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How rod-shaped bacteria form and maintain their shape is an important question in bacterial cell biol-
ogy. Results from fluorescent light microscopy have led many to believe that the actin homolog MreB
and a number of other proteins form long helical filaments along the inner membrane of the cell. Here
we show using electron cryotomography of six different rod-shaped bacterial species, at macromolecular
resolution, that no long (>80 nm) helical filaments exist near or along either surface of the inner mem-
brane. We also use correlated cryo-fluorescent light microscopy (cryo-fLM) and electron cryo-tomogra-
phy (ECT) to identify cytoplasmic bundles of MreB, showing that MreB filaments are detectable by
ECT. In light of these results, the structure and function of MreB must be reconsidered: instead of acting
as a large, rigid scaffold that localizes cell-wall synthetic machinery, moving MreB complexes may apply
tension to growing peptidoglycan strands to ensure their orderly, linear insertion.

� 2011 Elsevier Inc. All rights reserved.
1. Introduction their rod shape, eventually lysing [3–5,13,14]. Additionally, cells
Many papers have reported evidence of and/or discussed mod-
els involving long helical protein filaments surrounding the cyto-
plasm of rod-shaped bacteria. The first protein reported to form
such a helix was MreB. It is known to play a role in the generation
and maintenance of rod shape [1–7] and has also been argued to
function in chromosome segregation [8–10]. Using fluorescent
light microscopy (fLM), MreB was described in Bacillus subtilis as
localizing in elongated helical patterns encircling cells, just inside
the inner membrane [5]. Subsequently, this same pattern was re-
ported for MreB in Escherichia coli [6], Caulobacter crescentus [3],
Vibrio cholerae [7] and Vibrio parahaemolyticus [1]. Despite sharing
weak sequence similarity, X-ray crystallography revealed that
MreB and actin are structural homologs [11]. In vitro, MreB forms
polymers, further supporting the notion that it could form a long
helical cytoskeleton [11,12]. In most rod-shaped bacteria, MreB is
essential, as in-frame deletions of MreB can only be produced by
complementing expression from an inducible promoter. When
the inducer is removed, MreB concentrations fall and cells lose
ll rights reserved.

y; fLM, fluorescent light
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treated with the small molecule A22, which inhibits MreB poly-
merization, also gradually lose their rod-shape and become spher-
ical [8], a process that is reversible upon removal of the drug. Based
on these results and others, it has been widely hypothesized that
MreB filaments form long tracks that position cell wall synthetic
machinery in such a way that rod-shaped cells result [15–17].

Concurrently, electron cryotomography (ECT) has emerged as a
powerful new method for visualizing the ultrastructure of small
cells in a near-native, ‘‘frozen-hydrated’’ state to ‘‘macromolecular’’
(4–6 nm) resolution. Cell cultures are spread into thin films across
EM grids, plunged into liquid ethane, and imaged through a range
of different angles in an electron cryomicroscope [18]. Three-
dimensional reconstructions (tomograms) of cells are then calcu-
lated from the images. In just the past few years, cryotomography
has revealed the location and structure of numerous cytoskeletal
filaments within bacterial cells, including the actin homologs
MamK and ParM [19–24].

2. Materials and methods

2.1. Sample preparation and electron cryo-tomography

Cell cultures were grown in standard media and harvested
during log-phase growth. For A22 treatment of Caulobacter cells,
10 lg/ml of A22 was added to exponentially growing liquid
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cultures and allowed to incubate for 2 h before plunge-freezing. To
freeze, 4 ll of cells were pipetted onto a freshly glow-discharged
Quantifoil EM grid (R2/2) and plunge-frozen in liquid ethane using
an FEI Vitrobot. 10-nm colloidal gold markers were added to the
cells prior to freezing for use as fiducial markers during reconstruc-
tion. Samples were stored in liquid nitrogen and maintained frozen
throughout transfer into and imaging in an FEI G2 Polara transmis-
sion electron microscope operating at 300 keV. Energy-filtered
‘tilt-series’ of images of individual cells were collected automati-
cally from approximately �63� to +63� at 1� intervals using Legi-
non [25] on a 4 k � 4 k lens-coupled Gatan UltraCAM. The energy
slit-width was 20 eV, the defocus was �12 lm, the total dose for
each tilt-series was �150–180 e�/Å2, and the magnification was
set such that each CCD pixel corresponded to between 0.67 and
0.95 nm at the specimen level.
2.2. Image processing and computational search methods

Images were binned twofold before tilt-series were recon-
structed using the IMOD package (http://bio3d.colorado.edu/
imod/). Segmentation and 3D visualization were carried out man-
ually using Amira (Mercury Computer Systems). To calculate den-
sity profiles near to and including the inner membrane, the
cytoplasmic membrane was first segmented manually to generate
a triangle-mesh surface. Density values were then sampled and
averaged along normals to each triangle using Amira modules
developed ‘in-house’. Shells up to 16 nm into the cell and as far
as 10 nm into the periplasmic space were searched for filaments
using shell thicknesses of 2, 4, 6, 8 and 10 nm.
Fig. 1. No long filaments are seen encircling rod shaped bacteria. (A) 45-nm thick tomog
membrane (IM), outer membrane (OM) and surface layer (S) are visible, but there are no
the density from the periplasmic face of the inner membrane to 13 nm into the cytoplasm
into the cell counted from the center of the inner membrane. Red pixels are those iden
marked with a dashed line. (D) Analogous 45-nm slice, (E) density projection, (F) and filam
(‘‘a–f’’) and 10 simulated (‘‘1–10’’) filaments. The insert in D shows a side view including n
4, which are 40, 80, 120, and 180 nm long, respectively) show that filaments 80 nm or lon
long axis of the cell, but are all equally visible. Filaments #1–7 are immediately adjacent t
fully embedded, positioned successively one pixel (1.3 nm) each deeper into the membr
show the filaments next to the membrane, and extended from the cytoplasmic face of th
same shell shown in B (including the membrane). Scale bars represent 50 nm for (A and
A line-segment-based search algorithm was used in the same
regions. The algorithm uses correlations of three dimensional ori-
entation fields to search for thin densities within the tomogram
[26]. Because the membrane has high contrast, this method cannot
detect filaments in contact with the membrane.
2.3. Correlated Cryo-fLM/ECT

V. cholerae cells expressing GFP-MreB from a pMMb67 plasmid
were grown in M9 minimal media at 37 �C to an OD600 of 0.3.
10 lm IPTG was then added to induce expression and the cells
were incubated for 90 additional minutes. FM4-64 was added to
the media at 5 lg/ml along with 10-nm fiducial gold markers
5 min prior to plunge-freezing on copper EM finder-grids.
Plunge-frozen grids were then loaded into a cryo-fLM stage (FEI)
mounted on a Nikon 90Ti inverted microscope and imaged using
a 60� ELWD air objective.

After imaging cells in the cryo-fLM, grids were transferred
(never exceeding �150 �C) into the cryo-EM. Tabs on the finder-
grid were used to relocate the cells imaged by the fLM. Tilt-series
from �65 to +65 were collected at 1� increments and tomograms
were reconstructed.

To overlay the fluorescent signals on the tomograms, the
FM4-64 and GFP signals were thresholded to best match the
known shape of V. cholerae cells and best reveal the subcellular
localization, respectively. Boundaries of the included pixels
were then rescaled exactly to match the much higher magnifica-
tion of the EM data, smoothed, and overlaid onto tomographic
slices.
raphic slice through a C. crescentus swarmer cell along the cell envelope. The inner
filaments near the inner membrane. (B) Projections onto the inner membrane of all
. Red represents higher density. (C) Line-segment-based search for filaments 21 nm

tified as potentially belonging to filaments. The position of the slice shown in A is
ent search of a predivisional C. crescentus ‘‘positive control’’ cell possessing 6 native

ative filament ‘‘b’’(arrowheads). The simulated filaments of different lengths (#’s 1–
ger are clear. Simulated filaments #4–7 exhibit different pitches with respect to the
o the membrane, but filaments #8–10 cannot be seen as they range from partially to
ane. To the left of the dashed white line in E, the projected shell was optimized to

e inner membrane to 13 nm into the cytoplasm. To the right, the projection is of the
D) and 100 nm for (B, C, E and F).
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2.4. Simulated filaments in tomograms

For the positive control cell in Fig. 1D–F, 4-nm wide simulated
filaments were placed inside the experimental tomogram at
Fig. 2. Long helices are not seen encircling rod shaped bacteria. Shown are tomographic slic
the periplasmic edge of the inner membrane to 13 nm into the cytoplasm (G–L) of all the cel
(E. coli, B. subtilis, V. cholera, with C. crescentus shown in Fig. 1 of the main text), plus C. cresce
B. burgdorferi and A. longum, which are especially slender and therefore yield the highest
positions manually segmented on the membrane (#’s 1–7) or 1, 2
or 3 pixels embedded into the membrane (#’s 8–10, respectively).
The voxel intensities of the simulated filaments were chosen ran-
domly to match the real FtsZ filaments in the same tomogram.
es (A–F) and density projections onto the inner membrane of all the densities between
l types where MreB has been reported to form long helical filaments encircling the cell
ntus treated with A22 (a small molecule known to depolymerize MreB filaments), plus
resolution cryotomograms. All scale bars represent 200 nm.



M.T. Swulius et al. / Biochemical and Biophysical Research Communications 407 (2011) 650–655 653
The effect of the missing-wedge on simulated filaments was repli-
cated by replacing the missing-wedge of the modified tomogram in
3D reciprocal space with the values from the original tomogram.

3. Results

To investigate whether any proteins such as MreB form long
helical filaments around rod shaped bacteria, we collected tomo-
grams from six cell types and searched for filaments along or near
the inner membrane. We chose C. crescentus, B. subtilis, E. coli and V.
cholerae, four classic model organisms where MreB has been re-
ported to form long helices, as well as Borrelia burgdorferi and
Acetonema longum, two extraordinarily slim species that therefore
yield the clearest cryotomograms.

No long helical filaments were seen (Figs. 1 and 2). At least two
factors could make this type of filament more difficult to recognize
than others, however. First, the density of proteins and lipids are
approximately the same, so a filament lying directly on the mem-
brane would appear as just a ridge, and if the filament were
embedded within the membrane, it would be obscured by con-
trast-matching. Second, because our most-used visualization tool
presents 2D slices of 3D volumes, rapidly curving helices could
be harder to notice because no single slice would contain a large
continuous segment. In addition, because of physical constraints,
images tilted past �65� are not generally included, generating a
‘‘missing wedge/pyramid’’ of data in reciprocal space which
obscures filaments lying in the plane of the sample perpendicular
to the tilt axis. This effect would not hide helical filaments, how-
Fig. 3. Cytoplasmic MreB filaments are clearly visible in cryotomograms. (A) Tomograp
image taken by cryo-fLM. Red is the membrane-dye FM4-64 and green is GFP-MreB. D
respectively. The dashed lines generated from the cryo-fLM image were rescaled to matc
signal appears in the same location as a large filament bundle running through the cyto
B)15-nm thick tomographic slice though an MreB bundle (not fused to GFP). Arrows po
200 nm in the ECT slice of A and 50 nm in B.
ever, since curved pathways exhibit a range of orientations with
respect to the electron beam.

To overcome these obstacles and test whether long helical fila-
ments could have escaped visual detection, we searched for fila-
ments near the membrane using two computational methods.
First, densities within shells surrounding and sometimes including
the inner membrane were projected onto the membrane surface.
Such projections reveal filaments even if they are immediately
adjacent to the membrane and even if they are highly curved. Sec-
ond, similar shells were searched for filamentous densities using a
line segment-based detection algorithm. Again, no long helical fil-
aments were detected near or along the inner membrane of any of
the six species tested (Figs. 1 and 2). While some short streaks can
be seen in the averaged density projections near the membrane,
we do not think they are attributable to MreB since A22-treated
cells yield similar projections (Fig. 2).

As a positive control, the same search methods were applied to
a predivisional C. crescentus cell possessing several FtsZ filaments.
FtsZ filaments can be recognized as either curved or straight, short
(�100 nm), 4-nm diameter filaments positioned �16 nm away
from the membrane near the midplane of dividing cells23. The fil-
aments were visible by eye and were detected by both algorithms
(filaments labeled ‘‘a–e’’ in Fig. 1D–F), including one filament (‘‘f’’)
that was unusually close (�6.5 nm center-to-center) to the mem-
brane (distances in tomograms are best measured from density
peak to density peak). To explore how helical filaments of different
length, pitch, and proximity to the membrane would appear,
additional filaments with similar diameters, densities and noise
hic slice through a V. cholerae cell overexpressing GFP-MreB. The inset shows the
ashed lines (red and green) represent the thresholded boundaries of each signal,

h the much higher magnification of the EM slice and superimposed to show the GFP
plasm (arrows), proving upon repetition that these bundles are composed of MreB.
int to filaments within the bundle. Scale bars represent 1 lm in the fLM inset of A,
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characteristics were simulated within the cell (filaments labeled
‘‘1–10’’ in Fig. 1D–F). This was achieved by simply (i) setting the
densities of selected lines of adjacent voxels to values randomly
chosen from within the native filaments and (ii) re-imposing the
missing wedge in reciprocal space. Simulated filaments #’s 1–7
were positioned immediately adjacent to the membrane (4.5 nm
center-to-center), estimating that the membrane is 5-nm thick
and the diameter of MreB is 4 nm. Simulated filaments longer than
80 nm were readily detected by eye (using standard visualization
methods) as dark bumps on the membrane surface that ‘‘ran’’ up
and down the membrane as different tomographic slices were dis-
played in rapid succession (see Movies S1 and S2). These were also
readily detected in projections of the density onto the inner mem-
brane, regardless of the pitch of the helix (Fig. 1E). The filament less
than 80 nm in length (#1) was difficult to discern against the noisy
background of other densities, however, and filaments ‘‘embed-
ded’’ within the density of the membrane (#’s 8–10) were also
undetectable as expected.

To verify that the resolution of our tomograms was sufficient to
visualize MreB filaments were they present, we imaged V. cholerae
cells overexpressing MreB. Large bundles of filaments are seen in
the cytoplasm of these cells, which we confirmed to be MreB
through correlated cryo-fLM/ECT. To do this, cells overexpressing
GFP-MreB were stained with the membrane dye FM4-64, plunge-
frozen on an EM finder-grid and imaged in a ‘‘cryo-’’ fLM (an fLM
equipped with a cryo-stage [27]). The grid was then transferred
into the EM and the same cells were imaged by ECT. In 7 out of
8 cells imaged where a subcellular fluorescent focus was seen, its
location matched well the position of the cytoplasmic bundle
(Figs. 3 and S1). Even within these cells overexpressing GFP-MreB
there were no long helical filaments detected along the inner
membrane of the cell. Moreover, in similar cells without the GFP
tag, cytoplasmic MreB filaments were clearly still visible
(Fig. 3B). Together, the real and simulated filaments prove that
the resolution of the tomograms and the sensitivity of the search
methods were sufficient to reveal long helices had they been pres-
ent either on or outside the membrane.
4. Discussion

We conclude that there are no long (>80 nm) helical filaments
(MreB or otherwise) encircling these bacterial cells on either side
of the inner membrane. But how can this result be reconciled with
the light microscopy images suggesting long helices? While we
think it unlikely, there remains the possibility that either the fLM
or ECT results are artifacts of the sample preparation. It is possible,
for instance, that MreB and other proteins are induced to form long
helices encircling the cell by the conditions used for fLM (i.e. juxta-
position between an agarose pad and a coverslip), or that the long
helix-like patterns seen by fLM form simply because the diffusion-
accessible space within an immobilized bacterial cell is made
helical by a twisted nucleoid [28], concentrating unpolymerized
proteins. Likewise, in the cryotomography experiments it is con-
ceivable that the surface tension experienced by the cell during
the time between blotting and plunge-freezing causes long helical
filaments to depolymerize. This explanation seems unlikely, how-
ever, since one would expect exceptions, and except for spirochetal
flagella, we have never seen long helical filaments next to the
membrane in any of our now �6000 cryotomograms of individual
bacteria or parts thereof from 18 different rod-shaped species.

Instead, since MreB monomers are known to move across the
cell in linear, approximately circumferential trajectories [29], we
think it more likely that the streaks seen by fLM are caused by
small complexes moving during long exposures. In this model,
existing peptidoglycan (PG) strands of the cell wall, and not long
MreB helices, would be the scaffold that directs further growth
[30]. We speculate that the role of moving MreB/cell-wall-
synthetic-machinery complexes is to apply tension to nascient
PG strands, elongating and straightening them as they are cross-
linked to adjacent strands in the existing cell wall. This idea is
attractive because something must prevent growing PG strands
from simply folding back onto themselves in a ball. We emphasize,
however, that our results do not exclude the possibility that short
(<80 nm) MreB filaments form. MreB polymerization may in fact
be the force that drives locomotion, for instance, and short MreB
filaments may bridge across existing PG strands, stiffening cells
[31].
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