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ABSTRACT OF THE DISSERTATION 

 

Multi-protein complexes of peptidoglycan biosynthesis  

 

by 

 

Courtney Lynn White 

Doctor of Philosophy in Biochemistry and Molecular Biology 

University of California, Los Angeles, 2012 

Professor James Gober, Chair 

 

 

The peptidoglycan (PG) cell wall is the ultimate determinant of bacterial cell morphology and 

the target of many different antibiotics. Its construction is a complex process involving a large 

number of enzymatic reactions spanning multiple subcellular compartments. Herein, the spatial 

and temporal organization of cell wall synthesis is examined in the gram-negative bacterium 

Caulobacter crescentus. Mutants of MreB, a morphogenetic protein and homolog of eukaryotic 

actin, possess cell shape abnormalities and cell wall defects. It was observed that MreB forms 

dynamic localization patterns similar to PG biosynthetic enzymes and insertion patterns. It is 

believed that cell wall breakdown and requisite insertion is controlled by a complex of enzymes 

directed by morphogenetic proteins. This dissertation describes interactions within this complex 

that occur between morphogenetic and PG synthetic enzymes located in the cytosol, membrane 

and periplasm. We discovered and confirmed protein-protein interactions that may be relevant as 



 

 iii 

targets of rational drug discovery initiatives. We translated a critical protein-protein interaction 

into an assay amenable for high-throughput screening (HTS) of small molecule inhibitors. After 

careful optimization and validation we screened more than 77,000 unique molecules that yielded 

three lead compounds for further investigation. This research presented shows how new 

biological insights into an essential microbial pathway can potentially lead to new methods and 

targets for antibiotic drug discovery.   
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Chapter 1 

Old notions and new insights into the bacterial cell wall  
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The peptidoglycan cell wall. Unlike the cells of multicellular organisms, bacteria face a variety 

of dilute, erratic, and harsh environments. To survive, they have evolved a complex and rigid 

glycopeptide envelope external to the plasma membrane called peptidoglycan (PG) [1, 2]. The 

term murein is also been used, derived from the Latin word for wall, murus [3]. It is the wall that 

determines the shape of bacteria, with common shapes such as spheres, rods, and spirals. 

Caulobacter crescentus adopts a crescent rod shape.  The cell wall also serves as protective 

barrier from the environment but provides protection from internal/external osmotic pressure 

differences, preventing lysis [2]. For this reason the cell wall is essential for viability and many 

current and classical antimicrobial drugs target its synthesis and assembly. 

 

Gram-positive and negative bacteria. Christian Gram developed a staining procedure in 1884 

which lead to the classification of bacteria into two large groups, gram-positive and gram-

negative. This technique, the Gram-stain, reveals fundamental structural differences in the cell 

wall between these distinct bacterial classes [4]. Gram-positive bacteria have a large external PG 

layer, several layers thick and are differentially stained from gram-negative bacteria, which have 

a thin PG layer enclosed by an outer membrane.. 
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Figure 1. The peptidoglycan cell wall in gram-positive and gram-negative bacteria. a) The cell wall of 
gram-positive bacteria is not enclosed by an outer membrane as is the case for b) gram-negative bacteria. 
Several differences also exist in cross-linking features, including c) a glycine bridge connecting the two glycan 
strands in gram-positives. d) The glycan strands in both gram-positive and negative bacteria are composed of 
alternating N-acetylglucosamine and N-acetylmuramic acid with a peptide side-chain moiety. IWZ, inner wall 
zone. 

 

The chemistry of peptidoglycan. Peptidoglycan is composed of carbohydrate strands and 

peptide cross bridges. The glycan strands are comprised of a repeating disaccharide moiety of 

N-acetylglucosamine (GluNAc) and N-acteylmuramic acid (MurNAc). GluNAc is common in 

chitin and cell walls of fungi whereas MurNAc is only found in bacteria expect for the archaea 
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[5]. The GluNAc-MurNAc is linked via β (1→4) glycosidic bond and MurNAc provides the 

attachment site for the amino acid side chain (Figure 1).  

 

Variability in side-chain structure. The amino acid side chain serves to covalently cross-link 

the glycan strands together, giving the macromolecule structural stability. Depending on the 

species, the amino acid side chain will vary in length and amino acid composition. 

Commonly, there are four peptide bridge amino acids, the first being L-alanine and the fourth 

D-alanine. The greatest variation exists at the third amino acid with different substitutions of 

diamino acids, usually lysine and the seven-carbon precursor for lysine, meso-diaminopimelic 

acid (m-DAP) (Figure 1). Diversity also exists within the cross-bridge itself.  Escherichia coli 

and Bacillus subtilis, for example, have a direct bond between m-DAP and D-alanine of an 

adjacent side chain. Conversely, bacteria in the gram-positive genera such as Staphylococcus 

can be linked with either five glycines (Gly)5 or four glycines and one serine –(Gly)2-Ser-

(Gly)2- [6]. 

 

The periplasm. Gram-negative bacteria have a periplasmic space bordered by two 

membranes, the outer membrane (OM) and inner membrane (IM). Gram-positive bacteria do 

not possess a true periplasm. Thought to resemble a periplasmic space, they instead have an 

inner wall zone (IWZ) located between the cell wall and the IM [7, 8]. Overall, the periplasm 

is more susceptible to changes in the external environment such as temperature and pH, 

osmotic pressure, or even attacks from the host immune response [9]. In contrast to the 

cytosol, this space is found to be a more oxidizing environment where protein molecules are 
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further stabilized by disulfide (S-S) bonds [10, 11]. In gram-negative bacteria, the periplasm is 

home to the PG cell wall and its assembly enzymes.  

 

Peptidoglycan architecture. While the overall composition of PG has long been known, a 

definitive understanding of its three-dimensional architecture has remained elusive.  More 

recent efforts using high pressure liquid chromatography, microscopy and computer 

simulation methods have yielded new insights into the molecule’s ultrastructure.  Two 

conflicting models have emerged, the ‘layered’ and ‘scaffold’ model. The differences between 

them are based on PG strand orientation. In the ‘layered’ model the glycan strands are 

positioned parallel to the cell surface, whereas they are perpendicular in the ‘scaffold’ model. 

The majority of the evidence for gram-negative bacteria supports the ‘layered’ model [2, 12-

15]. Cryo-electon tomography (cryo-TEM) of E. coli and Caulobacter show a single layer of 

PG, with glycan strands lying parallel, although their individual arrangement is disorganized 

with variable angles [16, 17].  

 

The ‘scaffold model’ suggests that the glycan chains extend in a perpendicular fashion, 

protruding perpendicular and outward from the cell surface [16, 18, 19]. This model may be 

more appropriate for gram-positive bacteria. Determination of E. coli cell-wall thickness and 

glycan strand length does not fit the scaffold structure [20]. Ultimately, the PG ultrastructure 

and its assembly may be inherently different between gram-positive and negative bacteria.  

 

Peptidoglycan biosynthesis. In gram-negative bacteria, PG biosynthesis takes place in three 

distinct subcellular compartments. The first stage takes place in the cytosol where PG 
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precursors, UDP-N-acetylglucosamine (UDP-GlcNAc) and UDP-N-muramyl-pentapeptide are 

synthesized by several enzymes, MurA-MurF [21]. The second stage takes place at the 

cytoplasmic face of the plasma membrane where the phospho-MurNAc-pentapeptide moiety 

of UDP-N-muramyl-pentapeptide is transferred to a membrane-acceptor, bactoprenol creating 

what is commonly denoted to as Lipid I. The GlcNAc moiety from UDP-GlcNAc is then 

attached to Lipid I, generating what is referred to as Lipid II. These steps are carried out by the 

integral membrane protein MraY and the membrane associated protein MurG, respectively 

[22]. Lipid II is then translocated across the membrane into the periplasm.  Limited evidence 

suggests that the translocase activity is accomplished by an integral membrane protein, 

possibly FtsW or MurJ [23, 24]. The last stage occurs in the periplasm where newly 

synthesized precursors are incorporated into the preexisting cell wall.  The enzymatic 

machinery incorporating nascent PG is composed of the penicillin-binding proteins (PBPs) 

which catalyze the transglycosylation and transpeptidation reactions required to form the 

peptide bonds and glycan strands [2, 25-27].   

 

The insertion of new PG material also necessitates the hydrolysis the existing cell wall.  A 

number of different classes of hydrolases (e.g., lytic transglycosylases, amidases, 

endopeptidases) carry out this activity and cleave the covalent bonds in the PG cell wall [28]. 

An estimated 40 to 45% of the PG may be released in one generation [29, 30].  

 

The PG biosynthetic and degradation activities are carefully coordinated to prevent cell lysis. 

Several models emerged to explain how this is accomplished. For example, the ‘3-for-1’ 

model proposes that for every three strands of inserted PG, one older ‘docking’ strand is 
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removed. The three new strands inserted are linked parallel to the existing ‘docking’ strand 

and new material is integrated into the existing cell wall just before the old strand is degraded 

[2, 31]. To accomplish this it is believed that a multi-enzyme complex exists, which includes 

transglycosylation, transpeptidation and hydrolase enzymes.  Experiments supporting the 

existence of this complex have been carried out in a number of bacteria [27, 32]. More recent 

work suggests that this morphogenetic complex may span multiple subcellular locations and 

include enzymes responsible for the synthesis of PG precursor as well as those involved in PG 

degradation. Moreover, evidence suggests that proteins reminiscent of the eukaryotic 

cytoskeleton also participate in this complex.  

 

MreB and the cell wall. The discovery that bacteria possess proteins that are eukaryotic 

cytoskeleton homologs refuted the notion that the bacterial cytosol is simply an unorganized 

‘bag of enzymes.’ An actin homolog, MreB, is essential and localizes in distinctive patterns. 

Depletion of MreB causes cells to lose control of their shape and lyse [33-35]. In addition, 

MreB has been shown to associate with the PG holoenzyme complex through interactions 

with several key PG synthesis and shape-determining proteins [36-39]. The next section of 

this introduction describes insights into MreB and its role in PG biosynthesis, published 

originally in Trends in Microbiology [37]. Figures 1-2 and 1-3 are designated as Figure 1 and 

Figure 2 respectively in the following section of this chapter.   
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MreB: pilot or passenger of cell wall
synthesis?
Courtney L. White and James W. Gober

Department of Chemistry and Biochemistry, and Molecular Biology Institute, University of California, Los Angeles,
CA 90095-1569, USA

The discovery that the bacterial cell shape determinant
MreB is related to actin spurred new insights into bacte-
rial morphogenesis and development. The trafficking
and mechanical roles of the eukaryotic cytoskeleton
were hypothesized to have a functional ancestor in MreB
based on evidence implicating MreB as an organizer of
cell wall synthesis. Genetic, biochemical and cytological
studies implicate MreB as a coordinator of a large multi-
protein peptidoglycan (PG) synthesizing holoenzyme.
Recent advances in microscopy and new biochemical
evidence, however, suggest that MreB may function
differently than previously envisioned. This review sum-
marizes our evolving knowledge of MreB and attempts
to refine the generalized model of the proteins organiz-
ing PG synthesis in bacteria. This is generally thought to
be conserved among eubacteria and the majority of the
discussion will focus on studies from a few well-studied
model organisms.

Composition of the cell wall
The peptidoglycan (PG) cell wall is the major determinant
of bacterial shape because isolated cell wall sacculi retain
the general shape of the cell [1]. PG is a large glycopeptide
composed of long strands of repeating N-acetylmuramic
acid and N-acetylglucosamine subunits crosslinked by
peptide bridges. PG from Gram-positive and Gram-nega-
tive bacteria varies with respect to the amino acid compo-
sition of the peptide bridge and overall PG layer thickness
[2,3]. During bacterial cell growth, PG material is inserted
at various points along the length of the cell and focuses
inward during division forming a new daughter cell. Im-
portantly, the integrity of the cell wall is maintained by the
simultaneous insertion of new glycan strands and hydro-
lysis of existing ones. Without concomitant glycan break-
down and insertion, localized deformities from improper
breakdown or insertion would result in neighboring fis-
sures and subsequent lysis.

The biochemistry of bacterial cell wall synthesis
For most PG-containing bacteria, cell wall synthesis begins
with the formation of soluble precursors produced from a
series of cytoplasmic reactions catalyzed by MurA–MurF [4].
Subsequently, at the inner face of the cytoplasmic mem-
brane, MraY and the membrane-associated protein MurG
catalyze the formation of lipid-linked precursors named
Lipid I and Lipid II, respectively. Lipid II is translocated

across the membrane and incorporated into the existing cell
wall, in either the periplasm of Gram-negative bacteria or
outside the inner membrane of Gram-positive organisms [5].
The addition of nascent cell wall material requires trans-
glycosylation and transpeptidation reactions catalyzed by a
class of proteins collectively known as penicillin binding
proteins (PBPs) [6]. As their name implies, these proteins
are the target of b-lactam antibiotics that inhibit cell wall
insertion amid continuing strand hydrolysis resulting in cell
lysis [7]. In Escherichia coli and other species, monofunc-
tional non-penicillin binding enzymes possess only trans-
glycosylation activity and are used to synthesize non-
crosslinked PG glycan strands. [8,9]. Overall, new PG strand
insertion is believed to occur simultaneously with PG deg-
radation by way of lytic transglycosylases such as MltA that
are associated with PBPs via the scaffolding protein MipA
[10,11].

In both spherical and rod-shaped bacteria, PG precursor
synthesis, breakdown and insertion requires coordination
with many proteins across multiple subcellular compart-
ments. Spherical bacteria synthesize new cell wall during
division, whereas rod-shaped bacteria require an addition-
al elongation growth phase between division rounds. Sev-
eral lines of evidence place MreB as a central spatial and
temporal regulator of PG synthesis and morphogenesis in
rod-shaped bacteria.

MreB regulates cell shape
Most rod-shaped species possess MreB, and some, like
Bacillus subtilis, have multiple MreB homologs such as
Mbl and MreBH [12]. Mutational studies provided the first
evidence of MreB’s importance in cell wall biosynthesis.
Knockout and site-specific mutants of MreB and its neigh-
boring gene products (MreC and MreD) lose their rod shape
[12–17]. The tertiary structure of MreB resembles eukary-
otic actin despite significant differences in its primary
amino acid sequence [17]. When originally visualized by
immunofluorescence microscopy or when fused to fluores-
cent proteins, MreB adopts a spiral-like or banded pattern
along the length of the cell [12,14,15,18,19]. The spiral-like
pattern is similar to the protein localization patterns of
PBPs and to the pattern of PG insertion as visualized by
labeling with fluorescent derivatives of the antibiotics
vancomycin and ramoplanin [20–22]. Moreover, when
MreB was depleted or inhibited with a small molecule
inhibitor, a downstream abrogation in PBP localization
and PG synthesis patterns was also observed [23]. It
should be noted that studies focusing on the role of MreB
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in cell elongation have been confined to several model
organisms (e.g. B. subtilis, E. coli and Caulobacter cres-
centus). MreB-directed cell elongation is probably not the
only mechanism to form a rod-shaped cell. Indeed, some
rod-shaped bacteria lack MreB (e.g. Corynebacteria gluta-
micum) and in these organisms cell elongation occurs at
polar zones rather than the relatively evenly dispersed
pattern of PG synthesis observed in bacteria possessing
MreB [20,24].

As it applies to lateral cell growth, MreB might play a
crucial role in controlling the similar helical localization
patterns observed for several cell shape proteins. Across
species, these include cytoplasmic precursor synthesizing
enzymes (MurB, MurC, MurE and MurF), inner membrane
proteins (MreD, MraY and RodA), and proteins with large
domains outside the inner membrane (PBPs and MreC), all
of which show an apparent MreB-dependent spiral or heli-
cal-like localization patterns [21,25–28]. Collectively, these
results along with observations of dynamic directional MreB
movement akin to eukaryotic actin kinetics led to a model
where MreB serves as a spiral track spanning the cell
length, acting as a scaffold to organize cell wall synthesis
(Figure 1a).

The role of MreB in coordinating the PG complex
How does MreB coordinate cell wall synthesis? Although
the precise mechanism is unknown, most evidence points
to a role regulating multi-protein complexes at various
sites in the cell. Direct or indirect interactions have been
observed between bacterial cytoskeletal elements, cell
shape proteins and PG synthesizing enzymes. Presumably,
the requisite connections in this interaction network are
mediated by proteins, particularly between those in the

cytosol and those with functional domains in either the
periplasm or outside the cell.

The role of MreB coordinating PG synthesis in the
cytosol and at the inner membrane
Evidence suggests that PG precursor synthesizing proteins
(MurA–MurG and MraY) might also form direct or indirect
cytosolic complexes with MreB as many of these proteins
quickly lose their MreB-like distribution pattern when
cells are treated with A22, a small molecule inhibitor of
MreB [25]. Additionally, bacterial two-hybrid assays dem-
onstrate an apparent interaction between MurF and
MraY, and between MraY and MurG. Interestingly, MreB
is present in the spherical bacterium Chlamydophila pneu-
monia and interacts with MurF, MraY and MurG by two-
hybrid and co-pelleting analyses [29]. At the inner mem-
brane, MreB has also been shown to associate with other
proteins known to determine cell shape, including the
integral membrane proteins RodA, MreD and RodZ. Sev-
eral lines of indirect evidence implicate RodA and MreD as
crucial factors in PG synthesis. For example, depletion of
RodA significantly decreased lateral cell growth and leads
to a decrease in cell wall synthesis, yet RodA is not strictly
essential for viability in all organisms [21,30]. In C. cres-
centus, MreD is essential for lateral PG synthesis, interacts
with the precursor synthesizing enzymes MurG and MraY,
and is co-dependent with MreB localization along the
length of the cell [25].

In Gram-negative bacteria, RodZ was shown to be an
additional player in the cell-shape determining network.
RodZ is a well-conserved bitopic inner membrane protein
with an N-terminal cytoplasmic region and periplasmic
C-terminal tail. It is required for cell shape and colocalizes

(a)

Key: PG elongation machinery
holoenzyme complex MreB 

MreB helix MreB patches

Deconvolution fluorescence microscopy Total internal reflection fluorescence microscopy (TIRFM)(b)

TRENDS in Microbiology 

Figure 1. A cartoon depicting a simplified comparison of two separate microscopic techniques used to visualize MreB ultrastructure and movement. Both left and right
panels (a,b) depict MreB (burnt orange) coupled with the peptidoglycan (PG) elongation machinery (purple), which collectively represents cell wall synthetic enzymes and
cell shape determining proteins, including, but not limited to, MreC, MreD, RodA, RodZ, PBPs and PG cytosolic synthetic enzymes. (a) Represents what is seen using
deconvolution fluorescence microscopy, where a stack of images taken through the cell body depicts a helically structured MreB. (b) By contrast, TIRFM microscopy, a high-
resolution technique able to capture the surface of one side of a bacterium and useful for visualizing activities at the membrane, found different results. As shown, studies
using TIRFM found both MreB and a selection of several PG elongation proteins that move in short patches (b) as opposed to long helical filaments (a). In addition, this
motility was bidirectional [44,45]. Schematic representations are not drawn to scale.
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with MreB in a manner strictly dependent on the cyto-
plasmic region [31–33]. RodZ is recruited to the midcell
during C. crescentus division, a phenomenon reminiscent of
MreB localization in this bacterium [14,15,31]. The co-
crystal structure of MreB and RodZ provides robust evi-
dence that RodZ is involved in the MreB-coordinated net-
work where RodZ is sandwiched between two MreB
molecules. In addition, RodZ of Thermotoga maritima
interacts with both filamentous and monomeric MreB as
shown through isothermal titration calorimetry [34]. Two-
hybrid analysis also reveals interactions between RodZ
and the cell-shape proteins RodA and MreD [25]. Taken
together, these results indicate that RodA, MreD and RodZ
may help to spatially organize precursor synthesis proteins
by their association with MreB.

MreB and coordination outside of the membrane
On the exterior of the bacterial cytoplasmic membrane,
evidence suggests that MreC in C. crescentus has a signifi-
cant role in organizing enzymes required for PG assembly
and breakdown, including the lytic transglycosylase MltA,
the interacting scaffolding protein, MipA and PBPs [10,35].
In C. crescentus, MltA and MipA adopt a similar charac-
teristic helical pattern dependent on MreC, and two-hybrid
analysis places MreC at the center of a periplasmic inter-
action network with various PBPs and lytic transglycosy-
lases [25,35]. In vitro experiments have also shown that
MreC can form higher order polymeric structures [36,37].
Although MreB and MreC apparently form independent
spiral structures in C. crescentus, they have been shown to
associate both in B. subtilis and E. coli [16,23,28].

A key outstanding question remains, how are PG syn-
thesis activities inside the cell connected to the activities
outside of the cell or in the periplasm? It is predicted that
membrane proteins RodZ, MreD and RodA might function
as a connecting bridge for MreB, via potential interactions
with proteins on the outside of the membrane. In support of
this, two-hybrid interaction experiments with B. subtilis
proteins showed a strong apparent interaction between
MreD and MreC [37]. Recent reports suggested MreB may
directly bind the membrane, which may stabilize interac-
tions with other membrane proteins [38]. Moreover, MreB
has also been reported to promote the glycosyltransferase
activity of PBPs and directly binds to several PBPs [39,40].

In general, there is evidence for the existence of a large
elongation complex of interconnected proteins. Not sur-
prisingly, some interactions are not found across organ-
isms. A generalized model of morphogenetic protein
interactions spanning the cytoplasmic membrane is over-
simplified and probably varies among bacteria. Neverthe-
less, a clearer picture is emerging with respect to how
morphogenetic proteins interact with the PG enzymatic
machinery.

MreB as a passenger: a more limited scope for MreB
function?
Recent advances in microscopy have revealed observations
that challenge the widely accepted model of MreB function.
A good part of our knowledge on bacterial morphogenesis
comes from data that reveals indirect protein–protein inter-
actions through localization dependence. The overarching

localization pattern of PG synthesis proteins has often been
observed as a long spiral-like or banded pattern distributed
over the cell length. As such, the protein interaction net-
works described above are thought to be positioned along
this MreB track.

Many localization studies of morphogenetic proteins
used a technique called deconvolution microscopy. In gen-
eral, this approach visualizes a fluorescent probe or protein
at various planes along the cell depth and then recon-
structs an image that reduces the interference from
obstructing light generated by excitation of the entire
depth of focus [41]. By taking images throughout the depth
of the cell, three-dimensional reconstructions of the sub-
cellular architecture of MreB reveal MreB as a long helix
that ran the cell length [42]. However, MreB may also form
discontinuous structures as observed using fluorescence
microscopy in B. subtilis [43]. Two concurrent, more re-
cently published studies have investigated MreB at the
membrane surface only, finding bi-directional short
patches of movement [44,45].

In these studies, total internal reflection fluorescence
microscopy (TIRFM) was used to track the movement of
GFP-tagged MreB and its paralogs, Mbl and MreBH, in B.
subtilis. These fluorescently-tagged MreB proteins were
seen as short patches that move perpendicular to the cell
length, in either direction. Figure 1 depicts a cartoon of
MreB and the PG synthesizing holoenzyme within the cell
as visualized, by either deconvolution microscopy
(Figure 1a) or by TIRFM (Figure 1b). TIRFM provides a
view of processes at very close proximity to the slide
coverslip and images can be obtained solely at a particular
depth in a cell, in this case, at the plasma membrane.
Simply stated, a field of excitation light that decays rapidly
is generated by excitation at a critical angle that limits the
depth of excitation to a distance of about 100 nm [46]. In
these complementary studies, patches of MreB were ob-
served to be discontinuous and often exhibited a reversal in
direction or crossed over one another. Although longer
filaments or even helical structures were not seen using
TIRFM, it does not exclude their existence because of the
limited depth of focus with this technique. In addition,
these TIRFM studies were performed in real-time, and the
general path that MreB takes over time in TIRFM is
similar to that observed in deconvolved multiple cross-
sections of MreB localization.

The idea that MreB can form short filaments in vitro
corroborates results from electron cryotomography (ECT)
studies [47,48]. ECT is a method that examines the three-
dimensional structure of small, intact cells or sections of a
larger cell that have been vitrified, or plunge-frozen, on
electron microscope grids, yielding a resolution of approxi-
mately 4–5 nm. Tomographic three-dimensional recon-
structions are then computer generated [49]. Different
types of long filaments have been visualized using this
technique. For example, MamK, a MreB homolog found in
Magnetospirillum magneticum forms filaments involved in
the organization of magnetite-filled organelles known as
magnetosomes. In E. coli, ECT shows ParM filaments
located in close proximity to the nucleoid, consistent with
its role in DNA partitioning [50,51]. Recent work using
ECT aimed to visualize if MreB helical filaments encircle
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the cell body, as seen by light microscopy. Investigated in
six different rod-shaped species, including C. crescentus, E.
coli and B. subtilis, no helical or even long MreB filaments
at the inner membrane were captured by ECT [48].

Another study using high-resolution light microscopy
tracking the trajectories and velocity of MreB–RFP foci in
E. coli reports similar findings to the experiments utilizing
TIRFM, demonstrating that MreB–RFP fusions apparent-
ly rotate around the long axis of the cell [52]. It is worth
noting that although these recent reports suggest that
MreB forms short bundles that move and are distributed
throughout the cell, they cannot rule out the idea that
MreB forms long filaments in addition to short bundle-like
structures. This is attributable to, for example, limitations
in the size of images resolved by TIRFM imaging and the
inherent bias of tracking only foci of MreB–RFP fusion
proteins in the latter study.

The movement of other proteins involved in PG synthe-
sis was also compared to MreB using TIRFM. Movements
of MreC, MreD, RodA and various PBPs moved with a
similar speed and pattern as MreB. Moreover, PbpH and
RodA strongly colocalized with MreB and Mbl, supporting
the original colocalization and biochemical studies [44,45].
What is driving the movement of this macromolecular
complex? While monitoring GFP-MreB dynamics, three
proteins of the PG elongation machinery, RodA, RodZ
and a PBP, were depleted over time resulting in a gradual
slowing of MreB movement [44]. In addition, antibiotics
that target specific steps of PG synthesis slowed MreB, Mbl
and PBP movement, which was restored with subsequent
removal of the drugs [45,52]. These data suggest that PG
synthesis itself provides the required energy to move the
PG elongation holoenzyme, however it does not rule out the
possibility of secondary effects of the antibiotic treatment
(e.g. envelope stress) on the movement of this protein
complex.

If PG synthesis is the main driver of the PG holoen-
zyme’s movement around the cell circumference, would
this provide an efficient system for precursor transport
and incorporation into existing wall material? During PG
synthesis, energy is transduced though the cell mem-
brane with the exported disaccharide pentapeptide pre-
cursor. The transglycosylation  reaction results in the
hydrolysis of a high-energy pyrophosphate bond and
the transpeptidation reaction uses energy stored in the
terminal D-Ala-D-Ala bond of the muropeptides to create
the peptide crosslinks [53]. PBPs with glycosyltransfer-
ase activity are proposed to be processive polymerases
that catalyze multiple rounds of chain elongation without
releasing the growing glycan strand [54–56]. It is tempt-
ing to speculate that this processivity and energy re-
leased by new PG formation, might contribute to,
or even provide, sufficient energy for PG holoenzyme
complex movement.

Concluding remarks and future directions
These new studies challenge the existing paradigm for
MreB-dependent bacterial morphogenesis. Yet the obser-
vation that a bona fide bacterial actin-like cytoskeleton
does not exist raises even more questions about the role of
MreB. The fact that MreB point mutations result in cell

shape defects, and that induction of MreB synthesis in
MreB-depleted cells restores its rod shape, points towards
a key role for MreB in spatially organizing PG synthesis.
Short MreB bundles might serve to arrange PG synthesis
by responding to tracks in the existing cell wall, of course
with the caveat that longer filaments may also exist and
contribute to cell morphogenesis. Smaller MreB bundles
might also serve to confine precursor availability to radi-
ally defined bands around the cell allowing for new strand
insertion at specific points. Additionally, MreB bundles
may act as stabilizing factors inside of the cell
(Figure 2), both by interacting with the membrane and
with other members of the complex. In this regard, model-
ing of MreB dynamics in E. coli cells suggests that MreB
may function to stabilize the location and precise move-
ment of PG synthesis [52]. Overall, aberrant cell shape in
MreB mutant strains might be the result of several effects.
For example, mutations in MreB may cause disruptions or
disorder in the protein–protein interactions of the holoen-
zyme complex, as well as MreB-presumed association with
the inner membrane. Ultimately, this would manifest an
unsupported elongation complex with inefficient PG pre-
cursor delivery, leaving the cell unable to coordinate PG
synthesis properly, resulting in aberrant cell architecture.

A noteworthy question is how PG synthesis is coordi-
nated with the overall developmental program of the cell.
PG synthesis occurs across two developmental phases: PG
synthesis takes place along the length of the cell during
periods of cell elongation and at the midcell during divi-
sion. The latter process is dependent on FtsZ, a bacterial
tubulin homolog that forms a constricting ring during
division and recruits several proteins to the nascent divi-
sion plane [57]. In C. crescentus, the localization of MreB
switches to the midcell at a time corresponding with cell
division, and is dependent on the presence of FtsZ [14].
Midcell MreB may be required in the recruitment of PG
synthesis enzymes at the site of division. However, the
relationship between MreB and FtsZ is likely to be complex
during the development cell cycle, and these proteins may
or may not have interdependent functions.

Although we are learning more about the different
proteins associated with this large multi-protein PG com-
plex, the exact function of many of these proteins such as
MreD, RodA and RodZ remains to be determined. How
are these proteins functioning to coordinate efficient
synthesis? Are they merely connectors facilitating pro-
tein–protein interactions or do they also have a yet to be
discovered enzymatic activity required for PG synthesis?
What other important cellular processes are connected to
PG synthesis? A recent report suggests that MreB also
directs insertion of certain lipids at the Bacillus cell
surface [58].

PG synthesis itself is crucial for our understanding of
bacterial morphogenesis but, moreover, the mechanisms
that control PG synthesis could also be clinically relevant.
PG synthesis is the target of several classes of antibiotics.
The clinical utility of many of these antibiotics wanes in the
face of increasing prevalence of various resistance mecha-
nisms. It is thus crucial that we work towards a clear
understanding of the interaction of components that make
up the large PG synthesizing network, and those that
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guide or direct its activity. As more is learned about factors
required for efficacy and control, new avenues for research
will open for novel drug targets and the rational design of
antimicrobials.
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Figure 2. The peptidoglycan (PG) elongation machinery spans across three separate cellular compartments, the cytoplasm, inner membrane and periplasm. Synthesis of
PG occurs in three separate stages: in the first stage, enzymes in the cytosol synthesize cell wall precursor (MurA through MurF). In the second stage, at the cytoplasmic face
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breakdown and insertion activities are directed by MreC in the periplasm, MreD, RodA and RodZ in the inner membrane, and MreB (burnt orange). Instead of a large helical
track, MreB may exist as localized patches, scaffolding at the immediate site of PG synthesis. This is also facilitated by its interactions with the membrane and with MreD
and RodZ. The entire elongation machinery is represented by proteins shown in various shades of blue, outlined by a light blue area. Not all protein–protein interactions in
the complex are portrayed. Abbreviations: IM, inner membrane; OM, outer membrane; MipA, MltA-interacting protein.
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Summary
In Caulobacter crescentus, intact cables of the
actin homologue, MreB, are required for the proper
spatial positioning of MurG which catalyses the final
step in peptidoglycan precursor synthesis. Similarly,
in the periplasm, MreC controls the spatial orienta-
tion of the penicillin binding proteins and a lytic
transglycosylase. We have now found that MreB
cables are required for the organization of several
other cytosolic murein biosynthetic enzymes such as
MraY, MurB, MurC, MurE and MurF. We also show
these proteins adopt a subcellular pattern of localiza-
tion comparable to MurG, suggesting the existence of
cytoskeletal-dependent interactions. Through exten-
sive two-hybrid analyses, we have now generated a
comprehensive interaction map of components of the
bacterial morphogenetic complex. In the cytosol, this
complex contains both murein biosynthetic enzymes
and morphogenetic proteins, including RodA, RodZ
and MreD. We show that the integral membrane
protein, MreD, is essential for lateral peptidoglycan
synthesis, interacts with the precursor synthesizing
enzymes MurG and MraY, and additionally, deter-
mines MreB localization. Our results suggest that the
interdependent localization of MreB and MreD func-
tions to spatially organize a complex of peptidoglycan
precursor synthesis proteins, which is required for
propagation of a uniform cell shape and catalytically
efficient peptidoglycan synthesis.

Introduction
The morphology of bacterial cells is ultimately determined
by a peptidoglycan cell wall comprised of a repeating
disaccharide polymer of glycan strands cross-linked by

peptide bridges. In Gram-negative bacteria, cell wall syn-
thesis occurs in two distinct subcellular compartments,
the cytosol and periplasm. The initial biosynthetic stage
within the cytosol generates soluble cell wall precursors,
UDP-N-acetylglucosamine (UDP-GlcNAc) and UDP-N-
acetylmuramic acid (MurNAc)-pentapeptide, catalyzed
sequentially by MurA, MurB, MurC, MurD, MurE and MurF
(Barreteau et al., 2008) (Fig. 1A). In the subsequent
cytoplasmic membrane-associated stage, UDP-MurNAc-
pentapeptide is ligated to an undecaprenyl phosphate
carrier lipid by the integral membrane protein MraY,
forming what is commonly referred to as Lipid I (Fig. 1A).
In the final stage of precursor synthesis, catalysed by
MurG, GlcNAc is ligated to Lipid I to form Lipid II. Lipid II
is then translocated by an undefined mechanism across
the inner membrane and into the periplasm (Suzuki et al.,
1980; van Heijenoort, 2007; Bouhss et al., 2008). There, a
class of membrane-anchored enzymes possessing trans-
glycoslyase and/or transpeptidase activities, collectively
known as penicillin-binding proteins (PBPs), incorporate
peptidoglycan precursors into pre-existing cell wall
material.

Recent experiments have made significant progress
towards illuminating the temporal and spatial regulation
underlying bacterial cell morphogenesis. Collectively,
these studies revealed mutations resulting in cell shape
defects that have generally fallen into two classes. The first
class comprises genes encoding enzymes that directly
produce peptidoglycan precursors or catalyse its assem-
bly. For example, mutations in genes encoding PBPs
convert rod-shaped Escherichia coli into round or
branched cells (Nilsen et al., 2004). The second class of
cell shape mutations produce a similar rounded cell phe-
notype, but occur in genes encoding proteins without
apparent peptidoglycan synthesizing activity (Wachi et al.,
1989, Wachi et al., 1987). The best understood of these,
mreB, encodes a prokaryotic homologue of filamentous
actin (van den Ent et al., 2001; Carballido-López et al.,
2006;). Subcellular localization experiments have shown
that B. subtilis MreB and its homologues form helical
structures wrapping around the circumference of the cell
(Jones et al., 2001; Carballido-López and Errington,
2003). Similar patterns of MreB localization have been
observed in diverse organisms including Caulobacter cres-
centus (Figge et al., 2004; Gitai et al., 2004), E. coli (Shih
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et al. 2003) and Rhodobacter sphaeroides (Slovak et al.,
2006). Notably in Caulobacter crescentus, these helical
structures dynamically re-locate to the midcell just prior to
cytokinesis (Figge et al., 2004; Gitai et al., 2004). Cells
depleted of MreB, in general, eventually transform into
round or lemon-shaped cells with apparent cell wall
defects, suggesting that MreB plays a critical role in
co-ordinating cell wall biosynthesis. In support of this idea,
labelling of newly incorporated cell wall precursors using a
fluorescent derivation of vancomycin (Van-FL) revealed a
helical pattern of labelling that was dependent on Mbl, a
homologue of MreB in B. subtilis (Daniel and Errington,
2003). Additionally, in Caulobacter, PBP2 and the murein
precursor synthesis enzyme, MurG, exhibit subcellular
localization patterns that are strikingly similar to that
adopted by MreB (Divakaruni et al., 2007). MurG localiza-
tion is dependent on intact helical cables of MreB as
treatment with A22, an inhibitor of MreB polymerization,
disrupts the positioning of MurG (Divakaruni et al., 2007).

The PBP-catalysed insertion of precursors into pre-
existing cell wall is thought to occur at sites within the
peptidoglycan that have been hydrolysed by lytic transg-
lycosylases (Holtje, 1998; Vollmer and Holtje, 2001). Bio-
chemical experiments have indicated that PBPs, lytic
transglycosylases and endopeptidases exist in complex
as a peptidoglycan synthesizing holoenzyme in order to
properly co-ordinate opposing lytic and biosynthetic activi-
ties (Romeis and Holtje, 1994; von Rechenberg et al.,
1996; Vollmer et al., 1999). MreC, a cell shape-
determining protein with a large periplasmic domain,
localizes in a helical pattern, and is hypothesized to have
an important role in the spatial positioning of this pepti-
doglycan synthesizing complex (Divakaruni et al., 2005;
2007). Affinity chromatography experiments have shown
that MreC interacts with several PBPs in Caulobacter cell
extracts (Divakaruni et al., 2005), and bacterial two-hybrid
experiments with B. subtilis proteins demonstrated that
MreC could interact with a number of high molecular
PBPs (van den Ent et al., 2006). Additionally, in Caulo-
bacter, PBP2, the outer membrane-anchored lytic trans-
glycosylase, MltA, and its interacting partner, MipA,
localize in a helical-like or banded pattern that is depen-
dent on MreC (Divakaruni et al., 2007). This localization
pattern is likely to be required for efficient cell wall syn-
thesis as depletion of MreC almost completely eliminates
peptidoglycan synthesis when assayed using Van-FL
labelling (Divakaruni et al., 2007).

These experiments suggest that MreB and MreC may
function to spatially organize cell wall assembly by posi-
tioning enzymes involved in peptidoglycan biosynthesis
on either side of the cytoplasmic membrane. The
composition of these cytosolic and periplasmic com-
plexes involved in cell morphogenesis remains to be
defined. Do the cell shape determining proteins interact

with, and/or position a large complex of cell wall biosyn-
thetic enzymes? Are there connections between multi-
protein complexes present in the cytoplasm and
periplasm? Are other morphogenetic proteins present in
these complexes? In this manuscript we address these
questions.

We show that MreB plays a crucial role in spatially
organizing several cytosolic peptidoglycan precursor bio-
synthetic enzymes. We also demonstrate that MreD plays
an important role in maintenance of rod shape that the
spatial localization of MreD and MreB cables is interde-
pendent and that these two proteins may position pepti-
doglycan synthesizing enzymes through direct protein–
protein interactions. We performed an extensive two-
hybrid analysis assaying for interactions between proteins
located in the cytosol, periplasm and the inner membrane.
Novel interactions were discovered between peptidogly-
can synthesizing enzymes and the key morphogenetic
proteins, MreB, MreC and MreD. We hypothesize that
MreD, an integral membrane protein, serves to connect
cytosolic peptidoglycan precursor biosynthesis to
periplasmic-localized cell wall assembly. We propose that
large protein interaction networks function to spatially
organize and activate compartmentalized peptidoglycan
biosynthetic activities from the cytosol, across the inner
membrane, to the periplasm.

Results
Cytosolic peptidoglycan precursor synthesis enzymes
are positioned by morphogenetic proteins

Previous experiments have shown that the enzyme catal-
ysing the final step in peptidoglycan precursor synthesis,
MurG, when fused to the fluorescent protein, mCherry,
localizes in a banded pattern along the length of the cell
that is dependent on MreB (Divakaruni et al., 2007). We
tested whether other enzymes in this biosynthetic
pathway (Fig. 1A) exhibited a similar subcellular pattern of
localization. This was accomplished by fusing mCherry to
the carboxyl-terminus of the cytosolic proteins in the
murein precursor synthesis pathway MurB, MurC, MurD,
MurE and MurF, as well as to the integral membrane
protein, MraY (Fig. 1A and Fig. S1). Each fusion was inte-
grated by single cross-over, homologous recombination at
its native locus. All of these fusions exhibited a remarkably
similar subcellular localization pattern, appearing as a
series of repeating bands or extended foci perpendicular
to the long axis of the cell (Fig. 1B–F). Treatment with
A22, an inhibitor of MreB polymerization, for as little as
60 min resulted in the redistribution of each fusion protein
to the midcell or poles (Fig. 1B–F). Normal localization
throughout the cell length was restored by washing the
cells and suspending in fresh media (not shown). These
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cells expressing a MurD–mCherry fusion were grown in
liquid culture, growth was severely impaired and the
majority of the cells were puffy or spherical in shape,
indicating that this fusion protein interfered with the spatial
co-ordination of peptidoglycan synthesis (Fig. 1G). In
these rounded cells, the MurD–mCherry fusion protein did
exhibit a banded localization pattern similar to that
observed with the other peptidoglycan precursor synthe-
sis enzymes (Fig. 1G). We also examined the localization
pattern of, MurA, the first enzyme in the murein precursor
synthesis pathway and found that it did not adopt the
characteristic pattern of localization exhibited by the other
enzymes in the pathway (Fig. S1). Next, we determined
whether these fusions were functional by constructing
strains in which the sole copy of the murein synthetic
enzyme was fused to mCherry. In all cases the fusions
were expressed and exhibited a pattern of localization
that was similar to that observed when a wild-type copy of
the gene was present (Fig. S1). In summary, these experi-
ments demonstrate that MurB, MurC, MurD, MurE, MurF,
MurG and MraY, six enzymes in the peptidoglycan pre-
cursor synthesis pathway, have a similar localization
pattern that is dependent on intact MreB cables.

These MreB-dependent localization patterns were
similar to that observed previously with a MurG–mCherry
fusion (Divakaruni et al., 2007). In order to assay localiza-
tion of MurG using an independent method, we raised
antiserum to purified MurG, affinity purified the anti-MurG
antibodies and used them in immunofluorescence micros-
copy experiments with wild-type cells. The localization of
native MurG observed in this experiment (Fig. 1H) was
almost identical to that observed previously using living
cells expressing a MurG–mCherry fusion. Also consistent
with previous results, treatment of the cells with A22
caused MurG localization to collapse to distinct foci either
at the pole, midcell or both locations.

Two-hybrid assay of interactions between
morphogenetic proteins and peptidoglycan
biosynthetic enzymes

The similar localization patterns and the distinct
re-positioning of these peptidoglycan biosynthetic

enzymes suggest that they may form a complex with
each other and/or cytoskeletal proteins. Therefore, we
employed a bacterial two-hybrid system in order to assay
interactions between cell-shape determining proteins and
peptidoglycan-synthesizing enzymes. With this E. coli-
based two-hybrid assay, the T25 and the T18 fragments of
the catalytic domain of Bordetella pertussis adenylate
cyclase (cya) are fused to full-length copies of each
protein. If two proteins of interest interact, a functional
complementation will occur between T25 and T18 sub-
units, producing cAMP, and triggering the transcriptional
activation of catabolic operons (e.g. lactose and maltose).
A potential advantage of this system is that it does not
require fusion proteins to be associated with DNA for an
interaction to be detected and thus is well suited for
assessing interactions of membrane proteins (Karimova
et al., 2005).

We chose three representative murein biosynthetic
enzymes to assay interactions with cell shape proteins:
MurF, a predicted cytosolic protein, MurG, a membrane-
associated cytosolic protein (Bupp and van Heijenoort,
1993), and the integral membrane protein, MraY. In all
cases, fusions were constructed using both the T25 and
T18 domains of adenylate cyclase at the amino- or
carboxyl-terminus of each protein. These fusions were
tested for interactions with MreB, MreC, MreD, RodZ and
RodA, as well as the cytokinetic, tubulin homologue, FtsZ.
Apparent protein interactions, as indicated by significant
b-galactosidase activity (! 200 units), were found between
a number of cell shape proteins and the peptidoglycan
biosynthetic enzymes (Fig. 2A and B). In this system, we
found that MurG interacted with MreB, RodAand MreD, the
latter generating relatively high b-galactosidase activity
(MreD-T25/MurG-T18, 1243 " 354 units), indicative of a
particularly strong interaction. It should be noted that these
interactions are only detected when the adenylate cyclase
portion of the fusion is cytosolic. For example, membrane
topology prediction of MreD indicates that its carboxyl-
terminus resides in the cytosol, rendering only carboxyl-
terminal fusions suitable for this assay. Analysis of MraY
interactions yielded results that were similar to those
observed with MurG. MraY generated relatively strong
positive two-hybrid activity with MreB and MreD, and rela-

Fig. 1. A. Peptidoglycan biosynthesis occurs in three stages in distinct subcellular compartments. Stage I occurs in the cytosol in which
N-acetylglucosamine is converted to N-acetylmuramic acid with a peptide side chain via the action of enzymes MurA through MurF. Stage II
occurs at the inner face of the cytoplasmic membrane where membrane protein MraY and membrane-associated MurG catalyse the formation
of Lipid I and Lipid II respectively. Stage III involves the incorporation of precursor into existing peptidoglycan via transglycosylation and
transpeptidation activity catalysed by several penicillin binding proteins (PBPs). Presumably, this occurs simultaneously with peptidoglycan
degradation via lytic transglycosylases such as MltA and its scaffolding protein MipA.
B–F. Peptidoglycan-precursor synthesizing enzymes require MreB cables for proper positioning. Shown are fluorescence micrographs of cells
harbouring mCherry fusions (red) to (B) MurB (C) MurC (D) MurE (E) MurF, and (F) MraY. The DAPI-stained chromosomal DNA appears blue.
Cells were imaged during mid-logarithmic phase of growth and after 90 min of A22 treatment.
G. Representative micrographs of cells harbouring an mCherry fusion to MurD (MurD–mCherry) displaying a cell-shape defect.
H. Immunofluorescence microscopy using affinity purified MurG antiserum was performed on wild-type C. crescentus cells fixed during
mid-logarithmic phase and after A22 treatment with corresponding schematic depictions below each micrograph. The secondary antibody
appears pink and the DAPI-stained chromosomal DNA appears blue. The scale bar represents 2 mM.
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tively weaker, but significant activity with RodA(Fig. 2B). In
contrast to MurG and MraY, MurF did not exhibit strongly
positive interactions with any of the cell shape proteins we
tested. However, MurF fusions did generate significant
positive assay results with MraY (Fig. 2B). MraY also
apparently interacted with MurG, suggesting that these
peptidoglycan biosynthetic enzymes may form a complex
that also interacts with MreB, MreD and RodA (Fig. 3).

We also tested for interactions between the cell shape
proteins using this two-hybrid assay. We found significant
interaction between MreB and MreD fusions, as well as
between MreB and RodA fusions. The recently described
morphogenetic protein (Shiomi et al., 2008; Alyahya
et al., 2009; Bendezu et al., 2009), RodZ, also exhibited
apparent strong interaction with both MreD and RodA
(Fig. 2B). However, no significant interaction between
RodA and MreD, or MreB and RodZ, was evident using
this assay. Lastly, FtsZ and MreB fusions generated weak
but significant b-galactosidase activity (335 " 34 and
270 " 41 units), suggesting that these two cytoskeletal
proteins may also interact with each other. These two-
hybrid assay results suggest that the bacterial cell shape
proteins likely form an integrated structural complex,
which directly interacts with murein biosynthesis
enzymes, an idea consistent with their dependence on
MreB for proper localization.

In previous experiments, we found that MreC associ-
ated with PBPs in detergent-solubilized cell extracts
(Divakaruni et al., 2005) and that MreC was required to
position PBP2, the lytic transglycosylase, MltA and its
interacting protein, MipA (Divakaruni et al., 2007). Here
we wanted to determine whether the bacterial two-hybrid
system could be used to assay interactions between the
periplasmically localized domains of these proteins.
Accordingly, we fused either the T25 or T18 domains of
adenylate cyclase to the periplasmic domains of MreC,
PBP2, PBP3, MltA, MipA and Rod (see Fig. 2C for
sequence co-ordinates included in these fusions). Since
this system only detects interactions occurring in the cyto-
plasm or on the cytoplasmic side of the membrane, these
fusions lacked either the membrane spanning or periplas-
mic targeting sequences of these proteins. Notably, we
found significant positive interactions of PBP3, PBP2,
MipA and MltA with MreC. We could also detect apparent
interactions between MipA and both PBP3 and MltA
(Fig. 2C). However, we could not detect a positive inter-

action between the RodZ predicted periplasmic domain
and any of the morphogenetic proteins. Taken together,
these results suggest that MreC may co-ordinate the
spatial organization of these proteins through direct
protein–protein interactions. As a negative control we
used the periplasmic domain of MreC in interaction
assays with the cytosolic morphogenetic proteins as well
as MreB in experiments with periplasmically localized
proteins. In both cases, as expected, we were unable to
detect any positive interactions.

Our previous biochemical fractionation experiments
have indicated that MreC from C. crescentus is a peri-
plasmic protein (Divakaruni et al., 2005). In contrast,
experiments indicate that MreC in other organisms likely
possesses a cytoplasmic membrane spanning domain.
For example, experiments with B. subtilis (van den Ent
et al., 2006) and E. coli (Kruse et al., 2005) have dem-
onstrated that full-length MreC can interact with, among
other proteins, MreD and several PBPs, through it mem-
brane spanning sequences. Given the limitations of bio-
chemical fractionation experiments, we wanted to test
whether full-length MreC from Caulobacter could interact
with other cell shape proteins. Accordingly, we created
adenylate cyclase fusions the amino terminus of MreC
(i.e. T18- and T24-MreC1-372) and employed these in the
two-hybrid assay. In contrast to previous observations
with MreC from other organisms, we were unable to
demonstrate any significant, positive interactions
between full-length T18- and T24-MreC1-372 and MreD,
PBP2, PBP3, or MreB (data not shown), a result con-
sistent with the idea that Caulobacter MreC may be a
periplasmic protein.

In summary, the results of this comprehensive set of
bacterial two-hybrid assays suggest that the cell shape
proteins, MreB, MreD and RodA form a large network of
interactions with each other and enzymes involved in
peptidoglycan precursor synthesis (Fig. 3). Additionally,
these experiments show that MreC interacts with the peri-
plasmic domains of a number of proteins involved in cell
wall assembly. By applying this to results from previous
biochemical, cell biology and genetic studies in Caulo-
bacter, B. subtilis and E. coli, we constructed an interac-
tion map between the Mre proteins and enzymes in the
peptidoglycan precursor synthesis pathway (Fig. 3).
These studies suggest that MreB and the integral mem-
brane protein, MreD, play critical roles in positioning both

Fig. 2. Bacterial two-hybrid analysis of interactions with cell-shape determining proteins and peptidoglycan synthesizing enzymes.
A. Plasmids containing the indicated fusions to adenylate cyclase fragments T18 and T25 were co-transformed into BTH101 (Dcya) and plated
on indicator plates containing IPTG and X-gal. In order to represent some interactions found, individual colonies from each co-transformation
were then re-streaked. A blue colour indicates a positive interaction between each fusion protein.
B–C. Each co-transformant was also quantitatively tested for b-galactosidase activity. Numbers indicate units of activity nmol min–1 (mg dry
weight)–1.The data are represented as averages (" standard deviations). Positive interactions are displayed by a range of blue colour
(strength of the interaction), qualitatively determined from visual inspection of X-gal indicator plates. (B) Depicts interactions among cytosolic
and membrane proteins and (C) depicts interactions among proteins possessing periplasmic domains.

620 C. L. White, A. Kitich and J. W. Gober !

© 2010 Blackwell Publishing Ltd, Molecular Microbiology, 76, 616–633

23

courtneywhite
Rectangle



MreD-T18
MraY-T25

MraY-T18
MurF-T25

MreD-T18
MurF-T25

T18-zip
T25-zip

T18-MreD
T25-MurG

MreD-T18
empty- T25

MreD-T18
MurG -T25

MraY-T18
MreD-T25

1
2 3

4

5
67

8

A

1
2 3

4

5
67

8

C
T25-P

BP3 370-5
20

T25-P
BP2 10-6

73

T25-M
re

C26-3
22

T25-M
ipA

T25-M
ltA

21-3
96

T25-R
odZ    

 -202

150-

T18-MreB 34 ±  5 38 ±  8 26 ±  4 66 ± 16 51 ±  11 33 ±  5

T18-PBP3 370-520 185 ±  28 273 ±  37 1372 ±  325 53 ±  6 238 ±  35 29  ±  7

T18-PBP2 10-673 127 ±  24 200 ±  36 440 ±  89 34 ±  8 103  ±  18 108 ± 13

T18-MreC26-322 368 ±  61 871 ±  172 451 ±  83 635 ±  123 473 ±  114 81 ±  11

T18-MipA 446 ±  60 131 ±  20 413 ±  43 76 ±  12 927 ±  167 44 ± 6

T18-MltA 21-396 235 ± 49 47 ±  9 491 ±  83 1393 ±  167 56 ±  13 45 ±  9

T18-RodZ150-202 34 ±  4 47 ±  8 37 ±  8 45 ±  8 209 ±  38 144 ±  34

!-gal Units

0-100

100-300

300-1000

1000+

T18-M
re

B

T18-M
urG

T18-FtsZ

M
raY-T18

MurF
-T18

M
re

D-T18

RodA-T18

M
re

C-T18

T25-MreB 200 ± 70 583 ± 140 270 ± 41 324 ±  41 177 ±  34 612 ± 125 438 ± 45 232 ± 59 19 ± 4

MurG-T25 662 ± 220 67 ± 23 45 ±10 609 ±  72 87 ±  11 789 ± 145 134 ± 32 35 ± 3 20 ±  6

T25-FtsZ 335 ± 34 76 ± 19 22 ± 4 45 ± 7 60 ±  13 31± 11 142 ± 23 7 ± 1 35 ± 7

MraY-T25 520 ± 85 778 ±  114 25 ±  4 596 ±  73 442 ±  68 735 ± 129 225 ±  51 27 ± 4 19 ± 3

T25-MurF 229 ± 24 138 ±  30  41 ± 6 441 ±  37 35 ±  6 32 ±  5 36 ± 8 34 ± 8 22 ±  5

MreD-T25 667 ± 134 1243 ± 354 70 ±15 834 ±  132 50 ±  9 885 ± 118 34 ± 8 1030 ± 219 19 ± 4

RodA-T25 356 ± 115 474 ± 123 478 ± 102 349 ±  85 40  ± 7 23 ± 7 46 ± 17 969 ± 211 32 ±  6

134 ± 26 15 ± 3 8 ± 2 6 ± 2 15 ± 2 973 ± 222 1007 ± 231 1396 ±  208 30  ± 4

B
T18-R

odZ

T25-RodZ

Control of cell shape in bacteria 621

© 2010 Blackwell Publishing Ltd, Molecular Microbiology, 76, 616–633

24

courtneywhite
Rectangle



cytosolic and membrane proteins. Likewise, we propose
that MreC functions as an important spatial organizer of
proteins with large domains residing in the periplasmic
space. These two compartmentalized complexes are
likely to be connected to each other by interactions within
the cytoplasmic membrane. In support of this idea, MreC
from both B. subtilis (van den Ent et al., 2006) and E. coli
(Kruse et al., 2005) has been shown to interact with MreD
in a bacterial two-hybrid assay.

Role of MreD in directing cell morphogenesis

The bacterial two-hybrid experiments presented here indi-
cate that MreD may function in organizing complexes
consisting of other cell shape proteins and peptidoglycan
precursor synthesis enzymes. We generated a conditional
mutant of mreD in C. crescentus by creating an in-frame
deletion of mreD in strains containing an epitope-tagged,
but otherwise wild-type copy of mreD (mreD-M2) under

control of either a xylose- or vanillate-inducible promoter.
Both mutant strains could not grow on plates in the
absence of inducer, suggesting that mreD is an essential
gene in Caulobacter. When grown in liquid medium in the
presence of inducer, both strains exhibited a wild-type cell
morphology (Fig. 4). In order to examine the effect of
MreD depletion on cell morphology, mid-logarithmic
phase cells grown in medium with either xylose or vanil-
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Fig. 3. An interaction network of the bacterial cytoskeletal
elements, cell shape proteins and peptidoglycan synthesizing
enzymes is shown. The depicted direct or indirect interactions are
based on different criteria including localization dependence (green
lines), two-hybrid (blue lines) and biochemical analysis (red lines)
and include data from this work and previous studies with C.
crescentus, E. coli and B. subtilis (Vollmer et al., 1999; Figge et al.,
2004; Gitai et al., 2004; Divakaruni et al., 2005; Dye et al., 2005;
Kruse et al., 2005; Leaver and Errington, 2005; Carballido-López
et al., 2006; van den Ent et al., 2006; Aaron et al., 2007; Divakaruni
et al., 2007; Mohammadi et al., 2007; Alyahya et al., 2009;
Bendezu et al., 2009; Vats et al., 2009). Previous two-hybrid assays
have shown that E. coli and B. subtilis MreC can interact with MreD
(Kruse et al., 2005; van den Ent et al., 2006). In this work, we were
unable to demonstrate such interaction with Caulobacter proteins
using similar fusions, and thus there is a dotted blue line
connecting MreC to MreD.
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Fig. 4. MreD is an essential gene that is required for proper cell
shape.
A. Depletion of MreD in JG5041 cells (DmreD pxylX::mreD.M2) was
initiated by substituting xylose 0.3% (inducer) in PYE with glucose
(0.2%). DIC and fluorescent micrographs from FM4-64-stained cells
were taken at 0, 4, 6, 8 and 10 h following the removal of inducer.
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late were harvested, washed and suspended in medium
lacking inducer. We monitored steady-state protein levels
of MreD-M2 over time during this depletion experiment by
immunoblot analysis with anti-M2 antibody (i.e. anti-
FLAG) (Fig. S5). We observed the accumulation of sig-
nificantly rounded cells in culture following approximately
8 h of depletion (Fig. 4). After 10 h incubation in the
absence of inducer, the majority of the cells (86%;
n = 200) were almost completely spherical (Fig. 4). Inter-
estingly, this morphological phenotype, although similar to
that observed in E. coli strains depleted for MreD (Kruse
et al., 2005), is different than the lemon-shape observed
in Caulobacter cells depleted of either MreB or MreC
(Figge et al., 2004; Divakaruni et al., 2007). One possibil-
ity is that MreD-depleted cells have undergone a signifi-
cant loss of cell wall integrity, since, upon extended
depletion, the majority of the cells eventually lysed (data
not shown).

Subcellular localization interdependence of MreB
and MreD

The results of the bacterial two-hybrid assay indicated
that MreD and MreB may directly interact with each other.
We wanted to test whether depletion of MreD affected the
localization pattern of MreB and vice versa. First, in order
to determine whether MreB localization was influenced by
MreD, cells were depleted of MreD as described above,
and after various time intervals following removal of
inducer, they were fixed and processed for immunofluo-
rescence microscopy using affinity-purified anti-MreB
antibodies (Fig. 5). Following 6 h incubation in medium
lacking inducer, before gross morphological defects were
observed, the helical MreB localization seen in wild-type
cells switched to concentrated foci at the midcell (63%)
and/or the poles (35% poles and midcell) (Fig. 5 and
Fig. S7). Following 8 h of depletion, the majority of the
cells exhibited midcell (74%) and a significant fraction
(20%) had weak or barely foci (Fig. 5). These foci
remained intact in rounded cells, depleted of MreD for
extended time periods (Fig. 5 and Fig. S7). Steady-state
protein levels of MreB remained relatively constant during
the course of MreD depletion (Fig. S5), suggesting that
the observed alteration in MreB localization was the result
of decreased levels of MreD. In contrast, MreC localiza-
tion remained mostly unchanged upon depletion of MreD
(Fig. S7), indicating that MreC may be positioned by an
independent process.

Previous experiments with Caulobacter have demon-
strated that MreD adopted a banded-like pattern of local-
ization similar to that observed for other cell shape-
determining proteins (Fig. S6) (Divakaruni et al., 2007).
Therefore, we wanted to also determine whether MreB
cables influenced the positioning of MreD. In order to

accomplish this, we assayed the localization pattern of
carboxyl-terminal mCherry fusion to MreD that was
expressed from nitrate-inducible promoter on a low-copy
plasmid, in Caulobacter cells treated with A22 (Fig. 6A).
Following exposure to A22 for 90 min, MreD–mCherry
localization shifted from a predominantly banded pattern
to strong localization at the poles and/or midcell in the
majority of cells (83%; n = 200). These results suggest
that the banded pattern of MreD–mCherry localization
was dependent of the presence of intact MreB cables. The
re-positioning of MreD localization to poles and midcell
upon A22 treatment was similar to that previously
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Fig. 5. The lateral positioning of MreB requires the presence of
MreD. Immunofluorescence microscopy using affinity purified MreB
antiserum was performed on JG5041 cells (MreD depletion) fixed
at indicated time points after removal of the xylose inducer. The
secondary antibody appears pink and the DAPI-stained
chromosomal DNA appears blue.
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observed for the murein biosynthetic enzyme, MurG.
These observations, as well as a positive interaction in the
bacterial two-hybrid assay, indicate MreD and MurG might
be in a complex that is spatially positioned by the same
mechanism. In order to test this idea, we assayed for the
colocalization of MreD–mCherry and MurG–GFP fusions
in living cells. When cells harbouring both fusions were
grown to mid-logarithmic phase, both MurG–GFP and
MreD–mCherry exhibited a banded pattern throughout
the length of the cell, which when overlaid upon each
other showed significant regions of apparent colocaliza-
tion (Fig. 6B). We then tested the effect of A22 treatment
on colocalization of MreD and MurG fusions. A22 treat-
ment resulted in the collapse of bands of MreD–mCherry
and MurG–GFP into discrete foci (Fig. 6C). Remarkably,
midcell and/or polar foci of these fusions were found to
colocalize at the same location in almost all of cells,
suggesting that in the absence of MreB cables, the redis-
tribution of MreD and MurG is driven by the same local-
ization mechanism.

MreD is required for the spatial organization of
peptidoglycan precursor synthesis enzymes

Next we tested whether MreD was required for the local-
ization of peptidoglycan precursor synthetic proteins since
MurG and MraY showed positive interactions with MreD in
the bacterial two-hybrid assay (Fig. 2B). Cells containing
MreD-M2 under control of a xylose-inducible promoter
where grown to mid-logarithmic phase in the presence of
xylose, washed and then suspended in fresh medium
lacking inducer. At various time points thereafter the cells
were harvested, fixed and assayed for MurG localization
by immunofluorescence microscopy using anti-MurG anti-
bodies (Fig. 7A). Following 4 h of incubation in the
absence of inducer, MurG exhibited a banded pattern
throughout the cell (100%; n = 150) that was indistinguish-
able from cells grown in the presence of xylose. Addition-
ally, in some cells, focal points at the midcell and poles
were also observed (26%; n = 150). Following 6 h of MreD
depletion, the majority of MurG was found concentrated

Fig. 6. MurG and MreD colocalize and are
dependent on intact MreB cables.
A. Cells expressing MreD–mCherry under
control of a nitrate promoter
(pNit.mreD–mCherry) were imaged during
mid-logarithmic phase growth. Localization
pattern of MreD–mCherry appears red and
chromosomal DNA labelled with DAPI
appears blue. Also shown are images
acquired 90 min after treatment with A22.
White arrows indicate distinct foci at the
midcell and pole.
B. Fluorescence micrographs of cells
expressing both MurG–GFP and
MreD–mCherry proteins are shown. Merged
images are indicated and are overlays of
mCherry (red) and GFP (green) signals.
C. Shown are the same cells following 90 min
of treatment with A22. White arrows indicate
foci of colocalization.
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near the middle of the cells and/or the poles (82%;
n = 150). This pattern of localization persisted upon con-
tinued depletion (Fig. 7A). Steady-state protein levels of
MurG during this depletion experiment, as indicated by
immunoblot analysis, remained relatively constant
throughout the time-course (Fig. S5). Similar effects of
MreD depletion were also observed using a MurG–
mCherry fusion, which redistributed from a banded to
midcell/polar localization pattern after 6 h of MreD deple-

tion (Fig. 7C). Likewise, depletion of MreD shifted the
MraY–mCherry fusion localization pattern from bands dis-
tributed along the entire length of the cell, to discrete foci
at the poles or midcell (Fig. 7B). These experimental
results suggest that MreD has a critical role in maintaining
the spatial localization pattern of both MraY and MurG.

Since MreD spans the inner membrane, we next
wanted to test whether MreD was involved in organizing
the localization of morphogenetic proteins that function in
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Fig. 7. Peptidoglycan synthesizing enzymes in the cytosol require MreD for proper spatial orientation.
A. The spatial orientation of the peptidoglycan precursor synthesis enzyme, MurG, is dependent on MreD. Immunofluorescence microscopy to
visualize MurG was performed on an MreD depletion strain (JG5041) fixed at indicated time points following the removal of xylose inducer.
The secondary antibody appears pink and the DAPI-stained chromosomal DNA appears blue.
B. Effect of MreD depletion on the localization of MraY. Cells of JG5047 harbouring an MraY–mCherry fusion (DmreD Pxyl::mreD
mraY–mCherry) were imaged over 10 h of MreD depletion. Representative images at 0, 6 and 10 h are shown with white arrows indicating
distinct foci of MraY–mCherry.
C. Cells of JG5046 harbouring MurG–mCherry fusion (DmreD Pxyl::mreD.M2 murG–mCherry). Live cells were imaged during MreD depletion
and images are shown at 0, 6 and 10 h following removal of inducer. White arrows indicate discrete foci.
D. A representative schematic depicts the localization of MurG–mCherry during MreD depletion as captured in (C).
E. The banded/helical localization pattern of PBP2 is not affected by MreD depletion. Cells of JG5041 were fixed at 0, 4, 6, 8 and 10 h during
MreD depletion and subjected to immunofluorescence microscopy with PBP2 antiserum. To the right is a schematic depiction of the data
shown. The secondary antibody appears pink and the DAPI-stained chromosomal DNA appears blue.
F. The localization of MipA in the periplasm is not dependent on MreD. Cells of JG5048 harbouring a MipA-mCherry fusion (DmreD
Pxyl::mreD.M2 mipA-mCherry) were imaged over 10 h of MreD depletion. Shown are representative images of MipA-mCherry localization at 6
and 10 h as well as a cartoon depiction.
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the periplasmic space. We examined the effect of MreD
depletion on the localization of two different proteins:
PBP2, which possesses an inner membrane-spanning
domain connected to a catalytic periplasmic domain, and
the periplasmic MipA. Both of these proteins adopt a
banded pattern of localization that wraps around the
circumference of the cell along its entire length. The local-
ization pattern of PBP2, as assayed by immunofluores-
cence microscopy, remained intact even after 10 h of
MreD depletion (Fig. 7E). Likewise, MreD depletion had
little effect on the pattern of MipA–mCherry localization
(Fig. 7F). These results suggest that MreD probably does
not direct the subcellular localization pattern of morpho-
genetic proteins that function in the periplasm, but rather
functions in the positioning of cytoplasmic cell wall syn-
thesis proteins.

MreD is required for spatially organizing nascent
peptidoglycan synthesis

These experiments suggest that MreD is required for the
positioning of complexes of cell wall synthetic enzymes
at the cytoplasmic membrane. One possibility is that the
MreB/MreD mediated spatial distribution of these precur-
sor synthesis proteins may be required for spatially
co-ordinated cell wall synthesis. In order to test this idea,
we labelled cells with a fluorescent derivative of the anti-
biotic ramoplanin (Ramo-FL) (Tiyanont et al., 2006) to
visualize sites of cell wall synthetic activity. Ramoplanin
binds to the reducing end of the glycan strand present
only at sites of nascent peptidoglycan synthesis and on
lipid II (Walker et al., 2005). Additionally, Ramo-FL has
been shown to bind to regions of B. subtilis cells engag-
ing in cell wall synthesis (Tiyanont et al., 2006). We
found that Ramo-FL efficiently labelled living, unfixed
Caulobacter cells. Cells were grown to mid-logarithmic
phase, labelled with Ramo-FL (0.2 mg ml-1) for 5 min,
and then immediately visualized by fluorescence micros-
copy (within less than 10 min). Prolonged exposure of
the cells to Ramo-FL for longer than 30 min resulted in
cell lysis, indicating that Caulobacter is sensitive to this
antibiotic (not shown). The majority of the cells exhibited
labelling along their long axis in a helical and/or banded
pattern (100%; n = 150), as well as, in some cases, at
the cell poles (26%; n = 150) (Fig. 8A). An intense stain-
ing at the midcell of predivisional cells was also
observed. To test the effect of MreD on nascent pepti-
doglycan synthesis, Ramo-FL labelling was performed
on cells depleted of MreD for various periods (Fig. 8B).
Upon initial incubation of the MreD depletion strain with
Ramo-FL, the labelling pattern was comparable to wild-
type cells with both helical and mid-cell/polar labelling.
However, beginning at 4 h of MreD depletion, and more
prominently at 6 and 8 h time points, the cells displayed

discrete foci of Ramo-FL labelling that was located at
either the midcell or poles with a less intense or diffuse
staining over the rest of the cell (Fig. 8B). Following
10 h, the cells had become rounded and the distinctive
positioning of Ramo-FL labelling was completely abol-
ished, evident as weak, diffuse fluorescence present
throughout the cytoplasm. It was possible that the weak
labelling observed upon extended depletion of MreD
was the result of a significant fraction of dead or meta-
bolically inactive cells present in the population. In order
to test this, we monitored the incorporation of [35S]-
methionine into new protein over the course of the
depletion experiment and found no significant difference
in the rate of proteins synthesis following the removal of
inducer (Fig. S9), indicating that that the diffuse
Ramo-FL labelling upon MreD depletion represents spa-
tially disorganized de novo peptidoglycan synthesis.

In previous experiments, we labelled Caulobacter cells
with a fluorescent derivative of vancomycin (Van-FL) in
order to visualize nascent cell wall synthesis (Divakaruni
et al., 2007). In contrast to Ramo-FL, Van-FL binds to cell
wall precursors that have been newly incorporated into
pre-existing cell wall. We determined whether depletion of
MreD would also have an effect on Van-FL labelling. In
wild-type cells, as well as those at the start of the deple-
tion experiment, Van-FL labelling was similar to that
observed for Ramo-FL, with cells exhibiting a relatively
intense banded pattern of Van-FL binding (Fig. S8). Over
the course of the depletion experiment, this banded
pattern was replaced by a more diffuse staining and, as
was the case with Ramo-FL labelling, accompanied by the
gradual appearance of discrete foci. These labelling
experiments suggest that MreD functions in spatially
organizing MreB and/or peptidoglycan biosynthetic com-
plexes in the cytosol.

We next wanted to determine whether the concentrated
foci of Ramo-FL that appeared upon A22 treatment was
colocalized with murein precursor enzymes. In order to
test this, we examined the colocalization patterns of
MurG– and MurB–GFP fusions with that of Ramo-FL
labelling (Fig. 9). In untreated cells, the localization of
Ramo-FL labelling with that of both MurG- and MurB–
GFP, for the most part, overlapped with each other
throughout the length of the cell (Fig. 9). Colocalization of
these proteins with precursor synthesis was even more
evident in A22-treated cells. The disruption of MreB
cables with A22 resulted in the diffuse localization of
MurG- and MurB–GFP throughout the cytoplasm with a
region of one or two concentrated foci of fluorescent
fusion protein localization. The location of intense
Ramo-FL labelled foci in these A22-treated cells colocal-
ized at high frequency with MurG- (88%) and MurB–GFP
(73%) foci (Fig. 9). This observation suggests that regions
containing localized murein synthetic enzymes, in A22-

626 C. L. White, A. Kitich and J. W. Gober !

© 2010 Blackwell Publishing Ltd, Molecular Microbiology, 76, 616–633

29

courtneywhite
Rectangle



treated cells, are actively engaged in peptidoglycan
synthesis.

Discussion
In order for bacteria to reproduce with nearly identical
physical dimensions, they have evolved mechanisms to
control temporal and spatial peptidoglycan synthesis. The
experiments described here indicate that a large morpho-
genetic complex consisting of proteins performing pepti-
doglycan precursor synthesis in the cytosol is positioned
in the cell by the morphogenetic proteins, MreB and
MreD. Additionally, these experiments indicate a localiza-

tion interdependence of MreD and MreB, suggesting that
interaction between these two proteins, and complex for-
mation with cell wall synthesis enzymes, is required for
spatial positioning within the cell.

The bacterial actin homologue, MreB, plays an essen-
tial role in cell-shape maintenance in rod-shaped bacteria
by guiding lateral cell wall growth. Thus, in the absence of
MreB, cells transform into a rounded, lemon-shaped
morphology. MreB, which adopts a helical-like localization
pattern, is thought to guide new cell wall synthesis by
spatially positioning proteins required for peptidoglycan
biosynthesis (Daniel and Errington, 2003; Carballido-
López et al., 2006; Divakaruni et al., 2007; Kawai et al.,

Fig. 8. MreD is required for helical insertion
of peptidoglycan precursors.
A. Live cells were labelled with a fluorescent
derivative of the antibiotic ramoplainin
(Ramo-FL) and imaged immediately (less
than 10 min).
B. Cells of JG5041 (MreD depletion) were
sampled, labelled with Ramo-FL, and
immediately imaged within 5 min of labelling
at time points 0, 4, 6, 8 and 10 h following the
removal of inducer. Fluorescence micrographs
(left) at 1000¥ magnification and
corresponding schematic depictions are
shown (right). At 0 h, white arrows indicate
concentrated synthesis at the midcell of a
predivisional cell.
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using the bacterial two-hybrid assay. We found positive
interactions with MreB and biosynthetic enzymes
MurG and MraY, a finding consistent with previous
co-immunoprecipitation experiments with E. coli that indi-
cated an interaction between these three proteins
(Mohammadi et al., 2007). MreD and MreB were also
found to interact with these two proteins, suggesting that
MreD and MreB play a central role in organizing the
spatial positioning of cytosolic murein precursor synthesis
(Fig. 9). RodA and RodZ are also probably found in this
morphogenetic complex as they apparently interacted
with each other. Consistent with these findings are previ-
ous experiments implicating RodA in lateral cell growth
and peptidoglycan synthesis (de Pedro et al., 2001). Simi-
larly, RodZ has been shown to be required for mainte-
nance of a rod shape both in E. coli and in Caulobacter
(Shiomi et al., 2008; Alyahya et al., 2009; Bendezu et al.,
2009), and two-hybrid experiments with E. coli proteins
also indicated that RodZ and MreB interact.

Additionally, we were interested in determining whether
the cytokinetic tubulin homologue, FtsZ, could interact
with any of the cell shape proteins. In Caulobacter, MreB
localization is dynamic, with lateral spirals reorganizing at
the midcell in a cell cycle- and FtsZ-dependent fashion
(Vollmer et al., 1999; Figge et al., 2004; Gitai et al., 2004).
We found that FtsZ apparently interacted with MreB in the
bacterial two-hybrid assay. With the exception of RodA,
FtsZ did not exhibit positive interaction with other cell
shape proteins. These results suggest that cell shape
proteins may specifically direct lateral cell wall expansion
during growth, and do not function with the proteins com-
prising the divisome. It will be interesting to define the
function of MreB at the midcell, and whether it, as
well as RodA, interacts with other proteins involved in
cytokinesis.

We also tested for interactions among proteins pos-
sessing functional domains mainly located in the peri-
plasmic space, including MreC, PBP2, PBP3, MltA and
MipA. Fusions of periplasmic domains of these proteins
to either of the two halves of adenylate cyclase were
expressed in the cytoplasm in the bacterial two-hybrid
assay. We found that MreC interacted with both trun-
cated versions of PBP2 and PBP3 lacking their
membrane-spanning helices. This observation indicates
that PBP2 and PBP3 can interact with MreC through
their catalytic periplasmic domains. While assaying inter-
actions between periplasmic proteins in the very differ-
ent environment of the cytosol could result in assigning
false positive interactions, our findings are consistent
with previous experiments with Caulobacter, showing
that PBPs present in detergent-solubilized cell extracts
could be affinity purified using MreC immobilized to
sepharose beads (Divakaruni et al., 2005). Interestingly,
two-hybrid experiments with B. subtilis proteins also

showed a positive interaction of several PBPs with MreC
(van den Ent et al., 2006).

Previous affinity chromatography experiments with E.
coli extracts demonstrated that the outer membrane-
anchored lytic transglycosylase, MltA, interacted with
PBP1B and a periplasmic protein, MipA (Vollmer et al.,
1999). Complexes between PBPs and murein hydrolases
are thought to be required to co-ordinate the degradation
of pre-existing cell wall that is required for the insertion of
peptidoglycan precursor subunits (Holtje, 1996). In Cau-
lobacter, MltA and MipA localize in a characteristic
banded pattern that is dependent on MreC (Divakaruni
et al., 2007). Consistent with these previous studies, we
found that Caulobacter MltA and MipA interact with each
other, as well as with MreC, in the bacterial two-hybrid
assay. Thus, MreC may function to organize a peptidogly-
can synthesizing holoenzyme complex consisting of
PBPs and lytic transglycosylases in the periplasm, while
MreB probably functions to spatially organize peptidogly-
can precursor synthesis in the cytosol (Fig. 10).

Are these two complexes somehow connected to each
other such that the localization pattern of MreB ultimately
directs the positioning of the PBP holoenzyme? Or, are
these cytosolic and periplasmic complexes independently,
spatially organized? Experiments with Caulobacter have
shown that MreC and PBP2 maintain their distinct pat-
terns of localization upon relatively brief treatment with the
MreB polymerization inhibitor, A22 (Divakaruni et al.,
2005; Dye et al., 2005), supporting the idea that there
exist two independent spirals of MreB and MreC. Though,
it is conceivable that MreC and PBP2 may remain local-
ized under these conditions due to their likely associations
with the cell wall. We envision that the integral membrane
MreD protein, directly or indirectly, may serve as a bridge
connecting cytosolic precursor synthesis with periplasmic
peptidoglycan assembly. Consistent with this idea, two-
hybrid interaction experiments with B. subtilis proteins
showed a strong apparent interaction between MreD and
MreC (van den Ent et al., 2006). However, we did not find
any significant interactions between these proteins. Thus,
this model of morphogenetic protein interactions across
the cytoplasmic membrane is likely oversimplified. For
example, recent experiments with B. subtilis have indi-
cated the MreB also interacts with a number of PBPs
(Kawai et al., 2009a,b).

A novel finding from the experiments presented here is
the observation that MreD was required for MreB to adopt
its characteristic helical localization pattern. MreB cables
were lost during MreD depletion before there was a trans-
formation into rounded cells, indicating that the loss of
localization was attributable to an absence of MreD, and
not an artifact associated with an alteration in cell shape.
Conversely, helical localization of MreD was dependent
on MreB, suggesting that both proteins likely form a
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complex that adopts a helical localization pattern. A critical
function of MreB and MreD may be to distribute cell wall
assembly complexes along the length of the cell, thus
promoting lateral cell wall growth. Accordingly, we tested
the effect of MreD depletion on cell wall synthesis using
fluorescent derivatives of the antibiotics ramoplanin
(Ramo-FL) and vancomycin (Van-FL), both of which
bind to peptidoglycan precursors. In previous studies,
Ramo-FL and Van-FL labelling of B. subtilis cells yielded

similar results, indicating that the incorporation of newly
synthesized precursors into pre-existing cell occurred in a
helical fashion (Daniel and Errington, 2003; Tiyanont
et al., 2006). Here we demonstrated that Ramo-FL can be
used to track new cell wall synthesis in Caulobacter.
Ramoplanin likely inhibits cell wall synthesis in Caulo-
bacter since prolonged exposure resulted in the cells
becoming rounded and eventually lysing. Labelling with
Ramo-FL revealed a banded or helical pattern along the
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Fig. 10. Model depicting the interactions of bacterial morphogenetic proteins with cell wall synthesizing proteins. These data, as well as that
of previous studies, suggest that the cytoplasmic MreB cytoskeleton, in conjunction with the integral membrane protein MreD, has a crucial
role in spatially organizing other morphogenetic proteins such as RodZ and RodA, as well as a complex for peptidoglycan precursor synthesis
consisting of MurB, MurC, MurD, MurE, MurF, MurG and MraY. Experiments suggest that in the periplasm, MreC positions a peptidoglycan
assembly complex consisting of PBPs and lytic enzymes (i.e. MltA, MipA). These cytoplasmic and periplasmic complexes are likely to be
connected through integral membrane interactions (see text for details).
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length of the cell similar to that obtained when the cells
were labelled with Van-FL. Importantly, depletion of MreD,
using both labelling methods, shifted the pattern from
lateral to discrete, relatively intense labelled foci near
poles and midcell. Depletion of MreD caused a remark-
ably similar shift in the localization patterns of the murein
precursor synthesis proteins, suggesting that these foci of
peptidoglycan synthesis may be attributable to a concen-
tration of precursor enzymes at these same locations. In
contrast, MreC depletion results in the disappearance of
complexes of PBP2 and MltA and a cessation of new cell
wall synthesis (Divakaruni et al., 2007).

Thus, in the presence of MreB cables and MreD, a
lateral distribution of cell wall synthetic enzymes is
imposed, resulting in co-ordinated lateral cell wall
synthesis. We propose that the MreD/MreB positioning of
precursor enzymes ‘activates’ cell wall assembly by effi-
ciently providing a supply of substrate for the similarly
localized complex of PBPs and murein hydrolases in the
periplasm. It has been shown that the abundance of
undecaprenyl-phosphate lipid carrier is the rate-limiting
factor in precursor availability for PBPs (Kohlrausch et al.,
1989), perhaps indicating that MreD/MreB localization
of precursor synthetic complexes is employed as a strat-
egy to overcome this kinetic obstacle during cell wall
synthesis.

Experimental procedures
Strains, media and DNA manipulations

Bacterial strains and plasmids used in this work are listed in
Table S1. Transduction using bacteriophage FCR30 was per-
formed as described by Ely and Johnson (1977). Plasmids
were introduced into C. crescentus by either bacterial conju-
gation using E. coli S17-1 (Simon et al., 1983) as a donor or
by electroporation. Caulobacter crescentus wild-type strain
LS107 (syn-1000 Dbla6) (Alley et al., 1992) and its deriva-
tives were grown in peptone yeast extract medium (PYE),
M2-glucose (M2G), M2G-Nitrate (M2N) medium with glucose
and/or xylose (0.2%)/vanillate (0.5 mM) when needed, nitro-
gen source (ammonium chloride or sodium nitrate), and
supplemented with appropriate antibiotics when required.
A22 was used at a concentration of 10 mg ml-1. In order to
deplete MreD, cells were grown in PYE medium containing
inducer (xylose or vanillate) to mid-logarithmic phase
(OD600 = 0.5–0.8), washed three times with media lacking
inducer and grown in PYE substituted with 0.2% glucose. For
cloning and analysis of DNA, PCR and transformation, stan-
dard procedures were used (Sambrook et al., 1989). Bacte-
rial two-hybrid plasmids were generated containing in-frame
amino- or carboxyl-terminal T25 fusions (pKT25 or pKNT25)
and amino- or carboxyl-terminal T18 fusions (pUT18C and
pUT18) to each gene of interest. For 3" primer of each gene,
a stop codon was included or excluded depending on
its destination for amino- or carboxyl-terminal fusion
respectively. Detailed description of the construction of each

gene fusion to T25 and/orT18 is provided in Supplemental
Materials and Methods.

All plasmids containing fluorescent protein fusions were
introduced into C. crescentus wild-type strain LS107 by con-
jugation using host E. coli strain S17-1 or electroporation
using LS107 electro-competent cells. A xylose (pX.rbs.mreD.
M2) or vanillate (pBV-DEST.rbs.mreD) inducible comple-
menting copy of mreD was introduced by electroporation
generating JG5045 and JG5040 respectively. In order to
create an mreD depletion strain, pNPTS128-DmreD was
introduced into C. crescentus for allelic exchange by conju-
gation and selected for kanamycin resistant and sucrose
sensitive isolates. Complementing copies of epitope-tagged
mreD-M2 were then introduced by transduction using FCR30
transducing lysates of JG5045 and JG5040. Allelic replace-
ment of endogenous mreD with DmreD was performed by
growing cells overnight in PYE supplemented with 0.3%
xylose or 0.5 mM vanillate to induce mreD-M2, and plated on
3% sucrose-PYE. Sucrose-resistant colonies were screened
for kanamycin sensitivity. The resulting depletion strains were
either xylose (JG5041) or vanillate (JG5043) dependent.
Transducing lysates of murG–mCherry (JG5027), mraY–
mCherry (JG5044) and mipA-mCherry (JG5029) were used
to transfer each fluorescent fusion into the MreD depletion
strain (JG5041), producing strains JG5046, JG5047 and
JG5048 respectively.

Purification of MurG

Escherichia coli expression strain BL21(DE3) containing His-
MurG (pDEST-HIS.murG) was grown to an OD600 of 0.3 mM,
isopropyl-b-D-thio-galactopyranoside (IPTG) was then added
to a final concentration of 1 mM and growth was continued at
37°C with shaking for 2 h. Cells were lysed by French press
and His-MurG was purified from lysates by chromatography
using Ni2+-NTA agarose. Purified protein was used for antise-
rum production, prepared by a commercial source (Cocalico).

Bacterial two-hybrid interaction assays

Bacterial two-hybrid analysis was performed as described
previously (Karimova et al., 1998). Briefly, recombinant
pKT25 (or pKNT25) and pUT18C carrying genes of interest
were used in various combinations to co-transform into com-
petent BTH101 E. coli cells, which were then plated onto
indicator plates containing LB-X-gal-(5-bromo-4-chloro-3-
indolyl-b-D-galactopyranoside, 20 mg ml-1)-IPTG (0.5 mM)
and incubated for 48–72 h at 30°C. Functional complemen-
tation of adenylate cyclase activity between the hybrid pro-
teins was quantified by measuring the b-galactosidase
activities in chloroform-treated E. coli cells harbouring the
plasmids as indicated. Each value represents the mean
value " SD from triplicate assays. Empty T18 and T25 fusion
vectors were transformed as a negative control, and pT18-zip
and pT25-zip (two halves of the leucine zipper) were used as
a positive control.

Microscopy

In order to visualize cells during MreD depletion, cultures
were sampled, treated with the fluorescent membrane dye,
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FM4-64 (4 mg ml-1; Molecular Probes) and covered with a
poly-L-lysine-treated coverslip. Images were captured and
analysed using a Deltavision deconvolution microscope
employing a Resolve3D image-acquisition software package
(Applied Precision). At least 15 and up to 20, 0.1 mm optical
sections were obtained and deconvolved. Images were
sampled at either 1000¥ or 1600¥ magnification as indicated.
For immunofluorescence microscopy, cells were fixed at mid-
logarithmic phase and incubated with appropriate antibodies
as described previously (Figge et al., 2004). To quantify local-
ization patterns, at least three independent fields per culture
were chosen at random. For fluorescent ramoplanin labelling,
cells were treated with 1:1 ratio of labelled and unlabelled
Ramo-FL at a final concentration of 0.2 mg ml-1 for 5 min,
mounted on poly-L-lysine-treated slides, and immediately
(less than 10 min) examined using fluorescence microscopy.
Fluorescent vancomycin labelling was performed as
described previously (Divakaruni et al., 2007).
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Optimization and validation of an antimicrobial high-throughput screen (HTS) 

 

Abstract. High-throughput screening (HTS) is an important tool for novel drug discovery. We 

aimed to develop a screen to discover antimicrobials that target newly determined protein-protein 

interactions involved in bacterial cell wall synthesis. A recently discovered interaction between a 

bitopic membrane protein RodZ and bacterial actin MreB is essential for PG synthesis in a 

number of bacterial species. We employed use of a bacterial two-hybrid (BTH) assay to find 

small molecule inhibitors of this interaction.  The following chapter details the optimization and 

validation used to finely tune and adapt the BTH assay to HTS format for MreB-RodZ inhibitor 

screening.  

 

Introduction. Bacterial two-hybrid (BTH) co-crystallization analysis found that a bitopic 

membrane protein RodZ interacts with a bacteria actin homolog, MreB. The co-crystal structure 

of MreB and RodZ from the bacteria Thermotoga maritima revealed that the helix-turn-helix 

domain of RodZ interacted with MreB in subdomain IIA [1].  Polymerization assays, two-hybrid, 

and mutant analysis demonstrated this interaction across bacterial species [1-6]. These proteins 

are required to maintain proper peptidoglycan (PG) cell wall architecture in Escherichia coli, 

Bacillus subtilis and Caulobacter crescentus, [1-4, 7-10].  In addition, both RodZ and MreB are 

highly conserved in a number of virulent bacteria [11]. These proteins are also known to 

facilitate other crucial interactions in cell wall assembly [5, 6]. Small molecule antagonists of a 

RodZ-MreB interaction could affect the function of the cell wall synthesizing complex, and 

therefore concluded to bode well as a screening target.  
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Protein interactions determined by two-hybrid analysis. The BTH assay is a convenient in 

vivo method to test bacterial protein interactions in their native intracellular environment. This 

system, developed by Karimova et al, is based on a reconstituted bacterial adenylate cyclase 

(CyaA) toxin of Bordetella pertussis [12-16]. Two proteins of interest are genetically fused to 

either of the two complementary domains of CyaA, T25 and T18 and assayed in an Escherichia 

coli CyaA deficient mutant (ΔcyaA). A positive interaction of the two proteins brings together a 

functional CyaA, activating the cyclic AMP (cAMP) signaling cascade and resulting in the 

transcription of downstream catabolic operons (i.e. lactose and maltose operon) (Figure 3-1).  

 

 

Figure 3-1. Schematic of the bacterial two-hybrid 
system. Two proteins of interest, X and Y, are fused to 
one of two halves of adenylate cyclase (CyaA). The 
interaction of X and Y produces a functional CyaA, to 
activate the cAMP signaling cascade, resulting in the 
transcription of catabolic operons and β-galactosidase  

 

 

Specifically, β-galactosidase (lacZ) is activated by interacting proteins and qualitatively 

determined by blue color on X-gal (5-bromo-4-chloro-3-indolyl-β-D-galactopyranoside) 

indicator plates.  This system involves the use of the cAMP-signaling cascade and therefore does 

not require that the interaction take place at the transcription site, as with other two-hybrid 
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systems [17-19]. Accordingly, it is appropriate for analyzing membrane protein interactions or 

interactions occurring near the membrane. This system confirmed previously known interactions 

and revealed several novel associations among E. coli and Bacillus subtilis transmembrane 

division proteins [20-22]. Besides a MreB-RodZ interaction, BTH detected protein interactions 

involved in cell wall synthesis or those responsible for guiding the process in E. coli and 

Caulobacter [6, 23]. A discussion of these BTH results is located in Chapter 2.  

 

HTS requires the use of multi-well plates,with sample numbers of 96 (8 × 12), 384 (16 × 24) or 

even 1536 (32 × 48) for ultra high-throughput (uHTS). Our assay utilized 384-well clear-

bottomed polystyrene plates with a 20 to 80 μl working volume. Transferring this assay from a 

single pipette to a multi-channel and multi-well plate was not a simple microliter volume scale-

down approach. A successful screen avoids assumptions that previous protocols can be directly 

applied to a new HTS assay. Thus, careful optimization was required as even slight deviations 

can cause detrimental consequences in the final output. Ultimately, our goal was to closely find a 

tolerance level that provided the greatest output while controlling for minimal variation. To do 

this, we analyzed parameters such as growth, media and substrate choice, and validated these 

against our test strains. We defined the statistical limitations and applied them to reagent 

concentrations, induction, cell density inoculum, and β-gal assay incubations. 

 

Cell culture growth in 384-well plates. When growing microorganisms in multi-well plates, 

close attention must be given to factors such as initial cell density, assay endpoint density, and 

even overall strain stability. Conditions at which bacteria grow in test tubes are not always 

replicated in microplate format. For example, it is not uncommon to double or triple incubator 
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time for significant growth in the microplate (i.e. 48 to 72 hours) depending on conditions. 

Whether such long incubation times would allow for strain reversion or mutation is also taken 

into account. Other considerations include growth temperature, air, plate type or plate coating, 

and all assay incubation conditions and reagents (to be discussed later). An early optimization 

included adjustment to E. coli reporter strain growth medium as Luria Broth (LB) did not support 

a comparatively robust microplate growth compared to medium supplemented with glucose 

(Figure 1). This medium, TGYEP (tryptone, glucose, yeast extract, phosphate buffer) was used 

to address the microplate semi-anaerobic conditions (without shaking) [24]. This adaptation 

increased well-to-well reproducibility (data not shown) and overall growth (Figure 3-2).  

 

 
Figure 3-2. Media-type preferences for bacterial growth in 384-well 
plates. Bacterial two-hybrid E. coli reporter test strain BTH101 was 
inoculated into either TGYEP (tryptone, glucose, yeast extract, phosphate 
buffer) or LB media in the same 384-well plate but equidistant well 
positions. Curves are based on average values taken (n = 24).  
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A fluorogenic β-galactosidase substrate. A commonly used chromogenic β-galactosidase 

substrate is o-nitrophenyl galactopyranoside (ONPG) which results in a colored product after β-

galactosidase hydrolysis [25]. It was decided that use of ONPG would be problematic for 

microplates and compound screening as it involves cell centrifugation, lysis and may require 

long incubation times. To improve sensitivity and protocol ease, we investigated an assay based 

on a rapid fluorescence readout using an alternate substrate. This substrate, methylumbelliferone 

β-D-galacto-pryranoside (MUG) is hydrolyzed by β-galactosidase to generate a fluorescent 

molecule, 4-methylumbelliferone (MUB) and galactose (Figure 3-3). MUB is detected at 372 nm 

excitation and 445 nm emission. Using fluorogenic substrates allows for greater assay sensitivity 

by several orders of magnitude [26]. Other fluorescent molecules have been used but have a 

stepwise sequential hydrolysis, making MUG the preferential choice. In addition, the MUG 

assay does not require sodium carbonate (NA2CO3) stop solution or a centrifugation step and can 

measure β-galactosidase on live bacterial cells [27].  

 

 
Figure 3-3. The hydrolysis of methylumbelliferone β-D-galacto-pryranoside (MUG) to 
4-methylumbelliferone (MUB) and galactose by β-galactosidase. This β-galactosidase 
substrate is used as an alternative to ONPG. The production of fluorescent MUB is 
measured at and excitation and emission of 372 nm and 445 nm, respectively.  

 

The E. coli reporter strains co-expressing Caulobacter test interactions (T25-MreB and T18-

RodZ) and both positive (Zip-T18 and T25-Zip) and negative (T25-MreB and T18-PBP3) 

control strains are streaked on X-gal indicator plates and incubated at 30°C for less than 36 hours 
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(Figure 4a). The positive control (Zip-T18 and T25-Zip) harbors interacting portions of a leucine 

zipper from a yeast transcriptional activator protein GCN4 [28]. Strains and plasmids used for 

this study are listed in Table 3-1.  

 
Table 3-1.  E. coli strains and plasmids constructed and used in this study. KmR, SmR and AmpR are  

kanamycin, streptomycin, and ampicillin resistance, respectively. 
Strains and plasmids Genotype/Relevant characteristics Source 

 
Strains 

  

BTH101 Smr F-, cya-99, araD139, galE15, galK16, rpsL1, hsdR2, 
mcrA1, mcrB1 

Euromedex 

XL1-Blue F′::Tn10 proA+B+ lacIq Δ(lacZ)M15 glnV44(AS)endA1 
gyrA96 recA1 thi-1 hsdR17 lac 

Stratagene 

DHM1 F− glnV44(AS) recA1 endA1 gyrA96 thi-1 hsdR17 spoT1 
rfbD1 cya-854 
 

Euromedex 

Plasmids   
pUT18 AmpR; for C-terminal fusion to cyaA(T18) Euromedex 
pUTC18 AmpR; for N-terminal fusion to cyaA(T18) Euromedex 
pKT25 KanR; for N-terminal fusion to cyaA(T25) Euromedex 
pKNT25 KanR; for C-terminal fusion to cyaA(T25) Euromedex 
pKT25-zip KanR; Leucine zipper zip N-terminal fusion to cyaA(T25) Euromedex 
pUTC18-zip AmpR; Leucine zipper zip with N-terminal cyaA(T18)  Euromedex 
pKT25-mreB KanR; Caulobacter mreB with N-terminal cyaA(T25) fusion [6] 
pUTC-rodZ AmpR; Caulobacter rodZ with N-terminal cyaA(T18) fusion [6] 
pKT25-rodZ KanR; Caulobacter rodZ with N-terminal cyaA(T25) fusion [6] 
pUTC-mreB AmpR; Caulobacter mreB with N-terminal cyaA(T18) fusion [6] 
pUTC-pbp3 AmpR; Caulobacter mreB with N-terminal cyaA(T18) fusion [6] 
pKT25-mreB/pUTC-rodZ KanR & AmpR, Expressing T25-MreB and T18-RodZ This work  
pKT25-mreB/pUTC-pbp3 KanR & AmpR, Expressing T25-MreB and T18-PBP3 This work 
pKT25-zip/pUTC-zip KanR & AmpR, Expressing T25-Zip and T18-Zip This work 

 
 

We performed pilot runs substituting ONPG for MUG substrate. Figure 4b shows fluorescence 

readouts for both positive and test strains. Readouts indicate apparent β-galactosidase activity 

and their relative interaction affinities. Similar to results obtained from previous ONPG assays 

[6], the high fluorescence indicates a strong MreB-RodZ interaction with an approximated five-

fold difference over negative.  
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Figure 3-4.  Qualitative and quantitative analysis of BTH test strains to be employed in 
HTS screening (a) A blue-white analysis of test strains on X-gal indicator plates. A blue color 
indicates a positive interaction between the fusion proteins indicated. White color determines no 
detectable interaction. (b) The same test strains were used to perform a MUG β-galactosidase 
assay. Fluorescence counts designate apparent β-galactosidase activity. High fluorescence counts 
indicate strong interaction between test proteins.  

 

 

Statistical analysis of individual assay parameters in 384-well plates. HTS is comprised of 

many automated steps (e.g. transferring liquid, compound handling, and assay signal readings) 

which all can contribute to systematic variations affecting hit detection. The ultimate objective is 

to be confident in detecting ‘true’ hits while reducing the false positive rate. A hit may be missed 

because it did not meet the detection cut-off, referring to the probability of finding hit 

compounds or ‘power.’ Ideally, the power needs to be maximized while minimizing the false 

positive rate [29, 30]. To remedy this, a screening window was defined to quantify the 

suitability/quality of any particular assay [31].  Zhang et al proposed the Z’-factor, a coefficient 
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that serves as the critical assessment and most widely used evaluation parameter for HTS 

presently [30-32].  

 

[31] 

 

A Z’ factor between 0.5 and 1 (0.5 > Z’ > 1) has good distribution separation signifying an 

‘excellent’ assay. A Z’ factor between 0 and 0.5 (0 > Z’ > 0.5) shows modest separation and 

designates an ‘acceptable’ assay. Any factor calculated below zero (Z’ < 0) is a fundamentally 

‘impossible’ screen where hits cannot be distinguished against random noise. To establish our 

HTS assay feasibility, we applied this statistical rule for a number of conditions. After initial test 

tube readings, the assay was transitioned to 384-well plates. The MUG assay was miniaturized to 

a total volume of 75 μl. Each plate included the test sample strain (columns 13 – 24) and 

negative control strain (columns 1 – 12) and the Z’ factor was calculated using sample (positive 

readout) and the control (negative readout).  

 

Inducer concentration. The BTH assay requires that the expression of the fusion proteins are 

induced with IPTG (Isopropyl β-D-1-thiogalctopyranoside). Test tube assays typically required 

0.5 mM IPTG which was not optimal for microplates and resulted in an approximate 1-fold 

induction. We repeated the assay with a range of 0 mM to 3.0 mM IPTG. Fold induction and Z’ 

factor were calculated using the sample test strain with and without IPTG. A 1.5 mM 

concentration gave the highest fold (4.8 fold over negative). Z’ factor scores were greater than 
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0.5 in >1mM IPTG (not shown). Higher concentrations caused fold-induction decreases perhaps 

attributable to IPTG toxicity (Figure 3-5).  

 

 
Figure 3-5. Optimization of BTH assay inducer concentration for 384-well plates. 
E. coli test strain was grown in 384-well plates under different concentrations of IPTG. 
β-galactosidase activity was measured for each test strain. As shown, a variation of 
IPTG concentrations resulted in different fold-induction in β-galactosidase activity over 
cells with 0 mM IPTG. Plates were incubated for a total of 12 hours at 37°C. An optimal 
concentration of IPTG was determined to be 1.5 mM.  

 

Time of growth incubations. Another parameter analyzed was the time of incubation before the 

MUG assay. The reporter E. coli cells require sufficient growth time but long growth times could 

result in enhanced strain mutations or contamination. Eight time incubations were executed (2, 4, 

6, 8, 10, 12, 24, and 48 hours). The assay is essentially ‘impossible’ if cells are grown for 2 – 8 

hours or greater than 48 hours (Figure 3-6). Times at 10, 12, and 24 hours were feasible with Z’ 

factor between 0.5 and 1 (‘excellent’ assay). We chose 24 hours in the final procedure for 

protocol ease and an optimal Z’ factor score (Figure 3-6). 
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Figure 3-6. Optimization of total growth time required for a significant assay as 
determined statistically by Z’ factor analysis. Test strains were incubated with 1.5 mM of 
IPTG for different times at 37°C. For each time point, Z’ factor was calculated from final β-
galactosidase assay readings. A single plate was used for each time point. Columns 1-12 were 
seeded with a negative control strain, columns 13 – 24 were seeded with the test strain. 
Incubation times < 10 hours were not sufficient, as shown. Likewise for 48 hours. Acceptable 
time points were between 10 and 24 hours.  

 

Cell culture inoculum. Pilot assays were conducted with a primary bacterial culture inoculation 

of OD600 0.05 correlating to approximately 1 x 108 cells. It was thought that lowering the cell 

density in initial inoculum could affect the signal-to-noise ratio by amplifying the activity over 

more generations. This was verified using a range of starting cell densities from 0.001 to 0.1 

(OD600). Z’ factors calculated found adequate optical densities ranging between 0.0125 to 0.25 

(Figure 3-7). An optical density of 0.05 was selected for the starting inoculum (Figure 3-7) 
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Figure 3-7. Determination of initial cell titers using a range of cell concentrations as 
measured by optical density. Plates were inoculated with a range of 0.001 to 0.5 (OD600). A 
statistically feasible assay would be possible within a range of 0.0125 to 0.25 as indicated by a 
Z’ factor score >0.5 (red line).  

 

MUG β-gal assay time. All MUG β-galactosidase assays in pilot runs proceeded for 

approximately one to three hours before fluorescence and optical density readings. Although this 

procedure obtained feasible Z’ factor scores, it was necessary to investigate the maximum assay 

time. It is preferable to screen as many plates as possible within a single run to minimize plate-

to-plate and run-to-run variations. Automated multiple readings and plate transport requires 

adequate time. For instance, for 50 plates an estimated 3 hours is needed to read fluorescence and 

optical density. To evaluate the maximum window time, Z’ factor scores were calculated for 

MUG assay incubation times (1, 2, 4, 5, 8, 10, and 24 hours). Both raw and normalized readings 

indicated the assay could proceed for no more than 8 hours before the quality was 
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‘unacceptable,’ with a cutoff between eight and ten hours. The incubation period window was set 

between one to six hours (5 total) and only 50 plates could be executed per run (Figure 3-8).   

 

 
Figure 3-8. Analysis of fluorescent MUG β-galactosidase assay signal window. After the 
addition of MUG substrate, plates were incubated for varying times at 37°C. Data is represented 
for both raw fluorescence and for normalized data obtained from OD600 culture density. A single 
plate was used for each time point. Columns 1-12 were seeded with a negative control strain, 
columns 13 – 24 were seeded with the test strain. Plates after 8 hours had a Z’ factor score of 
‘unacceptable’ quality.  

 

Figure 3-9 diagrams the screening methodology during development with parameter changes 

from test-tube to 384-well miniaturization. Additionally, a 37°C incubation growth temperature 

was ideal for 384-well plates (data not shown). The set-up procedure involved dispensing growth 

medium into plates before robotically pinning 0.5 μl of compound into test wells. The first and 

last two columns were reserved for negative and positive controls, respectively. Cell cultures 

were inoculated at 0.05 optical density and incubated for 24 hours. Control readings were taken 
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to detect fluorescent or colored compounds and the MUG β-gal assay was carried out for < 5 

hours before all final readings (Figure 3-9).  

 

 
Figure 3-9. Parameters adapted for 384-well miniaturization. (a) Original conditions used in standard β-
galactosidase ONPG assays in culture test tube format. (b) Specific condition changes to protocol were required 
based on optimization studies. These changes allow the β-galactosidase assay to be implemented in 384-well format 
for large screens.  
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Discussion. There has traditionally been aversion to investigating protein-protein interaction 

inhibitors due to skepticism of its feasibility. This stemmed from the idea that the protein 

interaction interface is large and flat, lacking grooves and pockets. This made it hard to imagine 

that any effective small molecule inhibitors could be found or designed without considerable 

effort [33, 34]. However, recent findings indicate the critical interaction interface is actually 

quite small. Site directed mutagenesis and crystallography identified ‘hot spots’ or small regions 

crucial for the interaction [35]. These hot spots are groups of residues contributing to the 

majority of the binding free energy [36]. Furthermore, they are more dynamic and flexible in 

solution and not seen in co-crystal structures [37, 38]. They provide druggable sites and highly 

specific therapeutic targets. Considerable effort and success has now been made toward 

developing protein interaction inhibitors [36, 38-44]. An inhibitor of the JNK-1/JIP protein-

protein interaction with potential for type II diabetes therapeutics was found by screening a 

30,000-compound library [42].  

 

In the quest for new antimicrobials, efforts targeted an important interaction between a bacterial 

membrane protein, ZipA and a tubulin homolog FtsZ.  ZipA plays an essential role at the early 

stage of the division cycle by providing a scaffold for FtsZ during septum in-folding [45-49]. An 

inhibitor of this interaction would perturb bacterial cell division. High-resolution crystal structure 

of the ZipA-FtsZ E. coli interaction reveals a hot spot consisting of four residues [50]. This led to 

a screening campaign by Wyeth which used a fluorescence polarization-based high-throughput 

screen with 250,000 compounds, resulting in 30 reproducible hits with the most potent named 

compound 1 [51, 52]. These studies provided an important proof of concept that the sites of a 

protein-protein interaction can be effectively targeted by an HTS screening approach. 
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In all, a high-quality HTS requires judicious investigation by clearly defining statistical 

parameters prior to the screen to ensure hits are ‘seen’ despite random error [31].  As a result of 

multiple pilot runs, we have developed a robust screening assay that has potential for detecting 

MreB-RodZ protein-protein interaction antagonists and/or can provide starting points for further 

interaction drug screens.  

 

Methods 

 

Plasmids and growth conditions. All bacterial two-hybrid (BTH) plasmids were constructed 

with standard procedures as previously described [6]. Escherichia coli cya-deficient strain 

BTH101 was co-transformed with plasmids of interest and grown in Luria Broth for initial 

testing and bacterial two-hybrid assays. A positive interaction was identified both by blue-white 

analysis on X-gal indicator plates and by direct β-galactosidase measurements. Cultures 

harboring appropriate vectors were cultivated overnight by shaking (250rpm) in LB 

supplemented with antibiotics and IPTG. β-galactosidase activities were measured from 

substrate (ONPG or MUG) with Z-buffer (60mM Na2HPO4.7H2O, 40mM NaH2P04.H20, 10mM 

KCl, 1mM MgSO4.7H20, 50mM β-mercaptoethanol). Unless otherwise indicated, the reaction 

was incubated for at least 1 hour at the indicated temperature. For pilot assays, a tryptone-

glucose-yeast-extract-phosphate buffered (TGYEP) media was used (1.0% tryptone, 0.5% yeast 

extract, 10mM potassium phosphate pH 6.0, 1.2% glucose). All pilot runs were performed at the 

UCLA Molecular Shared Screening Resource (MSSR) using equipment as was used in the final 

HTS screen (Chapter 4).  

52



	  

 

References 

 

1 van den Ent, F., et al. (2010) Bacterial actin MreB assembles in complex with cell shape 

protein RodZ. EMBO J 29, 1081-1090 

2 Alyahya, S.A., et al. (2009) RodZ, a component of the bacterial core morphogenic apparatus. 

Proc Natl Acad Sci U S A 106, 1239-1244 

3 Bendezu, F.O., et al. (2009) RodZ (YfgA) is required for proper assembly of the MreB actin 

cytoskeleton and cell shape in E. coli. EMBO J 28, 193-204 

4 Gerdes, K. (2009) RodZ, a new player in bacterial cell morphogenesis. EMBO J 28, 171-172 

5 White, C.L. and Gober, J.W. (2012) MreB: pilot or passenger of cell wall synthesis? Trends 

Microbiol 20, 74-79 

6 White, C.L., et al. (2010) Positioning cell wall synthetic complexes by the bacterial 

morphogenetic proteins MreB and MreD. Mol Microbiol 76, 616-633 

7 Soufo, H.J. and Graumann, P.L. (2003) Actin-like proteins MreB and Mbl from Bacillus 

subtilis are required for bipolar positioning of replication origins. Curr Biol 13, 1916-1920 

8 Figge, R.M., et al. (2004) MreB, the cell shape-determining bacterial actin homologue, co-

ordinates cell wall morphogenesis in Caulobacter crescentus. Mol Microbiol 51, 1321-1332 

9 Esue, O., et al. (2005) The assembly of MreB, a prokaryotic homolog of actin. J Biol Chem 

280, 2628-2635 

53



	  

 

10 Divakaruni, A.V., et al. (2007) The cell shape proteins MreB and MreC control cell 

morphogenesis by positioning cell wall synthetic complexes. Mol Microbiol 66, 174-188 

11 Mitobe, J., et al. (2011) RodZ regulates the post-transcriptional processing of the Shigella 

sonnei type III secretion system. EMBO Rep 12, 911-916 

12 Karimova, G., et al. (1998) A bacterial two-hybrid system based on a reconstituted signal 

transduction pathway. Proc Natl Acad Sci U S A 95, 5752-5756 

13 Karimova, G., et al. (2000) Bordetella pertussis adenylate cyclase toxin as a tool to analyze 

molecular interactions in a bacterial two-hybrid system. Int J Med Microbiol 290, 441-445 

14 Ladant, D. (1988) Interaction of Bordetella pertussis adenylate cyclase with calmodulin. 

Identification of two separated calmodulin-binding domains. J Biol Chem 263, 2612-2618 

15 Glaser, P., et al. (1988) The calmodulin-sensitive adenylate cyclase of Bordetella pertussis: 

cloning and expression in Escherichia coli. Mol Microbiol 2, 19-30 

16 Mock, M. and Ullmann, A. (1993) Calmodulin-activated bacterial adenylate cyclases as 

virulence factors. Trends Microbiol 1, 187-192 

17 Dove, S.L. and Hochschild, A. (1998) Conversion of the omega subunit of Escherichia coli 

RNA polymerase into a transcriptional activator or an activation target. Genes Dev 12, 745-754 

18 White, M.A. (1996) The yeast two-hybrid system: forward and reverse. Proc Natl Acad Sci U 

S A 93, 10001-10003 

19 Joung, J.K., et al. (2000) A bacterial two-hybrid selection system for studying protein-DNA 

and protein-protein interactions. Proc Natl Acad Sci U S A 97, 7382-7387 

54



	  

 

20 Karimova, G., et al. (2005) Interaction network among Escherichia coli membrane proteins 

involved in cell division as revealed by bacterial two-hybrid analysis. J Bacteriol 187, 2233-

2243 

21 Busiek, K.K., et al. (2012) The Early Divisome Protein FtsA Interacts Directly through Its 1c 

Subdomain with the Cytoplasmic Domain of the Late Divisome Protein FtsN. J Bacteriol 194, 

1989-2000 

22 Daniel, R.A., et al. (2006) Multiple interactions between the transmembrane division proteins 

of Bacillus subtilis and the role of FtsL instability in divisome assembly. J Bacteriol 188, 7396-

7404 

23 van den Ent, F., et al. (2006) Dimeric structure of the cell shape protein MreC and its 

functional implications. Mol Microbiol 62, 1631-1642 

24 Paschos, A., et al. (2011) An in vivo high-throughput screening approach targeting the type 

IV secretion system component VirB8 identified inhibitors of Brucella abortus 2308 

proliferation. Infect Immun 79, 1033-1043 

25 Miller, J. (1972) Experiments in Molecular Genetics. Cold Spring Harb Perspect Biol, 352 - 

355 

26 Armenta, R., et al. (1985) Improved sensitivity in homogeneous enzyme immunoassays using 

a fluorogenic macromolecular substrate: an assay for serum ferritin. Anal Biochem 146, 211-219 

27 Vidal-Aroca, F., et al. (2006) One-step high-throughput assay for quantitative detection of 

beta-galactosidase activity in intact gram-negative bacteria, yeast, and mammalian cells. 

Biotechniques 40, 433-434, 436, 438 passim 

55



	  

 

28 Blondel, A. and Bedouelle, H. (1991) Engineering the quaternary structure of an exported 

protein with a leucine zipper. Protein Eng 4, 457-461 

29 Brideau, C., et al. (2003) Improved statistical methods for hit selection in high-throughput 

screening. J Biomol Screen 8, 634-647 

30 Entzeroth, M., et al. (2009) Overview of high-throughput screening. Curr Protoc Pharmacol 

Chapter 9, Unit 9 4 

31 Zhang, J.H., et al. (1999) A Simple Statistical Parameter for Use in Evaluation and Validation 

of High Throughput Screening Assays. J Biomol Screen 4, 67-73 

32 Malo, N., et al. (2006) Statistical practice in high-throughput screening data analysis. Nat 

Biotechnol 24, 167-175 

33 Fletcher, S. and Hamilton, A.D. (2007) Protein-protein interaction inhibitors: small molecules 

from screening techniques. Curr Top Med Chem 7, 922-927 

34 Arkin, M.R. and Wells, J.A. (2004) Small-molecule inhibitors of protein-protein interactions: 

progressing towards the dream. Nat Rev Drug Discov 3, 301-317 

35 Lo Conte, L., et al. (1999) The atomic structure of protein-protein recognition sites. J Mol 

Biol 285, 2177-2198 

36 Wells, J.A. and McClendon, C.L. (2007) Reaching for high-hanging fruit in drug discovery at 

protein-protein interfaces. Nature 450, 1001-1009 

37 Sundberg, E.J. and Mariuzza, R.A. (2000) Luxury accommodations: the expanding role of 

structural plasticity in protein-protein interactions. Structure 8, R137-142 

56



	  

 

38 Trosset, J.Y., et al. (2006) Inhibition of protein-protein interactions: the discovery of druglike 

beta-catenin inhibitors by combining virtual and biophysical screening. Proteins 64, 60-67 

39 Schon, A., et al. (2011) Thermodynamics-based drug design: strategies for inhibiting protein-

protein interactions. Future Med Chem 3, 1129-1137 

40 Zhao, L. and Chmielewski, J. (2005) Inhibiting protein-protein interactions using designed 

molecules. Curr Opin Struct Biol 15, 31-34 

41 Berg, T. (2008) Small-molecule inhibitors of protein-protein interactions. Curr Opin Drug 

Discov Devel 11, 666-674 

42 Stebbins, J.L., et al. (2008) Identification of a new JNK inhibitor targeting the JNK-JIP 

interaction site. Proc Natl Acad Sci U S A 105, 16809-16813 

43 Chen, T., et al. (2009) Identification of small-molecule inhibitors of the JIP-JNK interaction. 

Biochem J 420, 283-294 

44 Reindl, W., et al. (2008) Inhibition of polo-like kinase 1 by blocking polo-box domain-

dependent protein-protein interactions. Chem Biol 15, 459-466 

45 Skoog, K. and Daley, D.O. (2012) The Escherichia coli cell division protein ZipA forms 

homodimers prior to association with FtsZ. Biochemistry 51, 1407-1415 

46 Mateos-Gil, P., et al. (2012) FtsZ polymers bound to lipid bilayers through ZipA form 

dynamic two dimensional networks. Biochim Biophys Acta 1818, 806-813 

47 Kuchibhatla, A., et al. (2011) ZipA binds to FtsZ with high affinity and enhances the stability 

of FtsZ protofilaments. PLoS One 6, e28262 

57



	  

 

48 Haney, S.A., et al. (2001) Genetic analysis of the Escherichia coli FtsZ.ZipA interaction in 

the yeast two-hybrid system. Characterization of FtsZ residues essential for the interactions with 

ZipA and with FtsA. J Biol Chem 276, 11980-11987 

49 Erickson, H.P. (2001) The FtsZ protofilament and attachment of ZipA--structural constraints 

on the FtsZ power stroke. Curr Opin Cell Biol 13, 55-60 

50 Mosyak, L., et al. (2000) The bacterial cell-division protein ZipA and its interaction with an 

FtsZ fragment revealed by X-ray crystallography. EMBO J 19, 3179-3191 

51 Tsao, D.H., et al. (2006) Discovery of novel inhibitors of the ZipA/FtsZ complex by NMR 

fragment screening coupled with structure-based design. Bioorg Med Chem 14, 7953-7961 

52 Rush, T.S., 3rd, et al. (2005) A shape-based 3-D scaffold hopping method and its application 

to a bacterial protein-protein interaction. J Med Chem 48, 1489-1495 

 

 

 

58



	  

 

 

 

 

 

 

 

 

 

Chapter 4 

Identification of novel inhibitors of the bacterial MreB-RodZ interaction 

 

 

 

 

 

 

 

 

 

 

 

 

 

59



	  

 

Identification of novel inhibitors of the bacterial MreB-RodZ interaction 

(in preparation) 

Courtney L. White, Robert Damoiseaux, Albert Chan, Robert Clubb and James W. Gober 

 

Department of Chemistry and Biochemistry and Molecular Biology Institute 
University of California  
Los Angeles, CA 90095-1569 
 

 

 
 
 
 
 
 
 
 
 
 
 
The following chapter 4 is both an abbreviated and adapted version of a manuscript in progress, 
written and customized for dissertation chapter format.  
 

 

 

 

 

 

 

 

 

60



	  

 

Abstract. We have developed a robust assay for use in a high throughput screen (HTS) targeting 

cell wall synthesis proteins MreB-RodZ. Validation and optimization modified this assay to 

identify compounds that may be potential interaction antagonists. Herein we present the results 

of an HTS screen involving approximately 77,000 small molecules. Secondary and counter 

screening assays determined 51 confirmed hits. Fourteen lead compounds with greater than 65% 

assay inhibition were chosen for further analysis. We find that several compounds exhibit 

bactericidal activity in four gram-negative species of bacteria. In addition, an analog of one hit 

(BZ-10.4) had increased bactericidal activity.  Both BZ-10 and BZ-10.4 produced physiological 

changes similar to genetic depletion critical morphogenetic proteins.  

 

Introduction and Process Flow. This HTS was developed to discover inhibitors of MreB-RodZ, 

a protein interaction essential for bacterial peptidoglycan (PG) cell wall synthesis. The proteins 

that synthesize, assemble, and degrade PG are critical for cell viability. The interaction between 

RodZ and MreB offers an attractive target for potential inhibitors (Chapter 3).  

 

Figure 4-1 depicts the overall screening process in the primary, secondary and counter-screen. 

The primary screen consisted of approximately 250 plates and 77,000 small molecule 

compounds performed at the UCLA Molecular Shared Screening Resource (MSSR) center. The 

compound libraries used involve a diverse collection including drug-like compounds available 

from Asinex and Chembridge as well as a large UCLA in-house collection.A pilot study found a 

reading window of five hours constraining the screen to a maximum of 50 plates and 

approximately 13,000 compounds per run.  
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Figure 4-1. The HTS flow of procedure in primary and secondary screening.  
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Post HTS data evaluation. Quality control is essential in analyzing HTS data post-screen to 

guarantee correct ‘hit’ selections and limit false positives and negatives. Both random and 

systematic errors during the assay can produce biases leading to signal misinterpretation. For 

instance, the ‘edge effect’ bias can incorrectly skew a value based on its well location. Edge 

wells can have a higher or lower bias depending on the assay. A few studies have attributed this 

to a plate’s temperature differential or by the plate’s position within the incubator [1-3]. Other 

technical or procedural factors produce row-to-row or plate-to-plate bias including instrument-

associated systematic errors, or setup and liquid handling errors [2, 4-6]. Therefore, all raw 

values were cautiously investigated. Additionally, once the data was analyzed for quality, it was 

important to decide how to select which hits will be used secondary screens.  

 

The statistical processing of HTS data has been intensely investigated. Classical and more 

recently proposed algorithms have been used to analyze HTS screening data. Simulated runs 

investigate some of the most optimal methods for data correction and hit selection [2, 6-12]. 

Below is a brief discussion of the statistical methods applied to our HTS data.  

 

Z-score normalization. As an initial analysis to investigate hit rate, investigators apply a Z-

score correction to raw data. This is not to be confused with Z’ factor used to investigate assay 

feasibility [11] (Chapter 3). The values are normalized using the mean, μ and standard deviation 

(σ) of the total measurements within a single plate (Z score = (xi - xμ)/σ). Normalizing raw data 

values to a Z-score assumes the majority of the compounds are inactive and thus serve as internal 

controls [4]. A consolidated data output with calculated Z-scores is shown in Figure 4-2. 
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Samples greater than a determined c constant (μ – cσ) can be chosen as hits for further secondary 

screens (Figure 4-2).  

 

 

Figure 4-2. Z-score normalization of HTS data. Several statistical methods are applied to data 
such that hits based on defined thresholds can be determined. Data represents consolidated 
readings from 100 plates, generated from raw data uploaded to the Collaborative Drug Discovery 
(CCD) database. Purple lines mark boundaries ± 3 standard deviations from the mean.  

 
 

B-score normalization. Alternate statistical methods to Z-score normalization can be used, 

which are potentially more effective in isolating hits [2, 6, 8, 13, 14]. When there are true hits in 

any plate, their outlier values will significantly sway the plate’s sample mean and standard 

deviation. Instead, B-score normalization uses the median and absolute deviations of the median, 

as proposed by Brideau et al [2]. This algorithm removes plate positional biases by subtracting 

row or column effects and helpful in eliminating false positives [2, 15]. Since we observed some 
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positional biases in our final data, we determined that B-score normalization was the appropriate 

statistical algorithm for assessing hits. Using a plate-by-plate analysis, we selected inhibitor hits 

with a B-score greater than three standard deviations below the mean  (Figure 4-3). Some runs 

were also pre-processed by grouping plates using a k-means clustering algorithm which 

partitions plates based on their mean values [13].   
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Figure 4-3. A single 384-well microplate corrected using Z-score and B-score normalization. 
Hits are indicated as red asterisks below three standard deviations from the mean.  
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Primary screen hit selection. The primary HTS screen identified 262 total initial hits. Each hit 

was cross-checked with optical density readings to eliminate compounds lethal to the host E. 

coli. We noted these for future investigation, but the prospective screening goal was to 

specifically identify inhibitors of the BTH induced Caulobacter RodZ-MreB interaction. 

Hypothetically, a RodZ-MreB interaction is also essential to the E. coli host strain and 

consequently, any inhibitors of a Caulobacter RodZ-MreB could also be lethal to E. coli. Yet it 

was assumed that the primary screen utilized low enough compound concentrations to 

specifically inhibit the Caulobacter interaction without harming host E. coli. Moreover, the 

interacting proteins are overexpressed in the host E. coli so the majority of any active compound 

should be occupied by the Caulobacter overexpressed interaction, leaving endogenous E. coli 

proteins unaffected.  

 

Secondary and counter screening. After ruling out toxic compounds, 240 interest compounds 

remained (hit rate = 0.3%). These compounds were cherry-picked by robotic liquid handling and 

consolidated to a single plate. All cherry-picked compounds were tested in triplicate during the 

secondary re-screen which confirmed only 51 hits with greater than 50% relative inhibition of β-

galactosidase activity. The secondary screen incorporated a simultaneous counter screen to rule 

out general β-galactosidase assay inhibitors (e.g., β-galactosidase or adenylate cyclase) by 

utilizing a positive control strain harboring interacting halves of a leucine-zipper protein 

(Chapter 3). This counter screen identified 40 compounds as general unspecific β-galactosidase 

inhibitors (data not shown). Out of the 51 secondary screen re-confirmed hit compounds, 12 of 

these also inhibited the counter-screen and omitted from further inquiry leaving a final 39 
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compounds (Figure 4-4). We chose to narrow the total number of compounds using a threshold 

of >65% inhibition, which decreased the number of compounds to 14 (Figure 4-4, Table 4-1).  

 

 
Figure 4-4. β-galactosidase inhibition (%) of 51 lead compounds in secondary screening 
and counter-screening. All raw data was processed as described in the primary screen. 
Using a final β-galactosidase readout of each score compared to the positive control, a 
relative percent inhibition was calculated.  Primary hit compounds were considered hits at a 
final threshold of >65% inhibition (red arrow) but were omitted if also exhibited any 
inhibition in a leucine- zipper positive control counter-screen.  

 

 

The final compounds of interest, BZ-1 through BZ-14, are summarized in Table 4-1 and in 

Figure 4-4. The percent inhibition in β-gal activity was calculated by the following equation 

[16]:  
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Negative and positive median values represent the median of the respective vehicle-only 

controls. The sample value is used for each replicate, and final percentage values are calculated 

using the mean percentages and standard deviations (Table 4-1). Compounds BZ-12 and BZ-14 

exhibited the highest percent inhibition at 80.20% and 81.30% inhibition of β-gal activity, 

respectively (Table 4-1). Both the secondary and counter-screen assays were critical for limiting 

the number potential leads. Only 15% of the original 240 primary hits satisfied the minimum 

assay criteria at >50% β-gal activity inhibition in triplicate tests and only 5.8% of 240 had 

greater than 65% inhibition. Overall, the primary screen generated a hit rate of 0.3%. Typically, 

primary screen hit rates vary from 0.1% to 5%, with <0.5% viewed as satisfactory [14, 17]. 

Greater than 5% may indicate a weak assay and becomes unmanageable in secondary screens. 

Our secondary screen and counter-screen further assays reduced the final hit rate to 0.04%.  
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Table 4-1. Compounds of interest with an inhibition 
threshold of >65%. *Inhibition percentages were calculated 
from mean positive control readings, n = 96. **Mean and 
SD were calculated from triplicate readings using 10 μM 
compound 

 

 

All fourteen hit compounds were dissolved in 100% DMSO and tested to determine possible 

bactericidal activity in the following species: Caulobacter crescentus (NA1000), Escherichia coli 

(DH5), Burkholderia multivorans (ATCC 17616), Pseudomonas aeruginosa (PAO1) and gram-

positive Bacillus subtilis (BAL216). Caulobacter and E. coli are nonpathogenic and rarely can 

cause infection. Caulobacter is found in freshwater oligotrophic environments, while E. coli 

normally is confined to the intestinal lumen and part of its normal bacterial flora. However, there 

are a number of close pathogenic E. coli relatives that are responsible for some high-risk food-

borne illnesses. Even nonpathogenic E. coli can cause deadly infections in the debilitated and 

!
Compound 

 

Interaction Inhibition 

% MreB-RodZ* 

Name Number Position   Mean** % σ** % 

BZ-1 9 B13 

 

69.05 2.65 

BZ-2 10 B14 

 

67.41 3.43 

      BZ-3 18 D15 

 

67.68 4.99 

BZ-4 19 D18 

 

68.43 5.00 

BZ-5 20 D19 

 

67.62 3.27 

BZ-6 27 F18 

 

69.79 2.34 

BZ-7 32 G12 

 

78.14 4.73 

BZ-8 33 G15 

 

69.79 2.34 

BZ-9 38 H8 

 

70.75 1.54 

BZ-10 40 H18 

 

67.53 4.87 

BZ-11 44 J8 

 

80.20 1.41 

BZ-12 46 J20 

 

81.30 2.45 

BZ-13 47 K5 

 

68.68 2.79 

BZ-14 50 K17   76.64 5.13 
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immunosuppressed [18, 19]. Pseudomonas is an opportunistic pathogen causing infection to 

patients with cystic fibrosis [20]. Burkholderia sp. are also opportunistic pathogens to both plant 

and animal and are becoming increasingly prevalent in patients with cystic fibrosis and chronic 

granulomas disease (CGD) [21]. The resulting MIC50 values for each bacterial species are shown 

in Table 4-2 and Figure 4-5. Seven compounds were omitted due to solubility issues and/or 

artifact readings.  
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Figure 4-5. Structures of lead compounds BZ-1 through BZ-14. Compounds chosen for further 
characterization and named for a MreB-RodZ (BZ) interaction.  
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None of the compounds had any observable effect in Bacillus and only a relatively high 

concentration of BZ-10 had an effect on Pseudomonas. With consideration to our targeted MreB 

and RodZ interaction, MreB is conserved, essential and well characterized in C. crescentus, E. 

coli, and Bacillus [22, 23]. MreB is also conserved in Burkholderia sp. (B. multivorans, gene ID 

= 6361556) but not specifically characterized to date. In Pseudomonas sp. (P. aeruginosa, gene 

ID: 881165), MreB is essential, required for cell viability and found to provide a polar 

localization mechanism for its pili pathogenesis [24-26]. RodZ is well characterized in 

Caulobacter and E. coli and a BLAST query analysis against RodZ in Caulobacter revealed 

RodZ homologs in E. coli (e-value = 0.14), Burkholderia sp. (e-value = 5e-5), and Pseudomonas 

(e-value = 1e-5) [27]. No RodZ homologs, however, were found in Bacillus (e-value = >10) [27], 

providing a possible explanation as to why none of the compounds were effective in Bacillus. 

Given that Bacillus is a gram-positive bacteria, it is possible the compound was unable to 

penetrate the cell wall. BZ-9 and BZ-10 were chosen for further investigation since they 

displayed significant growth inhibition in 3 or 2 bacterial species (BZ-10 and BZ-9 respectively) 

(Table 2).  
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Figure 4-6. Minimum inhibitory concentration (MIC50) of compounds BZ-1, BZ-2, BZ-3, BZ-7, BZ-
9, BZ-11, and BZ-12 in gram-negative bacterial species a) Caulobacter, b) E. coli, c) Burkholderia 
and d) Pseudomonas. None were effective against Bacillus (not shown). Several compounds are omitted 
for issues with solubility at higher concentrations. 100% DMSO at the indicated concentrations served as 
the vehicle control.  
 
 

 
Table 4-2. Summary MIC50 values for all soluble compounds in Caulobacter, Burkholderia, E. coli, and 
Pseudomonas.  

Strain 
MIC50 (μg/ml) 

BZ-1 BZ-3 BZ-5 BZ-7     BZ-9 BZ-10 BZ-11 BZ-12 
C. crescentus - - 254 - 320 145 - - 

E. coli - - - - - 141 - - 
B. multivorans - - - - 278 51 - - 
  P. aeruginosa - - - - - 562 - - 
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Analysis of several structural analogs of lead compounds. We performed an abbreviated 

structure activity relationship (SAR) analysis on the most effective compounds BZ-9 and BZ-10 

to identify any similar molecules with increased bactericidal potency. Four closely related BZ-10 

compounds named BZ-10.1 – 10.4 were obtained. Only a single analog of BZ-9 was available, 

BZ-9.1 (Figure 4-7 and 4-8).  All analogs shared greater than 85% structural similarity to the 

original compound (Chembridge, Corp). MIC50 analyses were performed on Caulobacter, E. 

coli, and Burkholderia and Pseudomonas. While BZ-9.1 showed no increase in effective 

potency, two structural analogs of BZ-10 were more effective in Caulobacter alone (BZ-10.1) or 

in Caulobacter, E. coli, and Burkholderia (BZ-10.4) as shown in Figure 4-8.  

 

 

 

Strain 
MIC50 (μg/ml) 

BZ-9 BZ-9.1 

C. crescentus 184 266 

E. coli 650 - 

B. multivorens 205 - 

P. aeroginosa - - 

 
Figure 4-7. MIC50 of BZ-9 and analog derivative BZ-9.1. 
The chemical structures are identical with exception of an 
oxy-methyl group at benzene position 2 in BZ-9.1. The 
MIC50 of each compound and bacterial strain are listed. BZ-
9.1 is only effective in Caulobacter, albeit less potent than 
BZ-9. 
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Strain 
MIC50 (ug/mL) 

BZ-10 BZ-10.1 BZ-10.2      BZ-10.3 BZ-10.4 

C. crescentus 136 85 351 - 54 

E. coli 142 221 - - 44 

B. multivorens 139 336 - - 28 

P. aeruginosa 615 - - - 380 
 

Figure 4-8. Compound structures and MIC50 of BZ-10 and analog derivatives BZ-10.1, BZ-10.2, 
BZ-10.3, and BZ-10.4. All analogs were determined to have greater than 85% structural similarity. 
The most effective compound from this analysis was analog BZ-10.4 with MIC50 concentrations 
lower than original lead compound as shown. 

 
 
 
Determination of β-gal IC50. BZ-9, BZ-10, and BZ-10.4 were tested for their inhibitory 

concentrations (IC50) in the MUG β-gal cell-based assay. In parallel, we also tested A22, a small 

molecule compound known to perturb the function of MreB [28, 29]. Concentrations of inhibitor 

(0.001 to 100 μM) were applied to this assay. A concentration greater than 150 μM was found to 

be toxic to the host E. coli.  The following IC50’s were determined, BZ-9 (9.29 μM), BZ-10 

(7.05 μM), and BZ-10.4 (6.46 μM), while A22 had no effect on the assay below 100 μM, but 

was indeed toxic to E. coli at higher concentrations >100 μM (Supp. Fig. 4-3).  
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BZ-10 and BZ-10.4 cause gross morphological changes in cell shape. Both MreB and RodZ 

have known functions in the maintenance of bacterial cell shape and cell wall synthesis. Cells of 

both Caulobacter and E. coli, for example, lose their characteristic shape during depletion of 

either protein and interact with proteins required for cell wall synthesis [30-39]. Because both 

shape proteins are the presumed targets of the hit compounds, we performed microscopy analysis 

on the crescent-shaped Caulobacter cells during treatment with BZ-9 or BZ-10. The compounds 

were added to cells in mid-logarithmic phase at a concentration of 50 μg/mL and observed 

overtime from one to eight hours. Micrographs were taken of cells using a stain that labels the 

plasma membrane of living cells, FM4-64 (Molecular Probes) [40, 41]. Additional differential 

interference contrast (DIC) micrographs were taken to visualize shape [42] (Figure 4-9). No 

observable effect was seen during treatment with BZ-9 however cells treated with BZ-10 for 3 

hours caused a distinct cell rounding phenotype and longer treatment times resulted in cell lysis. 

Identical shape changes were also seen in cells treated with analog compound BZ-10.4 (not 

shown). 
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Figure 4-9. BZ-10 cause aberrant cell shape defects in 
Caulobacter crescentus. Cells were treated with 50 μg/mL BZ-
10 or DMSO beginning at mid-log growth phase and observed 
over an 8 hour period at 30°C. Shown is the phenotypic change 
first seen at 3 h. Micrographs were taken using differential 
interference contrast (DIC) microscopy (left panel) and cells 
stained with FM4-64, used to label the plasma membrane (right 
panel). The white bar equals 3 μm.  
 

 

To understand how the inhibitors might disrupt interactions between MreB and RodZ, we used 

computational molecular docking. This well established technique simulates and predicts the 

78



	  

 

orientation of a compound with its binding partner and estimates binding affinities by sampling 

the ligand’s conformations within possible binding pockets [43] We find that BZ-9, BZ-10 and 

BZ-10.4 dock to the surface on MreB that interacts with RodZ in the crystal structure of the 

MreB-RodZ complex (pdb code: 2WUS) [33, 44] . We chose this surface on MreB because it is 

larger, and more complex than the cognate binding surface in RodZ and thus more likely to 

theoretically participate in small molecule binding. The docking poses with the lowest energies 

are shown in Figure 10. The docking results of BZ-9 show that the phenyl ring is inserted into a 

hydrophobic pocket formed by L141, N149, R279, G280, F282 and I306. In addition, its 3-(1-

piperidinylmethyl)-1,3-thiazolidine-2,4-dione moiety is extended into a nearby acidic cleft, with 

the 2-carbonyl oxygen hydrogen bonding with the backbone of N140. The nitrophenyl group of 

BZ-10 and BZ-10.4 is similarly inserted into the hydrophobic pocket, but with the 4-NO2 group 

also forming hydrogen bonds with the side chain of R279 and the backbone of M150. 
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Figure 4-10: Docking poses of (a) BZ-9, (b) 
BZ-10 and (c) BZ-10.4. Ligands were docked 
to MreB (pdb code: 2WUS) using 
AutoDock4.2 [44]. The lowest energy poses 
are shown in the figure. The solvent accessible 
surface of MreB is displayed and colored 
according to its electrostatic potential (blue and 
red are positive and negative, respectively). 
The secondary structure of MreB is shown 
behind the surface plot, with important 
residues shown as sticks and labeled.  
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The crystal structure of the MreB-RodZ complex determined that the aromatic side chain of Y53 

on RodZ sits in the aforementioned pocket, and mutagenesis studies demonstrated that mutating 

Y53 to alanine severely impairs the MreB-RodZ interaction [33]. Therefore, the docking results 

suggest that BZ-9, BZ-10 and BZ-10.4 inhibit MreB-RodZ interaction by blocking access of 

RodZ to the critically important hydrophobic pocket. Future inhibitor design should retain the 

phenyl or nitrophenyl moiety and focus on improving the compound affinity to the nearby acidic 

cleft. 

 
Discussion. Here we present the results of a targeted HTS methodology aimed at the discovery 

of putative MreB-RodZ inhibitors. Both proteins share two interface surfaces between them in 

co-crystallization. Mutational analyses show single or multiple residue changes in one larger 

RodZ interface does not effect MreB binding, however single residue changes at the smaller 

interface (K36A, Y57A and Y53A) prevent RodZ from binding filamentous and monomeric 

MreB [33]. This essential protein interaction has been well characterized and provided an 

important target to inhibitor searching.  

 

Interestingly, a few of the most potent assay inhibitors did not display any bactericidal activity. It 

is possible that some of these compounds may not be able to penetrate Caulobacter or that a 

compound preventing a MreB-RodZ interaction may not actually have the same inhibitory effect 

in the native cell environment. As envisioned for actively growing bacteria, the protein-protein 

inhibitory binding site may be blocked by its associations within large protein complexes and 

inaccessible for certain compounds.  
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Mutants resistant to BZ-10.4 have been isolated and current efforts are in progress to determine 

potential nucleotide mutations within  mreB or rodZ genes. Protein purification of both MreB 

and RodZ is underway and will enable iTC (isothermal titration calorimetry) compound binding 

studies.  

 

Overall, this HTS cell-based screen identified 240 hits in the primary screen with the majority 

eliminated in both secondary and counter-screening. Final thresholds were set in order to 

investigate only the strongest assay inhibitors, with a final set of fourteen compounds, and 2 

(BZ-9 and BZ-10) with bactericidal activity at higher concentrations. The analog of BZ-10 (BZ-

10.4) had higher antibacterial activity than its original hit. Further studies will necessitate an in-

depth investigative SAR analysis using a larger collection of analogs to both BZ-10 and BZ-9.  

Using careful validation for each specific case, this HTS assay can be applied to a vast number of 

essential protein-protein targets and provides a useful tool for the beginning stages of antibiotic 

compound discoveries.  

 
 

Methods  

 

HTS screen. Primary and secondary screens were performed at the UCLA MSSR Facility at the 

California NanoSystems Institute (CNSI). Starting cultures of test, positive, and negative control 

strains were grown at 37°C overnight (~12 hours) and inoculated into fresh TGYEP growth 

media at a starting concentration of OD600 = 0.05 supplemented with 1.5mM IPTG and 

antibiotics ampicillin and kanamycin at concentrations of 100 μg/mL and 50 μg/mL respectively. 

A Biomek FX (Beckman Coulter) was used to robotically pin transfer 0.5 microliters of each 

82



	  

 

compound from a stock of 1mM or DMSO to each well. Plates were inoculated with media, cell 

culture, and substrate buffer using MultiDrop 384 (Thermo LabSystems) for accurately 

delivering fixed liquid volumes. Fluorescent readings were performed with an excitation of 372 

nm and emission of 445 nm using a Flexstation II (Molecular Devices). Optical density readings 

at 600 nm were taken using a Wallac Victor 3V plate reader (Perkin Elmer).  In ensure 

consistency final readings used a robotic plate scheduler. 

 

HTS data preprocessing, statistical applications and analysis. Primary data was converted to 

Microsoft Excel file formats for all statistical HTS correction analysis as described above [45]. 

Data was uploaded to the Collaborative Drug Discovery (CCD) database for analysis, and 

compound identification.  

 

Minimum inhibitory concentration, MIC50.  Compounds of interest were purchased in 1 

milligram dry powder from Chembridge or Enamine. Upon arrival, compounds were suspended 

in 100% DMSO at a stock concentration of 10 mg/mL. Dose-responses for each compound were 

performed in microplates (384-well). Serial dilutions of each compound ranged in concentrations 

from 1 mg/ml to 6.4 ug/mL. Control wells included replicated serial dilution of 100% DMSO. 

Each compound was tested for growth in different bacterial species using Luria broth or PYE 

(0.2% Bacto Peptone, 0.1% yeast extract, 1 mM MgSO4, and 0.5 mM CaCl) for Caulobacter 

[46] with a starting inoculum of 0.1 OD600. All 384-well microplates were incubated overnight in 

either 30°C or 37°C.  The optical densities (OD600) to monitor bacterial growth were read on a 

Tecan M1000 plate reader after 36 hours.    
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Inhibitory concentrations (IC50).  IC50’s of the MUG β-gal assay were determined using 0.001 

μM to 1000 μM compound in a 384 well-microplate. The assay was carried out as previously 

described. IC50 values were calculated using SigmaPlot curve fitting according to previous 

methods [47, 48] 

 

Microscopy. Microscopy studies were performed using an Olympus microscope with optical 

sectioning (Delta Vision, Applied Precision). Images are collected between 10-20 sections 

spaced at 0.1 μm through the Z-axis of the bacterial specimen. For FM4-64 (N-(3-

triethylammoniumpropyl)-4-(p-diethylaminophenyl-hexatrienyl) pyridinium dibromide) a live 

cell stain, a standard filter of 555 – 583 nm excitation and 617 – 690 nm emission was used. 

Image stacks are deconvolved using a constrained iterative deconvolution program to remove 

lens light scattering and other out of focus light, to improve resolution [49].  

 

Molecular Docking. MreB coordinates were obtained from chain A of MreB-RodZ complex 

crystal structure (pdb code: 2WUS). Hydrogen atoms were added to MreB using the AutoPSF 

plugin in VMD [50] using default settings. Ligand coordinates were generated by Prodrg Server 

[51] and processed by AutoDockTools [44, 52]. Grid maps of MreB were generated with the grid 

box centered at x = 35.557, y = 35.888, z = 38.851, 128 grid points on each side with a grid point 

spacing of 0.210Å, sufficiently large enough to encompass the MreB-RodZ interaction interface. 

Docking was performed with AutoDock4.2 [44] using Lamarckian Genetic Algorithm with 

default settings except the following: maximum number of energy evaluations = 25,000,000, 

number of runs = 100. The docking poses presented in the paper correspond to the lowest energy 

poses. The figures were prepared with PyMOL [53]. 
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Supplemental Figure 4-1. MIC50 for compound analogs of BZ-10. 
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Supplemental Figure 4-2. MIC50 for compound analogs BZ-9.1 and BZ-9. 
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Supplemental Table 4-1. IC50 analysis for MUG β-galactosidase assay for BZ-9, 
BZ-10, and BZ-10.4. A range of compound concentrations (1 μM to 100 μM) 
were used, with 50% inhibition between 5 μM and 10 μM.  

Compound IC50 (uM) SE ug/mL 

BZ-9 9.29 1.48 3.05 

BZ-10 7.05 1.31 1.67 

BZ-10.4 6.46 0.95 1.63 
 

A22 none - - 
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Concluding Remarks. The discovery of the first antibiotics brought forth a new era in treating 

infectious disease and the rise of modern medicine, making invasive surgery possible. Decades 

later we find ourselves in a dire paradox where the antibiotic ‘cure’ itself selects for the bacteria 

that evade it, creating antibiotic-resistant strains. Moreover, it has been progressively more 

difficult to eliminate bacterial infections caused by multi-drug resistance bacteria, or 

‘superbugs.’ Overuse of antibiotics in humans and farm animals has contributed to the rise in 

superbugs and the situation is worsened with a continuous decrease in new antibiotic discovery 

and drug approvals. Traditionally, antibiotics were discovered from natural products and 

modified for effective treatment, however we now possess the tools that make rationally targeted 

drug discovery possible. It is essential that research continues searching for new antibiotics and 

new targets, both in the academic and industrial setting.  

 

In Chapter 2 we investigated proteins involved in positioning cell wall synthesis in Caulobacter.  

Bacterial cell wall synthesis is initiated in the cytosol by a collection of enzymes followed by 

several reactions at the inner cytosolic membrane and culminates its final assembly in the 

periplasmic space. A fluorescent derivative of the antibiotic ramoplanin (Ramo-FL) was able to 

successfully label and track new synthesis in Caulobacter, revealing either a banded or helical 

pattern over the cell length. Depletion of the inner membrane protein, MreD causes a shift in 

Ramo-FL labeling from lateral to discrete, with intense foci at the poles and midcell. This 

collapse of nascent wall synthesis occurs even before morphological defects occured. Further, 

MreD depletion caused a remarkably similar shift in localization patterning of a late stage PG 

precursor synthesis protein. The same effect was also seen for cytoskeletal actin homolog 

protein, MreB.  
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Other proteins of the cytosolic PG pathway were shown to possess localization patterns 

reminiscent of MreB. These patterns were affected by treatment of the small molecule inhibitor, 

A22. It was previously observed that A22 causes localization of the PG precursor synthesis 

enzyme MurG to collapse to discrete foci and has now been shown to cause the same effect to 

other enzymes in the PG biosynthetic pathway. Interestingly, MurG foci colocalizes together 

with Ramo-FL. The same effect, although to a lesser degree, is seen for cytosolic enzyme at the 

beginning of the PG synthesis pathway, MurB. Overall, these suggest that proper positioning of 

lateral cell wall synthesis and cytosolic enzymes in precursor synthesis are likely ultimately 

controlled by the actin homolog MreB. MreB is predicted to orchestrate precursor synthesis and 

provide structure for cell wall synthetic activities that were thought previously to occur 

unorganized in cytosolic space.  

 

Chapter 2 also involves a comprehensive examination of protein interactions among those 

implicated in cell shape and PG synthesis. The cytoskeletal protein MreB, was found to interact 

with MreD, and also two PG precursor synthesis enzymes, MurG and MraY. A recently 

discovered protein RodZ, was confirmed to interact with MreB and MreD. In the periplasm, 

previously determined interactions were confirmed between the cell shape protein MreC, and 

proteins responsible for assembling precursor into the cell wall, penicillin binding proteins 

(PBPs). Overall, a complex of interacting proteins was found spanning cytosolic, inner 

membrane and periplasmic subcellular compartments. Interaction and localization dependence  

suggest that cytoskeletal or inner membrane cell shape proteins act a central network hubs, to 

position and direct PG synthesis activities in each compartment. An MreD-MreB-RodZ 

association at the cytosolic inner membrane may direct PG precursor synthesis to efficiently 
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provide PG substrate to the similarly localized PBPs and hydrolases in the periplasm. The critical 

interactions point to a variety of new targets for antibiotics, particularly ones that inhibit protein-

protein interactions.  

 

Traditionally, the search for protein-protein interaction inhibitors has been of lesser focus, due to 

the general notion that it would be difficult to find an inhibitor able to effectively destabilize the 

association between two proteins. However, it is now understood that the energy stabilizing 

protein interactions is probably only generated from several amino acid residues, or its ‘hot spot.’ 

For a more in depth discussion of protein-protein interaction screening and hot spots, see Chapter 

3. In all, it is possible that a small molecule compound could inhibit these critical residues for 

effective protein-protein interaction inhibition. Many interactions from Chapter 2 could be 

exploited as targets, especially for those that are independently critical for viability. A few 

choices included MreB-MreD, MreB-MurG, MreD-RodZ, or MreB-RodZ. Each of these proteins 

is essential and it is assumed that their interaction is also critical.  

 

Chapter 3 describes the optimization and validation of a high-throughput assay, amending a two-

hybrid β-galactosidase assay to 384-well format to screen for compounds inhibiting MreB-RodZ.  

Chapter 4 is a version of a manuscript in progress, describing the results of approximately 77,000 

compounds in a primary screen. Two hundred and forty initial primary hits were found. 

Secondary and counter-screening were also performed to narrow down the number of hits. 

Fourteen final hits were chosen for further analysis with greater than 65% assay inhibition named 

BZ-1 through BZ-10. We tested these molecules on several species of bacteria and found a 

subset to be antimicrobial.  In addition, one compound produced cell shape changes suggesting it 
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may target cell wall synthesis activities. BZ-10.4 had the highest antimicrobial activity on 

several bacterial species.  

 

We are advancing several lines of investigation that will offer new insights into how these 

compounds inhibit the MreB-RodZ interaction. Resistant mutant analysis may provide clues as 

to the amino acid position of the drug target. Isothermal titration calorimetry (iTC) is also in 

progress to evaluate compound binding. A larger chemical synthesis endeavor should also be 

taken to assess the functional groups with the highest efficacy. Overall, this cell based high-

throughput assay can be used to test other critical interactions as targets, albeit with its own 

optimization and validation modifications. The work in this dissertation encompasses the basic 

fundamental biology of PG cell wall biosynthesis and translates that understanding into 

development of a HTS screen designed to discover novel inhibition compounds. Moreover, the 

methodology provides a number of possibilities for approaches to targeted antimicrobial 

discovery.  
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The cell shape proteins MreB and MreC control
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Summary

MreB, the bacterial actin homologue, is thought to
function in spatially co-ordinating cell morphogen-
esis in conjunction with MreC, a protein that wraps
around the outside of the cell within the periplasmic
space. In Caulobacter crescentus, MreC physically
associates with penicillin-binding proteins (PBPs)
which catalyse the insertion of intracellularly synthe-
sized precursors into the peptidoglycan cell wall.
Here we show that MreC is required for the spatial
organization of components of the peptidoglycan-
synthesizing holoenzyme in the periplasm and MreB
directs the localization of a peptidoglycan precursor
synthesis protein in the cytosol. Additionally, fluores-
cent vancomycin (Van-FL) labelling revealed that the
bacterial cytoskeletal proteins MreB and FtsZ, as well
as MreC and RodA, were required for peptidoglycan
synthetic activity. MreB and FtsZ were found to be
required for morphogenesis of the polar stalk. FtsZ
was required for a cell cycle-regulated burst of pepti-
doglycan synthesis early in the cell cycle resulting in
the synthesis of cross-band structures, whereas
MreB was required for lengthening of the stalk. Thus,
the bacterial cytoskeleton and cell shape-determining
proteins such as MreC, function in concert to orches-
trate the localization of cell wall synthetic complexes
resulting in spatially co-ordinated and efficient pepti-
doglycan synthetic activity.

Introduction

The distinct morphology of most bacterial cells is dictated
by the architecture of the peptidoglycan cell wall. In Gram-
negative bacteria, the cell wall is thought to be a single
large molecule that girdles the entire cell surface, consist-

ing of a repeating glycan polymer of N-acetylglucosamine
and N-acetylmuramic acid, the strands of which are con-
nected by peptide cross-links (reviewed in Holtje, 1998;
Vollmer and Holtje, 2001; Scheffers and Pinho, 2005).
Peptidoglycan precursors are synthesized in the cytosol,
then covalently bound to a lipid carrier and translocated to
the outside of the cell where they are incorporated into the
pre-existing cell wall. The enzymes catalysing the inser-
tion of precursors into the growing cell wall are known as
penicillin-binding proteins (PBPs). In Gram-negative bac-
teria, the PBPs are localized to the outer surface of the
cytoplasmic membrane, such that their catalytic domains
lie within the periplasmic space where they catalyse
both transglycosylase and transpeptidase reactions. In
Escherichia coli, peptidoglycan precursors are thought to
be added to pre-existing peptidoglycan at gaps in the cell
wall that are created by the action of peptidoglycan-
degrading enzymes (reviewed in Holtje, 1998; Vollmer
and Holtje, 2001). This group of enzymes, including the
lytic transglycosylases and endopeptidases, are hypoth-
esized to exist in complex with PBPs, forming a
peptidoglycan-synthesizing holoenzyme.

In rod-shaped bacteria, the activity of PBPs must be
spatially organized such that the insertion of new cell wall
material occurs in a co-ordinated fashion along the long
axis of the cylindrical cell. Recent experiments with MreB
and MreC, two proteins originally shown to be required for
normal rod cell shape in E. coli (Wachi et al., 1987), have
provided important insights into how the spatial organiza-
tion of PBP activity may be accomplished. Structural
studies have demonstrated that MreB is a prokaryotic
homologue of actin that can assemble into filamentous
structures in a nucleotide-dependent manner (van den
Ent et al., 2001; Esue et al., 2005). Subcellular localiza-
tion experiments with Bacillus subtilis have shown that
MreB forms helical cables that encircle and run along the
length of the cell (Jones et al., 2001; Carballido-Lopez
and Errington, 2003). This distinct pattern of MreB local-
ization was also observed in Caulobacter crescentus
(Figge et al., 2004; Gitai et al., 2004), E. coli (Shih et al.,
2003) and Rhodobacter sphaeroides (Slovak et al.,
2005). In C. crescentus, the pattern of MreB localization
is dynamic, with spiral structures running along the length
of the cell that collapse to a midcell location prior to
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cytokinesis (Figge et al., 2004; Gitai et al., 2004). Cells
with mutations in MreB (or its homologues) exhibit a loss
of rod shape, gradually transforming into spherical or
lemon-shaped cells (Jones et al., 2001; Carballido-Lopez
and Errington, 2003; Figge et al., 2004; Gitai et al., 2004;
Kruse et al., 2005) suggesting that the observed helical
cables of MreB may have an important role in determining
rod-shaped growth of the cell. In support of this idea,
penicillin-binding protein 2 (PBP2) of C. crescentus also
exhibits a helical-like or banded pattern of localization
(Figge et al., 2004). Additionally, labelling of B. subtilis
cells using fluorescent vancomycin (Van-FL) demon-
strated that peptidoglycan precursors are incorporated
into pre-existing cell wall material in a helical fashion that
was dependent on the MreB homologue, Mbl (Daniel and
Errington, 2003). These results suggest that MreB may be
responsible for the spatial organization of PBPs and pep-
tidoglycan synthesis.

The mreC gene located downstream of mreB in most
rod-shaped bacteria has also been shown to be required
for maintenance of cell shape (Dye et al., 2005; Kruse
et al., 2005; Leaver and Errington, 2005). This gene
encodes a protein that is localized to the outer surface of
the cell, either containing a single membrane spanning
region, in the case of B. subtilis (Leaver and Errington,
2005; van den Ent et al., 2006), or existing in the peri-
plasm in C. crescentus (Divakaruni et al., 2005). Unlike
mreB whose distribution is restricted to rod-shaped bac-
teria, mreC is present in the genomes of both rod- and
coccoid-shaped cells suggesting that it may have a uni-
versal role in cell morphogenesis. MreC exhibits a banded
or helical-like pattern of localization in both B. subtilis
(Leaver and Errington, 2005; van den Ent et al., 2006)
and C. crescentus (Divakaruni et al., 2005; Dye et al.,
2005). Affinity chromatography experiments with
C. crescentus cell extracts have demonstrated that a
number of directly PBPs interact with MreC (Divakaruni
et al., 2005). Additionally, two-hybrid experiments with
B. subtilis protein showed that MreC was able to interact
with several individual PBPs (van den Ent et al., 2006).
These results suggest that MreC and PBPs form a
complex in vivo and that the helical localization pattern of
MreC may be ultimately responsible for the positioning of
PBPs and the pattern of peptidoglycan synthesis.

Here we examine the role of the C. crescentus cell
shape-determining proteins, MreB and MreC, in organiz-
ing the subcellular localization of peptidoglycan synthetic
proteins on both sides of the cytoplasmic membrane. We
show that intact MreB cables are required for the position-
ing of a peptidoglycan precursor synthesis enzyme in the
cytosol, while MreC is required for the positioning of the
peptidoglycan synthesis holoenzyme in the periplasm.
Additionally, we investigate the role of cytoskeletal pro-
teins, MreB and FtsZ, in the cell cycle-controlled biogen-

esis of the C. crescentus polar stalk appendage. We find
that MreB and FtsZ have distinct roles in directing stalk
peptidoglycan synthesis, with MreB being required for
stalk lengthening and FtsZ responsible for transverse
peptidoglycan synthesis. Thus the function of these two
proteins in stalk biogenesis recapitulates their roles in
cell growth, where MreB is involved in lateral cell wall
synthesis, and FtsZ is required for transverse septal pep-
tidoglycan synthesis. Analysis of the role of cell shape-
determining proteins in both stalk and cell growth
suggests that these proteins are not only involved in the
spatial positioning of cell wall assembly proteins but are
also required for peptidoglycan synthetic activity.

Results

Localization of a peptidoglycan precursor synthesis
enzyme requires intact MreB cables

The lipid-linked, disaccharide-pentapeptide peptidoglycan
precursor subunit is synthesized in the cytosol or in asso-
ciation with the cytoplasmic membrane by a series of
eight enzymatic reactions, the final two of which involve
covalently bound undecaprenyl phosphate intermediates
(Fig. 1). The final step in the synthesis of this precursor
molecule is the transfer of N-acetylglucosamine (GlcNAc)
from UDP-GlcNAc to undecaprenyl-P-P-N-acetylmuramyl
(MurNAc)-pentapeptide forming undecaprenyl-P-P-
(GlcNAc-b1!4)-MurNAc-pentapeptide (reviewed in van
Heijenoort, 1998; Ha et al., 2001) (Fig. 1), and is cataly-
sed by the membrane-associated protein, MurG. Follow-
ing this final step of synthesis, the lipid-bound precursor is
delivered to the periplasm where it is incorporated into the
expanding peptidoglycan by the PBPs. Previous experi-
ments have suggested that the cell shape-determining
proteins probably have a critical role in the positioning of
PBPs in the periplasm (Figge et al., 2004; Divakaruni
et al., 2005). We wanted to determine whether the cyto-
plasmic phase of peptidoglycan synthesis was also spa-
tially organized by cell shape-determining proteins. In
order to accomplish this, we constructed a fusion between
the carboxyl-terminus of MurG and the red fluorescent
protein, mCherry (Shaner et al., 2004). The observed
pattern of MurG–mCherry localization was similar to that
of the extracytoplasmic proteins (e.g. PBP2) involved in
peptidoglycan synthesis with the fusion protein exhibiting
a distinct banded pattern perpendicular to the long axis of
the cell (Fig. 1A, D and E) or a punctate pattern (Fig. 1B,
C and F). In most cells (greater than 90% out of at least
200 cells counted), abundant localization was also
observed at one of the cell poles (see Fig. 1B). In order to
ensure that the fusion to mCherry was not responsible for
the observed localization pattern, we fused a seven-
amino-acid residue epitope (FLAG tag) to the carboxyl
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terminus of MurG and assayed localization using immun-
ofluorescence microscopy (Fig. 1G, H and I). The localiza-
tion pattern of epitope-tagged MurG was similar to that
observed with the mCherry fusion. We then tested whether
MurG–mCherry localization was dependent on an intact
MreB cytoskeleton by assaying localization in cells that
were treated with the MreB inhibitor, A22. Treatment with
A22 for as little as 1 h had a dramatic effect on the
subcellular localization pattern of MurG. The distinct
banded pattern was never observed. Instead, the majority
(> 85% of 200 cells counted) of A22-treated cells pos-
sessed a single focus of MurG–mCherry located either at
the midcell or at a single pole (Fig. 1J and K). In other cases
(c. 15%), there were two foci of MurG–mCherry, one
located at the midcell and the other at the cell pole
(Fig. 1L). Immunoblot of cell extracts using anti-dsRed
antibody revealed that the A22 treatment did not alter the
cellular levels of the MurG–mCherry fusion (Fig. S1A). In
order to determine whether the effect of A22 on MurG–
mCherry localization was reversible, cells that had been
treated with A22 for 90 min were washed, incubated in
medium lacking A22 for an additional 90 min, and then
examined by fluorescent microscopy. In most of the cells
(75% out of 200 counted), removal of A22 resulted in the
restoration of a punctate pattern of MurG–mCherry local-
ization along the cell length (Fig. 1M–O). In some cases
(approximately 35%), the punctate pattern was also
accompanied strong localization at the pole and/or midcell.
Thus, the re-establishment of the MreB cytoskeleton par-
tially restores the MurG–mCherry pattern of localization.
Next, we tested the effect of MreC depletion on MurG–
mCherry localization. In contrast to theA22-treated cells, in
MreC-depleted cells, MurG–mCherry retained a punctate
pattern of localization, although in most cases the banded

pattern was not observed (Fig. 1P–R). Under these deple-
tion conditions, MreC was undetectable using immunoblot
with anti-MreC antibody; however, MurG–mCherry levels
remained constant (Fig. S1B). Taken together, these
results indicate that the MreB cytoskeleton is critical for the
localization pattern of MurG.

The subcellular pattern of MurG localization, as well as
that shown previously for PBP2, suggests that new cell
wall material might be incorporated into the peptidoglycan
sacculus in a similar banded or helical pattern. Previous
experiments using B. subtilis have shown that a fluores-
cently labelled derivative of the glycopeptide antibiotic,
vancomycin (Van-FL) binds to regions of the cell that are
actively synthesizing cell wall material (Daniel and Err-
ington, 2003). Although Gram-negative bacteria are gen-
erally viewed as being resistant to vancomycin, an early
previous report indicated that C. crescentus was sensitive
to vancomycin (Johnson and Ely, 1977). We have now
examined the labelling pattern of Van-FL in C. crescentus
cells. As was found in B. subtilis and several other
Gram-positive organisms (Daniel and Errington, 2003;
Pinho and Errington, 2005), imaging of Van-FL-treated
C. crescentus cells revealed either a punctate or helical
pattern of fluorescence emanating from the cell periphery
(Fig. 1S–X) resembling that of MreB, MreC, MreD
(Fig. 1Z, AA and BB),and MurG. We also observed strong
labelling at the midcell region of pre-divisional cells
(Fig. 1W and X). Van-FL labelling required energized cells
(1.5 mM sodium azide treatment; data not shown) and
could be blocked by the presence of the cell wall synthe-
sis inhibitor, cycloserine (Fig. 1Y). Previous experiments
have indicated that active peptidoglycan synthesis does
not occur at the poles of E. coli and B. subtilis cells (de
Pedro et al., 1997; Daniel and Errington, 2003). We found

Fig. 1. MreB actin directs the localization of the cytosolic peptidoglycan precursor-synthesizing enzyme MurG. At upper right is a schematic
diagram depicting the final steps of the peptidoglycan precursor synthetic pathway. In stage one (cytosol) a UDP-N-acetylmuramic acid
(MurNAc)-pentapeptide is synthesized. The amino acid residues of the pentapeptide are denoted by coloured polygons. The
MurNAc-pentapeptide is then transferred to the undecaprenylphosphate lipid carrier through the action of integral membrane MraY protein. In
the final step of precursor synthesis the N-acetylglucosamine moiety is added by the membrane-associated MurG protein. This now complete
lipid-bound disaccharide-pentapeptide precursor is translocated to the periplasm (perhaps through the action of RodA) where it is incorporated
into the pre-existing peptidoglycan via the action of PBPs.
A–F. Shown are fluorescence micrographs of C. crescentus cells expressing a MurG–mCherry fusion and observed with fluorescence
deconvolution microscopy.
G–I. Fluorescence micrographs of C. crescentus cells expressing a carboxyl-terminal epitope-tagged (FLAG) MurG fusion protein. In both
cases fusion proteins appear pink. DAPI (blue) was used to stain the DNA.
J–L. Effect of loss of MreB cables on the subcellular localization pattern of a MurG–mCherry fusion protein. C. crescentus cells expressing a
MurG–mCherry fusion protein were treated with A22 for 90 min and subjected to fluorescence microscopy.
M–O. MurG–mCherry localization patterns 90 min after the removal of A22.
P–R. Effect of MreC depletion on the subcellular localization pattern of a MurG–mCherry fusion protein. Cells of the MreC depletion strain
(JG5025) expressing a MurG–mCherry fusion were grown without inducer (xylose) for 6 h and subjected to fluorescence microscopy.
S–X. C. crescentus cells from mid-logarithmic cultures were labelled with a fluorescent derivative of vancomycin (Van-FL) for 20 min, fixed and
subjected to fluorescence deconvolution microscopy. Van-FL labelling appears green. DAPI (blue) was used to stain the DNA. Midcell and
polar labelling is indicated by arrows.
Y. Labelling was inhibited by the peptidoglycan synthesis inhibitor, cycloserine (500 mg ml-1).
Z, AA and BB. Subcellular localization pattern of the cell shape-determining proteins fused to mCherry. Cultures of C. crescentus cells
expressing mCherry–MreB (Z), MreC– (AA) and MreD–mCherry (BB) were subjected to fluorescence microscopy.
Scale bars correspond to 1 mm.
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that many C. crescentus cells had relatively strong
Van-FL labelling at one or both poles (Fig. 1S and T),
indicating that active cell wall synthesis occurs at the
poles of C. crescentus cells. This may be a reflection of
the requirement for peptidoglycan synthesis during bio-
genesis of the polar stalk appendage.

MreC is required for the spatial organization of MltA, a
lytic transglycosylase, and MipA, its interacting partner

Biochemical experiments in E. coli have shown that the
membrane-bound lytic transglycosylase, MltA, can be
isolated in complex with PBPs and another protein
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called MipA (Vollmer et al., 1999). The coupling of cell
wall-degrading and -synthesizing activities is thought to
permit the expansion of peptidoglycan without compro-
mising cell wall integrity. As at least one PBP in C. cres-
centus (i.e. PBP2) is organized in a distinct banded
pattern along the cell length (Figge et al., 2004), we
wanted to examine whether the lytic transglycosylase
MltA and its associated partner, MipA, exhibited a similar
localization pattern. In order to accomplish this we
created fusions of MltA and MipA with the red fluores-
cent protein, mCherry (Fig. 2). The MltA–mCherry
pattern of localization (Fig. 2A–C) was strikingly similar
to that observed with MreB, MreC, MreD (Fig. 1Z, AA
and BB) and PBP2 (Figge et al., 2004; Divakaruni et al.,
2005) appearing as a series of bands perpendicular to
the long axis of the cell. MltA also was located at the cell
pole in the majority of cells (greater than 90% out of 200
counted), and could be observed within the cell-proximal
region of the stalk (Fig. 2A and B) and of the pole asso-
ciated with the stalk (Fig. 2G and H). MltA fused to the
FLAG epitope exhibited a strikingly similar subcellular
pattern of localization when assayed using immunofluo-
rescence microscopy (Fig. 1D–F). MipA–mCherry
fusions also exhibited a similar banded pattern of sub-
cellular localization (Fig. 2I–K) with localization also
appearing at the cell pole (47% out of greater than 200
cell counted) (Fig. 2I) and/or the midcell region (38%)
(Fig. 2J). Epitope-tagged MipA (MipA-FLAG) also
adopted a banded-like pattern of localization (Fig. 2L
and M). We then tested whether MreB was responsible
for the observed subcellular localization patterns by
assaying localization following treatment with the MreB
inhibitor, A22. Like other extracytoplasmic proteins such
as MreC and PBP2 (Divakaruni et al., 2005), the sub-
cellular localization pattern of MltA– and MipA–mCherry
was unaffected by a loss of MreB cables (Fig. 2O and
P). We also assayed the localization of MltA and MipA
under conditions of MreC depletion. The MreC depletion
strain has the sole copy of mreC under control of an
inducible xylose promoter. MreC depletion was accom-
plished by incubating these cells in the absence of
inducer (xylose) and assaying localization after 3–5 h.
The distinct banded and punctate pattern of MltA– and
MipA–mCherry localization was not evident in cells that
had been depleted of MreC (Fig. 2Q–T). These cells
also did not exhibit any polar localization of MltA or
MipA; instead very few foci were visible. Immunoblot of
cell extracts revealed that MreC depletion had no sig-
nificant effect on the cellular levels of either fusion
protein (Fig. 2U and V), suggesting that both MltA and
MipA complexes were disrupted in the absence of MreC.
We hypothesize that MreC may have a critical role in
maintaining the stability of the peptidoglycan-
synthesizing holoenzyme.

Peptidoglycan synthesis switches from a polar to
midcell location during the cell cycle

Next we wanted to determine whether the pattern of pep-
tidoglycan synthesis as assayed by Van-FL labelling was
influenced by the progression of the cell cycle. Synchro-
nized populations of cells were obtained by isolating
swarmer cells and suspending them in growth medium.
After approximately 30 min, swarmer cells differentiate
into stalked cells by shedding the polar flagellum initiating
DNA replication, and growing a polar stalk at the former
site of the flagellum (see Fig. 3E) (reviewed in England
and Gober, 2001). We observed a burst of polar Van-FL
labelling occurring at a single pole in cells that were dif-
ferentiating into stalked cells (Fig. 3A, 20 and 40 min time
points, Fig. 3D). Van-FL labelling appeared to be weaker
along the length of these early stalked cells. As the
labelled polar region may be in a different focal plane than
the bulk of the cell, we collected images from both above
and below the apparent medial section (Fig. 3C). These
images also revealed relatively weaker Van-FL labelling
throughout the cell suggesting that peptidoglycan syn-
thetic activity may be reduced early in the C. crescentus
cell cycle. As the cell cycle progressed, strong polar label-
ling diminished, and lateral labelling increased. Strong
midcell labelling then appeared in pre-divisional cells as a
prelude to cytokinesis (Fig. 3A, 60 and 80 min time points,
Fig. 3D). Cell division in C. crescentus results in the for-
mation of differing progeny cells, a motile swarmer cell
and a stalked cell (Fig. 3E). Interestingly, immediately fol-
lowing cell division, one-half of the progeny cells exhibited
another burst of strong polar Van-FL labelling (Fig. 3A and
D). Staining the membrane with FM4-64 cells that were
labelled with Van-FL revealed that the strong burst of
Van-FL labelling occurred at the stalked pole of the cell
(Fig. 3B). The polar stalk of C. crescentus is comprised of
cell envelope material including peptidoglycan. As the
stalk is thought to lengthen throughout the lifetime of the
cell (Smit et al., 1981; Poindexter and Staley, 1996), it is
possible that stalk biogenesis may require a round of new
peptidoglycan synthesis once every cell division cycle.

Subcellular localization experiments have shown that
MreB cables dynamically localize to the midcell preceding
the onset of cytokinesis (Figge et al., 2004; Gitai et al.,
2004). One possibility is that MreB may be required for
midcell, cell division-related, peptidoglycan synthesis. We
tested whether MreB had a role in either stalked pole or
midcell peptidoglycan synthesis by performing a cell cycle
Van-FL labelling experiment in the presence of the MreB
inhibitor,A22. We found thatA22-treated cells exhibited the
burst of polar peptidoglycan synthesis early in the cell
cycle; however, the fraction cells exhibiting the polar burst
of Van-FL labelling was considerably less (Fig. 4B) than
that observed in untreated cells (Fig. 3D). Additionally, in
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Fig. 2. The localization of MltA, a lytic transglycosylase, and its conserved interacting protein, MipA, is dependent on MreC.
A–H. Shown are fluorescence micrographs of C. crescentus cells expressing an (A–C) MltA–mCherry or (D–F) MltA–FLAG fusion protein. The
fusion proteins appear pink. DAPI (blue) was used to stain the DNA. Scale bars correspond to 1 mm. Stalked pole localization is indicated with
arrows. Localization pattern of the (G) MltA–mCherry fusion protein shown with an accompanying (H) DIC image. The stalked poles are
marked with arrows.
I–N. The subcellular localization pattern of the periplasmic, MltA-associated protein, MipA, fused to (I–K) mCherry or the (L–N) FLAG epitope
tag. Polar and midcell localization is indicated with arrows.
O–P. Effect of loss of MreB cables on the subcellular localization pattern of MltA– and MipA–mCherry fusion proteins. C. crescentus cells
expressing either MltA– or a MipA–mCherry fusion proteins were treated with A22 for 90 min and observed by fluorescence microscopy.
Q–T. Effect of MreC depletion on the subcellular localization pattern of MltA– and MipA–mCherry fusion proteins. Cells of the MreC depletion
strain (JG5025) expressing either MltA– or a MipA–mCherry fusion proteins were grown without inducer (xylose) for 6 h.
U. Steady-state levels of the MltA–mCherry fusion protein and MreC during the course of MreC depletion compared with the fusion in the
wild-type background measured by immunoblot. The time in hours following the removal of inducer is indicated by the numbers above each
lane.
V. Steady state levels of the MipA–mCherry fusion protein and MreC during the course of MreC depletion compared with the fusion in the
wild-type background measured by immunoblot.
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some cases, strong labelling was evident at both poles of
the cell (Fig. 4A, 60 min). Unlike untreated cells, strong
polar labelling in a fraction of A22-treated cells did not
diminish as the cell cycle progressed (Fig. 4A and B).
Importantly, very few A22-treated cells exhibited Van-FL
labelling at midcell later in the cell cycle (Fig. 4A and B).
This observation suggests that the localization of MreB to
the midcell is likely to be required for midcell (septal)
peptidoglycan synthesis.

The formation of a ring-like structure at the midcell by
FtsZ, a prokaryotic tubulin homologue, is the earliest
known cytological event in the initiation of cytokinesis
(reviewed in Bramhill, 1997). If Van-FL labelling is an
indicator of active peptidoglycan synthesis, then cell

cycle-regulated midcell labelling should depend on the
cytokinetic protein FtsZ. We tested this idea by perform-
ing a cell cycle Van-FL labelling experiment on synchro-
nized cells that were depleted of FtsZ (see Experimental
procedures). Previous experiments have demonstrated
that isolated swarmer cells have undetectable levels of
FtsZ (Wang et al., 2001). Thus under conditions of
depletion (media without inducer), the cell cycle begins
and continues without FtsZ. As anticipated, synchro-
nized cells depleted of FtsZ did not label with Van-FL at
the midcell (Fig. 4C). Surprisingly, although FtsZ
depleted cells did exhibit Van-FL labelling along the
length of the cell extending to the poles, the strong burst
of Van-FL labelling early in the cell cycle was never

Fig. 3. Temporal and spatial regulation of
peptidoglycan synthesis in C. crescentus.
A. C. crescentus cells were synchronized and
permitted to progress through the cell cycle.
At the start of the experiment (0 min) and
various times thereafter, samples were
labelled for 20 min with Van-FL (green) and
examined using fluorescence deconvolution
microscopy at the indicated time interval. The
focal plane depicted in each panel is optimal
for the observation of polar and midcell
staining. Strong polar and midcell labelling is
indicated with arrows.
B. Van-FL (green/yellow) labelling of cells
from a mid-logarithmic culture shown with an
accompanying FM4-64 membrane stain (red).
The stalked pole is indicated with an arrow.
C. Optical sections of Van-FL-labelled stalked
cells. Shown are fluorescence micrograph
images captured either in the middle of the
focal plane (middle) or 0.4 mm below (left) and
above (right) the focal plane as illustrated
schematically as a bar intersecting a circle.
Scale bar indicates 1.2 mm.
D. Shown is a graph depicting the proportion
of cells with strong polar (solid line) and
midcell (dashed line) Van-FL labelling during
the course of the cell cycle. At least 200 cells
were scored for polar and/or midcell
localization at each indicated time point.
E. Shown is a schematic diagram of the cell
types present during the course of a typical
cell cycle experiment. The spatial distribution
of Van-FL labelling during the cell cycle is
indicated in green.
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observed. As a control, a portion of these cells were
suspended in medium containing xylose to induce FtsZ
expression and then labelled at 40 and 60 min following
suspension in fresh medium. In this case, strong polar
and then robust midcell labelling was evident (Fig. 4E).
These results suggest that FtsZ is required for a cell
cycle-regulated burst of peptidoglycan synthesis both at
the pole of the cell, and later in the cell cycle, at the site
of cell division.

Morphogenesis of the stalk requires two different
cytoskeletal proteins

Previous experiments have found that cells depleted of
MreB (Fig. S2) (Wagner et al., 2005) or those treated with
A22 (data not shown) possessed short stalks, indicative of
a defect in stalk elongation. Likewise cells depleted of the
cell shape-determining proteins, RodA (Wagner et al.,
2005), whose gene is located within the same operon as
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Fig. 4. Cytoskeletal FtsZ and MreB proteins are required for the temporal and spatial regulation of peptidoglycan synthesis.
A. MreB cables are required for midcell peptidoglycan synthesis and cell division. A synchronized population of C. crescentus cells were
treated with A22 and allowed to progress through the cell cycle. As described in Fig. 3, samples were labelled for 20 min with Van-FL (green)
and subjected to fluorescence microscopy. Time in minutes when each sample was processed for microscopy is indicated. A22-treated cells
fail to exhibit midcell Van-FL labelling and do not divide. Arrows indicate strong polar labelling.
B. Shown is a graph depicting the proportion of cells with strong polar and midcell Van-FL labelling during the course of the cell cycle in the
presence of A22 (A). At least 200 cells were scored for polar and/or midcell localization at each indicated time point.
C. The cytokinetic FtsZ protein is required for temporally regulated polar and midcell peptidoglycan synthesis. Isolated swarmer cells of the
C. crescentus FtsZ depletion strain YB1585 (Wang et al., 2001) were permitted to progress through the cell cycle in the absence of inducer
(xylose). Samples were labelled with Van-FL (green) and subjected to fluorescence microscopy.
D. Shown is a graph depicting the proportion of cells with strong polar (solid line) and midcell (dashed line) Van-FL labelling during the course
of FtsZ depletion (C). At least 200 cells were scored for polar and/or midcell localization at each indicated time point.
E. A portion of C. crescentus YB1585 cells from (C) were suspended in medium containing xylose to induce FtsZ expression and then labelled
at 40 and 60 min. In this case, polar and then septal labelling is evident (indicated with arrows).
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mreB, mreC, mreD and pbp2 in C. crescentus, and MreC
have defects in stalk growth (Fig. S2). As FtsZ was found
to be required for the cell cycle-regulated burst of polar
peptidoglycan synthesis, it may also have a role in stalk
biogenesis. C. crescentus stalks contain cross-bands that
traverse the width of the stalk (Poindexter and Hagen-
zieker, 1982) (Fig. 5A and B). Stalks of synchronized,
FtsZ-depleted cells appeared of relatively normal length,
but lacked the characteristic cross-bands (Fig. 5C and D)
present in wild-type stalks (Fig. 5A and B). Additionally,
the stalks from FtsZ-depleted cells appeared relatively
smooth and homogeneous, compared with the dark
granular and wrinkled-appearing stalks from wild-type
cells. Consistent with observations using light microscopy,
the stalks from synchronized, A22-treated cells appeared
as short stubs at the cell poles indicative of a defect in
elongation (Fig. 5E and F). Thus stalk morphogenesis
requires two different cytoskeletal proteins during the cell
cycle. This dual requirement is apparently necessary to
direct two topologically different modes of stalk pepti-
doglycan synthesis. One being an FtsZ-dependent mode
in the transverse direction resulting in the formation of
cross-bands that are perpendicular to the long axis of the
stalk. The other, which is MreB dependent, is apparently
required for lateral peptidoglycan synthesis and stalk

elongation. Interestingly, the differing roles of FtsZ and
MreB in stalk peptidoglycan synthesis are strikingly analo-
gous to their prescribed roles in cell growth and division,
where FtsZ is required for transverse septal growth and
MreB is required for the co-ordination of lateral cell wall
growth.

Cytoskeletal and cell shape-determining proteins are
required for peptidoglycan synthesis

What function do MreB and FtsZ serve during stalk mor-
phogenesis? One possibility is that these proteins may
recruit other morphogenetic proteins, perhaps, in the case
of FtsZ, other cytokinetic proteins (FtsA, FtsQ, FtsW) that
are required for activating peptidoglycan synthesis
(reviewed in Bramhill, 1997). This scenario is analogous
to the role FtsZ plays in septal peptidoglycan synthesis.
Evidence in favour of MreB and FtsZ being required for
active peptidoglycan synthesis stems from the observa-
tion that MreB-depleted C. crescentus cells do not exhibit
an expansion in cell width and fail to grow if FtsZ is also
absent (Dye et al., 2005). The lack of cell expansion in
these cells might be attributable to a reduction in pepti-
doglycan synthesis. In this regard, when compared with
A22-treated cells or FtsZ-depleted cells, we found that

Fig. 5. FtsZ and MreB direct topologically
different peptidoglycan assemblies during
stalk biogenesis.
A and B. Electron micrographs of stalks from
wild-type cells with the arrows indicating the
cross-band structures.
C and D. Electron micrographs of
representative stalks from synchronized cells
of an FtsZ depletion strain that were
suspended in medium lacking inducer (xylose)
and allowed to grow for 5 h.
E and F. Electron micrographs of
representative stalks from synchronized cells
treated with A22. Following isolation, the
swarmer cells were suspended in medium
containing A22 and allowed to grow for 5 h.
Note that these cells produce stubby
projections at the stalked pole (indicated by
arrows).
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cells deficient in both MreB and FtsZ exhibited a marked
reduction in the intensity of Van-FL labelling (Fig. S3).
This observation suggests that peptidoglycan synthetic
activity requires the presence of at least one of these two
cytoskeletal proteins.

Interestingly, C. crescentus cells deficient in MreC or
RodA have a different phenotype than MreB-depleted
cells (compare Figs 1 and 2 with Fig. S2). When MreC or
RodA are depleted, the mutant cells expand relative to
wild-type cells, but never adopt the large, swollen, lemon-

like appearance of MreB-depleted cells. MreC and RodA
mutant cells appear to arrest in expansion along the long
axis of the cell suggesting, with analogy to FtsZ-, MreB-
deficient cells, that they may possess reduced peptidogly-
can synthetic activity. In order to test this idea, we
performed Van-FL labelling on cells that had been
depleted of either MreC or RodA (Fig. 6). MreC depletion
had a relatively rapid effect on the intensity of Van-FL
labelling (Fig. 6A–F). Depletion for as little as 2 h led to a
marked reduction in the intensity of labelling and the dis-
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Fig. 6. Peptidoglycan synthesis requires MreC and RodA.
A–F. Depletion of MreC results in a cessation of peptidoglycan synthesis. Mid-logarithmic cells of the MreC depletion strain (JG5025) were
suspended in medium lacking inducer (xylose). Cells were labelled with Van-FL (green) at the start of the experiment (0 h) (A and B), at 2 h (C
and D) and after 10 h (E and F), fixed and subjected to fluorescence microscopy.
G–L. Depletion of RodA results in a reduction in peptidoglycan synthesis. Mid-logarithmic cells of the RodA depletion strain (YB363) (Wagner
et al., 2005) were suspended in medium lacking inducer (xylose). Cells were labelled with Van-FL (green) at the start of the experiment (0 h)
(G and H), at 2 h (I and J) and after 10 h (K and L), fixed and subjected to fluorescence microscopy.
M–P. MreC and RodA are not required to maintain MreB cables. Cells were depleted of MreC (M and N) or RodA (O and P) for 6 h and then
processed for immunofluorescence microscopy using affinity-purified anti-MreB antibodies. The secondary antibody appears pink and the
DAPI-stained chromosomal DNA appears blue.
Q–X. Effect of MreC and RodA depletion on the subcellular localization pattern of PBP2. Cells were depleted of either MreC (Q–T) or RodA
(U–X) for the indicated times and subjected to immunofluorescence microscopy using anti-PBP2 antibodies.
The scale bar corresponds to 0.75 mm.

Control of cell shape in bacteria 183

© 2007 The Authors
Journal compilation © 2007 Blackwell Publishing Ltd, Molecular Microbiology, 66, 174–188

109

courtneywhite
Rectangle



appearance of the characteristic punctate and banded
pattern. A small fraction (less than 5% out of 200 cells
counted) of cells exhibited intense Van-FL labelling at the
midcell with diffuse weak fluorescence being evident
throughout the rest of the cell (Fig. 6C). The majority of
cells (approximately 95%) possessed only the weaker
diffuse labelling pattern (Fig. 6D). Following incubation for
10 h under depletion conditions, the cells were expanded,
but did not appear lemon-shaped like MreB-depleted
cells, and possessed very weak, almost undetectable,
Van-FL fluorescence (Fig. 6E and F). Depletion of RodA
had a similar, if not as rapid effect on the intensity of
Van-FL labelling (Fig. 6G–L). Cells that had undergone
depletion of RodA for 2 h exhibited weaker labelling than
wild-type cells but still retained a punctate or banded
pattern of fluorescence (Fig. 6I and J). Following 10 h of
depletion, the cells exhibited still weaker labelling accom-
panied by a marked loss of banded or helical fluorescence
(Fig. 6K and L).

The apparent reduction of peptidoglycan synthetic
activity in MreC- and RodA-deficient cells could be a
consequence of a loss of MreB localization or PBP
localization. Accordingly, we assayed the localization
MreB and PBP2 by immunofluorescence microscopy in
cells that had been depleted of MreC or RodA. Depletion
of MreC or RodA for an extended period of time (10 h) had
no effect on the localization of MreB (Fig. 6M–P). In both
cases, intact cables of MreB that wrapped around the cell
circumference were clearly visible. In contrast, depletion
of MreC resulted in a loss of the characteristic banded
PBP2 localization pattern (Fig. 6Q–T) with most (95% out
of 200 counted) of the cells exhibiting either a diffuse foci
(77%) or strong midcell localization (18%). Interestingly,
RodA depletion had little effect on the localization pattern
of PBP2 (Fig. 6U–X). These results suggest that MreC
and RodA are both required for peptidoglycan synthetic
activity. The fact that PBP2 localization is perturbed in
MreC-deficient cells but not under conditions of RodA
depletion suggests that MreC and RodA have two distinct
effects on peptidoglycan synthetic activity.

Discussion

Morphogenesis of bacterial cells necessitates that the cell
wall is assembled in a spatially co-ordinated fashion such
that, in the case of many bacteria, cell division results in
progeny cells that are almost identical in size and
appearance. In order to accomplish this, the enzymatic
activities assembling the cell wall must be properly posi-
tioned in three-dimensional space along a substrate mol-
ecule (the pre-existing cell wall) that is of vast physical
proportions. The experiments presented here show that
the bacterial actin homologue, MreB, is required for the
positioning of peptidoglycan precursor synthesis in the

cytoplasmic compartment. In the periplasm, the cell
shape-determining protein, MreC, is required for the
spatial organization of components of a peptidoglycan
assembly holoenzyme. Our experiments indicate that
MreB- and MreC-directed positioning of cell wall assembly
complexes not only has a crucial role in maintaining
proper cell shape, but also may be essential for pepti-
doglycan synthetic activity.

Role of MreB and FtsZ in directing stalk and midcell
peptidoglycan synthesis

The labelling of cells with a fluorescent derivative of van-
comycin (Van-FL) has become a powerful method to visu-
alize regions of the cell involved in nascent peptidoglycan
synthesis in Gram-positive bacteria (Daniel and Errington,
2003; Leaver and Errington, 2005; Pinho and Errington,
2005). In most cases, the outer membrane of Gram-
negative bacteria provides a permeability barrier for the
entry of vancomycin into the periplasmic space; however,
C. crescentus cells are sensitive to vancomycin, and thus
we were able to observe the pattern of Van-FL labelling
and nascent cell wall synthesis in this Gram-negative
organism. Surprisingly, cell division-associated pepti-
doglycan synthesis was abolished in synchronized,
A22-treated cells, indicating that MreB is required for
midcell peptidoglycan synthesis and cell division in
C. crescentus. This differs from E. coli and B. subtilis cells
where MreB and its homologues are thought to be
involved in lateral extension of the cell wall, but not
cytokinesis. Unlike these two organisms, previous subcel-
lular localization experiments have demonstrated that
C. crescentus MreB localizes to the midcell before the
onset of cytokinesis. Cell division in C. crescentus does
not involve the formation of a septum that is morphologi-
cally similar to that of B. subtilis and E. coli. Instead, the
cell envelope gradually grows inwards at the midcell
eventually forming a barrier between the two nascent
daughter cell compartments of the pre-divisional cell. This
different mode of cytokinetic peptidoglycan growth appar-
ently requires two different bacterial cytoskeletal proteins,
MreB, as well as FtsZ.

Cells making the transition from a swarmer cell to
a stalked cell type exhibited a marked increase in
peptidoglycan synthesis at one pole of the cell that was
dependent on the cytokinetic FtsZ protein. Subcellular
localization experiments using immunogold electron
microscopy have shown that C. crescentus cells possess
a small pool of FtsZ at the stalked pole (Quardokus et al.,
2001). Previous experiments, as well as those presented
here, have shown that several cell shape-determining
proteins including MreB, MreC and RodA are required for
stalk growth (Wagner et al., 2005). We have found that
cells lacking polymerized MreB produce short stub-like
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projections at the stalked pole whereas FtsZ-depleted
cells synthesize stalks of apparently normal length, but
lack the characteristic cross-bands. Thus the role of MreB
and FtsZ in stalk biogenesis recapitulates their function in
cell growth, where FtsZ is required for transverse septal
peptidoglycan synthesis and MreB for lateral cell wall
synthesis. As the stalk does not contain FtsZ, synthesis of
the cross-band likely occurs at the polar region of the cell,
and MreB-dependent lengthening of the stalk results in its
eventual outward migration away from the cell pole. Our
results suggest that FtsZ-dependent cross-band synthe-
sis occurs once every cell cycle. Interestingly, earlier
experiments examining populations of Caulobacter cells
in natural environments and in continuous culture indi-
cated that the number of cross-bands present in stalks
could serve as an indicator of the age of the stalked cell
(Poindexter and Staley, 1996).

Role of cell shape-determining proteins in spatially
organizing peptidoglycan synthesis

One model for peptidoglycan expansion in Gram-negative
bacteria proposes that the removal of an old strand of
peptidoglycan through the activity of the peptidoglycan-
degrading enzymes is coupled to the concerted synthesis
of three new strands via associated PBPs (reviewed in
Vollmer and Holtje, 2001). Our experiments have demon-
strated that the lytic transglycosylase, MltA, and its inter-
acting protein, MipA, exhibit a subcellular pattern of
localization that is similar to that of PBP2, and is depen-
dent on MreC. We hypothesize that MreC is required for
maintaining the spatial localization of multiprotein com-
plexes containing PBPs, MltA and MipA. Biochemical evi-
dence for the existence of such complexes was provided
by affinity chromatography experiments demonstrating a
physical interaction between the lytic transglycosylase,
MltA, MipA, and PBP1b in E. coli cell extracts (Vollmer
et al., 1999). Additionally, affinity chromatography experi-
ments with C. crescentus have shown that MreC interacts
several different complexes of PBPs (Divakaruni et al.,
2005).

MltA is an outer membrane-anchored lipoprotein with its
catalytic domain within the periplasmic space, distantly
separated from the cytoplasmically localized MreB
cytoskeleton. Localization of both MltA and the periplas-
mic MipA was not perturbed by the MreB inhibitor, A22.
This result is similar to previous findings in which the
localization of MreC, PBP2 and MreC-interacting outer
membrane proteins was not disrupted by treatment of the
cells with A22. Therefore, these extracytoplasmic proteins
are maintained in helical complexes that are unaffected
by transient alterations in MreB localization. The role of
MreB cytoskeleton in organizing cell wall assembly in
Gram-positive organisms, which lack an outer membrane,

may differ significantly. For example, recent experiments
with B. subtilis have shown that a cell wall endopeptidase,
LytE, localizes to the cell wall in a helical pattern that is
dependent on the MreB isoform, MreBH (Carballido-
Lopez et al., 2006). It is hypothesized that MreBH posi-
tions LytE so that it is exported to regions of the cell wall
that are actively engaged in incorporating new cell wall
material.

The experiments presented here show that MurG, the
enzyme catalysing the final step in synthesis of the lipid-
bound disaccharide-pentapeptide peptidoglycan precur-
sor, exhibited a subcellular pattern of localization that
was dependent on intact MreB cables. Peptidoglycan
synthesis is generally regarded to consist of three distinct
phases reflecting the subcellular location of the synthetic
activity (reviewed in van Heijenoort, 1998; Ha et al., 2001).
The first cytoplasmic phase involves the stepwise syn-
thesis of a UDP-MurNAc-pentapeptide intermediate. In
the following, cytoplasmic membrane-associated phase,
this intermediate is transferred to the undecaprenylphos-
phate lipid carrier through the action of integral mem-
brane MraY protein (see Fig. 1), followed by the addition
of the N-acetylglucosamine moiety by the membrane-
associated MurG protein. This now complete, lipid-bound
disaccharide-pentapeptide precursor is flipped out to the
periplasm by an unknown mechanism where it is incorpo-
rated into the pre-existing peptidoglycan via the action of
PBPs. The undecaprenylphosphate lipid carrier is then
recycled back to cytoplasmic face of the lipid bilayer for the
next round of synthesis. Experiments with E. coli have
suggested that the availability of the undecaprenyl-
phosphate lipid-carrier imposes limits on the rate of
precursor synthesis (Kohlrausch et al., 1989). Free
undecaprenyl-phosphate released following the incorpo-
ration of the GlcNAc-MurNAc-pentapeptide into mature
peptidoglycan would have to be efficiently recycled back to
the inner surface of the cytoplasmic membrane in order to
maintain an optimal rate of precursor synthesis. One pos-
sibility is that the localization of MurG serves to spatially
connect precursor synthesis to peptidoglycan synthesis
permitting efficient transfer of intermediates and recycling
of lipid substrate from one biosynthetic complex in the
cytosol to the other in the periplasmic space and vice
versa. As the cell wall is essentially an enormous single
substrate molecule, the co-ordination of spatially orga-
nized complexes on either side of the cytoplasmic mem-
brane may be required for efficient catalytic activity.

Activation of peptidoglycan synthesis by the bacterial
cytoskeleton and cell shape-determining proteins

Disruption of MreB cables resulted in a localization of
MurG to the midcell and/or polar region of the cell. We
speculate that interactions with FtsZ or perhaps other
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components of the cytokinetic machinery may recruit
MurG to these regions of the cell in the absence of intact
MreB cables. Interestingly, recent experiments with
C. crescentus have demonstrated that MurG accumulates
at the midcell in wild-type cells in a cell cycle- and FtsZ-
dependent fashion (Aaron et al., 2007) where it is pre-
sumably required for efficient midcell peptidoglycan
synthesis. It is interesting to note here that treatment of
cells with A22, and the resulting accumulation of MurG to
the pole and midcell, did not decrease the intensity of
Van-FL labelling (see Fig. 4). We hypothesize that cell
wall synthesis under these conditions occurs in an FtsZ-
dependent manner. Indeed, using Van-FL labelling, we
found that new peptidoglycan synthesis in A22-treated
cells was markedly reduced in the absence of FtsZ, sug-
gesting that FtsZ is required to activate cell wall synthesis
in MreB-depleted cells. In MreB-depleted C. crescentus
cells, polymerized FtsZ is disorganized and randomly
distributed throughout the cell (data not shown). Thus,
FtsZ-activated cell wall synthesis would likely result in
the spatially random insertion of new peptidoglycan,
eventually generating an expanded, rounded cell. FtsZ-
dependent peptidoglycan synthesis is likely to function in
lateral cell growth in organisms that do not possess MreB.
For example, in Corynebacterium, a rod-shaped bacte-
rium that does not possess MreB, cell elongation is
achieved by the lateral expansion of the cell wall near the
poles (Daniel and Errington, 2003). As the poles of rod-
shaped cells are derived from former cell division sites,
polar peptidoglycan synthesis in Corynebacterium may be
directed by the cell division machinery. Likewise, in E. coli
cells with mutations in some small PBPs, FtsZ is required
for peptidoglycan elongation (Varma et al., 2007).

In E. coli, depletion of MreB, MreC or RodA produces
almost identically appearing spherical cells exhibiting an
apparent loss of cell wall integrity (Begg and Donachie,
1985; Wachi et al., 1987; Doi et al., 1988; Kruse et al.,
2005), possibly attributable to the uncontrolled action of
lytic enzymes. In contrast, in C. crescentus, depletion of
these proteins results in different morphological pheno-
types. For example, under MreB depletion, the cells
appear as relatively large lemon-shaped cells, whereas
MreC- or RodA-depleted cells appear swollen relative to
wild-type cells but do not achieve the large rounded
appearance of MreB mutants. Therefore, MreB-depleted
mutants continue to undergo cell wall expansion, with
MreC- and RodA-depleted cells appearing to exhibit an
arrest in cell wall growth, suggesting that MreC and RodA
may also be required for peptidoglycan synthetic activity.
Consistent with this idea, we observed a marked reduction
of Van-FL labelling in RodA-depleted cells, and a complete
absence of labelling in MreC-depleted cells. As MreC is
required for the lateral localization pattern of PBP2, MltA
and MipA, it is possible that the loss of lytic enzyme/PBP

complexes in the absence of MreC abolishes peptidogly-
can synthesis. A different mechanism may lead to the
cessation of peptidoglycan synthesis in RodA-depleted
cells as PBP2 localization remained relatively intact in the
absence of RodA. RodA is a integral membrane protein
and has been suggested to function in the translocation of
the lipid-linked disaccharide-peptidoglycan precursor pep-
tidoglycan precursor from the cytoplasmic face of the
membrane to the periplasm (Ehlert and Holtje, 1996),
where, through the action of PBPs, it is incorporated into
the cell wall. Therefore, the decrease in peptidoglycan
synthetic activity under RodA depletion may possibly
reflect a reduction in the availability of precursor molecules
in the periplasmic space. MreB and FtsZ are likely to be
required for yet a different stage of peptidoglycan synthe-
sis, possibly functioning to position cytosolic peptidoglycan
precursor synthetic activities or other cell shape-
determining proteins. Thus, the bacterial cytoskeleton and
cell shape-determining proteins such as MreC and RodA
function in concert to orchestrate the localization of cell wall
synthetic complexes resulting in spatially co-ordinated and
efficient peptidoglycan synthetic activity.

Experimental procedures

Bacterial strains, media and growth conditions

Caulobacter crescentus strains, LS107 (syn-1000 Dbla6)
(synchronizable strain, ampicillin sensitive) (Stephens et al.,
1997), and their derivatives were grown in peptone yeast
extract medium (PYE), M2-glucose (M2G), M2G-Nitrate
(M2N) medium. Cultures were supplemented with the
required combinations of: carbohydrate [glucose and/or
xylose (0.2%)], nitrogen source (ammonium chloride or
sodium nitrate), and supplemented with appropriate antibiot-
ics when required. A22 was used at a concentration of
50 mg ml-1. Synchronized swarmer cell populations were
obtained by the method described in Evinger and Agabian
(1979). In order to deplete essential proteins [FtsZ YB1585
(Wang et al., 2001), RodA (YB363) (Wagner et al., 2005) and
MreC (JG5025)], cells were grown in PYE medium containing
inducer (xylose) to mid-logarithmic phase (OD600 = 0.7–1.0),
washed three times with media lacking xylose and incubated
in PYE without inducer. Cells containing inducible fusion pro-
teins (MreB–, MreC–, MreD–mCherry) were grown in media
lacking inducer (xylose or nitrate) and shifted to media con-
taining inducer. Cells were grown for at least 6 h in inducer-
containing media and examined by fluorescent microscopy
while in mid-logarithmic phase.

Bacterial strain construction

The MurG–mCherry fusion was created by using polymerase
chain reaction (PCR) to amplify the entire ftsW-murG operon
including the 5" upstream promoter region from C. crescentus
genomic DNA. This was subcloned upstream of an mCherry
coding region (Shaner et al., 2004) lacking its translational
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start sequences, resulting in a fusion of mCherry to the
carboxyl-terminus of MurG. This plasmid was introduced into
C. crescentus cells by electroporation creating an integration
of the fusion and entire plasmid through single-cross-over
homologous recombination. The resulting strain (JG5022)
contained both wild-type murG and a murG::mCherry fusion.
A similar strategy was used to construct MipA– (JG5023)
and MltA–mCherry (JG5024) expressing strains. MurG, MltA
and MipA were fused to a carboxyl-terminal FLAG epitope
using a parallel strategy by cloning the respective DNA
fragments into pJM21 and introduced into C. crescentus
by electroporation-creating strains JG5027, JG5028 and
JG5029 respectively. The xylose-inducible MreB–mCherry
fusion (LS4289) (Dye et al., 2005) and the nitrate-inducible
MreC–mCherry fusion (N. Dye, unpublished) were introduced
in C. crescentus on a replicating plasmid. An inducible MreD–
mCherry fusion was constructed by replacing the mreC DNA
from the inducible mreC–mCherry plasmid with that of the
mreD coding region, creating a fusion of mCherry to the
carboxyl-terminus of MreD. The MreC depletion strain
(JG5021) was created by first placing the mreC coding region
downstream of the xylose-inducible promoter (Meisenzahl
et al., 1997) in pRKxyl (Figge et al., 2004) and then introduc-
ing the resulting plasmid into C. crescentus cells containing a
deletion in leuA by conjugation. Next a deleted mreC allele
from LS4275 (Dye et al., 2005) was introduced into this strain
by bacteriophage fCr30 transduction with selection for
leucine prototrophy.

Van-FL labelling

Both synchronous and non-synchronous cell populations
were incubated with BodipyFL-conjugated vancomycin (Van-
FL, Molecular Probes) at a final concentration of 3 mg ml-1 for
20 min and fixed in 2.5% formaldehyde, 30 mM sodium phos-
phate (pH 7.4) for 15 min at 25°C and 45 min on ice. The
cells were washed three times with PBS (140 mM NaCl,
3 mM KCl, 8 mM Na2HPO4 and 1.5 mM KH2PO4) and once
with GTE (50 mM glucose, 10 mM EDTA, 20 mM Tris-HCl at
pH 7.5) and suspended in GTE. The cells were mounted to
poly L-lysine-treated slides and then covered by 70% glycerol
containing 1.0 mg ml-1 4,6-diamidino-2-phenylindole (DAPI)
to label DNA. The slides were either observed directly or
placed at -20°C for later examination. For immunolocaliza-
tion, cells were grown to mid-logarithmic phase, and fixed as
described previously (Figge et al., 2004). The samples were
visualized on a Deltavision Spectris deconvolution micros-
copy system (Applied Precision). At least 15 and up to 20,
0.1 mm optical sections were obtained and deconvolved
using Applied Precision software. Images were sampled at
1600¥ magnification.

Electron microscopy

For electron microscopy imaging, cells were grown in PYE
supplemented with appropriate antibiotic and carbohydrate,
and fixed with the addition of an equal volume of 5% glutaral-
dehyde in 50 mM cacodylate–HCl buffer pH 7.4. After 10 min
at 25°C the cells were washed with 1 ml of PYE and
adsorbed on glow discharged carbon coated grids, stained

with 0.5–1.0% uranyl acetate for 30 s and imaged on a
Hitachi H7000 Electron Microscope at 10 000¥ and
250 000¥ magnification.
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Legends to Supplemental Figures 

 

Figure S1. Effect of A22 treatment on the cellular levels of MurG-mCherry fusion 

protein. 

 

(A) Steady state levels of the MurG-mCherry fusion protein before (wt), during 

(A22), and after (Wash) A22 treatment as assayed by immunoblot against 

mCherry using anti-dsRed antibody. 

(B) Steady state levels of the MurG-mCherry fusion protein and MreC during the 

course of MreC depletion compared to the wild-type background (wt). The time 

during depletion is indicated in hours. 

 

Figure S2. Cell shape determining proteins are required for stalk elongation.  

 

Shown are fluorescence microscopy images of wild-type, MreC-, RodA-, and 

MreB-depleted cells stained with the lipophilic dye, FM4-64. For depletion, each 

of the strains were grown in the absence of inducer (xylose) for 10 hours. The 

mutant cells, in addition to exhibiting defects in cell shape, also have apparent 

defects in stalk biogenesis either producing short stalks compared to wild-type 

cells as indicated by the arrows, or no evident stalks as observed in many MreC 

depleted cells. Note that in the wild-type cells the stalks are slightly out of focus 

relative to the cells and thus appear to stain less intensely. 
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Figure S3. Bacterial cytoskeletal proteins are required for peptidoglycan synthetic 

activity.  

 

(A-C) FtsZ is required for the expansion in cell width when MreB cables are 

absent. (A) The membranes of cells treated with A22 for 5 generations were 

stained with FM4-64 (red) and subjected to fluorescence microscopy. DNA was 

stained with DAPI (blue).  (B) Isolated swarmer cells of the C. crescentus FtsZ 

depletion strain YB1585, were grown in the absence of inducer (xylose) for 5 

generations.  The cytoplasmic membrane and DNA were visualized as described 

above.  (C) Isolated swarmer cells of the C. crescentus FtsZ depletion strain 

YB1585, were grown in the absence of inducer (xylose) and the presence of A22 

for 5 generations. 

 

(D-F) Influence of MreB and FtsZ on peptidoglycan synthesis. (D) Cells treated 

with A22 for five generations were labeled with Van-FL and subjected to 

fluorescence microscopy. (E) Isolated swarmer cells of the C. crescentus FtsZ 

depletion strain YB1585, were grown in the absence of inducer (xylose) for 5 

generations, labeled with Van-FL and subjected to fluorescence microscopy. (F) 

Isolated swarmer cells of the C. crescentus FtsZ depletion strain YB1585, were 

grown in the absence of inducer (xylose) and the presence of A22 for 5 

generations and labeled with Van-FL. 
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Supplemental Material       White et al. 

 

Plasmid Construction - Bacterial two-hybrid plasmids were generated containing in-

frame N or C terminal T25 fusions (pKT25 or pKNT25) and N or C terminal T18 fusions 

(pUT18C and pUT18) to each gene of interest. For 3’ primer of each gene, a stop codon 

was included or excluded depending on its destination for N or C-terminal fusion 

respectively. The following genes and truncated versions were amplified by PCR and 

ligated into each BACTH plasmid by way of the indicated restriction sites: full length 

1044 base pair (bp) coding region of mreB (BamHI and EcoRI), full length 516 bp coding 

region of mreD (BamHI and EcoRI), full length 1086 bp coding region of murG (BamHI 

and EcoRI), full length 1158 bp coding region of rodA (BamHI and EcoRI), full length 

1527 bp coding region of ftsZ (BamHI and EcoRI), full length 1380 bp coding region of 

murF (BamHI and EcoRI), truncated 1125 bp coding region of periplasmic mltA21-396 

(HindIII and BamHI), full length 765 bp coding region of mipA (BamHI and EcoRI), both 

full length 1041 bp coding region and truncated periplasmic 888 bp coding region of 

mreC/mreC26-322 (XbaI and EcoRI),both full length 2019 bp coding region and truncated 

1989 bp periplasmic coding region of pbp2 /pbp210-673 (HindIII and SacI),  both full 

length 1770 bp coding region and truncated 1350 bp periplasmic coding region of 

pbp3/pbp370-520 (KpnI and EcoRI), both full length 1065 bp coding region and truncated 

periplasmic 640 bp coding region of rodZ /rodZ150-202 (KpnI and SacI). pKS-mraY was cut 

with XhoI and BamHI to release the 1114 bp mraY coding region and ligated into SalI 

and BamHI cut pKNT25 and pUT18 vectors. 
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Plasmids carrying C-terminal mCherry fusions to alleles murB (cc2545), murC (cc2546), 

murD (cc2556), murE (cc2559), and murF (cc2558) were made by either standard 

ligation procedures or by Gateway cloning. Each gene was amplified by PCR resulting in 

fragments harboring a 5’KpnI site and a 3’ SacI site replacing the stop codon. Gateway® 

adapter primers were used for the second step of the two-step PCR. Positive sized 

fragments were purified for recombination cloning into pDONR221 (BP reaction). 

pDONR.murC, pDONR.murD, pDONR.murE, and pDONR.murF were all successfully 

generated and used for recombination cloning (LR reaction) into pCHY-DEST resulting 

in plasmids pCHY-DEST.murD, pCHY-DEST.murE, and pCHY-DEST.murF. Isolated 

PCR fragments of murB and murC were cut with KpnI and SacI and ligated into equally 

cut pCHYC-4 (pMT661) resulting in plasmids pCHY-murB and pCHY-murC. 

 

To assess for functionality of each mCherry fusion, knock-in constructs were generated 

in which the sole copy for each gene in question is fused to mCherry at its C-terminus 

and the endogenous copy is truncated. Constructs used to generate these strains contain 

C-terminal mCherry fusions to truncations of murA’ (513-1308bp), murB’ (420 – 906bp), 

murC’ (405 – 1420 bp), murE’ (714 – 1478bp), and murF’ (498-1427bp), and mraY’(1 – 

699bp). Each truncated gene fragment was amplified by PCR resulting in products 

harboring a 5’KpnI site and a 3’ SacI site replacing the native stop codon. Positive sized 

fragments were purified and cut with KpnI and SacI and ligated into equally cut pCHYC-

4 (pMT661) resulting in the following constructs: pCHYC4-murA’, pCHYC4-murB’, 

pCHYC4-murC’, pCHYC4-murE’, pCHYC4-murF’, and pCHYC4-mraY’. These 

constructs were introduced into wild-type C. cresecentus by electroporation. Homologus 
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recombination between the truncated gene and the endogenous gene yields a strain 

harboring both the truncated version and a full length version fused to mCherry (ex. 

mur’/mur-mCherry). Refer to Supplemental Table 1 for a list of plasmids and strains.  

 

The mreD deletion construct (pNPTS128-ΔmreD) was made by PCR amplification of 

two separate fragments. The first, a 1068 bp fragment flanked by a 5’ SpeI site and a 3’ 

EcoRI site, encompasses the upstream region of mreD and extends 30 bp downstream of 

the predicted mreD start codon. The second fragment, flanked by a 5’ EcoRI site and a 3’ 

KpnI site harbors the last 30 bp of the mreD ORF and extends 1197 bp downstream of the 

gene. These two fragments were triple ligated into pKS that had been cut with SpeI and 

KpnI. The resulting plasmid pKS-ΔmreD was cut with SpeI and KpnI, releasing the 

ΔmreD fragment which was subsequently ligated into the equally cut pNPTS128 or 

pSPEC128 vector. 

 

pJM21-rbs.mreD: The entire ORF of cc1545 (mreD) with its corresponding ribosome 

binding site was amplified by PCR. The purified PCR product was digested with EcoRI  

and BamHI restriction enzymes and the resulting fragment was ligated into pJM21 vector 

cut with EcoRI and BamHI, in-frame with a C-terminal M2 epitope tag.  

 

pKS-rbs.mreD.flag: pJM21-rbs.mreD was cut with EcoRI  and SpeI to release fragment 

containing rbs.mreD.flag and ligated into pKS vector cut with EcoRI  and SpeI.  

 

pSNX228.rbs.mreD.M2: pKS-rbs.mreD.flag was cut with EcoRV and XbaI and ligated 
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into vector pSNX228-1 cut with EcoRV and XbaI. 

 

pX-rbs.mreD.M2 (Pxyl::rbs.mreD.M2): pKS-rbs.mreD.flag was cut with EcoRI and SpeI 

releasing the fragment rbs.mreD.M2 which was ligated into pMT608 (pXCHYC-5) cut 

with KpnI and SacI.  

 

pBV.rbs.mreD (Pvan::rbs.mreD) The entire ORF of cc1545 (mreD) with its 

corresponding ribosome binding site was amplified by PCR with flanking Gateway 

recombination sites and purified for recombination cloning into pDONR221 (BP 

reaction) creating pDONR-rbs.mreD which was used to recombine into the vanillate 

inducible destination vector pBV-DEST (LR reaction), generating pBV-DEST.rbs.mreD. 

 

Two-Hybrid Beta-Galatosidase Assays - Two-hybrid interactions were assayed for 

beta-galactosidase activity using the following methods adapted from reference Miller, J. 

H. 1972. The select bacterial strains harboring both the T25 and T18 fusions were grown 

overnight at 30 degrees in 3 - 5 mL of LB growth medium supplemented with the 

appropriate antibiotics. Overnight cultures were resuspended in fresh medium in the 

presence of 0.5mM IPTG and incubated at 30 degrees until cultures reached exponential 

growth phase. The cultures were chilled on ice, then diluted 1 to 5  and the optical density 

OD600 was recorded. Cells were then permeabilized by adding 2 drops of chloroform 

and 1 drop of 0.1% SDS solution to 2mL of cell suspension and vortexed for 10 seconds. 

For the enzymatic reaction, aliquots of 0.1 to 0.5mL of permeabilized cells are added to 1 

mL of Z buffer and incubated at 28 degrees for 5 min. The enzymatic reaction is started 

by the addition of 0.2mL of ONPG (4mg/mL) to each sample and the reaction is stopped 
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by the addition of 0.5mL of 1M sodium carbonate after a sufficient yellow color is 

apparent. The total time of the reaction is recorded and the optical density of OD420 

(ONPG absorbance and cell debris light scattering) and OD550 (light scattering only) for 

each. Units of activity were calculated based on the following equation: Units = 1000 X 

[(OD420 - 1.75 X OD550) / (time x culture volume x OD600)]. 
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Table 1. Plasmids and Strains 
 
     

Strain/ 
Plasmid 

Organism/ 
Plasmid 

Category 
Strain/ Plasmid Description Source/Reference 

     
Plasmid General  KS/SK Bluescript General cloning vector (ampR) Stratagene 
  pET15b For N-terminal Histag expression (ampR)  Invitrogen 
  pCHYC-4 (pMT661) For C-terminal mCherry fusion (gentR) [1] 
  pNPTS128/9 SacB-containing suicide vector (kanR) [2] 
  pSpec128/9 Spectinomycin derivative of pNPTS128/129 (specR) This work 
  pSNX228-1 For xylose inducible gene expression (kanR)  [2] 
  pJM21 For C-terminal M2 epitope fusion (kanR) [3] 
  pECHY-N2 For C-terminal mCherry fusion (kanR) [4] 
  pXCHYC-5 (pMT608)  For xylose-inducible gene expression (tetR) [1] 
  pBVMCS-4 (pMT335) For vanillate-inducible gene expression (gentR) [1] 
     
 GW Entry pDONR221 Entry vector for Gateway cloning (kanR) Invitrogen 
  pDONR-murB Harboring murB for C-term fusion (kanR) This work 
  pDONR-murC Harboring murC for C-term fusion (kanR) This work 
  pDONR-murD Harboring murD for C-term fusion (kanR) This work 
  pDONR-murE Harboring murE for C-term fusion (kanR) This work 
  pDONR-murF Harboring murF for C-term fusion (kanR) This work 
  pDONR-mraY Harboring mraY for C-term fusion (kanR) This work 
  pDONR-murG Harboring murG for C-term fusion (kanR) This work 
  pDONR-rbs.mreD Harboring mreD with rbs (kanR) This work 
     
 GW Destination pCHYC4-DEST GW derivative of pCHYC-4 (gentR) This work 
  pCHYC4-DEST.murD C-terminal mCherry fusion to murD (gentR) This work 
  pCHYC4-DEST.murE C-terminal mCherry fusion to murE (gentR) This work 
  pCHYC4-DEST.murF C-terminal mCherry fusion to murF (gentR) This work 
  pHIS-DEST GW derivative of pET15b (ampR) This work 
  pHIS-DEST.murG N-terminal MurG His-tag (ampR) This work 
  pBV-DEST GW derivative of pBVMCS-4 (gentR) This work 
  pBV-DEST.rbs.mreD Vanillate inducible expression of mreD (gentR) This work 
     
 Other pCHYC4-murB  C-terminal mCherry fusion to murB (gentR) This work 
  pCHYC4-murC  C-terminal mCherry fusion to murC (gentR) This work 
  pNPTS128-ΔmreD Harboring in-frame deletion of mreD (kanR) This work 
  pSPEC128-ΔmreD Harboring in-frame deletion of mreD (specR) This work 
  pX-rbs.mreD.M2 Xylose inducible expression of mreD.M2 (tetR) This work 
  pSNX228.rbs.mreD.M2 Xylose inducible expression of mreD.M2 (kanR) This work 
  pCHYC4- murA’ C-terminal mCherry fusion to murA’ (gentR) This work  
  pCHYC4- murB’ C-terminal mCherry fusion to murB’ (gentR) This work 
  pCHYC4- murC’ C-terminal mCherry fusion to murC’ (gentR) This work 
  pCHYC4- murE’ C-terminal mCherry fusion to murE’ (gentR) This work 
  pCHYC4- murF’ C-terminal mCherry fusion to murF’ (gentR) This work 
  pCHYC4- mraY’ C-terminal mCherry fusion to mraY’ (gentR) This work 
  pCHYC4-DEST-ΔmurF C-terminal mCherry fusion to ΔmurF (gentR) This work 
  pCHYC4- ΔmurB C-terminal mCherry fusion to ΔmurB (gentR) This work 
  pGFPC2 – murB’ C-terminal GFP fusion to murB’ (kanR) This work 
  pGFPC4 - murB C-terminal GFP fusion to murB (gentR)  This work 
     
 BACTH pKT25 cyaAT25 N-terminal fusion (kanR) Euromedex, [5] 
  pKNT25 cyaAT25 C-terminal fusion (kanR) Euromedex, [5] 
  pUT18 cyaAT18 C-terminal fusion (ampR) Euromedex, [5] 
  pUTC18 cyaAT18 N-terminal fusion (ampR) Euromedex, [5] 
  pKT25-zip N-terminal fusion, leucine ziper, positive control  Euromedex, [5] 
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  pUT18C-zip N-terminal fusion, leucine ziper, positive control  Euromedex, [5] 
     
     
Strain C. crescentus  LS107  syn-1000 bla-6 (ampR)  [6] 
  JG5027 murG-mCherry (kanR) [4] 
  JG5028 mltA-mCherry (kanR) [4] 
  JG5029 mipA-mCherry (kanR) [4] 
  JG5030 Nitrate inducible mreD-mCherry (specR) [4] 
  JG5031 sltA-mCherry (kanR) This work 
  JG5032 murG-GFP (kanR) [4] 
  JG5033 murG-GFP, mreD-mCherry (kanR specR) This work 
  JG5034 murB-mCherry (gentR) This work 
  JG5035 murC-mCherry (gentR) This work 
  JG5036 murD-mCherry (gentR) This work 
  JG5037 murE-mCherry (gentR) This work 
  JG5038 murF-mCherry (gentR) This work 
  JG5039 xyl::rbs.mreD.M2 (kanR) This work 
  JG5040 pBV.rbs.mreD vanillate inducible mreD (gent)) This work 
  JG5041 ΔmreD, xyl::rbs.mreD.M2 (tetR) This work 
  JG5042 ΔmreD, xyl::rbs.mreD.M2 (kanR) This work 
  JG5043 ΔmreD, pBV.rbs.mreD (gentR) This work 
  JG5044 mraY-mCherry (kanR) This work 
  JG5045 xyl::rbs.mreD.M2 (tetR) This work 
  JG5046 ΔmreD, xyl::rbs.mreD.M2 murG-mCherry  

(kanRtetR) 
This work 

  JG5047 ΔmreD, xyl::rbs.mreD.M2 mraY-mCherry (kanRtetR) This work 
  JG5048 ΔmreD, xyl::rbs.mreD.M2 mipA-mCherry (kanRtetR) This work 
  JG5050 murA-mCherry (kanR) This work 
  JG5051 murB’/murB-GFP (kanR) This work 
  JG5052 murA’/murA-mCherry (gentR) This work 
  JG5053 murB’/murB-mCherry (gentR) This work 
  JG5054 murC’/murC-mCherry (gentR) This work 
  JG5055 murE’/murE-mCherry (gentR) This work 
  JG5056 murF’/murF-mCherry (gentR) This work 
  JG5067 mraY’/mraY-mCherry (gentR) This work 
     
     
 E. coli XL1-Blue General cloning strain (tetR) Invitrogen 
  BL21(DE3) For inducible protein expression  Novagen 
  ccdB-resistant For propagation of GW destination vectors Invitrogen 
  S17-1 Rp4-2, Tc::Mu, Km::Tn7, for plasmid mobilization [7] 
  BTH101 Reporter strain for BACTH system; Δcya (strepR) Euromedex, [5] 
  DHM1 Reporter strain for BACTH system; Δcya ΔrecA 

(nalR) 
Euromedex, [6] 

  JG5049 BL21(DE3) Histag-MurG This work 
     
 
Abreviations: GW, Gateway; rbs, ribosome binding site; BACTH, Bacterial Two-Hybrid 
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Supplemental Material  Figure Legends 

 

Supplemental. Fig. 1. Strains were constructed to which the sole copy of each gene, 

murA,  murB,  murC,  murE,  murF,  and  mraY  was  fused  to  the  gene  encoding  the 

fluorescent mCherry protein at the C‐terminus. For each gene, truncated or deleted 

versions ligated to mCherry were introduced into wild‐type cells by electroporation. 

Homologous recombination renders the sole endogenous wild‐type copy now fused 

to  mCherry.  (A)  Shown  are  representative  micrographs  of  cells  harboring  MurA‐

mCherry (pink) without (left) and with (right) A22 treatment. For (B) – (F), strains 

harboring each different indicated fusion show, from left to right, the fusion protein 

localization, phase contrast,  fusion  localization with DAPI staining, and with phase 

contrast.    (B) For cells with MurB‐mCherry, an abnormal phenotype was apparent 

causing  the  cells  to  become  either  round  or  lemon‐shaped  as  shown.  For  the 

remaining  of  the  fusion  proteins  (C)  –  (F),  cells  exhibited  a  similar  banded 

localization pattern as was seen in Figure 1.  

 

Supplemental.  Fig.  2  (A)  Shown  are  representative  micrographs  without  DAPI 

staining.  Cells  of  harboring  MraY‐mCherry  were  imaged  at  mid‐log  phase  and 

displayed  with  corresponding  DIC  micrograph  (top).  After  90  minutes  of  A22 

treatment,  cells  were  imaged  and  displayed  with  corresponding  DIC  micrograph 

(bottom).  White  arrows  point  towards  concentrated  foci  of  MraY‐mCherry 

localization. 

 

 

130



  10 

Supplemental.  Fig.  3.  Immunoblot  analysis  of mCherry  (anti‐RFP)  on  A22  treated 

cell  extracts  of  each  strain  harboring  (1)  MurA‐mCherry,  (2)  MurB‐mCherry,  (3), 

MurC‐mCherry,  (4)  MurE‐mCherry,  (5),  MurF‐mCherry,  (6)  MraY‐mCherry,  (7) 

MurG‐mCherry, and (8) MreD‐mCherry. The * indicate mCherry fusion proteins. The 

additional bands in each lane were present both in A22‐tretaed and untreated cells 

(not shown) and likely are degradation products.  

 

Supplemental.  Fig.  4.  Immunofluorescence  microscopy  of  cells  at  0  hours  of  MreD 

depletion. MreB (red) is detected using an affinity purified MreB antisera.  

 

 

Supplemental.  Fig.  5.  Immunoblot  analysis  of  steady‐state  protein  levels  during 

MreD depletion. 

 

Supplemental.  Fig.  6.  Immunofluorescence microscopy  showing  a  helical/banded 

localization pattern of MreD‐M2  

 

Supplemental.  Fig.  7. MreB localization but not MreC depends on MreD. (A) 

Immunofluorescence microscopy (IFM) using MreB antisera was performed on cells 

during the course of MreD depletion, fixed at indicated time points from xylose washout. 

The secondary antibody appears pink and the DAPI stained chromosomal DNA appears 

blue. (B) A representative cartoon showing the localization of MreB at 0, 6 and 10 hours 

of MreD depletion. (C) IFM using MreC antisera was performed on cells during MreD 
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depletion, fixed at 0, 4, 6, 8, and 10 hours from xylose washout. Shown are representative 

micrographs at 8 and 10 hours. The secondary antibody appears pink and the DAPI 

stained chromosomal DNA appears blue. To the right displays a cartoon representative of 

MreC localization in cells that have been depleted of MreD for 10 hours.  

 

Supplemental. Fig. 8. MreD depleted cells were also treated with fluorescently labeled 

Vancomycin (VanFL), fixed, and imaged at 0, 4, 6, 8, and 10 hours post inducer washout. 

At 0 hours, Van-FL (green) labeling is shown throughout the cell body in a 

banded/helical pattern while white arrows point to areas of both mid-cell and polar 

labeling.  By 8 and 10 hours few foci are evident with a more diffuse labeling throughout 

the cell.  Note image brightness was enhanced at both 8 and 10 hours for clearer image 

representation.  

 

Supplemental. Fig. 9. MreD depleted cells continue active protein synthesis. Overnight 

cultures of wild-type and MreD depletion strain were grown both in the presence of 

inducer, washed three times and resuspended in glucose to initiate MreD depletion. At 

each time point (0, 2, 4, 6, 8, and 10 hours) wild-type and mutant cells were labeled with 

[35S]-methionine (15 µCi/ml) at 30oC for 5 minutes and chased by the addition of 

unlabeled methionine. Cells were then washed three times, pelleted, and frozen for later 

sample analysis. All labeled samples for each time point were then simultaneously treated 

with lysozyme (4 mg/ml) for cell lysis, and then TCA precipitated and analyzed for S35 

radioactive counts. Measured counts were normalized by OD600nm (X-axis) for each time 

point as indicated in hours (Y-axis).  

132



  12 133



  13 134



  14 

 

135



  15 136



  16 137



  17 138



  18 139



  19 

 

140



  20 

 

141


	cw_2012
	Page1and2
	Pages_i-x_initial

	cw_2012_all
	Chapter 1_Part1_EndnoteLinked
	Chapter1_ReviewPDF2011
	Chapter 2_title
	Chapter2_White2010_Page1-2
	Chapter2_Page3
	Chapter2_White2010_4-12
	Chapter2_Page13
	Chapter2_White2010_14-18
	Chapter3_EndnoteLinked
	CHAPTER4_EndNoteLinked
	Chapter5_ConclusionFuture
	Appendix1
	Appendix2_titlepage115
	Appendix2_Divakaruni2007Supp
	Appendix 3title
	Appendix3_1-5
	Appendix3_6-7
	APPENDIX3_8-19




