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Many proteins reside at the cell poles in rod-shaped bacteria.
Several hypotheses have drawn a connection between protein
localization and the large cell-wall curvature at the poles. One
hypothesis has centered on the formation of microdomains of the
lipid cardiolipin (CL), its localization to regions of high membrane
curvature, and its interaction with membrane-associated proteins.
A lack of experimental techniques has left this hypothesis unan-
swered. This paper describes a microtechnology-based technique
for manipulating bacterial membrane curvature and quantitatively
measuring its effect on the localization of CL and proteins in cells.
We confined Escherichia coli spheroplasts in microchambers with
defined shapes that were embossed into a layer of polymer and
observed that the shape of the membrane deformed predictably
to accommodate the walls of the microchambers. Combining this
techniquewith epifluorescencemicroscopy and quantitative image
analyses, we characterized the localization of CL microdomains in
response to E. colimembrane curvature. CL microdomains localized
to regions of high intrinsic negative curvature imposed by micro-
chambers. We expressed a chimera of yellow fluorescent protein
fused to the N-terminal region of MinD—a spatial determinant of
E. coli division plane assembly—in spheroplasts and observed its
colocalization with CL to regions of large, negative membrane cur-
vature. Interestingly, the distribution of MinD was similar in spher-
oplasts derived from a CL synthase knockout strain. These studies
demonstrate the curvature dependence of CL in membranes and
testwhether these structures participate in the localization ofMinD
to regions of negative curvature in cells.
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A central question in cell biology is how the spatial organiza-
tion of proteins and lipids is established, maintained, and

replicated and how it fluctuates in response to external stimuli.
Eukaryotic cells use several mechanisms to accomplish this task,
including a dynamic cytoskeleton that controls the spatial and
temporal position of proteins, nucleic acid, and organelles (1). The
formation of lipid microdomains in the membrane also is involved
in the localization of integral membrane proteins (2). These
mechanisms play a critical role in cell physiology and behavior.
Bacteria also use mechanisms for controlling the intracellular

location of proteins, lipids, and nucleic acid. The persistent his-
torical view of bacterial cells as lacking spatial control over their
intracellular components inhibited the field. Bacteria are sophis-
ticated organisms that use tightly regulated physiological mecha-
nisms similar to many of those used by eukaryotic cells, including
controlling shape, regulating growth and division, transporting
intracellular components (e.g., proteins, plasmids, DNA, and
RNA), and polarizing the cell (3, 4). These organisms have several
remarkable structural characteristics, but one of the most funda-
mental questions in this area of microbiology—how cells produce,
maintain, and replicate their spatial organization—still is not en-
tirely understood (5).
Many different families of bacterial proteins are positioned at

the cell poles (6, 7). TipN and TipF in Caulobacter crescentus and
SpoIIB in Bacillus subtilis are recruited to the midcell before
division and are positioned at the poles after septation is com-

plete (8–10). Other proteins appear to respond to cell mor-
phology and become localized at the poles and septa (e.g., the
cell division sites) of rod-shaped bacteria where they participate
in a variety of physiological processes, including division, spore
formation, chemotaxis, and cell-wall remodeling (5). The lack of
available techniques for predictably controlling the shape of the
bacterial cell wall and membrane makes it difficult to study the
mechanisms by which biomolecules localize in response to
cell shape.
The poles and the septa are regions of the cell that have the

largest curvature. [Curvature is defined by 1/r along the cylindrical
region of the cell wall and 2/r at the pole, where r is the radius
(11).] In Escherichia coli cells, r is ∼0.5 μm, and curvature is ∼2
μm−1 at the pole and and ∼10 μm−1 at the septa, as determined
from electron microscopy images (12). Several observations sug-
gest that cell curvature influences the distribution of cytoplasmic,
amphiphilic proteins in bacteria. For example, in the rod-shaped
bacterium B. subtilis, membrane curvature affects the localization
of the sporulation factor protein SpoVM (via positive curvature)
and multimers of the division protein DivIVA (via negative cur-
vature) (13–15). The mismatch in length scales between a single
molecule of DivIVA or SpoVM and the curvature of the mem-
branes with which these proteins interact makes it unclear how
individual proteins sense curvature. Huang and Ramamurthi (11)
carefully estimated the physical requirements for curvature
sensing and suggest that oligomers of DivIVA or SpoVM may
have physical dimensions that are compatible for sensing mem-
brane curvature.
Negative curvature also may influence the distribution of lipids

within leaflets of bacterial membranes. E. colimembranes consist
of ∼5% cardiolipin (CL, also referred to as “diphosphatidylgly-
cerol”), 20–25% phosphatidylglycerol (PG), and 70–80% phos-
phatidylethanolamine (PE) (16). CL is distributed between the
two leaflets of the bilayers and is located preferentially at the
poles and septa in rod-shaped cells of E. coli, B. subtilis, and
Pseudomonas putida (17–19). The polar positioning of the pro-
line transporter ProP and the mechanosensitive ion channel of
small conductance MscS in E. coli is dependent on CL (20).
These observations suggest that cell shape may influence the
localization of CL and proteins. One hypothesis for polar protein
localization in bacteria is that large cell curvature reorganizes the
membranes and creates ordered lipid domains that position
protein at specific regions of cells.
Thermodynamic models of inner membrane organization in

bacteria support this hypothesis. Wingreen and coworkers (21,
22) used numerical simulations to study CL microdomain for-
mation at the poles of bacterial cells. CL has an intrinsic cur-
vature (∼1–5 nm−1) because the cross-sectional area of the head-

Author contributions: L.D.R. and D.B.W. designed research; L.D.R. performed research;
L.D.R. and D.B.W. analyzed data; and L.D.R. and D.B.W. wrote the paper.

The authors declare no conflict of interest.

This article is a PNAS Direct Submission.
1To whom correspondence should be addressed. E-mail: weibel@biochem.wisc.edu.

This article contains supporting information online at www.pnas.org/lookup/suppl/doi:10.
1073/pnas.1015757108/-/DCSupplemental.

6264–6269 | PNAS | April 12, 2011 | vol. 108 | no. 15 www.pnas.org/cgi/doi/10.1073/pnas.1015757108

mailto:weibel@biochem.wisc.edu
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1015757108/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1015757108/-/DCSupplemental
www.pnas.org/cgi/doi/10.1073/pnas.1015757108


to-tail groups makes it conical in shape (11). The shape of CL
makes it favorable for this lipid to be positioned at negatively
curved regions of the inner leaflet of bacterial membranes.
Short-range interactions between CL molecules in bacterial
membranes are thermodynamically favorable and may lead to
the formation of microdomains, which localize to the poles of
cell membranes in silico; in contrast, individual molecules remain
uniformly distributed in the membrane (21, 22). CL micro-
domains that exceed a critical size overcome entropy and localize
at the poles. Osmotic forces that pin the membrane against the
peptidoglycan layer of the cell wall regulate the size of the micro-
domains. These simulations are supported by recent experiments
that suggest CL domains may be responsible for polar protein lo-
calization in E. coli cells (20).
In this paper we present a microtechnology-based technique

for studying the intracellular organization of bacterial cells. The
technique uses polymer microchambers to control the curvature
of intact bacterial membranes. We created giant E. coli spher-
oplasts and confined them in microchambers with a user-defined
shape. The microchambers were embossed in a layer of agarose
and had a volume that matched the spheroplasts. The shape of
the confined spheroplast membrane conformed to the geometry
of the microchamber walls and provided a mechanism for con-
trolling membrane curvature precisely.
We imaged the localization of CL microdomains in geomet-

rically constrained spheroplasts confined in polymer microcham-
bers using the CL-specific fluorophore nonyl acridine orange
(NAO) (18, 23) and epifluorescence microscopy and analyzed
the data using image analysis tools. We found that CL micro-
domains localized to regions of large, negative spheroplast cur-
vature. Furthermore, by expressing YFP fused to the N-terminal
domain of the cytoplasmic division protein MinD (MinD-YFP),
we demonstrate the dependence of negative membrane curvature
on MinD localization in spheroplasts and its colocalization with
CL microdomains. These experiments provide a quantitative
measure of the relationship between cell curvature in bacteria, CL
microdomain localization at the poles, and the positioning of
amphiphilic, cytoplasmic proteins. Lipid microdomains in bacte-

ria recently have been described as “lipid rafts” because they may
have striking similarities to the structure and function of lipid-
ordered domains in eukaryotic membranes (24, 25).

Results
Controlling Membrane Curvature in Bacteria. There are very few
techniques available for manipulating the shape and curvature of
intact bacterial membranes in vivo (26, 27). To control the cur-
vature of bacterial membranes quantitatively, we developed the
microtechnology-based procedure summarized in Fig. 1. We used
cephalexin to grow cells of E. coli strain MG1655 into filaments
that had an average length of∼50 μm (Fig. S1). Stripping away the
outer cell membrane followed by hydrolysis of the peptidoglycan
with lysozyme produced giant spheroplasts with an average di-
ameter of ∼3–4 μm and a volume of ∼20–25 μm3 (28) (Fig. 1 and
Fig. S1). We found that the removal of the outer membrane and
the peptidoglycan had no effect on the integrity of the bacterial
membrane: Labeling the lipids with the membrane dye FM 4–64
(Invitrogen) and imaging the spheroplasts using epifluorescence
microscopy confirmed that the membranes were spherical, con-
tinuous, and intact (Fig. 1 and Fig. S2). The majority of spher-
oplasts retained their cellular machinery and DNA, and the
membrane contained randomly distributed domains of CL (Fig.
2C). In native cells CL microdomains are observed commonly at
the cell poles (Fig. 2A).
We used microfabrication and soft lithographic techniques

to emboss the surface of a layer of agarose with an array of
microchambers containing patterns of six distinct features that
progressively morphed from spherical to rod-shaped with hemi-
spherical ends (Fig. S3) (29, 30). The curvature of the series of
compartments was 0.67, 0.73, 1.03, 1.25, 1.56, and 2.08 μm−1, and
the volume was approximately constant at 22 μm3 (see Fig. S4 and
Table S1 for microchamber dimensions). The microchambers
were ∼3 μm tall with a rectangular cross-section. We measured
the Young’s modulus, E, of the agarose using atomic force mi-
croscopy and found it to be ∼0.5 MPa. In contrast, an E. coli cell
has an E of ∼10–20 MPa, and a lipid bilayer has a much lower
elasticity than either of these materials and is deformable (31).

Fig. 1. A schematic representation of the experimental procedure: E. coli cells are grown into filaments with a mean length of 50 μm. Removing the outer
membrane and the peptidoglycan converts the filaments into spheroplasts. Spheroplasts are labeled with NAO (for CL, false-colored red) and DAPI (for DNA,
false-colored blue), confined in individual microchambers with varying curvature, and imaged using phase-contrast and epifluorescence microscopy.
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We used capillary pressure to draw spheroplasts into micro-
chambers so that ∼40% of the microchambers were filled with
spheroplasts. The spherical shape of the spheroplasts deformed
to accommodate the geometry of the microchambers, and the
membrane followed the contour line of the agarose walls (Fig.
1). The fabrication of thousands of arrays of microchambers in
parallel in one layer of agarose enabled us to identify and image
∼2,500 spheroplasts that were isolated in microchambers and
free of defects (e.g., were not folded, bent, or bulging out of the
microchamber) (Fig. S5 and Movies S1 and S2).

CL Localizes to Regions of Curved E. coli Membranes. We prepared
E. coli spheroplasts, labeled CL with NAO and DNA with DAPI,
and imaged the spheroplasts using epifluorescence microscopy.
To visualize NAO bound specifically to CL microdomains, we
used an appropriate filter set to detect the far red-shifted emis-
sion of the dye (λ = 620 nm) that arises from π–π stacking of two
molecules bound to CL (32). The Stokes shift makes it possible
to distinguish between NAO bound to CL and NAO associated
with PG, because the latter complex emits at λ = 535 nm. We
found that the majority of the CL in spheroplasts was localized
in microdomains that were distributed randomly throughout the
membrane; the majority of the spheroplasts were intact and
contained DNA. We analyzed the relationship between the po-
sition of CL microdomains in the membrane and spheroplast
curvature. In microchambers that imposed spheroplast curvature
of 0.67 and 0.73 μm−1, the CL microdomains displayed little
preference for their position in the membranes of confined
spheroplasts (Fig. 3A). The CL distribution started to broaden
for a spheroplast curvature of 1.03 μm−1.
CL microdomains displayed a significant preference for lo-

calization to the regions of confined spheroplast membranes that
mimicked the curvature of native E. coli cell poles (Fig. 3A). In
membranes in which the spheroplast curvature was 1.56 and 2.08
μm−1, the distribution of CL microdomains was bimodal, and the
mean location was centered close to the pseudopoles of the rod-
shaped microchambers. Note, that the actual position/polarity (0
or 1) of CL microdomains is arbitrary and is a product of the
analysis. The localization of CL in these structures is different
from the distribution in spheroplasts that either are unconfined
or are confined in spherical microchambers (Figs. 2C and 3A).
This divergence in CL localization is notable when comparing
the CL microdomain frequency versus position for spheroplast
curvatures of 0.67 and 2.08 μm−1 (Fig. 3B). We calculated the CL
microdomain distribution in the membrane of a spheroplast
confined in a spherical microchamber. We assumed a uniform
CL distribution in a sphere with dimensions z = −r to z = r,
where r is the radius. We sectioned the spheroplast into in-
finitesimally small intervals (dz) and calculated the surface area
(dA) as dA ¼ 2πdz

ffiffiffiffiffiffiffiffiffiffiffiffiffi

r2 − z2
p

. The predicted distribution of CL for
this spheroplast is parabolic (Fig. 3C).
A plot of the relationship between the relative frequency of

CL microdomains and the difference in microchamber curva-

Fig. 2. (A) Epifluorescence microscopy images of E. coli cells with labeled CL
(NAO, red) and DNA (DAPI, blue). (B) Phase-contrast microscopy images of
freestanding spheroplasts. (C) Epifluorescence microscopy images of free-
standing spheroplasts with labeled CL (red) and DNA (blue). (Insets) White
dashed lines indicate the perimeter of the cell (A) and spheroplast (C). White
arrows (C) highlight CL microdomains.

Fig. 3. (A) An analysis of the position of CL microdomains in spheroplasts confined in microchambers with different curvatures. CL was visualized by labeling
spheroplasts with NAO. Each panel contains a representative image of CL localization in one confined spheroplast with the curvature indicated; the dashed
line indicates the perimeter of the spheroplast. (B) Comparison of the CL microdomain distribution in spherical (curvature = 0.67 μm−1, dark circles) and rod-
shaped (curvature = 2.08 μm−1, light circles) spheroplasts plotted against the normalized length of spheroplasts. We analyzed ≥400 spheroplasts for each
microchamber curvature. (C) The predicted localization of CL microdomains in a spheroplast confined in a spherical microchamber.
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ture, Δcurvature, is depicted in Fig. 4. We calculated Δcurvature
for each spheroplast by subtracting the region of lowest curva-
ture from the region of highest curvature. To determine the
relationship between membrane curvature and CL microdomain
frequency, we divided epifluorescence microscopy images of
confined spheroplasts into three segments consisting of two op-
posing poles and the midcell. Using these segments, we calcu-
lated the relative frequency of CL microdomains at the poles
of spheroplasts as a function of Δcurvature from the CL data
depicted in Fig. 3A. The resulting plot demonstrates the transi-
tion from nonpolar to polar localization of CL domains with
increasing values of Δcurvature (Fig. 4). A plot of the data versus
the elastic energy difference for a single CL molecule at different
regions of membrane curvature is shown in Fig. S6. Smaller values
of Δcurvature resulted in membranes in which CL was randomly or
homogeneously distributed. These results quantitatively demon-
strate that CL microdomains respond to differences in membrane
curvature and display a statistically significant preference for lo-
calization at a spheroplast curvature >2 μm−1, which is compa-
rable to the curvature of the poles in native E. coli cells.
CL microdomains appeared to be <500 nm in diameter.

However, the spatial resolution of this technique was limited by
the diffraction limit of optical microscopy, which made it im-
possible to determine the size of the CL structures quantitatively.
The limited temporal resolution of the technique made it diffi-
cult to observe the movement of CL microdomains in sphero-
plast membranes. In a typical experiment, the time that elapsed
between confining the labeled spheroplasts into microchambers
and the start of epifluorescence microscopy was several minutes.
By the time we started imaging, the CL microdomains were lo-
calized in the membrane, and we were unable to observe the
movement of CL microdomains by time-resolved microscopy.

MinD Localizes to High-Curvature Regions of Membranes. Many E.
coli proteins, including ProP, MscS, MscL, LacY, MinC, and
MinD, have been reported to localize to the poles and septa (14,
15, 20, 33, 34). We used MinD as a model system to test the
effect of membrane curvature on protein localization using the
technique of confining spheroplasts in microchambers. The Min
family of proteins—MinC, MinD, and MinE—form a pole-to-
pole oscillator in E. coli cells that regulates the formation of the
division plane (35). The N-terminal region of MinC binds to
FtsZ and inhibits its assembly into the Z-ring at the future site of
cell division. The C-terminal region of MinC binds MinD, which
functions as a topological determinant for formation of the
MinCDE complex. MinD is an ATPase and has an amphiphilic
domain for binding the membrane (36). Varma et al. (34)
demonstrated that ectopic poles play an important role in the
oscillation of the Min system and that geometrical cues may play
a role in the selection of the interaction site.

We imaged the localization of MinD in the confined mem-
branes and observed that the effect of spheroplast curvature on
the localization of MinD closely resembles the data for CL
microdomains (Fig. 5A). These observations support earlier
studies suggesting that MinD responds to geometric constraints
of the cell, which direct it to the poles (34). The data provide
quantitative support for the hypothesis that membrane curvature
influences the positioning of some E. coli proteins.

MinD and CL Colocalize to High-Curvature Regions in E. coli Membranes.
Our data onCL andMinD localization led us to the hypothesis that
CL microdomains may be landmarks for recruiting the protein to
the polar regions of E. coli cells. Several pieces of indirect evidence
support this hypothesis. (i) Amphiphilic proteins have a high in-
teraction potential with lipids (37). (ii) The amphiphilic, positively
charged helix of MinD has a preference for association with nega-
tively charged phospholipids (36, 38–40). (iii) CL increases the
binding efficiency of MinD to liposomes in vitro (41). (iv) CL
influences the polar localization of ProP and MscS in E. coli cells
in vivo (20).
To study the interaction between MinD and CL microdomains

in vivo, we fluorescently labeled CL and DNA in spheroplasts of
an E. coli strain expressing MinD-YFP and confined the spher-
oplasts in microchambers. MinD colocalized with CL in ∼80% of
the spheroplasts that we analyzed (Fig. 6). Collecting photons
emitted at λ = 620 nm made it possible to image the location of
NAO at a wavelength that was far from YFP (λexcitation = 500 nm;
λemission = 535 nm) (18). There is a caveat, however, because
NAObound to PG has λexcitation = 488 nm and λ emission = 535 nm.
Consequently some of the intensity that we attribute to YFP may
be caused by NAO bound to PG that colocalizes with MinD-YFP.

Dependence of CL on MinD Localization. To determine if CL
microdomains are required to position MinD at the E. coli cell
poles, we studied protein localization in spheroplasts of the CL
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Fig. 4. The relative frequency of CL microdomains at the polar regions in
spheroplasts plotted against the difference in the highest and lowest cur-
vature regions of the membrane (Δcurvature). The data (open circles) were
fitted to a sigmoidal function (dashed line) as a visual guide.
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Fig. 5. Plots depicting the relationship between the frequency of MinD
localization and the normalized position in the confined spheroplast. Dis-
tributions of (A) MinD-YFP in CL synthase-positive (cls+) (MG1655 pFX40) and
(B) CL synthase-negative (cls−) (JW1241 Δcls pFX40) E. coli strains. Dark circles
represent data for spheroplasts confined in spherical microchambers (cur-
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chambers (largest curvature = 2.08 μm−1).
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synthase knockout JW1241 Δcls pFX40 (Fig. 5B and Figs. S7–S9)
(42). We also explored the PG synthase knockout strain UE54
pFX40 (43); however, we were unable to find adequate con-
ditions to filament cells of this strain. We observed that MinD-
YFP localization in spheroplasts of the Δcls strain was de-
pendent on membrane curvature and that the distribution was
similar to MinD-YFP in spheroplasts from wild-type E. coli cells
(Fig. 5A). The result suggests that MinD positioning is de-
pendent on curvature, as suggested earlier (11, 34), and may be
independent of CL. Although we were unable to detect CL
microdomains in strain JW1241 Δcls using NAO, E. coli Δcls
cells have been reported to contain ∼10% of the CL content of
native cells (44). We cannot exclude the possibility that small
amounts of CL present might participate in MinD localization.
Furthermore, to compensate for the depletion of CL, cells of the
Δcls strain may synthesize acidic phospholipids with physico-
chemical properties that are similar to CL. In vitro studies of
proteins with synthetic lipid membranes may play a key role in
establishing the role of CL in protein localization.

Discussion
In this paper we present a technique for controlling the curvature
of membranes in giant E. coli spheroplasts. By removing the
outer cell membrane and the layer of peptidoglycan, we created
the functional equivalent of a bacterial cell that is “soft” and can
be deformed using mechanical forces. The simplicity of the
technique will enable the analysis of a large number of proteins
that have been described as responding to curvature or that have
been observed at the poles or septa of bacterial cells, including
DivIVA, MinE, ProP, LacY, and MscS.
The approach enables the study of the effect of membrane

curvature on lipid and protein organization, which typically are
explored in vitro using micropipettes to aspirate giant uni-
lamellar vesicles (45). Confining spheroplasts in microchambers
has two advantages over micropipette aspiration: (i) The maxi-
mum curvature of the membrane is confined in one focal plane,
which simplifies microscopy and image analysis; and (ii) aspira-
tion is a serial technique, whereas spheroplast confinement
makes it possible to study large numbers of samples simulta-
neously and in parallel.
Our experiments support observations of the localization of

CL microdomains at the poles of rod-shaped bacteria in vivo and
provide evidence for the hypothesis that this spatial preference is
a consequence of geometric and physical constraints of the cell.
The polar localization of CL at regions of negative curvature in
spheroplast membranes confirms observations by several groups

studying CL–protein interactions in E. coli (18, 20) and lipid
domain organization in B. subtilis (17, 46). The data provide in
vivo experimental support for the models described by Wingreen
and coworkers (21, 22). Importantly, this research extends these
models to include all the components and complexities of intact
cells, including proteins, the chromosome, and protein–lipid
interactions in membranes consisting of CL, PG, and PE mole-
cules with a wide variety of tail groups. Refining models using
localization data from an in vivo assay avoids technical sim-
plifications that may arise from in vitro experiments. Although
no data are available yet on curvature-induced assembly and
positioning of CL domains in bacterial membranes in vitro,
studies have been carried out with mixtures of eukaryotic lipids.
For example, Subramaniam et al. (47) demonstrated that soft
polymer surfaces displaying hemispherical protrusions localize
lipids in synthetic eukaryotic membranes. Parthasarathy et al.
(48) determined that a critical curvature of ∼0.8 μm−1 was re-
quired to influence the spatial organization of lipids on topo-
graphically patterned inorganic surfaces.
Our measurements of MinD localization in response to cur-

vature confirm experimental and theoretical data by Varma et al.
(34). The preferential localization of MinD to the highly curved
regions of cells has been explained by a mechanism in which
protein multimers sensed the geometry of membranes (34).
Another hypothesis is that MinD associates with CL micro-
domains at curved regions of the cell. In this mechanism, MinD
binds to membranes via hydrophobic matching between the acyl
chains of CL and hydrophobic domains on the protein (36, 40).
The diversity of its four acyl chains may influence CL packing in
microdomains and its interaction with proteins (49). Barák et al.
(38) described MinD as an amphiphilic protein with a mem-
brane-associated peptide helix and a region of positive charge in
contact with the membrane. The amphiphilic and cationic
regions of the C terminus of MinD were reported to create hy-
drophobic and electrostatic interactions that interacted with
anionic lipids (36).
In this paper we provide data exploring a mechanism in which

CL microdomains function as landmarks to recruit MinD to
curved regions of the membrane. Experiments with spheroplast
membranes containing reduced amounts of CL relative to wild-
type membranes did not alter the localization pattern of MinD
significantly. We were unable to detect CL microdomains in Δcls
membranes with epifluorescence microscopy; however, the pres-
ence of residual CL makes it difficult to rule out this mechanism.
Interactions between CL and MinD may form sites of initia-

tion or nucleation for the MinCDE complex that are consistent
with recent experiments on supported lipid bilayer membranes
(50). These interactions may present a mechanism for inhibiting
polar cell division in vivo. In confined spheroplasts, the Min
complex may be associated with CL microdomains at regions of
large, negative membrane curvature. We did not observe the
dynamic oscillation of MinD-YFP in our experiments with
spheroplasts. This result may be explained by the lack of division
termination in spheroplasts, arising from stable interactions be-
tween CL and the proposed helix-binding domain of MinD,
which inhibits its diffusion. Another possibility is that the amount
of ATP present is insufficient.
The present study describes a systematic approach to test

a mechanism for controlling spatial organization in bacterial cells
and supports the hypothesis that geometrical cues influence the
position of biomolecules in bacterial cells. Complementing this
approach with in vitro techniques will guide the study of protein–
lipid interactions in bacteria and play a fundamental role in
identifying mechanisms and targets for the development of the
next generation of antimicrobial compounds.

Fig. 6. MinD and CL colocalization in E. coli MG1655 (+pFX40) spheroplasts
confined in microchambers. (A) Microscopy images of spheroplasts confined
in spherical microchambers. (B) Images of spheroplasts confined in rod-
shaped microchambers. The microscopy images depict bright field (BF; phase
contrast); CL labeled with NAO (CL); MinD-YFP (MinD); the overlay of the CL
and MinD images (Merge); and DNA labeled with DAPI (DNA). Dashed circles
indicate the perimeter of the microchambers and were added to the images
for clarity.
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Materials and Methods
Spheroplasts were formed by growing E. coliMG1655 (± pFX40) and JW1241
Δcls pFX40 to an OD of ∼0.5–0.7 in modified LB medium, followed by fila-
mentation with 60 μg/mL cephalexin for 3–4 h until an average cell length of
50 μm was reached. Filamented cells were treated with 1.3 mM EDTA and 20
μg/mL lysozyme for 5–10 min to remove the outer membrane and the
peptidoglycan layer (28). Spheroplasts were labeled with 400 nM NAO (to
visualize CL) for 55 min and 100 nM DAPI (to visualize DNA) for 5 min. The
microchambers were created using soft lithography (29). A 3-μL solution of
spheroplasts was incubated on top of a 4% agarose slab containing the
features for 2 min and then was sealed with a glass coverslip and imaged by

fluorescence microscopy. Details of the methods, materials, and procedures
used in this study can be found in SI Materials and Methods.
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