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MreB is thought to be a bacterial actin homolog that defines the morphology of rod-shaped bacteria.
Rhodobacter sphaeroides changes shape, from a rod to coccobacillus, and undergoes extensive cytoplasmic
membrane invagination when it switches from aerobic to photoheterotrophic growth. The role of MreB in
defining R. sphaeroides shape was therefore investigated. Attempts at deleting or insertionally inactivating mreB
were unsuccessful under all growth conditions. Immunofluorescence microscopy showed MreB localized to
mid-cell in elongating cells under both aerobic and photoheterotrophic conditions. Three-dimensional recon-
struction showed that MreB formed a ring at mid-cell. MreB remained at mid-cell as septation began but
localized to new sites in the daughter cells before the completion of septation. MreB localized to putative
septation sites in cephalexin-treated filamentous cells. Genomic single-copy mreB was replaced with gfp-mreB,
and green fluorescent protein (GFP)-MreB localized in the same pattern, as seen with immunofluorescence
microscopy. Some of the cells expressing GFP-MreB were abnormal, principally displaying an increase in cell
width, suggesting that the fusion was not fully functional in all cells. GFP-MreB localized to swellings at
mid-cell in cells treated with the penicillin-binding protein 2 inhibitor amdinocillin. These data suggest that
MreB is essential in R. sphaeroides, performing a role at mid-cell in elongating cells, and in early septation,

putatively in the cytoplasmic control of the peptidoglycan synthetic complexes.

MreB, encoded by mreB of the mre locus, is thought to be a
bacterial actin homolog. The mire locus in Escherichia coli and
Bacillus subtilis also includes mreC and mreD (13, 28). In the
gram-negative rod-shaped E. coli, deletion of mreB or of the
mre locus results in spherical-shaped cells (12, 29). In the
gram-positive rod-shaped B. subtilis, MreB appears to be es-
sential, as depletion of the protein produces rounded cell
shapes and these morphologically abnormal cells eventually
lyse (11). MreB, in both E. coli and B. subtilis, has been shown
to localize just below the cytoplasmic membrane in a helical
configuration (11, 20). In E. coli MreB localizes both as a helix
that spans the longitudinal axis of the cell and as a transverse
band at mid-cell. In B. subtilis MreB localizes mainly as a
transverse helical band at mid-cell. These studies suggest that
MreB forms a filamentous subcellular helix that defines rod-
shaped cell morphology. The MreB crystal structure confirmed
the structural predictions that it belongs to the actin family of
proteins (26). The structural relationship was extended by
demonstrating nucleotide-dependent MreB polymerization
with the MreB monomers displaying a spacing of 51 A within
the filament reminiscent of the 55-A longitudinal spacing of
actin monomers within actin filaments (26). Control of eukary-
otic cell shape involves actin, and thus the functional and
structural similarity between MreB and actin led to the pro-
posal that MreB is a bacterial actin homolog.

In bacteria, the peptidoglycan layer principally determines
cell shape. Peptidoglycan consists of glycan strands cross-
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linked by peptide side chains. The peptidoglycan subunits,
disaccharide peptides, are assembled in the cytoplasm and
linked to the preexisting peptidoglycan layer in the periplasm
by transglycosylase and transpeptidation reactions. In E. coli
two distinct phases of peptidoglycan synthesis occur. In cells
undergoing septation the transpeptidase Ftsl, in concert with
the integral membrane protein FtsW, mediates the insertion of
peptidoglycan that forms the new poles of the daughter cells
(6). In elongating cells the transpeptidase penicillin-binding
protein 2 (PBP2) and RodA function in the peptidoglycan-
driven extension of the longitudinal axis (3).

Cell shape mutants typically possess mutations in genetic
loci that encode proteins involved in peptidoglycan synthesis.
The effects of mreB deletion in E. coli and MreB depletion in
B. subtilis suggest a role for MreB in peptidoglycan synthesis
(11, 12). However, these studies have also been used to suggest
that MreB may define rod-shaped morphology, possibly by
forming a structural brace (5), while additional studies suggest
that MreB may function in chromosome segregation (12, 24).
Thus, the role performed by MreB is at present uncertain and
may vary between species.

Rhodobacter sphaeroides is an a-subgroup, purple nonsulfur
photosynthetic bacterium which displays different cellular mor-
phologies under different growth conditions (2). Aerobically
grown cells are rod shaped, while photoheterotrophically
grown cells are coccobacillus shaped. The extent of the cocco-
bacillus morphology is dependent on the available light, with
low light levels producing a more pronounced spherical shape.
Associated with the various cell shapes is an alteration in the
structure of the cytoplasmic membrane. In aerobically grown
cells the cytoplasmic membrane is smooth, whereas in photo-
heterotrophically grown cells the cytoplasmic membrane in-
vaginates, forming the support for the photosynthetic appa-
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TABLE 1. Bacterial strains and plasmids used in this study

Strain or plasmid Characteristics Source or
reference
E. coli strains
DH5a General cloning strain, allows blue-white screening during cloning Gibco-BRL
S17-1\pir Strain capable of mobilizing the suicide vector pK18mobsacB into R. sphaeroides, Sm* 15
M15 Protein expression host Qiagen
R. sphaeroides strains
WSSN Spontaneous nalidixic acid-resistant mutant of wild-type WS8 23
JPA187 WS8N containing a gfp-mreB fusion in place of the genomic mreB This study
Plasmids
pUC19 High-copy-number cloning vector, Ap" Pharmacia
pK18mobsacB Allelic exchange suicide vector, Km® 19
pHP45Q Carries the omega cartridge, Sm"® 17
pEGFP-NI1 GFP fusion vector, Km* Clontech
pQES0 P,..-based expression vector; introduces RGS(H), sequence at the N termini of expressed proteins; Ap* Qiagen
pREP4 Plasmid carrying the lacl gene; compatible with pQES0; reduces leaky expression from the tac promoter Qiagen
of pQE80; Km"
cl25 pLA2917 containing ca. 25 kb of R. sphaeroides DNA, Tc* 22
pPKS1 Derivative of pK18mobsacB containing the region upstream of mreB This study
pPKS2 Derivative of pK18mobsacB containing the regions upstream and downstream of mreB This study
pPKS20) Derivative of pPKS2 containing the omega cartridge from pHP45() between the regions upstream and This study
downstream of mreB
pBS1 Derivative of pK18mobsacB containing the region upstream of mreB and gfp This study
pBS2 Derivative of pK18mobsacB containing the gfp-mreB fusion; the region upstream of mreB and gfp and This study
the upstream region of mreB
pMLP1 Derivative of pQES80 containing mreB This study

ratus. The extent of the invagination is dependent on the
available light, with low light levels producing a very exten-
sively invaginated cytoplasmic membrane.

The aims of this study were to determine the cellular re-
quirement for MreB and its role in rod- and coccobacillus-
shaped R. sphaeroides cells.

MATERIALS AND METHODS

Strains and growth conditions. Bacterial strains and plasmids are listed in
Table 1. R. sphaeroides strains were cultured in succinate medium (21) at 30°C
either aerobically in the dark with shaking or photoheterotrophically with either
1 or 35 wmol m~2 s~ ! of light. E. coli DH5a was used for all molecular cloning,
strain S17-1 Npir was used for conjugal transfer into R. sphaeroides, and strain
M15 pREP4 was used for protein expression. E. coli strains were cultured in
Luria-Bertani medium at 37°C with shaking. Antibiotics were used at 25 g ml™!
for kanamycin, nalidixic acid, and streptomycin and at 100 g ml~! for ampicil-
lin.

For inhibition studies, early-log-phase R. sphaeroides cells were cultured aer-
obically either in the presence of amdinocillin at 25 g ml~! for 1 h at 30°C or
in the presence of cephalexin at 2.5 pg ml~! for 4 h at 30°C.

Molecular genetic techniques. All cloning steps were performed as described
by Sambrook and Russell (18). Sequencing-quality DNA was prepared using the
WizardPlus kit (Promega), sequenced by the University of Oxford Biochemistry
sequencing service, and analyzed with the GCG software package (University of
Wisconsin). All primers were supplied by Genosys Biotechnologies Inc.

Cell scoring. Images were acquired of wild-type cells grown aerobically or
photoheterotrophically, at different light intensities, by differential interference
contrast (DIC) microscopy using a Nikon TE200 microscope with a cooled
charge-coupled device (CCD) camera (Hamamatsu). Cells were scored as newly
divided (septation clearly just completed), elongating (length extension occur-
ring, no septum invagination visible), septation initiated (length extended, sep-
tum invagination beginning), or septation nearing completion (septum deeply
invaginated, daughter cells clearly forming). Following classification the cell
lengths and cell widths were measured using SimplePCI image analysis software
(Digital Pixel). A total of =25 cells were analyzed, from =5 fields of view, for
each cell cycle stage. The images were processed with SimplePCI image analysis
software (Digital Pixel).

For scoring green fluorescent protein (GFP)-MreB-expressing cells, images

were acquired as outlined above. For wild-type populations the scoring system
was identical to that described above. For GFP-MreB-expressing populations,
cells were scored as normal (cell length and cell width similar or identical to
wild-type cells), mildly abnormal (cell length and/or cell width varying in com-
parison to wild type), or severely abnormal (cell length and/or cell width varying
extensively in comparison to wild type). The normal, mildly abnormal, or severely
abnormal cells were grouped separately into the outlined cell cycle stage classi-
fications. Following classification the cell lengths and cell widths were measured
using SimplePCI image analysis software (Digital Pixel). For the wild-type cells,
a total of =25 cells were analyzed, from =5 fields of view, for each cell cycle
stage. For GFP-MreB-expressing populations a total of =25 normal, mildly
abnormal, or severely abnormal cells were analyzed, from =10 fields of view, for
each cell cycle stage. The images were processed with SimplePCI image analysis
software (Digital Pixel).

Protein expression construct. mreB was amplified by PCR using primers that
omitted the start codon and included 5" BamHI and 3’ HindIII sites. The PCR
product was ligated into pQE80 (QIAGEN) to produce pMLP1. The construct
was sequenced to ensure the coding sequence contained no errors.

Protein purification and antibody production. His-tagged MreB was expressed
in E. coli M15 pREP4 cells containing pMLP1. Purification was performed as
described previously (14). A rabbit antibody was raised against purified MreB
(Eurogentec).

Cell fractionation. Cell fractionation was performed as described previously
(31) with the following modifications. A 100-ml culture of aerobically grown R.
sphaeroides at an optical density at 700 nm of 0.6 was harvested by centrifugation.
The cells were spheroplasted by resuspension in 1 ml of 0.15 M Tris-HCI (pH
8.0) containing 0.5 M sucrose, 1 mg of lysozyme, and 10 mM EDTA. The
spheroplasts were harvested by centrifugation, gently lysed by the addition of
5 ml of water, and kept on ice for 3 h with gentle mixing every 30 min. Centrif-
ugation at 25,000 X g for 30 min removed cell debris, and centrifugation at
100,000 X g for 120 min pelleted the cell membranes. The cytoplasmic fraction
was decanted and stored. The cell membrane pellet was resuspended in water, in
a volume equivalent to that of the cytoplasmic fraction, and stored.

Immunoblotting. Samples of membrane and cytoplasmic fractions were mixed
with an equal volume of 2X sodium dodecyl sulfate-polyacrylamide gel electro-
phoresis loading buffer. Samples were run on a 12% polyacrylamide gel and
transferred to polyvinylidene difluoride membranes (Bio-Rad) by electroblot-
ting. The polyvinylidene difluoride membranes were blocked overnight at room
temperature. MreB antibodies were added at a 1:2,000 dilution in blocking
solution and incubated at room temperature for 1 h. Anti-rabbit-horseradish
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TABLE 2. Cell shape properties of R. sphaeroides grown under different growth conditions”

Mean (SEM) at cell cycle stage

Growth condition Newly formed Elongating Septation initiated Septation nearing completion
Length Width Length Width Length Width Length Width

Aerobic 1.73 (0.02) 1.17 (0.01) 2.21(0.03) 1.16 (0.01) 2.67 (0.03) 1.13 (0.01) 3.01 (0.03) 1.16 (0.01)

High light 1.52 (0.02) 1.18 (0.01) 1.99 (0.04) 1.19 (0.01) 2.37 (0.02) 1.17 (0.01) 2.66 (0.02) 1.16 (0.01)

Low light 1.40 (0.01) 1.14 (0.01) 1.79 (0.02) 1.20 (0.01) 2.15(0.02) 1.14 (0.01) 2.45 (0.03) 1.14 (0.02)

“ Cells were grown aerobically or photoheterotrophically with different light levels. Cell lengths and cell widths (in micrometers) were measured from a total of =25
cells, from =5 fields of view, for each cell cycle stage. Mean and standard error values are shown.

peroxidase conjugate (DAKO) was added at a 1:1,000 dilution in blocking solu-
tion, and the membrane was incubated as above. Membranes were washed with
phosphate-buffered saline (PBS) and 0.1% (vol/vol) Tween. An enhanced chemi-
luminescence kit (Amersham) was used for detection.

Deletion constructs. An mreB in-frame deletion construct was generated by
amplifying, by PCR, a 0.5-kb region immediately upstream of mreB with primers
that encompassed the start codon and included 5’ EcoRI and 3’ BamHI sites. A
0.5-kb region that included the seven 3’ codons and the downstream flanking
DNA of mreB was amplified by PCR using primers that included 5" BamHI and
3’ HindIII sites. The first PCR product was ligated into pK18mobsacB to pro-
duce pPKS1. The second PCR product was ligated into pPKS1 to generate the
final construct, pPKS2. An mreB insertional inactivation construct was generated
by excising the omega cartridge from pHP45() with BamHI and cloning this
fragment into BamHI-cut pPKS2 to produce pPKS2(). Constructs were se-
quenced to ensure that upstream and downstream regions were in frame and
contained no errors. The constructs were introduced into R. sphaeroides by allelic
exchange as described previously (8, 19).

Fixation and permeabilization. Cells were fixed and permeabilized as de-
scribed previously (9) with the following modifications. A 0.5-ml volume of
bacterial culture was mixed with an equal volume of concentrated fixative solu-
tion. Cells cultured in succinate medium were fixed with a final concentration of
1.3% (vol/vol) paraformaldehyde and 0.02% (vol/vol) glutaraldehyde in PBS (pH
7.4) for 15 min at room temperature and for 30 min on ice. The fixed bacteria
were washed three times in PBS at room temperature and then resuspended in
200 pl of glucose-Tris-EDTA. A freshly prepared lysozyme solution, in PBS, was
added to a final concentration of 2 mg ml~'. Samples (25 pl) were immediately
distributed onto wells of a multiwell microscope slide (Hendley-Essex) which had
been treated with 0.01% (wt/vol) poly-L-lysine (Sigma). After 2 min the liquid
was aspirated from the wells, which were then allowed to dry for 4 min. A 25-pl
volume of PBS was added to each well for 1 min and then removed by aspiration.
A 25-pl volume of blocking solution (5% bovine serum albumin in PBS) was
added to each well, and the slides were incubated for 30 min at room temper-
ature.

Immunofluorescence staining. Immunofluorescence staining was performed
as described previously (9) with the following modifications. Cells were incubated
with a 1:10,000 dilution in blocking solution of rabbit polyclonal anti-MreB
antibodies overnight at 4°C. The wells were washed 20 times with blocking
solution. Cells were then incubated with a 3:1,000 dilution in blocking solution of
fluorescein isothiocyanate—anti-rabbit antibodies (Sigma) for 3 h at room tem-
perature in the dark. The cells were washed 10 times with blocking solution and
10 times with PBS. Slides were mounted with 2 pl of Vectashield antifade
(Vector Laboratories).

Construction of a gfp-mreB fusion strain. A 0.5-kb region immediately up-
stream of mreB was amplified by PCR using primers that omitted the start codon
and included a 5" EcoRI site and a 3’ sequence complementary to the beginning
of egfp. The 0.8-kb egfp was amplified by PCR using primers that omitted the stop
codon and included a 5’ sequence complementary to the 15-bp region immedi-
ately upstream of mreB and a 3’ Xbal site. These PCR products were used as
templates for further PCR, using the 5’ primer from the mreB upstream PCR and
the 3’ primer from the egfp PCR, to generate a 1.3-kb fragment. The PCR
product, upstream mreB fused to egfp, was ligated into pK18mobsacB to produce
pBS1. A 0.5-kb region immediately downstream of the mreB start codon was
amplified by PCR using primers that included 5" Xbal and 3’ HindIII sites. This
PCR product was ligated into pBS1 to generate the final construct pBS2. The
construct was sequenced to ensure that upstream and downstream regions were
in frame and contained no errors. The construct was inserted into R. sphaeroides
by allelic exchange as described previously (8, 19).

Fluorescence analysis. For immunofluorescence microscopy, DIC and fluo-
rescence images were acquired using a Nikon TE200 microscope with a GFP

filter set and recorded with a cooled CCD camera (Hamamatsu). Z-series were
captured with a custom-built Piezo driven (Physik Instruments) mechanical
stage. The images were processed with SimplePCI image analysis software (Dig-
ital Pixel).

For GFP-MreB localization in log phase, cultures were embedded in 1.2%
agarose on microscope slides. Phase-contrast and fluorescence images were
acquired using a Zeiss Axiovert 135TV microscope with a fluorescein isothio-
cyanate filter set and recorded with a cooled CCD camera (Digital Pixel Ad-
vanced Imaging Systems). The images were processed with image analysis soft-
ware (METAMORPH 6.1).

For GFP-MreB localization through the cell cycle, log-phase cultures were
embedded in 0.8% succinate agarose on microscope slides. DIC and fluorescence
images were acquired as described for immunofluorescence microscopy at 20-
min intervals. The images were processed with SimplePCI image analysis soft-
ware (Digital Pixel).

RESULTS

R. sphaeroides cell shape changes under different growth
conditions. The cell shape properties of R. sphaeroides grown
aerobically or photoheterotrophically with different light levels
were determined. Cells were scored as newly formed (septa-
tion clearly just completed), elongating (length extension oc-
curring, no septum invagination visible), septation initiated
(length extended, septum invagination beginning), or septation
nearing completion (septum deeply invaginated, daughter cells
clearly forming). Following cell stage classification, the cell
lengths and cell widths were measured.

The cell width remained fairly constant (1.14 to 1.20 wm),
while the cell length changed significantly under different
growth conditions (Table 2). The longest cell lengths were
observed in aerobic cells. The shortest cell lengths were seen in
photoheterotrophic cells grown under low light intensities,
with intermediate cell lengths observed in photoheterotro-
phic cells grown under much higher light intensities. These
data demonstrate that the previously observed differences in
R. sphaeroides morphologies grown under different conditions
(2) result from an alteration in cell length rather than a mod-
ification of the cell width.

Identification of the mre and mrd loci in R. sphaeroides strain
WS8N. Genome sequencing of the closely related R. sphaer-
oides strain 2.4.1 indicated the presence of an mre-mrd locus
encoding putative cell shape-determining proteins (http:
//genome.jgi-psf.org/draft_microbes/rhosp/rhosp.home.html).
mreB and rodA were amplified by PCR from R. sphaeroides
WS8N genomic DNA and used to probe a cosmid library of
this strain (22). Cosmid c125 was found to contain both the mre
and mrd loci, and the DNA sequence of this region was deter-
mined (EMBL database accession no. AJ605582). DNA se-
quence and open reading frame prediction software (Clone
Manager 7) identified five putative genes in this region (Fig. 1).
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FIG. 1. mre and mrd loci of R. sphaeroides WS8N. mreB, mreC, and
mreD form the mre locus; pbp2 and rodA form the mrd locus. These
two loci may form a single operon. Bar, 500 bp.

The mreB, mreC, and mreD genes, forming the mre gene clus-
ter, were located adjacent to the pbp2 and rodA genes, which
form the mrd gene cluster. These genes are all orientated in the
same direction and the mreD stop codon overlaps the pbp2
start codon, suggesting that the mre and mrd loci form an
operon in R. sphaeroides.

Sequence analysis of the Mre and Mrd proteins. The 345-
amino-acid sequence of R. sphaeroides MreB shares 58 and
53% identity with the E. coli and B. subtilis proteins, respec-
tively. The high level of sequence homology for R. sphaeroides
MreB is consistent with that previously observed for the pro-
tein between other bacterial species (1, 27). Hydropathy pro-
files (TMHMM [http://www.cbs.dtu.dk/servicessTMHMM/])
and TMPred (10) predicted that the 37-kDa R. sphaeroides
MreB was a soluble, cytoplasmic protein.

R. sphaeroides MreC, MreD, PBP2, and RodA share 27, 13,
36, and 45% identity with the E. coli proteins, respectively, and
28, 11, 23, and 28% identity with the B. subtilis proteins, re-
spectively. Hydropathy profiles (TMHMM and TMPred) pre-
dicted the presence of one N-terminal transmembrane «-helix
in both MreC and PBP2 and multiple transmembrane a-heli-
ces in both MreD and RodA. The levels of identity and pre-
dicted membrane topologies of the R. sphaeroides proteins are
similar to those previously observed between the bacterial par-
adigms and other bacterial species (1).

MreB is a cytoplasmic protein. The cellular localization of
MreB was determined by cell fractionation and Western blot-
ting. MreB localizes just below the cytoplasmic membrane in
E. coli and B. subtilis (11, 20). MreB may either associate with
the cytoplasmic membrane through inherent properties of the
protein or localization may depend upon additional proteins.
R. sphaeroides spheroplasts were gently lysed, and the membrane
and cytoplasmic fractions were subjected to Western blotting.

R. sphaeroides MreB localized to the cytoplasmic fraction
(data not shown), confirming the in silico prediction of MreB
as a soluble, cytoplasmic protein. This suggests MreB is only
weakly associated with the cytoplasmic membrane.

MreB appears essential for R. sphaeroides viability. The
cellular requirement for MreB, and also the morphological
defects associated with MreB loss, varies among bacterial spe-
cies. In E. coli MreB is nonessential, as deletion of the gene
produces a rounded morphology (12). In contrast, MreB ap-
pears essential for B. subtilis and Caulobacter crescentus
viability, as MreB depletion produces abnormal morpholo-
gies and these aberrant cells eventually lyse (1, 7, 11). Given
the more coccoid shape of photoheterotrophically grown
R. sphaeroides, it seemed possible that these cells might not
require MreB. Photoheterotrophic cells also show extensive
invaginations of the cytoplasmic membrane and so might be
unable to maintain a subcellular MreB structure. mreB de-
letion studies were attempted in R. sphaeroides grown aer-
obically or photoheterotrophically.
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Attempts at mutating R. sphaeroides mreB by both in-frame
deletion and insertional inactivation, under either aerobic or
photoheterotrophic growth conditions, proved unsuccessful.
These strategies have been routinely used to mutate nonessen-
tial genes in this bacterium (16), suggesting that MreB is es-
sential in R. sphaeroides under both aerobic and photohetero-
trophic growth conditions.

MreB depletion analysis in R. sphaeroides or creation of an
mreB merodiploid strain was not possible due to the lack of an
inducible expression system in this bacterium.

MreB localization in aerobic and photoheterotrophic cells.
MreB localization varies among bacterial species. In E. coli
MreB localizes in a helical configuration that spans the longi-
tudinal axis of the cell and as a transverse band at mid-cell (20).
In B. subtilis MreB localizes in a helical configuration mainly at
mid-cell (11). As the cell shape and cytoplasmic membrane
structure of R. sphaeroides changes under different growth con-
ditions, immunofluorescence studies were carried out on R.
sphaeroides cells grown aerobically and photoheterotrophically
to determine MreB localization under conditions where the cell
shape and the structure of the cytoplasmic membrane change.

In aerobically grown cells MreB localized predominantly as
a transverse band or as opposing foci (Fig. 2A, row a). In
addition patterns suggestive of a helical configuration, consist-
ing of a transverse band and an adjacent focus, were observed
in some cells (Fig. 2A, row a). In newly formed cells, opposing
foci and transverse bands were observed slanting across the cell
(Fig. 2A, set I in row b). In elongating cells transverse bands
were observed at mid-cell (Fig. 2A, set II in row b). In cells
beginning septation, opposing foci were observed at the site of
septation (Fig. 2A, set III in row b). The localization at mid-
cell appeared to break down before the completion of septa-
tion (Fig. 2A, set IV in row b), the localization at mid-cell
being lost and reforming at mid-cell of the daughter cell. The
localization pattern observed in R. sphaeroides suggests that
MreB undergoes dynamic subcellular rearrangements during
the cell cycle and that the protein may function at mid-cell with
a possible role in early septation.

MreB immunofluorescence images of R. sphaeroides cells
grown photoheterotrophically were similar to those of aerobic
cells (Fig. 2B, row a). In newly formed cells, MreB was ob-
served to be slanted at an angle across the cell width (Fig. 2B,
set I in row b), and in elongating cells opposing foci were
observed at mid-cell (Fig. 2B, set IT in row b). The fluorescence
remained associated with the septation site as division pro-
ceeded towards completion (Fig. 2B, sets III and IV in row b).
The similar patterns of fluorescence observed in both aerobic
and photoheterotrophic cells suggest that MreB performs a
similar role under both growth conditions. While MreB may
play a role in the regulation of cell shape, its localization to
mid-cell in cells of varied lengths suggests it does not define
cell length in R. sphaeroides.

MreB localization was similar in R. sphaeroides cells grown
photoheterotrophically under either high or low light intensi-
ties. At low light intensities the cytoplasmic membrane of R.
sphaeroides invaginates extensively to maximize the light-cap-
turing and photosynthetic capacity of the photosynthesis appa-
ratus (2). The MreB localization in cells grown under low light
intensities (Fig. 2C) was similar to that found in both photo-
heterotrophic cells grown under much higher light intensities
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FIG. 2. Immunofluorescence localization of MreB in R. sphaeroides. (A) Localization in aerobic cells. (B) Localization in photoheterotrophic
cells grown under high light. (C) Localization in photoheterotrophic cells grown under low light. Bright-field images, fluorescence images of the
same field of cells, and an overlay of these images are shown (in that order). Large white arrows highlight transverse bands; small white arrows
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and aerobic cells. The similar pattern of fluorescence suggests
MreB performs the same role under these different growth
conditions and again suggests that MreB does not form a
subcellular structure defining R. sphaeroides cell length. Fur-
thermore, MreB localization appears to be independent of the
extensive cytoplasmic membrane rearrangements and conse-
quent reorganization of the cytoplasm that occurs when cells
are grown under low light conditions.

MreB forms a ring. Three-dimensional (3D) reconstructions
of MreB in both E. coli and B. subtilis showed that the protein
forms a helix in these bacteria (11, 20). 2D immunofluores-
cence localization of MreB in R. sphaeroides suggested that the
protein forms a ring and/or a possible helix and, therefore, 3D
reconstruction was carried out to establish which structure was
formed.

3D reconstructions showed that the MreB subcellular struc-
ture was a ring (Fig. 3A). Images of an aerobic cell, including
an MreB transverse band, were acquired (Fig. 3A, row a), and
subsequently a z-series was captured. Deconvolution of these
fluorescent images revealed a single focus at both the begin-
ning and end of the z-series (Fig. 3A, row b) and two foci in the
middle (Fig. 3A, row b). 3D reconstruction of the deconvolved
z-series revealed an MreB ring (Fig. 3A, row c; see supplemen-
tal data).

Z-series acquisition, deconvolution, and 3D reconstruction
were performed on an aerobic cell showing a possible helical
MreB configuration in 2D images (Fig. 3B, row a). Deconvo-
lution revealed that two of the three foci were the principle
sources of fluorescence, and a similar pattern to that described
above was found (Fig. 3B, row b). 3D reconstruction (Fig. 3B,
row c; see supplemental data) showed that the helix-like con-
figurations observed in some 2D images actually represented a
slanted ring (Fig. 3B, row c, 90°) and a disconnected focus (Fig.
3B, row ¢, 0 and 180°).

MreB localization in filamentous cells. The antibiotic ceph-
alexin inhibits Ftsl, the septum-specific transpeptidase, result-
ing in the formation of filaments as the cells are unable to
divide. In filamentous cells septation complexes based upon
the essential septation protein FtsZ form at mid-cell and at
other putative septation sites. Localization to these septation
sites has previously been used to suggest protein involvement
in septation.

In filamentous R. sphaeroides cells, MreB localized to both
mid-cell and putative septation sites (Fig. 4). Transverse bands
were observed at mid-cell (Fig. 4) with apparent helical con-
figurations but, as above, probably represented a slanted ring
and a disconnected focus (Fig. 4A) and transverse bands (Fig.
4B) also seen alongside this mid-cell localization. The local-
ization to mid-cell and putative septation sites presumably
reflect the assembly of septation complexes prior to, and
following, the addition of cephalexin, respectively. This sug-
gests that MreB in R. sphaeroides may be part of the septa-
tion complex.
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FIG. 3. 3D reconstruction of the MreB subcellular structure in
R. sphaeroides. (A) Cell showing a transverse band of MreB in 2D. (B)
Cell showing a helical configuration of MreB in 2D. (a) Bright-field
and fluorescence images of aerobic cells. (b) Optical sections through
these aerobic cells; the bottom, middle, and top of the z-series are
shown. (c) 3D reconstruction of the z-series at 0, 45, and 90° for panel
A and at 0, 90, and 180° for panel B. The images have been rotated
horizontally. Small white arrows highlight the helix-like fluorescence;
large white arrows highlight the principal sources of fluorescence.
MreB forms a ring, not a helix, in R. sphaeroides.

GFP-MreB cell populations contain both normal- and ab-
normal-shaped cells. R. sphaeroides genomic mreB was replaced
with a gfp-mreB fusion. The N-terminal fusion was constructed
and inserted into the genome as described previously (32) to
create R. sphaeroides strain JPA187. This strategy ensured that
a single copy of gfp-mreB was expressed from its native pro-
moter in the R. sphaeroides genome. The growth rate was de-
termined for wild-type and GFP-MreB-expressing cells: wild-
type cells had a doubling time of 170 min, while GFP-MreB

highlight helix-like configurations. (a) Representative field of cells; (b) cells representing the different stages of the cell cycle: newly formed (I),
elongating (II), septation initiated (III), and septation nearing completion (IV). MreB localizes predominantly as a transverse band. In newly
formed cells, MreB slants across the cell close to the cell periphery. In elongating cells, MreB forms a transverse band at mid-cell. MreB remains
at mid-cell or at the septation site in cells beginning septation. This localization pattern is observed in cells grown aerobically and photohetero-

trophically. Bars, 1 pm.
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FIG. 4. Immunofluorescence localization of MreB in R. sphaeroides treated with cephalexin. (A) Short filament; (B) long filament. Bright-field
images, fluorescence images of the same filament, and an overlay of these images are shown (in that order). MreB localized as a transverse band
(large white arrows) at the mid-cell septation site. Helical configurations (small white arrows) and transverse bands (large white arrows) were also

observed alongside this mid-cell localization. Bar, 1 pm.

cells had a doubling time of 247 min (data not shown). This
suggests that the GFP-MreB fusion is only partially functional.

Populations of GFP-MreB-expressing cells contained both
normal- and abnormal-shaped cells (Fig. 5). Normal-shaped
cells showed at worst a modest increase in cell width (=9%) in
comparison to wild type. These cells accounted for 49% of the
population. Abnormal-shaped cells varied in their degree of
abnormality. In mildly abnormal cells, the cell width increased
(=20%) in comparison to wild type. In severely abnormal cells,
both the cell width (=33%) and cell length (=23%) increased
in comparison to wild type. These changes were observed at all
stages of the cell cycle. A few severely abnormal cells showed
a decrease in cell length (=12%) in comparison to wild type
(data not shown). The peptidoglycan layer ultimately governs
the cell shape of bacteria. Thus, the abnormal morphologies in
GFP-MreB-expressing populations suggest that MreB may be
involved in the cytoplasmic control of peptidoglycan synthesis.

MreB localization in normal cells confirmed the immunoflu-
orescence results (Fig. 6). GFP-MreB was slanted across the
cell close to the cell periphery in newly formed cells (Fig. 6A),
and in elongating cells GFP-MreB formed a transverse band at
mid-cell (Fig. 6A). Localization of MreB was followed through
the cell cycle (Fig. 6B). In cells undergoing septation, GFP-
MreB localized to the septation site as a transverse band close
to the leading edge of cellular constriction (Fig. 6B, set I). As
found in the immunofluorescence studies, the MreB structure
appeared to break down before the completion of septation
(Fig. 6B, set II). GFP-MreB was slanted across the newly
formed cell (Fig. 6B, sets III and V) and formed a transverse
band at mid-cell as elongation proceeded (Fig. 6B, sets VI to

VIII). GFP-MreB again localized to the septation site as sep-
tation ensued (Fig. 6B, sets IX and X). As with the immuno-
fluorescence data, the localization of GFP-MreB suggests that
the MreB structure undergoes dynamic rearrangements during
the cell cycle and that the protein may function at mid-cell,
potentially including a role in early septation.

MreB localization in amdinocillin-treated cells. Penicillin
antibiotics cause bacteria to swell at the future or current site
of septation. Amdinocillin, which specifically inhibits PBP2-
mediated elongation of the side wall, was added to GFP-MreB
populations to cause swelling at these sites and identify wheth-
er these regions related to sites of GFP-MreB localization.

Wild-type and GFP-MreB cells bulged at mid-cell in the
presence of amdinocillin (Fig. 7). GFP-MreB was observed at
these swollen sites as transverse bands or opposing foci close to
the cell periphery. The maintenance of GFP-MreB localization
in cells with aberrant morphologies again suggests that the
MreB subcellular structure does not define R. sphaeroides mor-
phology but may have a role in septation or peptidoglycan
insertion.

DISCUSSION

The R. sphaeroides WSSN mre and mrd genetic loci form a
putative operon. In E. coli the mre locus forms an operon with
two genes of unknown function (30), while the mrd locus is
located elsewhere on the genome (25). In B. subtilis the mre
locus forms an operon with minC and minD (13), whose pro-
tein products function in the correct placement of the FtsZ
ring (20). The genetic arrangement observed in R. sphaeroides
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Cell cycle stage R. sphaeroides genotype and phenotype

and cell shape Wild-type GFP-MreB expressing cells

properties ‘Normal’ ‘Mildly ‘Severely
abnormal’ abnormal’

Newly formed

Length (um, +SE) [ 1.74+0.02 1.73+0.02 1.75+0.05
Width (um, £SE) | 1.16+0.01 1.27+0.01 1.40+0.03
Elongating

<.

Length (um, +SE) | 2.2240.03 2.12+0.03 2.23+0.04 L -
Width (um, £SE) | 1.17+0.01 1.26+0.01 1.48+0.02 1.59+0.03
Septation
initiated

B

Length (um, +SE) | 2.62+0.02 2.63+0.02 2.76+0.05 3.3310.10
Width (um, +SE) | 1.1740.01 1.25+0.01 1.40+0.02 1.56+0.03
Septation nearing
o - -

S
Length (um, £8E) [ 2.99+0.03 2.93+0.02 3.20+0.06 4.00+£0.15
Width (um, +£SE) | 1.17+0.01 1.28+0.01 1.47+0.03 1.63+0.03

FIG. 5. Cell shape properties of R. sphaeroides populations expressing GFP-MreB. Representational images, cell lengths, and cell widths are
shown of aerobically grown wild-type and GFP-MreB-expressing cells. Populations of GFP-MreB-expressing cells were divided into normal, mildly
abnormal, and severely abnormal categories. For the wild-type cells, a total of =25 cells were analyzed, from =5 fields of view, for each cell cycle
stage. For GFP-MreB-expressing populations, a total of =25 normal, mildly abnormal, or severely abnormal cells were analyzed, from =10 fields
of view, for each cell cycle stage. Mean values and standard errors are shown. Normal cells expressing GFP-MreB resembled wild-type cells
throughout the cell cycle. Mildly abnormal cells displayed a =20% increase in cell width. Severely abnormal cells displayed a =23% increase in
cell length and a =33% increase in cell width. Bar, 1 wm. All images are to the same scale.

is also found in Streptomyces coelicolor and in C. crescentus (1,
7) and suggests a functional interaction exists between the
protein products.

The requirement for MreB varies among bacterial species.
In E. coli mreB deletion produces spherical bacteria (12), where-
asin S. coelicolor the gene cannot be deleted (1) and in B. sub-
tilis and in C. crescentus MreB depletion causes cells to swell
and lyse (7, 11). R. sphaeroides MreB also appears to be es-
sential, as we were unable to delete or insertionally inactivate
mreB using techniques standard for this species. This was sup-
ported by the abnormal cell shapes observed in some cells in
which mreB was replaced with gfp-mreB and the reduced
growth rate of this strain. The different requirement for MreB
between the gram-negative E. coli and gram-positive B. subtilis
and S. coelicolor had been attributed to differences in the
cellular envelopes of these species. However, as MreB also
appears to be essential in the gram-negative R. sphaeroides and

C. crescentus, the underlying principle governing MreB re-
quirement in bacteria is therefore uncertain.

R. sphaeroides MreB localized predominantly as a transverse
band at mid-cell, and 3D reconstruction showed that it formed
a ring. 2D immunofluorescence images also showed foci in
some cells that could reflect a helical structure, but 3D recon-
struction showed that these foci represented a slanted ring and
disconnected foci rather than a helix. The disconnected foci
may represent past or future sites of MreB localization; the
protein may be in transit to its mid-cell destination. The local-
ization and subcellular structure of MreB appears to vary be-
tween bacterial species. In E. coli and C. crescentus MreB
localizes in both a helical configuration that spans the longitu-
dinal axis of the cell and as a transverse band at mid-cell (7,
20). In B. subtilis MreB localizes as a helix, mainly at mid-cell
(11). The mid-cell MreB localization is conserved among both
gram-negative and gram-positive bacteria, suggesting that, al-
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A

v VI VII VIII

FIG. 6. Localization of GFP-MreB in normal cells. Bright-field images are shown on the left, and their corresponding fluorescence images are
on the right. (A) Localization in normal cells expressing GFP-MreB. (B) Localization in a normal cell throughout the cell cycle; images (I to X)
were acquired at 20-min intervals. Note, the cell shown has rotated on the slide during growth and division, accounting for the variation in
orientation of the MreB fluorescence. The GFP-MreB localization confirmed the immunofluorescence microscopy results. Bars, 2 wm.
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A Wild-t

FIG. 7. R. sphaeroides cells treated with amdinocillin, an inhibitor
of PBP2. Bright-field images are shown on the left, and their corre-
sponding fluorescence images are on the right. (A) Wild-type cells
following amdinocillin treatment. (B) GFP-MreB-expressing cells fol-
lowing amdinocillin treatment. GFP-MreB localized as transverse
bands at swellings at mid-cell. Bar, 2 pm.

though the subcellular structure may vary, MreB performs a
similar role at this site in all bacteria possessing this protein.

R. sphaeroides MreB localization appears characteristic of a
septation protein. MreB localized at mid-cell in elongating
cells and remained at this site, i.e., the site of septation, as
septation began. Furthermore, the protein formed a ring at
mid-cell, and the localization pattern in filamentous cells was
characteristic of septation proteins. MreB localization at mid-
cell has also been observed in E. coli, B. subtilis, and C. cres-
centus (7, 11, 20); furthermore, in C. crescentus this localization
depends upon the tubulin homolog FtsZ (6, 7). Early in the cell
cycle, FtsZ localizes to mid-cell and forms a ring at the future
site of septation termed the Z-ring. Proteins of the division
complex assemble in a specific sequence to the Z-ring, forming
the so-called divisome, which is capable of cytokinesis. MreB
may therefore be part of the divisome. The putative role for
the bacterial actin homolog MreB at the site of septation
extends the functional relationship between prokaryotic MreB
and eukaryotic actin by including a shared role in cytokinesis in
their respective kingdoms.

In R. sphaeroides the mre locus was found to overlap with the
mrd locus, and the partially functional GFP-MreB fusion re-
sulted in abnormalities in cell shape. Thus, in R. sphaeroides,
MreB may function in the cytoplasmic control of the peptido-
glycan-synthetic complexes that ultimately govern cell shape.
In E. coli mreB deletion produces spherical cells, i.e., there is
no extension of the longitudinal axis (12), and mre mutations
are associated with altered sensitivities to the PBP2-specific
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amdinocillin (29). In B. subtilis and in C. crescentus MreB de-
pletion produces abnormal cell shapes (11) similar to the mor-
phologies created by PBP inhibition (4), and in C. crescentus
PBP2 localization is dependent upon MreB (7). The accumu-
lated experimental data suggest that MreB plays a role in the
cytoplasmic control of the synthetic complexes that form the
peptidoglycan layer, which ultimately governs cell shape.

In B. subtilis the MreB localization and depletion studies led
to the proposal that the protein also forms a subcellular struc-
ture that also helps define the rod cell shape (11). In R. sphaer-
oides MreB localization was similar in both long aerobic cells
and comparatively short photoheterotrophic cells and was pre-
dominantly localized at mid-cell. These data, combined with
the potentially essential nature of the gene and the abnormal
cellular morphologies seen in some cells expressing a GFP-
MreB fusion, suggest MreB may function at mid-cell to regu-
late the synthesis and deposition of peptidoglycan, governing
cell shape by controlling synthesis of the cell wall rather than
by forming a static subcellular structure defining rod-shaped
cells. Furthermore, the similar localization in both aerobic and
photoheterotrophic cells, possessing different patterns of mem-
brane invagination, suggests that the cytoplasmic membrane
must be demarcated with specific regions prevented from form-
ing invaginations to allow for housekeeping cellular functions.

The precise role of MreB remains uncertain. In R. sphaer-
oides, the experimental data are suggestive of an involvement
in both early septation and peptidoglycan synthesis. The result
associating MreB with peptidoglycan formation, i.e., the ab-
normal shapes in some cells expressing GFP-MreB, suggests
that the principle function of MreB is at sites of peptidoglycan
insertion. Consequently, the localization at mid-cell may re-
flect the fact that this region is the main site of peptidoglycan
synthesis rather than suggesting a specific role for MreB in
septation.
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