were
determined with MetaMorph 6.5 (MDS Analytical Technologies).
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