Motion of variable-length MreB filaments
at the bacterial cell membrane influences cell
morphology
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ABSTRACT The maintenance of rod-cell shape in many bacteria depends on actin-like MreB
proteins and several membrane proteins that interact with MreB. Using superresolution mi-
croscopy, we show that at 50-nm resolution, Bacillus subtilis MreB forms filamentous struc-
tures of length up to 3.4 pm underneath the cell membrane, which run at angles diverging up
to 40° relative to the cell circumference. MreB from Escherichia coli forms at least 1.4-pm-
long filaments. MreB filaments move along various tracks with a maximal speed of 85 nm/s,
and the loss of ATPase activity leads to the formation of extended and static filaments. Sub-
optimal growth conditions lead to formation of patch-like structures rather than extended
filaments. Coexpression of wild-type MreB with MreB mutated in the subunit interface leads
to formation of shorter MreB filaments and a strong effect on cell shape, revealing a link
between filament length and cell morphology. Thus MreB has an extended-filament architec-
ture with the potential to position membrane proteins over long distances, whose localiza-
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tion in turn may affect the shape of the cell wall.

INTRODUCTION

The discovery of cytoskeletal elements in bacteria has dramatically
changed the view of the cell biology of all cells because these pro-
teins must have developed very early in evolution rather than more
recently with the evolution of eukaryotes. It is generally accepted
that FtsZ (found in bacteria and Archaea) is an orthologue of tubulin
and thus a genuine cytoskeletal protein. FtsZ forms a polymeric ring
at the cell center in almost all bacteria, as well as in a large part of
the Archaea, and initiates cell division by recruiting all further down-
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stream proteins that build up the septum (Adams and Errington,
2009). Further, coiled-coil-rich proteins (e.g., crescentin) affect cell
curvature and form extended intermediate-filament (IF)-like
structures in several bacterial species, possibly representing a diver-
gent evolution of IF proteins (Cabeen and Jacobs-Wagner, 2010). In
addition, MreB and ParM have a structure that can be superimposed
with that of actin with little deviation (van den Ent et al., 2001, 2002).
These three proteins share the actin fold with additional proteins,
such as FtsA and sugar kinases; the latter are not believed to form
filaments that play a role in vivo. Like actin, MreB and ParM form
magnesium- and nucleotide-dependent filaments in vitro and in vivo
(FtsA has been shown to form filaments in vitro but not yet in vivo;
Szwedziak et al., 2012) but have a different architecture from that of
actin (van den Ent et al., 2001; Graumann, 2007; Mayer and Amann,
2009). In contrast to actin, MreB can form straight double filaments
or sheets of filaments, although under certain salt conditions, helical
MreB filaments have been observed, whereas ParM forms double-
helical filaments with opposite handedness to those of actin (Popp
et al., 2008, 2010; Salje et al., 2009). MreB is an essential protein in
many species and localizes underneath the bacterial cell membrane
in many rod-shaped bacteria through direct interaction with the
membrane (Dempwolff et al., 2011; Salje et al., 2011). The deple-
tion of MreB leads to a loss of rod shape, until the round cells lyse,
and point mutations in the ATPase-binding pocket have a dominant-
negative effect on cell morphology (Kruse et al., 2003; Defeu Soufo
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and Graumann, 2006). In addition, MreB affects the positioning of
intracellular protein complexes and even cell surface structures in
many bacterial species (Gitai et al., 2004; Cowles and Gitai, 2010;
Defeu Soufo and Graumann, 2005). Diffraction-limited epifluores-
cence, total internal reflection fluorescence (TIRF), and confocal flu-
orescence microscopy techniques have been used to interpret MreB
structures as helical structures that show a high turnover and thus
remodeling on a time scale of tens of seconds (Jones et al., 2001;
Carballido-Lopez and Errington, 2003; Defeu Soufo and Graumann,
2004; Graumann, 2007; Kim et al., 2006). MreB was therefore
termed a cytoskeletal element. Recently, the view that MreB forms
extended filamentous structures was challenged, and a passive mo-
tion mechanism was proposed (Dominguez-Escobar et al., 2011;
Garner et al., 2011; van Teeffelen et al., 2011). Several reports con-
cluded that MreB does not form extended filaments but forms
“patch” structures (i.e., filaments of a size smaller than the resolu-
tion of light microscopy) that passively move along with the putative
cell wall extension machinery from one side of the cell to the other
in a circumferential motion. Such short structures would connect cy-
tosolic proteins with membrane proteins but would not be able to
connect membrane proteins on a longer range. These ideas sug-
gest that the fundamental aspect of the formation of extended fila-
mentous structures that affect cell shape and other dynamic subcel-
lular processes may be dissimilar between MreB and actin. Using
superresolution microscopy, we show that MreB forms filaments
ranging from shorter (250 nm) to longer (greater than a half-turn
around the cell periphery) sizes, which have the potential to confer
long-range interactions underneath the cell membrane. We show
that mutations in the ATP-binding pocket, as well as in the subunit
interface, alter filament dynamics or length, accompanied by altera-
tions in cell morphology, showing that filament architecture of MreB
is crucial for proper cell shape maintenance.

Bacterial cell shape is dictated by the peptidoglycan wall (Cabeen
and Jacobs-Wagner, 2005). In addition to MreB, several proteins are
essential for the generation and maintenance of rod cell morphol-
ogy in bacteria. RodA and MreC are essential for viability, and their
individual depletion leads to the formation of round cells (Matsuzawa
et al, 1973; lwaya et al., 1978; Henriques et al., 1998; Lee and
Stewart, 2003; Kruse et al., 2005; Bendezu and de Boer, 2008). This
is also true for the depletion of MreD, but the cells are able to sur-
vive as cocci, although growth is highly retarded. MreB (or its paral-
ogue in Bacillus subtilis, Mbl) interacts with MreC and MreD (Kruse
et al., 2005; Defeu Soufo and Graumann, 2006), and also with pen-
icillin-binding proteins, components of the machinery that extends
the cell wall during bacterial growth (Divakaruni et al., 2005; Kawai
et al., 2009). In an alternative (but not mutually exclusive) model to
the passenger model described earlier, the localization of MreB as-
semblies might direct the positioning of membrane proteins, thus
organizing the synthesis of the wall into a regular pattern.

RESULTS

B. subtilis MreB and Mbl form dynamic filaments of length
up to 3.4 pm underneath the cell membrane in vivo

We addressed the fundamental question of whether MreB forms
extended filamentous structures in a bacterium, like its orthologue
actin in eukaryotes, or builds up small assemblies that would only be
capable of conferring interactions between cytosolic and membrane
proteins but no interactions along the membrane. We therefore
used stimulated emission depletion (STED) and structured illumina-
tion (SIM) superresolution microscopy to visualize MreB filaments at
highest possible resolution in live bacterial cells. We imaged expo-
nentially growing B. subtilis cells, which express a green fluorescent
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protein (GFP)-MreB fusion from the original gene locus, which can
functionally replace the wild-type copy (Defeu Soufo and Graumann,
2004), or a yellow fluorescent protein (YFP)-MreB fusion from an
ectopic site on the chromosome (Defeu Soufo and Graumann,
2006), driven by the xylose-inducible promoter. We also used a
published strain in which the original mreB gene is deleted and
GFP-MreB is expressed from the amylase locus (a kind gift of
Rut Carballido-Lopez, French National Institute for Agricultural
Research, Jouy-en-Josas, France; Dominguez-Escobar et al., 2011).
In addition, we generated and visualized a GFP-Mbl fusion, which is
expressed under the control of the original mbl promoter from the
native gene locus and is also expressed as the sole source of Mbl in
the cell. Qualitatively, STED and SIM images showed similar results.
We reached a resolution of 125 nm with N-SIM (Nikon) and SIM
(Zeiss), 80 nm with STED, and 42 nm with gated (G-) STED (Leica).
YFP-MreB or GFP-MreB (as a sole source of the protein) formed
distinct filaments, the shortest of which were diffraction limited
(50 nm) and a large number of which were between 0.8 and 1.7 pm
(the latter fraction extended around an entire half-circumference,
cell width being 1.1 pym) or possibly longer (Figure 1, A-D). Acquisi-
tion of 15 images for three-dimensional (3D) N-SIM took 1.2's, or
500 ms using nine Zeiss SIM images (30-ms exposure time), whereas
acquisition of YFP-MreB by STED took <1 s for a single cell of 3-um
length (1000 Hz, four line scans). Average movement of MreB struc-
tures (or possibly extension of MreB filaments) has been described
as occurring at a speed of 22 nm/s (Garner et al., 2011) or 50 nm/s
(Dominguez-Escobar et al., 2011) and maximal movement of
90 nm/s (see later discussion), such that negligible change in the
position of MreB filaments would occur within the acquisition time,
showing that MreB forms true filaments and that the length of the
imaged structures is a very good estimate of their actual size in vivo.
GFP-Mbl formed filaments indistinguishable from those of GFP-
MreB (Figure 1E). Based on the fact that MreB and Mbl colocalize
and interact (Carballido-Lopez et al., 2006; Defeu Soufo and
Graumann, 2006), these experiments argue against an overproduc-
tion artifact for filament formation of MreB paralogues. As a further
verification that filament formation is not based on overexpression
of MreB, we induced YFP-MreB fusion with 0.005% xylose rather
than with 0.5%. Even at this very low concentration of inducer, YFP-
MreB still formed visible filaments (Figure 1C). A fusion expressing
functional GFP-MreB from the amylase locus as sole source of the
protein used in a different study (Dominguez-Escobar et al., 2011)
also showed similar filamentous structures (Figure 1F). When im-
aged with TIRF microscopy, cells grown under similar conditions as
in Figure 1, A-F, showed a more patch-like pattern of fluorescence
(Figure 1Q), likely because TIRF microscopy only excites fluores-
cence within the upper 100-200 nm of the cell’s curved surface.

MreB filaments showed a highly variable angular distribution,
from circumferential to a tilt of 40°. About 40% of the filaments were
circumferential, with a variation of £5°, and 60% had an angle of 10°
or more (Figure 11). Measurements from STED and SIM experiments
yielded indistinguishable angular distributions. Circumferential fila-
ments could be adjacent to highly tilted filaments, and even fila-
ments of opposite tilt were found to be present next to each other
(Figure 1B) within the same cell. These data show that the orienta-
tion of MreB filaments is surprisingly irregular and much less well
organized than previously deduced from conventional fluorescence
microscopy.

Using N-SIM or Zeiss SIM, we performed 3D reconstructions of
MreB filaments. Figure 1K (also see Supplemental Movie S1) shows
that many GFP-MreB filaments extended for more than a
half-circumference. Figure 1H shows a 3D reconstruction of the
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Superresolution microscopy of MreB in exponentially growing bacterial cells. (A) STED

image of YFP-MreB (80-nm resolution). (B) N-SIM image of YFP-MreB (125-nm resolution). Green
bars show neighboring filaments with different angles; orange bars show opposite angles relative
to 90°. (C) G-STED image of YFP-MreB expressed at very low concentration of inducer (0.005%
xylose). (D) SIM (Zeiss) image of GFP-MreB expressed from original locus. (E) STED image of
GFP-Mbl (original promoter). (F) STED image of GFP-MreB expressed from an ectopic site on the
chromosome as sole source of the protein (Formstone and Errington, 2005; Dominguez-Escobar
etal., 2011). (G) TIRF image of YFP-MreB (corresponding to A, B, and D). (H) N-SIM 3D
reconstruction of the upper two-thirds of a chain of cells. (I) Angular distribution of GFP-MreB
filaments in B. subtilis. Numbers above the bars show percentage of filaments with 90° (+5°)
relative to the longitudinal axis or with angles with >10° difference relative to the diametral axis
of the cell. (J) Relative contributions of filaments of different sizes. (K) SIM (Zeiss) Z-stack with
planes taken every 150 nm. Bars show the position of focal planes relative to the cell body. Green
triangles indicate filament making a full helical turn; yellow triangle, filament making a quarter
turn (not completed full turn); and purple triangle, filament making a half-turn. White bars, 2 pm.
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upper two-thirds of the cell diameter, reveal-
ing the extended nature of a majority of fila-
ments. The number of such longer filaments
was highly variable between cells, and on
average, we found 1.2 long filaments
(>1.7 ym) and 3.1 medium-length filaments
(1.7 um) per cell (of length 3 + 0.2 um), in
addition to 2.5 shorter filaments. From com-
plete 3D reconstructions, we measured fila-
ment length and categorized filaments into
four length classes: <850 nm (quarter-turn),
up to 1.7 pm (half-turn), three-quarter turn,
and full turn (3.4 pm; Figure 1J). Two-thirds
of all filaments were longer than one-quarter
turn, with half-turns making up almost half
of all filaments. Thus MreB filaments showed
clear discontinuities; long filaments were
frequently neighbored by short filaments,
revealing that at 125-nm resolution, MreB
does not form a continuous structure. MreB
filaments are long enough, however, that
they could confer long-range interactions
between membrane proteins or MreB-asso-
ciated cytosolic proteins and thus are able
of coupling molecules from opposing sides
of the cell’s circumference.

YFP-MreB filaments move along
various tracks underneath the cell
membrane

Using SIM, we performed time-lapse experi-
ments, capturing a set of 3D (N-SIM) or two-
dimensional (2D; Zeiss SIM) images every
5 s. Figure 2A and Supplemental Movies
S2-S4 show that YFP-MreB filaments un-
dergo considerable remodeling. We found
that most filaments moved at various angles
relative to the circumference (reflecting the
angular degrees shown in Figure 11) from
one side of the cell to the other, whereas
many filaments moved along a circumferen-
tial path. Frequently, both ends of short fila-
ments moved at an identical speed, which is
hard to reconcile with a treadmilling-like
mode of movement; identical on- or off-
binding rates would need to be present at
both ends. On the other hand, we found fil-
aments of size of 1.7 pm or longer, which
underwent apparent shrinkage, although it
cannot be excluded that the entire long fila-
ment moved, because the leading edge
cannot be seen in the time lapse. We also
found many cases in which filaments re-
versed their direction between 5-s intervals
(Figure 2 and Supplemental Movies S2-S4),
in agreement with the observed reversal of
MreB “patches” (Garner et al., 2011). This
could most clearly be seen for short fila-
ments, which reversed in the same direction
from which they had entered the field of
view (Figure 2B). Reversal was also seen for
longer filaments, where only one end could
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Dynamics of YFP-MreB filaments. (A) Time-lapse
experiments with images captured every 5 s, using N-SIM. Yellow
triangles indicate filaments moving from left to right; green triangle,
filament reversing its direction; red triangles, filaments moving in from
opposite directions and fusing, with the left-moving filament
prevailing in its direction. (B) Two examples of filaments reversing
their direction of movement, indicated by orange triangles; images
captured every 5 s. Dashed white lines mark the lateral sides of the
cells. The filament in the top moves right at an angle, whereas the
filament in the bottom moves close to 90°. Both filaments move back
at the same angle as they enter the field of view. White bar, 2 pm.

be seen, indicating that backward movement can also occur for ex-
tended filaments of 1.7 pm or maybe longer (this would require 3D
time-lapse experiments, which are not yet feasible with superresolu-
tion techniques). Neighboring filaments could be observed to have
the opposite direction of movement (Supplemental Movies S2 and
S4); we were not able to detect a pattern of movement, that is, a
preferred directionality, as was proposed based on conventional
epifluorescence microscopy (Defeu Soufo and Graumann, 2004).
Thus, at the present resolution, we can state that MreB filaments
appear to follow random paths of directionality, which can be rap-
idly reversed. Our study reveals a novel mode of filament dynamics
of MreB, namely the fusion of filaments. Figure 2 shows an example
of two filaments meeting from opposite directions, and, after a short
period of an apparent stop, resuming with movement in one

YFP-MreB

STED microscopy of cells grown in culture in the absence of shaking (A) and
successive changes in the pattern of localization of YFP-MreB after commencement of shaking

(B-E). White bar, 2 ym; images are scaled equally.
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direction. Although fusion was a rare event (<2% of all filaments fol-
lowed by time-lapse SIM), this suggests that filaments take certain
tracks, even though these seem to have a highly relaxed arrange-
ment. Of note, we never observed a case of filaments crossing each
other, in full agreement with the finding that MreB has intrinsic
membrane affinity (Dempwolff et al., 2011) and directly binds to the
membrane via an amphipathic helix (Salje et al., 2011).

The speed of filament movement was highly variable. We
observed maximal extension/movement of 1.7 ym in 3.75 frames
(12 visually fast filaments tracked), that is, 1700 nm in 18.75 s, or
90 nm/s. When the same cells were imaged twice, however (Supple-
mental Movie S3 was taken ~5 min after Supplemental Movie S2),
movement of MreB filaments was reduced to about half of the
speed measured in the first experiment (52 nm/s for the fastest six
filaments). When cells were imaged 5 min after they had been trans-
ferred from a shaking flask into a closed tube before mounting to
the slide for imaging, speed of movement was lower by a factor of
three to four than that of the fastest filaments seen under optimal
growth conditions (data not shown). Thus light stress (and possible
additional heat stress) and oxygen limitation already affect the
speed of movement of MreB filaments. It was reported that MreB
filaments dissipate after a sudden step down in the energy source
supplied for the cells (Defeu Soufo and Graumann, 2004) and that
addition of antibiotics affecting cell wall synthesis slows move-
ment of MreB filaments (Dominguez-Escobar et al., 2011; Garner
et al, 2011; van Teeffelen et al., 2011). Our experiments reveal
that extreme care must be taken to interpret the effects of com-
pounds or mutations leading to cell wall stress, which can be
sensed by o-factor and two-component signal transduction sys-
tems (Eiamphungporn and Helmann, 2008; Rietkotter et al., 2008),
on the movement of MreB filaments, which are clearly very sensi-
tive to different kinds of stresses.

Irregular YFP-MreB structures in cells growing

in a transition phase

When cells were grown under suboptimal conditions (e.g., in the
absence of aeration through shaking, doubling time of >3 h), only
focal or spot-like structures of length <80 nm were visible using
STED microscopy, as well as few filamentous structures, which were
regularly positioned (Figure 3A). This agrees with our previous find-
ing that MreB filaments dissipate upon nu-
trient downshift within few minutes to form
spot-like structures (Defeu Soufo and
Graumann, 2004). We analyzed how the
rapidly moving filaments are generated
from the short structures, and shifted non-
shaking cells to optimal aeration conditions.
On resumption of faster growth, YFP-MreB
filaments slowly increased in length but
were highly disordered (Figure 3, B-D). Dur-
ing the transition, filaments could even ex-
tend longitudinally along the lateral mem-
brane, a condition never seen under optimal
growth conditions (Figure 3C). Eventually,
filaments assumed a more regular localiza-
tion pattern as growth became maximal
(Figure 3E). We were not able to determine
whether abnormally positioned filaments
gradually find a more regular circular/helical
pattern or are completely dissolved and
more and more normally oriented filaments
appear, but given the high remodeling
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FIGURE 4: E. coli MreB forms filaments. (A, B) 3D SIM (Zeiss) images of E. coli cells expressing a
sandwich MreB-RFP fusion (the RFP is integrated into a loop within the MreB molecule),
EcMreB-RFPs". (A) White lines indicate the orientation of filaments; outlines of cells are shown
that are difficult to deduce from the fluorescence signal. (B) Outlines of cells seen by bright-field

illumination. White bars, 2 um.

capacity of MreB filaments, the latter scenario is more likely. To test
whether the ability of MreB to form filaments is correlated with the
amount of protein, we performed Western blot analysis. At 1 h after
arrest of strong aeration of cultures (Supplemental Figure S1B),
GFP-MreB or YFP-MreB filaments had a spotty appearance similar
to that shown in Figure 3A. The amount of GFP-MreB expressed
from the original locus remained rather constant, whereas that of
YFP-MreB expressed from the amylase locus was equal or slightly
lower in different experiments (Supplemental Figure S1A). The shift
from anaerobic to aeration condition restored the filamentous phe-
notype, and no differences in expression levels were detected for
both protein fusions (Supplemental Figure STA). Thus MreB levels
do not show considerable differences between optimal or subopti-
mal growth conditions. It is interesting that the large distribution of
angles of MreB filaments under optimal growth conditions is even
much greater under conditions of growth transitions (Figure 3), al-
though it is unlikely that the structure of the cell wall is dramatically
different during the transition phase.

We also analyzed the dynamics of MreB structures formed under
suboptimal growth conditions. Time-lapse microscopy with cells
grown under nonshaking conditions for 1 h (Supplemental Figure
S1B) revealed that the patchy structures formed under these condi-
tions do not move but are statically located underneath the cell
membrane (Supplemental Movie S5). Thus MreB becomes immo-
bile under suboptimal growth/stress conditions, in strong contrast
to optimal aeration conditions.

E. coli MreB forms moving filaments

We sought to extend the analysis of MreB structures at high resolu-
tion to the model bacterium from Gram-negative bacteria, E. coli.
We used an MreB-sandwich-red fluorescent protein (RFP) fusion re-
ported to be functional (Bendezu et al., 2009). Although we found
~5% of the population having aberrant cell morphology, most cells
possessed normal rod shape (Figure 4B), indicating that the fusion
protein can largely complement for the missing wild-type protein.
SIM showed that EcMreB also forms filaments in growing cells
(Figure 4, A and B). It was not possible to obtain a 3D image, due to
the fast bleaching and low quantum efficiency of RFP. From the 2D
SIM analysis, a majority of filaments were diffraction limited (i.e.,
length <125 nm), and cells contained between one and five fila-
ments of length at least 1.5 pm (half-turn). Thus EcMreB filaments
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bright field

appear to be somewhat shorter than those
seen in B. subtilis. Time-lapse SIM revealed
highly dynamic movement of short and long
filaments (Supplemental Movies S6 and S7).
Filaments moved with a speed of 65 nm/s,
and very few filaments were static. Similar to
B. subtilis, a majority of filaments observed
(60%) moved in an angular rather than circu-
lar pattern (40%). We conclude that in two
model bacteria, MreB forms dynamic fila-
ments of sufficient length to confer long-
range connectivity underneath the cell
membrane, which show similar patterns of
movement but different lengths between
species.

A B. subtilis MreB ATPase mutant
forms static filaments, and mutations

in the polymer interface affect filament
length and cell morphology

It has been reported that the D158A muta-
tion in MreB reduces ATPase activity and leads to a domi-
nant-negative effect on cell morphology in E. coli and in B. subtilis
(Kruse et al., 2003; Defeu Soufo and Graumann, 2006). The localiza-
tion and dynamics of wild-type (wt) MreB or of Mbl filaments are
affected through the expression of MreBD158A (Defeu Soufo and
Graumann, 2006). We visualized D158A mutant YFP-MreB in B. sub-
tilis using SIM. Like wt MreB, ATPase mutant MreB formed filaments,
although these were brighter and less abundant (Figure 5B) than
those of wt protein (Figure 5A). Dynamics of MreBD158A was ana-
lyzed using time-lapse SIM. Figure 5B and Supplemental Movies S8
and S9 show that unlike wt MreB, only few (<5%) mutant filaments
showed movement between 5-s intervals for the entire acquisition
(up to 40 exposures). Thus mutant filaments do not show dynamic
turnover or movement, whereas cell morphology is strongly altered
(Figure 5B). These experiments show that ATPase activity is required
for the movement of MreB filaments, unlike previously reports
(Garner et al., 2011), and in turn are necessary for proper cell shape
maintenance. The basis for the discrepancy between our data and
those of Garner et al. (2011) is unknown.

Our experiments are neither proof nor disproof of treadmilling,
however, and do not exclude the possibility that MreB filaments
could be moved by the cell wall synthesis machinery (Dominguez-
Escobar et al., 2011; Garner et al., 2011; van Teeffelen et al., 2011):
for example, ATPase mutant MreB could form thicker filament bun-
dles than those formed by wt MreB (in case it forms filament bundles
in vivo), or mutant filaments could be much longer, and thus move-
ment may be blocked indirectly. To test this, we measured the width
of MreB filaments using gated-STED, a technique that allows a reso-
lution of <50 nm. We measured 125 filaments from wt cells and 105
from MreBD158A-expressing cells at 2 h after addition of inducer to
obtain similar conditions. Figure 6 shows a zoom on two filaments in
a cell, one of which is 42 nm wide (the width of the peak at half-
maximal intensity is used for size measurements) and the other
80 nm, verifying that filaments can be visualized with high resolu-
tion, and showing that some MreB filaments are indeed much wider
than actin filaments. On average, wt MreB filaments had a width of
75.6 £ 17.7 nm and mutant MreB filaments 83.2 + 19.5 nm, reveal-
ing that both types of filaments do not vary greatly in their diameter.
The change in cell morphology becomes visible ~3-4 h after induc-
tion of MreBD158A. The average width of 75 mutant filaments mea-
sured did not differ significantly from that after 2 h. These findings
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Fluorescence microscopy of exponentially growing chains of B. subtilis cells.
(A) Epifluorescence of YFP-MreB. (B) Time-lapse SIM (Zeiss; 5-s intervals) of cells expressing
D158A mutant YFP-MreB; inset, outlines of cells by bright-field light. (C) Expression of double
mutant YFP-MreB277/305 for 8 h, epifluorescence. (D) YFP-MreB277/305 expressed for 3 h; SIM
(Zeiss) stack with planes indicated by bars in circle; triangle shows an example of an extended
(<750 nm) filament. (E) SIM (Zeiss) image of cells expressing YFP-MreB under identical
conditions as in D. (F) Localization of YFP-MreB 4 h after expression of double mutant MreB.
Note that the helical phenotype has not fully arisen at this time, but the localization of proteins
is easier to see because they are still mostly flat. White triangle indicates clear, extended
filament. (G) Colocalization of CFP-MreB and YFP-MreB277/305 (examples indicated by
triangles) 4 h after expression of double-mutant MreB (epifluorescence). White bars, 2 pm.

favor the idea that mutant MreB filaments cannot be moved effi-
ciently because they lack sufficient turnover rather than being too
heavy to be moved. The experiments also argue against the idea
that mutant MreB slows movement by laterally adding to wt MreB
filaments, because a similar extent of induction of wt YFP-MreB
does not slow filament movement. It is possible, however, that
movement is slowed because of an increase in length of the fila-
ments, based on slower subunit exchange. These aspects need to
be investigated in future analysis.

It was recently shown that several mutations in the ATP-binding
pocket of MreB affect cell shape maintenance (Dye et al., 2011). Of
interest, a single mutation at the interaction surface of MreBH af-
fects the architecture of filaments in vivo (Defeu Soufo and
Graumann, 2010). To extend the analysis of requirements for proto-
filament assembly of MreB, we introduced several single and double
mutations into the known subunit contact sites between MreB
monomers. When combined (but not single), two mutations, A277Q
and K305D, generated a striking phenotype: cells became bent and
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helical, and eventually (after six to eight
doubling times) coiled around other chains
of cells in liquid culture (Figure 5C and Sup-
plemental Figure S2A). In an attempt to un-
derstand this interesting phenotype, we pu-
rified wt and double-mutant MreB and
performed dynamic light scattering analysis
as a measure of the ability to form filaments.
Supplemental Figure S3 shows that wt
MreB, as well as MreB277/305, rapidly in-
duced filament formation when magnesium
was added. At higher magnesium concen-
tration, double-mutant MreB scattered light
more strongly than wt MreB. For both ver-
sions of MreB, addition of 10 mM or more of
magnesium reversed the speed of scatter-
ing (data not shown). Although we cannot
explain the enhanced formation of filaments
at 5 mM magnesium for the double-mutant
MreB, it is clear that the initial nucleation of
filaments is similar for the mutant version
and wt protein. Of note, this analysis does
not address the stability of the rapidly
formed MreB filaments nor their length. To
analyze filament formation in vivo, we next
localized the double-mutant YFP-MreB ex-
pressed from an ectopic site on the chromo-
some by SIM. Three hours after induction,
the protein formed few filaments and mostly
resolution-limited structures, most likely
short filaments of <125 nm (Figure 5D and
Z-stack seen in Supplemental Movie S10),
much shorter than those formed by wt MreB
(Figure 5E). In time-lapse SIM, soon after in-
duction, extended as well as diffrac-
tion-limited filaments of YFP-MreB277/305
moved with similar speed as wt filaments
(Supplemental Movie S11). After prolonged
induction (>2 h), YFP-MreB277/305 formed
only diffraction-limited filaments (Supple-
mental Figure S2B), which no longer showed
any movement (data not shown). Therefore
the double mutation affects filament forma-
tion of MreB in that filament length de-

creases. Owing to technical limitations, it was not possible to obtain
SIM or STED localization of both wt MreB and double-mutant MreB.
When coexpressed, YFP-MreB277/305 largely colocalized with cyan
fluorescent protein (CFP)-MreB in short or diffraction-limited struc-
tures (Figure 5G and Supplemental Figure S4), and wt MreB also
formed fewer and mainly shorter filaments that were static when it
was coexpressed with MreB277/305 (Figure 5F and Supplemental
Movie S12). These data show that the expression of double-mutant
MreB affects the formation as well as the dynamics of wt MreB fila-
ments. Thus our experiments establish that the alteration of contact
sites between MreB monomers affect the size of filaments, leading
to shorter filament length, which in turn affects cell morphology.

Several models have been proposed for the distinct structures ob-
served for MreB in live cells: 1) a continuous cytoskeletal structure
extending from pole to pole, 2) shorter helical filaments forming a
discontinuous cytoskeleton, 3) filaments of <250 nm, and 4) patches
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nor is it in favor of treadmilling: possibly,
MreB filaments have to undergo a sufficient

Intensity

amount of internal turnover to be short and
flexible enough to be driven by an external
motor. The idea that MreB may have a more
cytomotive than cytoskeletal function must
be stringently tested, and if true should
be reflected in no longer calling MreB a
cytoskeletal element. We show that MreB
filaments are very sensitive to different per-
turbations of cell growth, revealing that care
must be taken in interpreting effects of cell
/| envelope stress on the movement of MreB
| filaments. In any event, filament turnover is
clearly a prerequisite for the movement and

YFP-MreB

FIGURE 6: Measurement of the thickness of YFP-MreB filaments in exponentially growing

B. subtilis cells. (A) G-STED image (top) and conventional confocal image (bottom). The green
bar indicates the line scan through a thin and a much thicker filament. (B) Intensity plot of the
line scan. The y axis shows fluorescence intensity, and the x axis shows size in micrometers. The
two vertical lines indicate the half-maximum intensity of the filament, which has a diameter of
42 nm (number circled in red); the thicker filament is on the right and has a size of 85 nm.

not containing filaments at all, rotating passively around a 90° angle
underneath the cell membrane (Jones et al., 2001; Defeu Soufo and
Graumann, 2005; Dominguez-Escobar et al., 2011; Garner et al.,
2011; van Teeffelen et al., 2011). All models entail a membrane as-
sociation of MreB, which has been shown to be an intrinsic property
of MreB (Dempwolff et al., 2011) due to an amphipathic helix within
MreB (Salje et al., 2011), but the models differ greatly in what can
be achieved by MreB: in models 1 and 2, MreB can confer long-
range connection/interactions underneath the membrane and con-
fer mechanical functions as well, which would not be the case for
model 3. In model 4, MreB would only be able to confer interac-
tions in Z (between cytosol and membrane/cell wall), but not in X or
Y (along the membrane). Using two different superresolution fluo-
rescence microscopy techniques and functional fluorescent protein
fusions to MreB and its paralogue Mbl, we show that model 2 is
correct: MreB forms a discontinuous structure that is highly dy-
namic, including filaments as long as 3.4 pm. Thus MreB can confer
positional as well as mechanical properties within cells, shown here
for two bacterial model organisms. With an average width of 75 nm
as determined by G-STED, MreB filaments must consist of lateral
bundles of protofilaments, which could set up considerable force
against the membrane. Using superresolution techniques, we show
unexpected properties of MreB: even neighboring filaments can
have strikingly different angles relative to the 90° circumference of
the cell; filaments can fuse with each other and change their direc-
tion of movement but never cross each other. The latter finding
concurs with the idea of direct membrane binding of MreB proteins.
If MreB filaments were moved by cell wall-synthesizing enzymes,
the paths of the enzymes must by highly variable within the wall, as
evidenced by our time-lapse experiments, which is an intriguing
concept.

When ATPase activity of MreB was compromised (i.e., a mutation
was introduced that generates this effect in actin), filaments became
much more static, having a drastic effect on cell morphology. This
finding does not argue against a possible motor within the cell
wall that has been proposed to move MreB structures (Dominguez-
Escobar et al., 2011; Garner et al., 2011; van Teeffelen et al., 2011)
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resolution live-cell microscopy.

It was recently shown that an N-terminal
YFP fusion to E. coli MreB (which is not fully
functional) generates structures visible by
cryo—electron microscopy, which are not
seen when untagged or an RFP sandwich fu-
sion of MreB is imaged (Swulius and Jensen,
2012). We wonder whether an N-terminal
fusion might artificially generate thick bun-
dles of MreB filaments, whereas functional fusions and wild-type
MreB might form very thin filaments that are difficult to image in
fixed cells. In addition, because MreB filaments are directly associ-
ated with the cell membrane, they might be masked by large, mem-
brane-embedded proteins and thereby might not be distinguish-
able from other membrane proteins, many of which extend into the
cytosol much more deeply than MreB filaments (e.g., complex 1 or
ATP synthetase). In any case, our experiments demonstrate that a
functional sandwich FP-MreB forms 1.4-um or longer filaments in
E. coli cells, which move at various angles relative to the cell circum-
ference. Thus MreB also forms extended filamentous structures in a
second model bacterium.

Our investigations also provide evidence that the nature of MreB
filaments is pivotal for a regular cell shape: two mutations in the in-
teraction interface of MreB subunits give rise to a dominant-negative
effect on the formation of short, wild-type MreB filaments in vivo
accompanied by a change in cell morphology. This reveals that in-
tact interaction surfaces are required for the formation of extended
filaments, which in turn are essential for the function of MreB.

Several reports provided evidence that the bacterial peptidogly-
can sacculus is synthesized in a helical pattern (Tilby, 1977,
Mendelson et al., 1984; Wang et al., 2012). It is interesting to see
that the formation of shorter-than-normal MreB filaments drives
cellsinto a “superhelical” pattern. These findings suggest that MreB
filaments may be important to force cell wall synthesis into a “less
helical” pattern, such that rod shape is established from an other-
wise helical/randomly shaped cell, through the activity of extended
MreB filaments. These findings support the view that the bacterial
MreB cytoskeleton also has a mechanical function (Defeu Soufo and
Graumann, 2010; Wang et al., 2010), in addition to a function in the
positioning of the cell wall synthesis machinery (Divakaruni et al.,
2005; Kawai et al., 2009). It is intriguing that the helical “supercoil”
phenotype obtained through the MreB double mutant can also be
generated by a lyt rodA double mutation (Rogers and Thurman,
1978), reinforcing the idea that cell wall-synthetic enzymes and the
MreB cytoskeleton are tightly connected and in concert responsible
for the shape of the cell.
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Taken together, our work yields unprecedented insight into the
nature of filaments formed by MreB, which have the potential to
establish long-range interactions between enzymes involved in cell
wall synthesis. Our finding that MreB forms dynamic filaments in
vivo, as does actin, strongly supports the idea that early in evolution,
metabolic enzymes evolved into a common ancestor of a filament-
forming protein (Barry and Gitai, 2011) that now performs a muilti-
tude of structural and organizational tasks in all domains of life
(Jockusch and Graumann, 2011).

MATERIALS AND METHODS

Growth conditions

B. subtilis strains were grown at 30°C in LB (lysogeny broth) medium
or on LB plates containing the appropriate antibiotic. For microscopy
analysis, strains were inoculated in S755 minimal medium (Jaacks
etal., 1989), complemented with 1% casamino acid. For induction of
xylose or hyperspank promotors, glucose was exchanged for fruc-
tose in S759 medium and 0.5% (wt/vol) xylose or for 1 mM isopropyl-
B-p-thiogalactoside (IPTG), respectively. Cells were grown under
shaking condition (200 rpm) to mid-exponential phase at 30°C.

Construction of plasmids and strains

To construct a B. subtilis strain in which the transcription of gfp-mbl
at the original gene locus is controlled by the endogenous mbl pro-
moter, 250 base pairs upstream of the mbl open reading frame were
amplified from chromosomal DNA of PY79 (Table 1) using the prim-
ers 2390 and 2391 (Supplemental Table S1) and inserted between
Bglll and Kpnl sites in pJS13 (Supplemental Table S2), resulting in
pJS152 (Supplemental Table S2), such that the xylose promoter is
replaced by the mbl promoter. B. subtilis PY79-competent cells were
transformed with the obtained plasmid selecting for chlorampheni-
col (5 pg/ml) resistance to generate the strain JS158 (Table 1). Mutant
YFP-MreB with mutations A277Q and K305D in the contact surfaces
between MreB monomers, termed YFP-MreB277/305, was gener-
ated by site-directed PCR mutagenesis. Therefore primers 2515,
2516, 2563, and 2564 (Supplemental Table S1) and pJS24 or pJS64
(Supplemental Table S2), respectively, as DNA templates, were used
to generate pCR4 and pCR5 (Supplemental Table S2). Transforma-
tion of PY79 with pCR4, selecting for spectinomycin (100 pg/ml) re-
sistance generated CR1 (Table 1). To introduce the mreBA277Q,
K305D mutant allele in the B. subtilis strain expressing YFP-MreB, the
fragment corresponding to mreB277/305 was amplified by PCR with
the primers 2962 and 2616 (Supplemental Table S1) and with pCR4
as DNA template. The fragment was digested with Nhel and Sphl
and cloned into the corresponding sites of pDP150 (Kearns and
Losick, 2005; Supplemental Table S2), generating pCR6 (Supple-
mental Table S2). JS36 (Defeu Soufo and Graumann, 2006; Table 1)
was transformed with pCRé, selecting for erythromycin (1 pg/ml), lin-
comycin (25 pg/ml), and spectinomycin (100 pg/ml) resistance, to
generate CR2 (Table 1). For dual visualization of YFP-MreB277/305
and CFP-MreB in B. subtilis, the fragment corresponding to cfo-mreB
was amplified by PCR with the primers 2861 and 2616 (Supplemen-
tal Table S1) and chromosomal DNA from JS41 (Table 1) as DNA
template and subsequently cloned into pDP150 to generate pCR7
(Supplemental Table S2). PY79 was transformed with pCR7, selecting
for erythromycin and lincomycin resistance, to generate CR3 (Table
1). Transformation of CR3 with pCR4, selecting for erythromycin, lin-
comycin, and spectinomycin resistance, generated CR4 (Table 1).

Image acquisition

For microscopy analysis, exponentially growing B. subtilis cells
were mounted on agarose pads containing S759 medium on
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Source or
Name Parent Genotype reference
PY79  B.subtilis Wild type
JS12 B. subtilis  Pxyl-gfpo-mreB (cm) Defeu Soufo and
PY79 Graumann (2004)
JS36 B. subtilis  Pxyl-yfp-mreB::amyE Defeu Soufo and
PY79 (spc’) Graumann (2006)
JS158  B. subtilis  Pmbl-gfp-mbl (cm) This work
PY79
3723 B. subtilis  Pxyl-gfpo-mreB::amyE,  Dominguez-
168 troC2 Qneo3427 Escobar et al.
AmreB (kan, spc) (2011)
FB72 E. coli mreB'-rfo-'mreB (cm")  Bendezu et al.
DY329 (2009)
JS51 B. subtilis  Pxyl-yfp- Defeu Soufo and
PY79 mreBD158A::amyE Graumann (2006)
(spc)
CR1 B. subtilis  Pxyl-yfp-mreBA277Q,  This work
PY79 K305D::amyE (spc')
CR2 B. subtilis  Phyperspank-mre- This work
PY79 BA277Q, K305D::thrC,
Pxyl-yfo-mreB::amyE
(mls, spc’)
JS41 B. subtilis  Pxyl-cfp-mreB (cm’) Defeu Soufo and
PY79 Graumann (2006)
CR3 B. subtilis  Phyperspank-cfp- This work
PY79 mreB::thrC (mls")
CR4 B. subtilis  Phyperspank-cfp- This work
PY79 mreB::thrC, Pxyl-yfp-

A277Q, K305D::amyE
(mls", spc)

Resistance (") gene abbreviations: cm, chloramphenicol; kan, kanamycin; mls,
macrolide-lincosamide-streptogramin; spc, spectinomycin.

TABLE 1: Strains.

object slides. Epifluorescence and TIRF microscopy were per-
formed using a Zeiss Axio Observer Z1 microscope (Carl Zeiss,
Jena, Germany) with a 1.45 numerical aperture objective and a
Photometrics Cascade charge-coupled device camera (Photomet-
rics, Tucson, AZ). The electronic data processing was conducted
with MetaMorph 6.3 software (Meta Imaging Software, Molecular
Devices, Sunnyvale, CA). Subsequent image analysis was per-
formed using ImageJ (National Institutes of Health, Bethesda,
MD). Superresolution microscopy was performed using SIM (Zeiss
and Nikon) or STED (Leica) technique. STED was performed using
a Leica STED-CW confocal laser scanning microscope in Mannheim,
Germany, and G-STED using a Leica G-STED SP8 microscope in
Marburg, Germany. Images were acquired with three or four line
scans at 1000 Hz. SIM was performed using a Zeiss Elyra System
(Munich, Germany) or an N-SIM (Nikon) System (Heidelberg,
Germany), using the respective software. For N-SIM, only 3D
acquisitions were performed (15 images), and for Zeiss SIM, 2D
acquisition was chosen for time-lapse microscopy and for the ac-
quisition of Z-stacks and 3D for single-plane acquisitions. GFP-
MreB and GFP-Mbl were acquired using 488-nm laser excitation,
and MreB-RFPs" using 561-nm excitation.
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Protein expression and purification

E. coli BL21 (ADE3) was transformed with pJS64 and pCRS (Supple-
mental Table S2), respectively. Cultures were grown at 37°C in 400 pl
of LB supplemented with streptomycin (50 pg/ml) to an ODygg of
0.6-0.8. Protein expression was induced by addition of IPTG to a
final concentration of 1 mM and incubation for additional 4 h at
30°C. Cells were collected by centrifugation and stored at —80°C
until use. Cells were disrupted with French press in appropriate buf-
fer (100 mM Tris-HCI, 150 mM NaCl, 1 mM EDTA, pH 7.5), and
lysates were cleared by centrifugation. Proteins were purified using
Strep-tag affinity purification kit (IBA GmbH, Géttingen, Germany)
and dialyzed against low-salt polymerization/storage buffer (5 mM
Tris-HCI, 0.1 mM CaCl,, 0.2 mM ATP, pH 7.5).

Light scattering assay

Proteins were diluted with low-salt polymerization buffer to a final
concentration of 5 uM. Polymerization reactions were measured at
315-nm excitation and 318-nm emission using a fluorescence spec-
trometer (LS55; PerkinElmer, Rodgau, Germany) with 2.5-nm slit
width for excitation and emission. Reactions were carried out at
25°C with 100-pl samples in quartz cuvettes (Quartz SUPRASIL Ultra-
micro, light path 10 mm; PerkinElmer). The time interval of measure-
ment was 5 s, with an integration time of 2 s. After 100- to 150-s
equilibration time, MgCl; to a final concentration of 2.5 and 5 mM,
respectively, was added to the reaction sample to trigger the polym-
erization, and the record of scattered light was continued for an
additional 15 min. Data were analyzed using Excel (Microsoft,
Redmond, WA).
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