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Summary

Certain mutants in Escherichia coli lacking multiple penicillin-binding proteins (PBPs) produce
misshapen cells containing kinks, bends and branches. These deformed regions exhibit two
structural characteristics of normal cell poles: the peptidoglycan is inert to dilution by new
synthesis or turnover, and a similarly stable patch of outer membrane caps the sites. To test the
premise that these aberrant sites represent biochemically functional but misplaced cell poles, we
assessed the intracellular distribution of proteins that localize specifically to bacterial poles. Green
fluorescent protein (GFP) hybrids containing polar localization sequences from the Shigella
flexneri IcsA protein or from the Vibrio cholerae EpsM protein formed foci at the poles of wild-
type E. coli and at the poles and morphological abnormalities in PBP mutants. In addition,
secreted wild-type IcsA localized to the outer membrane overlying these aberrant domains. We
conclude that the morphologically deformed sites in these mutants represent fully functional poles
or pole fragments. The results suggest that prokaryotic morphology is driven, at least in part, by
the controlled placement of polar material, and that one or more of the low-molecular-weight
PBPs participate in this process. Such mutants may help to unravel how particular proteins are
targeted to bacterial poles, thereby creating important biochemical and functional asymmetries.

Introduction

The bacterial cell pole is a very special, increasingly crowded place. A number of proteins,
complexes and physiological processes congregate preferentially at one or both poles, with
implications for protein secretion, environmental sensing, virulence and gene transfer (for
reviews, see Lybarger and Maddock, 2001; Shapiro et al., 2002). For example, the Shigella
flexneri IcsA protein is secreted at one pole (Goldberg et al., 1993; Charles et al., 2001;
Brandon et al., 2003), creating an asymmetric distribution of IcsA that propels the organism
within and between mammalian cells by nucleating the formation of an actin tail. The ActA
protein of Listeria monocytogenes is similarly distributed (Kocks et al., 1993), although
whether its asymmetry is created by targeted secretion at the pole remains unclear. In Vibrio
cholerae, the Eps type Il secretion complex is confined to the older cell pole, where it
secretes cholera toxin and a haemagglutinin/protease (Scott et al., 2001); likewise, the Dot/
Icm secretion system is positioned at the poles of Legionella pneumophila (Conover et al.,
2003). In Agrobacterium tumefaciens, the VirD4 protein assembles a type IV apparatus at
the pole to transport DNA into plant cells (Kumar and Das, 2002); and in Streptomyces,
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plasmids transfer to neighbouring cells by passing through specialized pores embedded in
the poles (Grohmann et al., 2003).

Besides these secretory processes, bacteria display other intracellular asymmetries. One of
the earliest discoveries was that methyl-accepting chemotaxis proteins (MCPs) are anchored
in the cytoplasmic membrane at one pole of Caulobacter crescentus and E. coli, thereby
nucleating a spatially limited assembly of chemotaxis factors (Alley et al., 1992; Maddock
and Shapiro, 1993; Sourjik and Berg, 2000). Also, in C. crescentus, a set of histidine kinases
and enzymes involved with cellular differentiation is drawn to one pole by the PodJ protein
(Viollier et al., 2002; Hinz et al., 2003); and in Pseudomonas aeruginosa, the PilS kinase
localizes to the poles (Boyd, 2000). In Bacillus subtilis, the earliest known protein to
populate newly formed poles is the DivIVA protein, which attracts and holds several cell
cycle proteins, including the MinCD septation inhibitor (Edwards and Errington, 1997;
Marston et al., 1998; Edwards et al., 2000), the Soj (ParA) chromosomal partitioning factor
(Autret and Errington, 2003) and RacA, which tethers the chromosomal origin of replication
(Ben-Yehuda et al., 2003).

What is the positional information that leads to proper polar localization of these proteins?

Results

Relatively little is known about what distinguishes the pole from the cylindrical portion of
rod-shaped bacteria. One clear difference is that polar peptidoglycan is extremely long-lived,
i.e. metabolically inert to normal synthesis and turnover, in contrast to the rapid replacement
of peptidoglycan in the side-walls (de Pedro et al., 1997). This stability also extends to outer
membrane domains associated with poles in Gram-negative bacteria, in that polar outer
membrane proteins are not diluted by the addition of new material during growth (de Pedro
et al., 2003). How these envelope components mature to become inert poles addresses one
of the most fundamental steps in bacterial differentiation.

Recently, we discovered that several mutants lacking multiple low-molecular-weight
penicillin-binding proteins (LMW PBPs) synthesize envelope fragments that are pole-like
and apparently contribute to the formation of exceedingly misshapen cells (de Pedro et al.,
2003). In these mutants, sites of morphological abnormalities co-localize with inert
peptidoglycan and stable patches of outer membrane, characteristics normally associated
only with bona fide bacterial poles (de Pedro et al., 2003). In this work, we ask whether
these ectopic structures also behave as fully functional poles, by testing whether proteins
that accumulate preferentially at the poles of E. coli also localize to the morphological
abnormalities of PBP mutants. In fact, IcsA and EpsM localize in a specific manner to these
sites, and IcsA is secreted to the outer membrane over these regions, indicating that the
misplaced patches not only look like poles but mimic their functions as well. Therefore,
these mutants may be valuable tools for examining the molecular processes leading to the
differentiation and localization of normal poles.

Escherichia coli cells lacking multiple LMW PBPs have abnormal shapes, manifested as
bumps, bends, kinks and branches that display the structural characteristics of cell poles (de
Pedro et al., 1997; 2003; Nelson and Young, 2000; 2001). To determine whether these
deformed zones also behaved as poles, we assessed whether IcsA and EpsM, two proteins
known to localize green fluorescent protein (GFP) fusions to the pole (Charles et al., 2001;
Scott et al., 2001), also localized to the deformed zones of misshapen mutants. Although
IcsA and EpsM are not naturally present in E. coli, when expressed in E. coli, each localizes
to the pole, indicating that the positional information required for each protein’s polar
localization is present in this species (Charles et al., 2001; Scott et al., 2001).

Mol Microbiol. Author manuscript; available in PMC 2011 May 19.
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Construction of shape-deformed mutants in E. coli with a complete lipopolysaccharide

(LPS)

Full-length IcsA is secreted at the pole of Shigella and E. coli and, in the presence of a
complete LPS, is retained at the pole. As E. coli K-12 strains express a truncated O-antigen
(Liu and Reeves, 1994), IcsA exported to the outer membrane in K-12 strains is delocalized
from the poles by diffusion (Sandlin et al., 1995; Sandlin and Maurelli, 1999; Robbins et al.,
2001), leading to a relatively uniform distribution of the protein on the bacterial surface.
Therefore, to determine the functional characteristics of the outer membrane at
morphological imperfections in shape-defective E. coli, we deleted multiple PBPs from E.
coli 2443, a strain that expresses intact O8 serotype O-antigen and therefore an intact LPS
(Meier and Mayer, 1985; Sandlin and Maurelli, 1999).

Mutants of strain 2443 lacking four or more PBPs grew as mixed populations of normal and
aberrantly shaped cells. Surprisingly, mutants lacking seven PBPs (AG70A-6 and
AG70C-12) produced a smaller fraction of abnormal cells than did mutants derived from the
K-12 strain CS109. For example, ~#55-65% of cells of the CS109 derivative CS703-1, which
lacks seven PBPs, exhibited one or more morphological oddities. However, when the same
seven PBPs were deleted from E. coli 2443, only ~10-20% of the cells exhibited similar
abnormalities, and the deformities that arose were not quite as severe (not shown). The
possibility that a complete O-antigen affects cell shape is being explored. Nonetheless, the
number of aberrant 2443 cells was sufficient to test the pole-like behaviour of deformed
sites.

One of the distinctive characteristics of bacterial poles is that they are stable: E. coli retains a
patch of inert peptidoglycan and outer membrane over each pole, and the same phenomenon
occurs at sites of morphological deformities in misshapen mutants (de Pedro et al., 2003).
To confirm that this trait was retained in strains expressing intact O-antigen, we labelled the
outer membrane proteins of 2443-derived mutants with Texas Red succinimidyl ester and
grew the cells in the absence of dye for one or two generations. Stable membrane domains
retain label, while sections diluted by diffuse insertion of new material become less
fluorescent over time (de Pedro et al., 2003). To enhance the spatial discrimination of the
poles and deformities, the cells were filamented by treatment with aztreonam, a specific
inhibitor of the septation protein PBP 3 (Ftsl). In the parental strains, CS109 (de Pedro et al.,
2003) and 2443 (Fig. 1), conspicuous fluorescent patches remained over the poles. In the
mutants, CS703-1 (derived from CS109) and AG70A-6 and AG70C-12 (derived from
2443), long-lived fluorescent patches were concentrated at deformities as well as at poles
(Fig. 1; not shown). Thus, the poles and morphologically abnormal sites in 2443-derived
strains exhibited the same traits as those observed in CS109-derived mutants.

IcsA pole-targeting sequences localize GFP to morphological deformities

Two regions of IcsA (IcsA1.104 and 1csAsg7.620) €ach localize a GFP fusion to the
cytoplasmic face of the inner membrane at the pole of E. coli K-12 strains (Charles et al.,
2001). Like full-length IcsA, IcsA1.104—GFP and IcsAsg7.620-GFP localize to at least one
pole in 99% of cells, and to both poles in #50% of cells (Charles et al., 2001). A similar
pattern of localization is observed for 1csA1.194—GFP and IcsAsg7.620—GFP fusion proteins
in wild-type E. coli that expresses complete O-antigen (strain 2443) (Fig. 2A and Table 1).
In strain 2443, 97 £+ 3% (mean + SD) of cells expressing 1csA1.194—GFP contained
fluorescent foci at one or both poles, as did 95 + 4% that expressed IcsAgg7.620~GFP (Table
1). A similar high frequency of IcsAsg7.620-GFP accumulated at the poles of the K-12
derivative CS109 (Table 1).

Mol Microbiol. Author manuscript; available in PMC 2011 May 19.
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In addition to localizing to normal poles, these two IcsA—GFP hybrids localized to the extra
poles of obviously branched cells and to other morphological deformities in aberrant cells of
the shape-defective mutants AG70A-6 and AG70C-12 (Table 1). For some of the mutant
cells, whether a protrusion represented a pole or a deformity was difficult to determine.
Therefore, for consistency in our analysis, we defined the cell poles as the two most distal
convex ends. To ensure that deformities would be highly represented in the quantification,
only bacteria with grossly visible deformities were included.

Among cells with obvious morphological abnormalities, 72 + 7% of aberrantly shaped
AGT70A-6 cells and 93 + 3% of aberrantly shaped AG70C-12 cells contained IcsA1.104—GFP
foci at deformities as well as at one or both poles (Table 1). Similarly, upon expression of
IcsAsg7.620—GFP, 78 + 5% of aberrantly shaped AG70A-6 cells (Fig. 2C) and 83 + 17% of
aberrantly shaped AG70C-12 cells (Fig. 2E) contained fluorescent foci at deformities and at
one or both poles (Table 1). The sites to which the GFP foci localized were commonly
branches or protrusions that were situated at a distance from the ends of the cells; these were
likely to be true deformities and unlikely to be poles. Thus, IcsA1.104 and 1csAsp7-620
localize GFP to shape deformities as well as to cell poles.

Similar patterns and frequencies of localization of IcsAgg7.620—GFP to sites of deformities
and poles were observed in a K-12-derived PBP mutant, CS703-1, which lacks a complete
O-antigen (Fig. 3A and B and Table 1). In parallel, to enhance the spatial discrimination of
poles and deformities, cells were filamented by treatment with aztreonam. In CS109
filaments, fluorescent foci were located at undivided septa and at poles (not shown), as
observed previously in other strains (Janakiraman and Goldberg, 2004). As before,
IcsAsg7.620—GFP localized to deformed sites and at the termini of extra poles in branched
cells of CS703-1 (Fig. 3B). Therefore, the presence or absence of intact O-antigen did not
affect localization of IcsA—GFP proteins to morphological abnormalities in PBP mutants.

In PBP mutants expressing either of the IcsA—GFP fusion proteins, two adjacent foci were
frequently observed at a single pole or deformity (Fig. 2E). This unusual localization may
reflect an underlying pattern of peptidoglycan synthesis. de Pedro et al. (2003) observed
split poles in similar PBP mutants, in which a sliver of metabolically active peptidoglycan
bisected patches of inert peptidoglycan at poles or deformities. Thus, paired IcsA—GFP foci
may mark opposite sides of this heterogeneous domain.

To be certain that localization of the IcsA-GFP fusions was specific for deformed sites and
poles, we examined the distribution of GFP alone and a protein fusion that localizes
inefficiently to the poles. As expected, GFP by itself was distributed diffusely in all strains
(Table 1). IcsAps07-729-GFP, which lacks the polar targeting sequence present in
IcsAsg7.620—GFP but contains the targeting sequence present in 1csAq.104—GFP, distributes
diffusely in the cytoplasm of Shigella (Charles et al., 2001). In wild-type 2443 cells,
IcsAp507-729-GFP was diffuse in 93 + 9% and present as polar foci in only 7 £ 9% of the
cells. (Fig. 2B and Table 1). In PBP mutants of 2443, the pattern of localization was similar:
IcsAp507-729-GFP accumulated at poles and deformities in <1% of AG70A-6 cells and in 15
+ 5% of AG70C-12 cells (Fig. 2D and F and Table 1). And, in the K-12-derived strain
CS109 and its abnormally shaped descendent CS703-1, IcsAasg7-729—GFP was cytoplasmic
and diffuse (not shown). Thus, in all strain backgrounds, IcsAxsg7.729—GFP localized
significantly less efficiently to the poles than did IcsAsg7.620. The reason for some
variability in the efficiency with which this fusion localized to the poles and deformities in
different strain backgrounds is unclear. Taken together, these data indicate that localization
of 1csA1.104—GFP and IcsAsp7.620—GFP to deformities in PBP mutants was specific rather
than a generalized artifact accompanying expression of fusion proteins, and that the various

Mol Microbiol. Author manuscript; available in PMC 2011 May 19.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Nilsen et al. Page 5

abnormalities in misshapen cells with or without intact O-antigen contained the positional
information that normally mediates polar localization of IcsA.

Full-length IcsA localizes to the outer membrane at morphological deformities and poles in
PBP mutants with intact O-antigen

Full-length IcsA is retained at the old pole on the surface of Shigella and in E. coli that
express an intact O-antigen (Goldberg et al., 1993; Sandlin et al., 1995; Sandlin and
Maurelli, 1999). To test whether the deformities in PBP mutants exhibited this same
function, we examined the distribution of full-length IcsA on the surface of E. coli PBP
mutants that expressed intact O-antigen. For these experiments, we examined derivatives of
2443 and AG70C-12 in which ompT was disrupted, because the OmpT pro-tease cleaves
mature IcsA, thereby releasing the extracellular domain from the surface (Nakata et al.,
1993).

Full-length IcsA generated fluorescent signals on the surface of AG70C-12 ompT cells at
sites of morphological abnormalities, as well as at poles (Fig. 4B), indicating that full-length
IcsA was concentrated in the outer membrane at these sites. Enhanced signals were observed
at deformities that appeared to be branches (Fig. 4B, arrows), as well as at deformities that
appeared to be split poles (Fig. 4B, arrowheads). A similar distribution of signals from full-
length IcsA was seen at the poles of the rod-shaped parent, 2443 ompT (Fig. 4A), a pattern
identical to that described previously (Sandlin et al., 1995). In conjunction with our
demonstration that stable patches of outer membrane are associated with the deformities
(above), these data indicate that these sites function like poles. Moreover, if specific proteins
or structures are required for the secretion of IcsA into the outer membrane at the pole of
wild-type cells, then the same proteins or structures are likely to be present at deformities in
the mutants.

IcsAsp7.620—-GFP and full-length IcsA compete for targeting to poles and deformities

To examine whether the localization of IcsAsg7.620—GFP foci at poles and deformities could
be an artifact of over-expression of fusion proteins, we examined the ability of full-length
IcsA to interfere with this pattern of localization. Upon expression of full-length IcsA in
trans in either wild-type 2443 ompT or the PBP mutant AG70C-12 ompT, the GFP signal
from IcsAsg7.g20-GFP was almost completely diffuse (Fig. 5, and data not shown). Thus,
expression of full-length IcsA appeared to interfere with localization of IcsAgg7.620—GFP to
both deformities and poles, strongly suggesting that the localization of the fusion to these
sites is specific and not an artifact of overexpression or inclusion body formation.

IcsA5p7.620—~GFP and full-length IcsA co-localize to morphological deformities and poles

The surface distribution of full-length IcsA was similar to the localization of IcsAq.104—GFP
and IcsAsg7.620—GFP in the cytoplasm. To test whether full-length IcsA was localizing to
the same sites as the cytoplasmic IcsA—-GFP hybrids, we co-expressed full-length IcsA and
IcsAsg7.620—GFP in ompT derivatives of E. coli wild-type strain 2443 and its PBP mutant
derivative AG70C-12. To obtain visible GFP foci, IcsAgg7.620-GFP had to be expressed for
30 min, instead of 10 min, which was used in other experiments in this work, consistent with
interference of full-length IcsA with the GFP fusion. Nevertheless, in some 2443 ompT
cells, IcsAsg7.620—GFP foci and surface-labelled IcsA colocalized to the poles of the rod-
shaped bacilli (Fig. 6A). Similarly, in some AG70C-12 cells, full-length IcsA was
concentrated on the surface of the same morphological deformities and poles to which
IcsAsg7.620—GFP foci were localized in the cytoplasm (Fig. 6B and C). The relatively low
frequency of co-localization, only seen in two or three out of five possible poles and
deformities in Fig. 6, is probably caused at least in part by interference of full-length IcsA
with IcsAsp7.620—GFP. Taken together, these data demonstrate that the morphological
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deformities present in the PBP mutants contain: (i) the positional information that localizes
IcsA at the cytoplasmic face of the inner membrane; (ii) the proteins or structures required
for IcsA secretion into the outer membrane; and (iii) the stability required for maintenance
of IcsA in the outer membrane.

GFP-EpsM accumulates at morphological deformities as well as poles

To test whether pole-like behaviour was a general attribute of the abnormal sites in shape
mutants, we also examined the distribution of GFP-EpsM, which accumulates at the pole in
the cytoplasmic membrane (Scott et al., 2001). In CS109, GFP-EpsM accumulated at the
poles in essentially all cells (Table 1). Of the abnormally shaped cells produced by CS703-1,
90% exhibited GFP-EpsM foci at deformities and at one or both poles (Fig. 3C and Table
1). Thus, the distribution of GFP-EpsM was similar to that observed for IcsAgg7.620-GFP,
indicating that the deformed sites behaved as ectopic poles with respect to more than one
protein.

Discussion

The simplest manifestation of asymmetry in bacteria is the differential localization of
cellular components to the poles, and discoveries in the past few years have revealed that a
surprisingly large number of proteins and processes congregate at these sites (see
Introduction). The breadth, ubiquity and specificity of the phenomenon argue that polar
localization plays a fundamental role in several aspects of bacterial physiology.

Previously, we reported that the slender rod shape of E. coli is replaced by remarkably
aberrant morphologies in mutants lacking certain PBPs (de Pedro et al., 2003). The
deformities that typify these misshapen cells contain stable patches of peptidoglycan and
outer membrane, structural characteristics that, to date, have been associated only with
normal cell poles (de Pedro et al., 1997; 2003). We now show that these pole-like domains
are biochemically functional, demonstrating that poles or pole fragments can be created at
positions other than at a cell’s extreme ends. First, GFP hybrids of IcsA and EpsM localized
to poles and at positions where the mutants were bent, kinked or otherwise deformed. These
patterns indicate that the positional information present in the cytoplasmic membrane at the
poles of wild-type bacteria was also present in the cytoplasmic membrane underlying
morphological abnormalities in shape-defective mutants. Secondly, full-length IcsA was
secreted to the outer membrane overlying the deformities. In wild-type bacteria, ICSA is
targeted to the pole in the cytoplasm where it is secreted and inserted into the outer
membrane (Brandon et al., 2003). The localization of IcsA-GFP to the inner face of the
cytoplasmic membrane at morphologically abnormal sites in PBP mutants, and the export of
full-length IcsA to the outer membrane at these same positions, strongly suggests that IcsA
is secreted at these sites as well as at normal poles. As secretion of IcsA necessarily involves
translocation across the cytoplasmic and outer membranes, as well as passage through the
peptidoglycan, the results imply that, at deformities, the entire thickness of the cell envelope
is functioning in concert as a pole. We conclude that these extra, non-terminal envelope
regions exhibit the structural and biochemical properties of misplaced poles. The existence
of mutants with defects in pole creation indicates that an active mechanism limits normal
pole maturation to the extreme ends of a cell. Although the molecular details leading to the
morphological deformities are unclear, our results imply that the process affects not only
peptidoglycan synthesis but also the assembly or maturation of all layers of the cell
envelope. The same phenomena occur during the formation of poles in wild-type and mutant
cells. Because the single most distinguishing feature of normal poles is that they are
descended from a previous septation event at the end of a programme of cell division, it
seems likely that the propagation of aberrantly localized polar material originates during the
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sequence of events that normally determines the placement of the site of septation. If so,
then some of the LMW PBPs must influence septal biogenesis.

How might the LMW PBPs, which are non-essential, affect septation? Among these
enzymes, the loss of PBP 5 is most important for the development of visible shape
abnormalities in E. coli (Nelson and Young, 2000; 2001), an effect heightened by the
simultaneous absence of other PBPs (Nelson and Young, 2001; B. Meberg et al.,
unpublished). Deleting PBP 5 increases the number of pentapeptide side-chains in mature
peptidoglycan, but the only overt phenotype associated with this change is the propensity to
form grossly misshapen cells. After evaluating several mutations and conditions that result
in similarly dramatic morphological changes, it was predicted that the placement or activity
of FtsZ may represent the common denominator through which these disparate agents affect
cell shape (YYoung, 2003). Such an interpretation would be consistent with the results
reported here because the fundamental alteration in these deformed cells is the mis-
localization of polar material, which should be generated by a cascade of events nucleated
by FtsZ (Buddelmeijer and Beckwith, 2002). The simplest explanation is that the loss of
certain PBPs produces an imbalance in the substrates acted on by FtsZ or FtsZ-dependent
reactions, which results in the synthesis of mislocalized septal material (Young, 2003). The
substrates and signals that trigger these events remain poorly defined.

In conclusion, we have shown that the maturation or positioning of cell poles can be
mishandled by E. coli, thereby giving rise to misplaced polar material and nonuniform cell
shapes. Understanding the creation of ectopic poles should shed light on the genesis,
structure and topological regulation of normal poles. Furthermore, it may be possible to
approach questions about polar targeting of specific proteins by identifying the underlying
mechanisms that synthesize and position this distinctive envelope domain.

Experimental procedures

Bacteria, plasmids and general techniques

Escherichia coli CS109 (W1485 rpoS rph) is a K-12 derivative from C. Schnaitman.
CS703-1 is derived from CS109 by deletion of seven PBP genes (mrcA dacA dacB dacC
pbpG ampC ampH) (Meberg et al., 2001). E. coli 2443 (StrR) (thr-1 leuB6 A(gpt-proA)66
argE3 thi-1 rfbO8 lacY1 ara-14 galK2 xyl-5 mtl-1 mgl-51 rpsL31 kdgK51), which expresses
intact O-antigen, serotype 8 (Meier and Mayer, 1985), was obtained from A. T. Maurelli.
Mutants derived from these two strains are listed in Table 2. Plasmids pBAD-1csA1.104—
GFP, pBAD-IcsAsq7.620—GFP and pBAD-IcsAas507-729—GFP express hybrid proteins
consisting of various segments of IcsA fused in frame to GFP (Charles et al., 2001), under
the control of the arabinose promoter of pBAD24 (Guzman et al., 1995). Full-length IcsA
was expressed from its own promoter in a pBR322 vector backbone (Magdalena and
Goldberg, 2002). To permit simultaneous expression of I1csAsp7.620—GFP and full-length
IcsA, the coding sequence of IcsAsp7.620—GFP was subcloned into the chloramphenicol-
resistant vector pBAD33. Plasmid pGFP-EpsM (Scott et al., 2001) was received from M.
Sandkvist and M. Scott. Bacteria were grown in Luria—Bertani (LB) broth, on LB agar plates
or in M9 minimal glucose medium (Miller, 1992). Where appropriate, antibiotics were
added to the following concentrations: ampicillin, 100 ug mi~1; chloramphenicol, 20 pg
ml~1; and kanamycin 50 pg ml~1. Where indicated, aztreonam, a specific inhibitor of PBP 3,
was added to cultures at a final concentration of 5 ug ml™1.

Construction of PBP deletion mutants

PBP genes were deleted sequentially from the chromosome of E. coli 2443 by a series of P1
transductions (Miller, 1992). First, dacB, which encodes PBP 4, was deleted by transducing
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the AdacB::res-npt-res (KanR) allele from E. coli CS11-2K (Denome et al., 1999) into 2443,
creating strain AG104-3K (Table 2). We then introduced a tetracycline resistance marker to
the 10 min region of the chromosome by transducing the zba-3000::Tn10 insertion from
KL743 to AG104-3K, creating AG104-3KT. This allowed us to select 2443-derived strains
after subsequent mating steps. To prepare the strain to receive another PBP mutation, the
res—npt-res cassette was excised by transient expression of the RP4 ParA resolvase
(Kristensen et al., 1995; Denome et al., 1999). After conjugation, the mating mixture was
plated onto LB plates with 12.5 ug ml~1 tetracycline to kill the donor and select for the
2443-derived mutant. Cells from which res—npt-res was eliminated were identified by
reversion to kanamycin sensitivity. Additional PBP genes were deleted by repeating the
above steps, yielding mutants lacking from one to seven PBPs, culminating in strains
AGT70A-6 (2443 mrcA dacA dacB dacC dacD pbpG ampC) and AG70C-12 (2443 mrcB
dacA dacB dacC dacD pbpG ampC) (Table 2). PBP loss was confirmed by labelling cells
with [1221]-penicillin-X and visualizing PBPs by autoradiography after SDS-PAGE
(Henderson et al., 1997).

Labelling outer membrane proteins

Escherichia coli outer membrane proteins were labelled with Texas Red succinimidyl ester
(100 pg mi~1 final; Molecular Probes), as described previously (de Pedro et al., 2003).
Stained cells were incubated at 37°C in the absence of dye, and samples were withdrawn
and fixed with 0.5% formalin for microscopy.

Expression of IcsA-GFP fusions, full-length IcsA and GFP-EpsM

Microscopy

Expression of IcsA—GFP proteins was performed essentially as described previously
(Charles et al., 2001) except that cells were grown in LB medium, and genes were induced
by 0.2% L-arabinose for either 10 min at 37°C or 60 min at 25°C. Native GFP was
expressed from plasmid pGFPuv or pPBAD-GFP. Because the outer membrane protease
OmpT hydrolyses outer membrane IcsA, ompT was inactivated by moving the ompT::km
allele from AD202 (Akiyama and Ito, 1990) into appropriate strains by P1L4 phage
transduction. Surface-exposed IcsA was visualized by indirect immunofluorescence using
antibody to IcsA (Goldberg et al., 1993). GFP-EpsM was expressed by growth and
induction in M9 medium, as described previously (Scott et al., 2001), or by diluting cells
into LB broth and adding IPTG to 5 uM.

Cell samples (5 ul) were placed on agarose-coated microscope slides and incubated at room
temperature for 10 min to immobilize cells. Fluorescence and phase microscopy were
performed using a 100x oil immersion objective on a Nikon OPTIPHOT-2 or TE300
microscope with Fryer, Nikon or Chroma Technology filters. Images were captured digitally
using a black and white Photometrics Sensys charge-coupled device camera and IP
LABORATORY (Scanalytics) or IMAGE-PRO PLUS software (Media Cybernetics).
Colour figures were assembled by separately capturing signals with each of the appropriate
filter sets and digitally pseudocolouring the images using Adobe PHOTOSHOP software.

Tabulating protein distributions

Distribution of GFP foci on fluorescence images was performed on 30 or more bacteria
chosen randomly from phase images from each of three independent experiments for each
strain. For PBP mutants, only cells with grossly visible deformities were included, and cell
poles were defined as the two most distal convex protrusions. Individual cells not expressing
or overexpressing lcsA—GFP fusion proteins (representing <5% of the population) were not
tabulated: cells were not counted when the absolute level of fluorescence in the cytoplasm at
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mid-cell was greater than or less than two standard deviations (SDs) removed from the mean
level at mid-cell for that particular strain (Charles et al., 2001).
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Fig. 1.

Outer membrane stability at poles and deformities of E. coli 2443-derived strains. Cells were
labelled with Texas Red succinimidyl ester and incubated in the absence of dye and in the
presence of aztreonam. Stable regions of outer membrane proteins appear as brightly
fluorescent patches at the poles in strain 2443 (left) and at the poles and deformities in the
PBP mutant AG70C-12 (right).
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[esAy507.729-GFP

Fig. 2. Localization of 1csA—-GFP fusion proteins to poles and deformities in E. coli 2443-derived
strains. Direct fluorescence (left) and phase (right) micrographs of IcsAsg7.620-GFP (A, C and
E) and IcsAp507-729-GFP (B, D and F)

A and B. Wild-type strain 2443.

C and D. PBP mutant AG70A-6.

E and F. PBP mutant AG70C-12.
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Fig. 3. Localization of IcsA—-GFP and GFP-EpsM in the K-12-derived PBP mutant CS703-1.
Direct fluorescence (left) and phase (right) micrographs

A. 1csA5g7.620—-GFP.

B. IcsAsp7.620—GFP in cells filamented with aztreonam.

C. GFP-EpsM.
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Fig. 4. Localization of full-length IcsA to the outer membrane of E. coli 2443-derived strains.
Indirect immunofluorescence (left) and phase (right) micrographs of surface-localized IcsA
A. E. coli 2443 ompT.

B. PBP mutant AG70C-12 ompT. Arrows, IcsA localized at branches; arrowheads, IcsA
localized at split poles.
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Fig. 5. Interference of full-length IcsA with IcsAsg7-620-GFP localization in PBP mutant
AG70C-12 ompT. Direct fluorescence (left) and phase (right) micrographs
A. PBP mutant AG70C-12 ompT expressing IcsAgg7.620—GFP alone.

B. PBP mutant AG70C-12 ompT expressing both full-length IcsA and IcsAsg7.620—-GFP.
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L
¢

Fig. 6. Co-localization of full-length IcsA and IcsAgg7-620—GFP to poles and sites of deformities
of E. coli 2443-derived strains. Phase micro-graphs (Phase), direct fluorescence micrographs (lcs
As07-620-GFP), indirect immunofluorescence micrographs (Full-length IcsA) and overlay of
direct fluorescence (green) and indirect immunofluorescence (red) micrographs (Overlay)

A. Wild-type derivative 2443 ompT.

B and C. PBP mutant AG70C-12 ompT. Arrows indicate co-localization of cytoplasmic and

surface IcsA.
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Table 2
E. coli strains and plasmids.
E. coli strain  Relevant genotype PBPs deleted Source or reference
2443 thr-1 leuB6 4(gpt-proA)66 argE3 thi-1 rfbyg lacYl None A. T. Maurelli
ara-14 galK2 xyl-5 mtl-1 mgl51 rpsL31 kdgK51
AD202 ompT::km (KanR) Akiyama and Ito (1990)
AG104-3K E. coli 2443 AdacB::Kan 4 This work, E. coli 2443 x (P1 CS11-2K)
AG104-3KT  E. coli 2443 (zba-3000::Tn10) AdacB::Kan 4 This work, AG104-3K x (P1 KL743)
AG104-1 E. coli 2443 (zba-3000::Tn10) AdacB 4 This work
AG247-1 AG104-1 ApbpG 4,7 This work, AG104-1 x (P1 CS9-19K)
AG375-1 AG247-1 AdacA 4,57 This work, AG247-1 x (P1 CS12-7K)
AG456-1 AG375-1 AdacC 4,5,6,7 This work, AG375-1 x (P1 CS17-1K)
AG56D-1 AG456-1 AdacD 4,5,6,7, DacD This work, AG456-1 x (P1 CS18-2K)
AG60B-1 AG56D-1 AmrcB 1b, 4,5, 6, 7, DacD This work, AG56D-1 x (P1 CS16-1K)
AG60C-1 AG56D-1 AampC 4,5,6,7, DacD, AmpC  This work, AG56D-1 x (P1 CS14-2K)
AGT70A-6 AG60C-1 AmrcA la, 4,5, 6, 7, DacD, This work, AG60C-1 x (P1 BMCS04-1K)
AmpC
AG70C-12 AG60B-1 AampC 1b, 4,5, 6, 7, DacD, This work, AG60B-1 x (P1 CS14-2K)
AmpC
BMCS04-1K  CS109 AmrcA::Kan la Meberg et al. (2001)
CS109 W1485 rpoS rph None C. Schnaitman
CS9-19K CS109 ApbpG::Kan 7 Denome et al. (1999)
CS11-2K CS109 AdacB::Kan 4 Denome et al. (1999)
CS12-7 CS109 AdacA 5 Denome et al. (1999)
CS12-7K CS109 AdacA::Kan 5 Denome et al. (1999)
CS14-2K CS109 AampC::Kan AmpC Denome et al. (1999)
CS16-1K CS109 AmrcB::Kan 1b Denome et al. (1999)
CS17-1K CS109 AdacC::Kan 6 Denome et al. (1999)
CS18-2K CS109 AdacD::Kan DacD Denome et al. (1999)
CS203-1B CS109 AdacB ApbpG 4,7 Denome et al. (1999)
CS313-1 CS109 A(mrcA-yrfE-yrfF) AdacB ApbpG la, 4,7 Denome et al. (1999)
CS315-1 CS109 AdacB AdacA ApbpG 4,57 Denome et al. (1999)
CS477-1 CS109 AdacB AdacA ApbpG AmepA 4,57 This work
CS604-2 CS109 A[mrcA-yrfE-yrfF] AdacB AdacC ApbpG 1a, 4, 6,7, AmpC, Denome et al. (1999)
AampC AampH AmpH
CS617-1 CS109 AmrcA AdacB AdacC ApbpG AampC AampH  1a, 4, 6, 7, AmpC, Denome et al. (1999)
AmpH
CS703-1 CS109 AmrcA AdacB AdacA AdacC ApbpG AampC la, 4,5, 6,7, AmpC, Meberg et al. (2001)
AampH AmpH
CS804-1 CS109 AmrcA AdacB AdacA AdacC AdacD ApbpG 1a, 4,5, 6, 7, DacD, Meberg et al. (2001)
AampC AampH AmpC, AmpH
KL743 MG1655 zba-3000::Tn10 LAM™ rph~ B. Backman (CGSC #6213)
S17-1(Apir)  recA thi pro hsdR [res™ mod*] C. Sternberg (Kristensen et al., 1995)
pJMSB8 [RP4::2-Tc::Mu-Km::Tn7] Apir lysogen
TRI321 2443 ompT::km This work, 2443 x (P1 AD202)
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E. coli strain  Relevant genotype PBPs deleted Source or reference
TRI364 AG70A-6 ompT::km This work, AG70A-6 x (P1 AD202)
TRI418 AG70C-12 ompT::km This work, AG70C-12 x (P1 AD202)
Plasmid Relevant features Source or reference
pBAD24 Pgap expression vector (AmpR) Guzman et al. (1995)
pBAD33 Pgap expression vector (CmR) Guzman et al. (1995)
pBAD24-gfp peap-0fp (AmpR) Charles et al. (2001)
pBAD24-icsAy.104::9fp Pgap-iCsA1-104::0fp (AmpR) Charles et al. (2001)
PBAD24-icsAsn7.620::9fP  Pgap-icsAso7-620::9fp (AmpR) Charles et al. (2001)
PBAD24-icsAps07.720::0fP  Pgap-icsAasg7.729::0fp (AmpR) Charles et al. (2001)
PBAD33-icsAs07-620::0f0  Pgap-icsAsgr-620::GFP (CmR) This study
pGFPuv pUC19 + gfpUV (AmpF) BD Clontech Laboratories
pGFP-EpsM pMMB66 + gfp-epsM (AmpR) M. Sandkvist (Scott et al., 2001)
pJMSB8 pUT derivative + parA (AmpR) C. Sternberg (Kristensen et al., 1995)
pMBG270 pBR322 with Sphl-BamHI insert containing icsA (AmpR)  Magdalena and Goldberg (2002)
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