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Bacterial cells possess multiple cytoskeletal proteins involved in a
wide range of cellular processes. These cytoskeletal proteins are
dynamic, but the driving forces and cellular functions of these
dynamics remain poorly understood. Eukaryotic cytoskeletal dy-
namics are often driven by motor proteins, but in bacteria no mo-
tors that drive cytoskeletal motion have been identified to date.
Here, we quantitatively study the dynamics of the Escherichia coli
actin homolog MreB, which is essential for the maintenance of
rod-like cell shape in bacteria. We find that MreB rotates around
the long axis of the cell in a persistent manner. Whereas previous
studies have suggested that MreB dynamics are driven by its own
polymerization, we show that MreB rotation does not depend on
its own polymerization but rather requires the assembly of the
peptidoglycan cell wall. The cell-wall synthesis machinery thus
either constitutes a novel type of extracellular motor that exerts
force on cytoplasmic MreB, or is indirectly required for an as-yet-
unidentified motor. Biophysical simulations suggest that one func-
tion of MreB rotation is to ensure a uniform distribution of new
peptidoglycan insertion sites, a necessary condition to maintain
rod shape during growth. These findings both broaden the view
of cytoskeletal motors and deepen our understanding of the phy-
sical basis of bacterial morphogenesis.
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Cytoskeletal proteins play an important role in bacterial mor-
phogenesis (1). Of the bacterial cytoskeletal proteins, the

widely conserved actin homolog MreB is particularly important
for bacterial cells to elongate and maintain a rod-like shape.
MreB forms polymers that are associated with the cell membrane
and distributed along the length of the cell in many rod-shaped
bacteria (2). These polymeric MreB structures are essential for
the maintenance of rod-like cell shape, as their disruption leads
to cell rounding. Although MreB is essential for proper morpho-
genesis, bacterial cell shape is ultimately determined by the shape
of the peptidoglycan cell-wall sacculus, which in turn is controlled
by the cell-wall synthesis machinery. The cell wall, which is com-
posed of stiff glycan strands cross-linked by flexible peptide
linkers, forms a load-bearing structure that can counteract the
intracellular turgor pressure. Cell-wall assembly requires pepti-
doglycan subunits to be synthesized, polymerized into glycan
strands by transglycosylase enzymes, and cross-linked into the ex-
isting cell-wall network by transpeptidase enzymes. MreB directly
or indirectly associates with a number of proteins that have been
implicated in cell-wall assembly, such that MreB is believed to
act upstream of the cell-wall assembly machinery to direct the
synthesis enzymes to the sites of cell-wall insertion.

Previous studies have demonstrated that MreB structures are
dynamic in Bacillus subtilis and Caulobacter crescentus (3–7). To
date, no motor proteins have been shown to either move along or
transport MreB, such that these dynamics were interpreted as
resulting from MreB polymerization. Here, we demonstrate that
Escherichia coli MreB is also dynamic and that it moves persis-

tently in a nearly circumferential direction. Interestingly, this
MreB rotation is not driven by its own polymerization, but rather
requires cell-wall synthesis. These findings indicate that a motor
whose activity depends on cell-wall assembly rotates MreB.
Furthermore, the coupling of MreB rotation to cell-wall synthesis
suggests that MreB may not merely act upstream of cell-wall
assembly. Indeed, computational simulations suggest that cou-
pling MreB rotation to cell-wall synthesis can help cells maintain
rod-like morphology.

Results and Discussion
MreB Structures Persistently Rotate Around the Long Axis of the Cell.
To gain insight into both the dynamics and function of MreB, we
carefully imaged the movement of MreB structures in E. coli.
These MreB structures have previously been interpreted as
forming a continuous helix that extends from pole to pole (8). We
imaged a natively expressed, functionally complementing MreB–
red fluorescent protein (Rfp) sandwich fusion (MreB–Rfpsw) (9),
which is the only copy of MreB in these cells. If imaged in a plane
close to the cell center, MreB–Rfpsw often displays spots at the
cell boundaries and sometimes displays diagonal bands crossing
the cells, which are compatible with previous experiments
(Fig. S1) (9). However, if imaged closer to the bottom plane
of the cell (Inset of Fig. 1C), the MreB–Rfpsw fusion also displays
heterogeneous spots (Fig. 1). These spots are still much brighter
than single fluorescent proteins, indicating that each spot consti-
tutes multiple MreB molecules. When cells are treated with the
small molecule A22, which binds MreB monomers and thereby
uniformly decreases the polymerization of MreB structures
(10), the number of bright spots is reduced and the background
fluorescence increases, indicating that the spots consist of poly-
merized MreB (Fig. S2). The heterogeneous spotty localization
is consistent with the recent report that no long helical filaments
are observed in E. coli by electron cryotomography (11) (Fig. 1
and Movies S1 and S2).

To quantitatively characterize MreB dynamics, we took advan-
tage of the MreB–Rfpsw spots as fiducial markers that enabled us
to measure the velocity and orientation of MreB dynamics with
high spatial and temporal resolution (see SI Methods for details).
We first computationally identified the trajectories of individual
MreB spots with subpixel resolution using a tracking algorithm
that identifies spots in each time frame and then connects prox-
imal spots in subsequent frames (detailed in SI Methods and illu-
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strated in Fig. 1). The resulting raw trajectories were then
smoothed (Fig. 1G) to extract the instantaneous in-plane spot
velocity, v (Fig. 1H), and orientation with respect to the long cell
axis, φ (Fig. 1I). In the time course shown in Fig. 1 D and E, the
bright spot initially on the left side moves persistently across the
cell, reaching a maximum velocity of v ≈ 10 nm∕s at the cell cen-
ter (Fig. 1H and Movies S1 and S2). Throughout the time course,
the direction of motion φ points roughly perpendicular to the
long cell axis (Fig. 1I). Given the cell’s cylindrical symmetry, this
perpendicular motion corresponds to a rotation of MreB about
the cell’s long axis. Consistent with such circumferential motion,
the in-plane velocity decreases close to the cell edges (Fig. 1H).

To statistically characterize MreB motion and assess the varia-
bility of spot dynamics, we computationally identified approxi-
mately 2,000 trajectories in time courses of 537 cells, of which
we analyzed 119 long, cell-diameter spanning trajectories. These
trajectories were analyzed in two different ways. In the first
approach, we calculated the probability distribution of motion
velocity and angle from individual time-point data (see Methods
and SI Methods for details). We characterized the typical dy-
namics of the moving MreB spots in the central regions of the
cells by first measuring the probability distributions of all instan-
taneous spot velocities pðvÞ and velocity orientations pðφÞ (see
Insets of Fig. 2 A and B). In order to restrict our analysis to
the moving MreB structures, we segregated the MreB spots into
mobile (m) and immobile (i) fractions using a Bayesian analysis
based on pðvÞ and the velocity distribution of immobile spots
obtained from chemically fixed cells piðvÞ (82% of all spots are
part of the mobile fraction; see SI Methods). Based on the same
analysis, we calculated the probability distributions for the frac-
tion of mobile MreB spots in live cells, pmðvÞ and pmðφÞ (Fig. 2 A
and B). The velocity distribution of mobile spots shows a broad
peak with a mean of hvim ¼ 6.7� 2.7 nm∕s. The corresponding
distribution of angles pmðφÞ displays a pronounced peak with a
mean of hφi ¼ 87.2° � 1.2° (95% confidence), where all orienta-
tions 0° < φ < 360° were mapped onto the interval ½0°…180°�.
Note that the slight right-handed helical bias is also detected
when the data were fit to a Gaussian distribution resulting in a
peak position of 87.0°. Furthermore, the angular probability dis-
tributions for fixed velocity v, pðφjvÞ (normalized independently
for every v) also peak near φ ¼ 90°, and these peaks sharpen as
velocities increase (Fig. 2C). Thus, MreB spots move in a nearly
perpendicular direction with respect to the cell’s long axis, and
have a slight bias toward right-handed helical motion.

In the second approach, we used the velocity autocorrelation
function CvðtÞ of all but very short trajectories to determine the

extent to which the motion was persistent over time (see Fig. 2D
and SI Methods). The autocorrelation function obtained from
live cells decays much more slowly than that obtained from che-
mically fixed cells (Fig. 2D) with a persistence time of 30.4 s.
The corresponding 204� 82 nm of persistent motion (see SI
Methods for details) are similar to previously reported run lengths
of single MreB proteins (7). Note that this length is shorter than
the true circumferential persistence or run length because of
the three-dimensional nature of MreB motion. Even when we
consider all trajectories irrespective of their length, the autocor-
relation function from live cells decays significantly slower than
that from fixed cells (Fig. S3). Together, these results suggest that
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Fig. 1. MreB persistently moves perpendicularly to the cell’s long axis in a representative cell. (A–C) DIC (A) and smoothed fluorescence images of the
initial (B) and final (C) time points of a 100-s-long time lapse of two adjacent E. coli cells expressing MreB–Rfpsw. The blue line indicates a rough cell outline
and the scale bar is 1 μm. (Inset of C) Sketch of the position of the focal plane at approximately one-fourth of the cell diameter (the point spread function is
indicated in blue). (D and E) Intermediate snapshots, taken every 12.5 s, of the rectangular part of the lower cell highlighted in B and C. The resulting spot
trajectory is highlighted in blue in E. (F) Kymograph of the interpolated fluorescence intensity along the dashed line in the first panel of E. Images were taken
every 2.5 s. The horizontal positions of the raw (blue) and smoothed (red) trajectories are displayed. (G) The raw (blue) and smoothed (red) trajectory in the xy
plane. (H and I) MreB trajectory velocity v (H) and orientation relative to the long cell axis ϕ (I) as a function of time t.
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Fig. 2. Computational analysis reveals that MreB spots persistently rotate
about the cell’s long axis. (A) Probability distribution pmðvÞ of the instanta-
neous velocities v of the mobile MreB spots. (Inset) Raw probability distribu-
tions of the velocities of all MreB spots in live (solid line) and chemically fixed
(dashed line) cells. (B) Probability distribution pmðφÞ of the orientations with
respect to the long cell axis φ of the mobile MreB spots. (Inset) Raw distribu-
tions analogous toA. (C) Two-dimensional conditional probability distribution
pðφjvÞ, independently normalized for each v, of the orientation of motion for
different velocities v. (D) Velocity autocorrelation function CvðtÞ ofMreB spots
from live (solid line) and chemically fixed (dashed line) cells.
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the MreB structures rotate circumferentially around the long axis
of the cell in a persistent manner.

Previous studies have suggested that MreB forms helical struc-
tures and that MreB motion is driven by its own polymerization
dynamics (3–7). If polymerization drives MreB motion, the velo-
city of the mobile MreB spots should decrease upon treatment
with the polymerization inhibitor A22, which uniformly decreases
the rate of MreB polymerization (10). We found that in cells
treated with increasing amounts of A22, the velocity distribution
of mobile MreB spots pmðvÞ does not notably change (Fig. S2F).
Meanwhile, A22 treatment reduces the number of mobile spots
per cell area (Fig. S2G) and increases the background fluores-
cence, confirming that MreB polymerization is reduced in these
cells (Fig. S2 A–D and Movie S3). Note that cells were imaged
before A22 treatment had a visible effect on cell shape. The
A22-independence of the MreB spot velocity indicates that the
observed MreB dynamics is not caused by MreB polymerization.
Thus, MreB is actively moved by an as-yet-uncharacterized en-
zyme or a complex of enzymes, which we refer to as a “motor.”

MreB Rotation Requires Cell-Wall Synthesis. Because MreB moves
circumferentially, its driving motor is expected to also move
circumferentially. Recent experiments and theory indicate that
cell-wall synthesis complexes are linked, at least transiently, to
MreB, and that these complexes processively insert long glycan
strands into the roughly circumferentially organized peptido-
glycan network (12–14). MreB motion might therefore depend
on peptidoglycan assembly. To test this hypothesis, we used two

independent approaches to reduce the availability of peptidogly-
can subunits and thereby inhibit cell-wall synthesis. First, we used
an asd-1 mutant that cannot synthesize the essential peptidogly-
can component diaminopimelic acid (DAP) (15). We grew asd-1
MreB–Rfpsw cells in the presence of exogenously supplied DAP
and then imaged MreB motion at different time points after
removing DAP. As a second independent method, we treated
cells for varying durations with the antibiotic fosfomycin, which
targets the essential peptidoglycan-subunit synthesis enzyme
MurA (16). The DAP depletion and fosfomycin treatments pro-
duced the same qualitative results (Movie S4): The fraction of
mobile spots decreased with time (Fig. 3 A and D), the velocity
distributions of all MreB spots gradually approached that of fixed
cells (Fig. 3 B and E), and the persistence time of the velocity
autocorrelation functions gradually decreased (Fig. 3 C and F).
The reduction in MreB motion by both DAP depletion and
fosfomycin treatment is observed well before any effect on cell
morphology, indicating that MreB motion depends on the avail-
ability of peptidoglycan subunits.

MreB Rotation Depends upon Both Peptidoglycan Transglycosylation
and Transpeptidation. Cell-wall synthesis comprises the formation
of glycan strands (transglycosylation) and peptide cross-links
between them (transpeptidation). We thus treated cells with the
previously characterized transglycosylation substrate inhibitor
ramoplanin (17) and the transpeptidation substrate inhibitor
vancomycin (18) [for effective drug treatment we used a lptD4213
mutant (19, 20) with increased outer-membrane-permeability].
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Fig. 3. MreB rotation requires peptidoglycan substrate availability and the activity of transglycosylases and transpeptidases. For each dataset, we determined
the fraction of mobile MreB spots pmðtÞ (A, D, and G), the distribution of the velocities of all MreB spots pðvÞ (B, E, and H), and the velocity autocorrelation
function CvðtÞ (C, F, and I). Nonmutant cells (solid black line) and chemically fixed cells (dashed line) serve as references in the latter two analyses. ForA–C, asd-1
mutant cells were depleted of DAP at time zero and analyzed at the subsequent indicated time points. For D–F, cells were treated with the MurA inhibitor
fosfomycin at time zero and analyzed at subsequent indicated time points. For G–I, nonmutant (WT) and lptD4213 mutant cells were analyzed between
10–20 min after treatment with the indicated antibiotic drug. (J) Top (Upper) and side (Lower) views of a model for cell-wall-synthase-driven MreB rotation.
Here, we propose that the transmembrane cell-wall synthesis complex (yellow) acts in the periplasm (between the cyan outer membrane and peach inner
membrane) to polymerize glycan strands (green) and form peptide cross-links (orange) to incorporate the strands into the existing peptidoglycan network,
thereby causing the associated MreB filaments (magenta) to rotate in the cytoplasm.

15824 ∣ www.pnas.org/cgi/doi/10.1073/pnas.1108999108 van Teeffelen et al.

http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1108999108/-/DCSupplemental/pnas.1108999108_SI.pdf?targetid=SF2
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1108999108/-/DCSupplemental/pnas.1108999108_SI.pdf?targetid=SF2
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1108999108/-/DCSupplemental/pnas.1108999108_SI.pdf?targetid=SF2
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1108999108/-/DCSupplemental/pnas.1108999108_SI.pdf?targetid=SF2
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1108999108/-/DCSupplemental/pnas.1108999108_SI.pdf?targetid=SM3
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1108999108/-/DCSupplemental/pnas.1108999108_SI.pdf?targetid=SM4


Both of these antibiotics rapidly blocked MreB motion (Fig. 3 G–I,
Fig. S4, and Movie S5). Specifically, the fraction of mobile spots
decreased (Fig. 3G) and the velocity of themoving spots was reduced
(Fig. S4 C and F). A dose-response analysis of ramoplanin and van-
comycin indicated that their inhibition of MreB rotation increases
as a function of drug concentration (Fig. S4 A–F) and sets in close
to their minimum inhibitory concentrations (MICs) (Table S1). The
effect can be observed as soon as the cells can be imaged (Fig. S4 J
and K). There is no reduction in total MreB levels (Fig. S5A) indi-
cating that the effect is not secondary to MreB levels. To make sure
that the reduction in MreB rotation is not due to transcriptional
downregulation, we also treated cells with the RNA polymerase
inhibitor rifampicin (21, 22), which had no detectable effect on
MreB rotation (Fig. S5 B–D). We thus conclude that both peptido-
glycan transglycosylation and transpeptidation are required forMreB
rotation.

To identify the specific transpeptidase required for MreB
motion, we treated cells with the enzyme-specific antibiotics
mecillinam (23, 24) (targeting PBP2), cefsulodin (24) (targeting
PBP1a in a pbp1b mutant), and cephalexin (24) (targeting PBP3)
(Movie S6). Of these drugs, only mecillinam blocked MreB
motion and the dose-dependent mecillinam effect (Fig. S4 G–I)
was rapid (Fig. S4 J and K) and set in close to its MIC (Fig. S4G
and Table S1). Whereas cefsulodin had no significant effect on
MreB dynamics, cephalexin treatment actually led to a slight
increase in the fraction of mobile MreB spots, which could reflect
PBP3 inhibition leading to increased substrate availability for
PBP2. The role of PBP2 in MreB rotation is consistent with the
reduced MreB rotational velocity in a pbp2ts mutant (Fig. S6 and
Movies S7 and S8). Therefore, PBP2 is required for MreB
rotation, whereas the transpeptidase activities of PBP1a, PBP1b,
and PBP3 are not.

In contrast to the multiple specific inhibitors available for
transpeptidases, the only specific transglycosylase inhibitor avail-
able is moenomycin, which targets the transglycosylase activities
of both PBP1a and PBP1b. Moenomycin treatment had no de-
tectable effect on MreB rotation (Movie S5). We also analyzed
deletion mutants of two other transglycosylase proteins, PBP1C
and MtgA, and found no effect of these deletions on MreB
rotation (Fig. S7). Because inhibition of all transglycosylases
inhibits MreB rotation, it either requires the activity of an as-yet-
unknown transglycosylase or the known transglycosylases redun-
dantly mediate MreB rotation.

MreB Rotation Could Result from Coupling MreB to the Cell-Wall
Synthesis Machinery. Because MreB rotation requires cell-wall
synthesis, we sought to compare the speed of MreB rotation to
the speed of cell-wall synthases, the complex of enzymes that con-
stitute the cell-wall synthesis enzymes (25). To predict the speed
of cell-wall synthases, we developed a geometric model of cell-
wall growth that derives the rotation speed of a synthase based
on the cellular elongation rate, the width of a glycan strand,
and the number of active synthases in the cell (see SI Methods
for details). Approximating the number of active synthases by the
total number of PBP2 molecules in the cell, the rotation period
of a synthase is predicted to be 2.8� 1.8 min at a temperature of
35 °C (25). To compare this calculated rotation period to the ob-
served rotation period of MreB, we took movies of MreB–Rfpsw
cells at a similar temperature of 36.5 °C (all measurements of
MreB rotation reported above were performed at 21.5 °C). At
this temperature, we observed a higher mean rotation speed of
18.6� 8.1 nm∕s (Fig. S8 A and B). This speed corresponds to
a rotation period of 2.5� 1.4 min, within error of our estimate
of the period of synthase rotation.

Our model makes the testable prediction that the MreB rota-
tion speed depends linearly on bacterial growth rate if the num-
ber of active synthases remains constant. We thus determined the
MreB rotation speed at three different measurement tempera-

tures (shortly after taking cells out of the 37 °C culture, which
presumably leaves the number of active synthases unchanged)
and found the expected linear relationship (Fig. S8 A and B and
Table S2). Growth rate can also be modulated by growth media.
Unlike upon acute temperature changes, the number of PBP2
molecules, estimated as equal to the number of active synthases,
scales roughly proportionally with growth rate in different growth
media (26). Our model thus predicts that MreB rotation speed
should not change in these conditions. As predicted, MreB velo-
cities are very similar in three different media (Fig. S8C and
Table S3), despite the fact that these conditions span a fourfold
difference in growth rates. The agreement between our model
and experiments thus suggests that MreB rotation is spatially
coupled to the rotation of cell-wall synthases.

A thermodynamic calculation indicates that peptidoglycan
synthesis alone could provide the energy required to generate
the necessary force to drag MreB around the cell (Fig. 3J; see
SI Methods for details). For example, processive glycan-strand
synthesis could result from a synthesis complex that moves along
with the tip of the growing strand, and a natural way to keep the
synthesis complex and the tip end together is if the growing
strands drives the movement of the complex. However, whether
the energy for MreB rotation is provided by the cell-wall synthesis
enzymes themselves or a mechanism that indirectly requires cell-
wall synthesis remains unknown.

MreB Rotation May Facilitate the Maintenance of Rod-Like Cell Shape.
Whereas previous studies have suggested that MreB associates
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Fig. 4. Computational simulations suggest that MreB rotation improves
rod-like cell shape maintenance. (A) Schematic of cell-wall growth simula-
tions in which the synthesis of new glycan strands (blue) initiates from a sin-
gle continuous (Upper) or a fragmented (Lower) helical MreB structure
(yellow). The glycan strands and peptides are shown in green and red, respec-
tively. The helix angle in A and B is 60°. (B) Threefold elongation of the cell
wall on the left by inserting strands from a nonrotating (Upper) or rotating
(Lower) singleMreB helix. (C) Cell width variability as a function of decreasing
MreB helix angle, with (magenta) and without (cyan) MreB rotation. The cir-
cles correspond to the examples illustrated in B. (D) Cell diameter variability
as a function of an increasing number of MreB fragments for a fixed helix
angle of 60° (the helical angle of each fragment). (E) Cell walls were grown
from a single nonrotating (Upper) and rotating (Lower) MreB helix with a
helix angle of 72° until length doubled, and then were osmotically shocked
from 1 atm (Left) to 2 atm (Right). (F) Cell diameter variability as a function of
osmotic shock (1 atm corresponds to no osmotic shock).
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with cell-wall synthases to pattern cell-wall insertion (23, 25), our
results demonstrate that cell-wall synthases are also essential for
MreB motion. This mutual feedback between MreB and cell-wall
assembly may play an important role in elongation. Specifically,
MreB rotation could uniformly distribute peptidoglycan insertion
sites over the entire cell surface, which is a requirement for main-
taining rod shape (27). To test the viability of this hypothesis, we
performed computational simulations of cell elongation in the
presence or absence of MreB rotation (Fig. 4). The simulations
were based on a biophysical model that has been supported by
experiments (13, 27). Here, MreB is modeled as either a single
long helix or multiple short helical fragments extending the length
of the cell (Fig. 4A), and MreB constitutes potential initiation
sites for new peptidoglycan strand insertion into the existing cell
wall. We find that MreB rotation enables the cell to maintain its
rod shape over several doubling times irrespective of the specific
pitch and the number of independently moving MreB filaments
(Fig. 4 B–D). In stark contrast, cells that lack MreB rotation dis-
play shape distortions (Fig. 4 B–D) whose severity increases as a
function of decreasing MreB helix angle (the angle between the
helix and the cell axis) (Fig. 4C). Whereas these distortions are
reduced with increasing MreB fragmentation (Fig. 4D), they are
still further reduced in the presence of rotating MreB structures
(Fig. 4D). Moreover, even though cells with nonrotating helices
of large helix angle (small pitch) appear to retain their rod
shape, by comparison to cells with a rotating helix, this shape is
more sensitive to environmental stresses such as osmotic shock
(Fig. 4 E and F). These simulations thus suggest that MreB rota-
tion contributes to the robust maintenance of rod shape.

Conclusion
In summary, we have demonstrated that MreB structures rotate
around the long cell axis, that this rotation requires cell-wall
synthesis, and that MreB rotation may help maintain proper cell
morphology. Though challenging, reconstitution experiments
should help determine if any of the cell-wall synthesis proteins
are themselves motors or if their activities are only indirectly
required for an as-yet-unknown motor. The process of cell-wall
assembly is highly conserved across bacterial species, such that
the functional and physical interdependence of MreB rotation
and cell-wall synthesis may be a general mechanism for bacterial
morphogenesis.

The biophysical approach taken here will also help elucidate
the physical principles that govern other cell biological processes.
For example, MreB rotation could be harnessed to transport
other cytoplasmic or inner membrane proteins. MreB rotation
could also potentially contribute to motility (28). Because cell-
wall assembly has proven difficult to directly image, our results
indicate that MreB rotation can provide a useful real-time assay
for cell-wall morphology and synthesis. In particular, if MreB and
cell-wall synthesis are physically coupled, as suggested by our
model, the slight right-handed helical orientation of the MreB
rotation predicts that newly inserted cell-wall material has the
same right-handed helical twist. Our results also raise the possi-

bility that other organisms with cell walls, such as plants and fun-
gi, harness the extracellular energy of cell-wall assembly to power
intracellular protein motion.

Methods
Strain Construction. All strains used except the temperature-sensitive pbp2ts
strain were derived by phage transduction and traditional selection methods
from theMreB–Rfpsw strain, which is also known as FB83 in Bendezu et al. (9).
The pbp2ts mutant used is the strain LMC582 harboring the chromosomal
pbpa137ts mutant (29). Into this strain we transformed the MreB–Rfpsw–
encoding plasmid pFB262 (9) (detailed in SI Methods).

Sample Preparation and Microscopy. Cells were grown to exponential phase in
liquid culture [M63 minimal medium (30)] at 37 °C and imaged on agarose
pads using a modified Nikon TE2000 inverted microscope with both differ-
ential interference contrast (DIC) and epifluorescence modules. Cells were
imaged at 21 °C every 2.5 s for a duration of 3.3 min. Laser-based feedback
was used to overcome drift of the sample in 3D by monitoring the forward
scattered light pattern of the detection laser sent through a coverslip-bound
polystyrene bead and moving the sample stage (see SI Methods for details).

Image Analysis. Fluorescent images were analyzed using a custom Matlab
code. First, we segmented the images using a semiautomated approach
based on standard image processing tools to obtain a coordinate system
for each cell. MreB spots in each time frame were identified with subpixel
resolution as the local maxima of the denoised (low-pass filtered) and
spline-interpolated images. All intensity maxima exceeding a minimum in-
tensity threshold were then connected into raw trajectories based on their
mutual interframe distance. To obtain instantaneous velocity vectors we ap-
plied a third-order Savitzky–Golay derivative filter to the x and y components
of the noisy, raw trajectories. To restrict the analysis to MreB motion in the
focal plane, we excluded velocity vectors that originated near the cell borders
or were part of small, potentially noisy trajectories (see SI Methods and
Fig. S9 for details).

Computational Model of Cell-Wall Growth. Cell-wall growth was simulated
computationally using a biophysical model that incorporates peptidoglycan
mechanics and turgor pressure (27). New material was inserted in between
already existing strands by successively assembling glycan subunits into long
glycan strands and cross-linking them to the surrounding strands. Sites of
strand initiation were chosen to lie in close spatial proximity to a helical path
representing MreB. We compared intracellular variability in width between
cell walls for which the MreB was nonrotating or rotating at an angular ve-
locity of 5 revolutions per doubling of the original cell length (see SI Methods
for details).
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