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Summary

Bacteria show asymmetric subcellular distribution of
many proteins involved in diverse cellular processes
such as chemotaxis, motility, actin polymerization,
chromosome partitioning and cell division. In many
cases, the specific subcellular localization of these
proteins is critical for proper regulation and function.
Although cellular organization of the bacterial cell
clearly plays an important role in cell physiology, sys-
tematic studies to uncover asymmetrically distributed
proteins have not been reported previously. In this
study, we undertook a proteomics approach to
uncover polar membrane proteins in Escherichia coli.
We identified membrane proteins enriched in E. coli
minicells using a combination of two-dimensional
electrophoresis and mass spectrometry. Among a
total of 173 membrane protein spots that were con-
sistently detected, 36 spots were enriched in minicell
membranes, whereas 15 spots were more abundant
in rod cell membranes. The minicell-enriched proteins
included the inner membrane proteins MCPs, AtpA,
AtpB, YiaF and AcrA, the membrane-associated FtsZ
protein and the outer membrane proteins YbhC,
OmpW, Tsx, Pal, FadL, OmpT and BtuB. We immunolo-
calized two of the minicell-enriched proteins, OmpW
and YiaF, and showed that OmpW is a bona fide polar
protein whereas YiaF displays a patchy membrane
distribution with a polar and septal bias.

Introduction

Bacterial cells display a remarkably sophisticated level of
organization with many proteins being asymmetrically
localized to specific cellular locations. In some cases,
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protein localization appears to be relatively static. Often,
the asymmetry of these proteins and protein complexes
can be attributed to the location of assembled external
structures such as pili, flagella and stalks. In other
cases, the function of polar protein localization is a mys-
tery. A well-studied example of this class of asymmetric
proteins are the Escherichia coli membrane chemore-
ceptors (MCPs) and associated cytoplasmic proteins. In
E. coli, components of the chemotaxis machinery are
localized predominantly to either one or both poles of the
cell (Maddock and Shapiro, 1993; Sourjik and Berg,
2000; Shiomi et al., 2002; Cantwell et al., 2003). Further-
more, the MCPs aggregate in clusters at the poles (Mad-
dock and Shapiro, 1993). This aggregation is largely
reduced in the absence of CheA and CheW, suggesting
a requirement for the MCP—CheA-CheW ternary com-
plex for their optimal clustering (Maddock and Shapiro,
1993). The chemoreceptors are also predominantly clus-
tered at the poles in a wide range of bacteria and
archaea (Alley et al., 1992; Maddock and Shapiro, 1993;
Harrison et al., 1999; Gestwicki et al., 2000; Kirby et al.,
2000), indicating that polar clustering is evolutionarily
conserved and likely to be important for chemotaxis
function.

Some bacterial proteins are dynamically localized to
specific cellular addresses in a cell cycle-dependent man-
ner. A number of these proteins are required for the pro-
cess of cell division such as the tubulin-like protein FtsZ
(Bi and Lutkenhaus, 1991) and its spatial regulators,
MinC, MinD (Bi and Lutkenhaus, 1993; Hu and Lutken-
haus, 1999) and MinE (Raskin and de Boer, 1997). Others
are important for chromosome partitioning (for a review,
see Draper and Gober, 2002). Particularly intriguing are
the two-component regulatory proteins in Caulobacter
crescentus that undergo dynamic cell cycle-dependent
polar localization (reviewed by Shapiro et al., 2002). In this
case, the temporal and spatial localization of specific his-
tidine kinases and response regulators is critical for their
function.

Yet another group of asymmetric proteins localize spe-
cifically in response to an external cue. The type Il
secretion system of Yersinia pestis injects a diverse
array of effector proteins directly into the eukaryotic cyto-
sol (for a review, see Cornelis, 2002). The type Ill secre-
tion apparatus is made of =25 proteins that resemble a
basal body of a flagellum with a small needle protruding
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from the bacterial surface (Kubori et al., 1998). Contact
between the pathogen and the eukaryotic cell induces
the transfer of YopE within the contact regions of bacte-
rial and eukaryotic cells (Rosqvist et al., 1994). Similarly,
bacterial conjugation requires physical contact between
the donor and recipient bacteria. The contact regions
and subsequent transfer of DNA occur at any position for
both bacteria with the exception of pole-to-pole transfer
(Lawley et al., 2002). Thus, the active conjugative appa-
ratus is formed at virtually any position on the donor and
recipient cell. In both examples, it is not known whether
these complexes are synthesized de novo at the site of
cell-cell contact or whether only specific inactive com-
plexes are activated upon cell contact. Regardless, the
cellular location of these complexes is critical for their
function.

For most polar proteins, the mechanism by which they
are targeted to the cell poles is not known. In one
instance, IcsA, an actin polymerization protein in Shigella
flexneri, is inserted directly into the polar membrane
(Steinhauer et al., 1999). An IcsA-specific protease, IcsP,
specifically degrades IcsA that spreads to the lateral
membrane, thereby increasing its concentration at the
poles (Steinhauer etal, 1999). In another example,
SpolVFB, a sporulation membrane protein in Bacillus sub-
tilis, originally localizes to the cytoplasmic membrane of
the mother cell. During sporulation, it reaches the polar
septum by diffusion, migrates with the septal membrane
during engulfment and is captured in the outer forespore
membrane (Rudner et al., 2002). Regardless of the mech-
anism of initially establishing polarity, there must also be
a mechanism to retain polar proteins at their appropriate
cellular location. The nature of these ‘polar anchors’ is
currently unknown. Likely candidates include other polar
proteins, the composition of the membrane or peptidogly-
can at the cell poles.

The list of asymmetrically localized proteins is increas-
ing, in large part because of the use of green fluorescent
protein (GFP) fusions. However, these studies tend to
focus on proteins suspected to have non-random localiza-
tion patterns such as those involved in cell division or
polar organelle development. Thus, it is not clear whether
polar and/or dynamically localized proteins represent a
minor class of specialized proteins or whether a larger
number of membrane proteins are polar. In this study, we
took advantage of E. coli minicell mutants, in combination
with proteomic tools, to identify potential polar membrane
proteins. In wild-type E. coli, the self-assembly of FtsZ at
the mid-cell position, along with the recruitment of other
cell division proteins, ultimately results in two equal-sized,
rod daughter cells (reviewed by Errington et al., 2003). In
the absence of the Min system (encoded by the minC,
minD and minE genes), the division septa occur not only
in the middle but also at the poles of the cell, resulting in

viable, elongated rod cells and small, spherical, anucleate
minicells (Adler et al., 1967; Bi and Lutkenhaus, 1993). As
minicells are essentially composed of two poles without
lateral membrane, we predicted that they would be
enriched in polar proteins, whereas the daughter rod cells
would be enriched in lateral membrane proteins. One
limitation to using the minicell system to identify polar
proteins is that it is difficult to distinguish proteins that are
truly polar from those that transiently associate with sep-
tation proteins during cell division. Additionally, some pro-
teins may be enriched in minicells because either their
own stability or that of their mMRNAs may be enhanced in
this environment.

In this study, we performed a comprehensive analysis
of the membrane proteome of minicells and rod cells from
E. coliwith the goal of expanding the list of asymmetrically
localized proteins. Using a combination of high-resolution
two-dimensional gel electrophoresis and mass spectrom-
etry, we identified 36 protein spots that were enriched in
minicell membranes and 15 proteins spots enriched in rod
cell membranes. We consider these to be protein candi-
dates for asymmetrically localized proteins. Indeed, the
localization patterns of two proteins enriched in minicell
membranes, OmpW and YiaF, were shown to be polar and
polar patchy respectively.

Results

Comparison of membrane protein profiles between
minicells and rod cells by one-dimensional
electrophoresis SDS-PAGE

Many early studies comparing the protein composition of
minicells and rod cells reported no differences (Wilson
and Fox, 1971; Green and Schaechter, 1972; Goodell and
Schwarz, 1977), whereas assays based on enzymatic
activity did show differences (Dvorak et al., 1970). One
possibility is that the vast majority of proteins are evenly
distributed, and visualization of the minor asymmetric pro-
teins was obscured in these assays. Here, we examined
the protein profiles of purified membrane preparations of
daughter minicells and rod cells from the same cell cul-
tures. We also focused on a reduced protein mixture by
examining only membrane proteins and using a sodium
carbonate wash (Molloy et al., 2000) to remove the major-
ity of peripheral membrane proteins.

Minicells and rod cells were purified from an E. coli
minicell mutant (X-1488) grown at either 30°C or 37°C by
differential centrifugation. The purity of the resulting cell
types was assayed by light microscopy. Whereas the start-
ing culture was a mixture of rod cells and minicells
(Fig. 1A), after differential centrifugation, we obtained rel-
atively pure populations of rod cells (Fig. 1B) and minicells
(Fig. 1C).

© 2004 Blackwell Publishing Ltd, Molecular Microbiology, 52, 1029—-1044



We carried out one-dimensional SDS-PAGE analysis of
the membrane proteins isolated from minicells and rod
cells to determine whether visual differences in the result-
ing protein bands were apparent. Equal amounts of
membrane proteins from each membrane extract were
resolved on 12% glycine—-SDS-PAGE and stained by
Coomassie blue G-250 or silver. We consistently
observed differences in specific membrane protein bands
between minicells and rod cells by either Coomassie blue
or silver staining (Fig. 2). Cells grown at 30°C and 37°C
showed similar protein profiles (data not shown). Interest-
ingly, there were staining variations between different
staining dyes. For example, a heavily stained 37-38 kDa
protein band was visualized by Coomassie blue but
appears as a ghost band (negative staining) when the gel
was silver stained (Fig. 2). The reason for this negative
staining is not known. From these gels, it is clear that there
are subtle differences in the protein profiles of minicell and
rod cell membranes.

Comparison of two-dimensional membrane protein
profiles between minicells and rod cells

In order to assign protein identities unambiguously to the
differentially distributed proteins, we used high-resolution
two-dimensional gel electrophoresis to separate mem-
brane proteins and used mass spectrometry (MS) to iden-
tify the protein spots. We initially used either broad-range
immobilized pH gradient (IPG) strips (pH 3—10) or narrow-
range IPG strips (pH 4-7). We found that pH 4-7 IPG
strips resolved many of the E. coli membrane proteins and
gave a better separation of membrane proteins than
pH 3-10 IPG strips (data not shown). Hence, pH 4-7 IPG
strips were chosen for isoelectric focusing in the experi-
ments described in this paper. For each independent
experiment, duplicate analytical gels and one preparative
gel were generated for both rod cell and minicell mem-
brane samples obtained from the same cell cultures. To
obtain comparable silver-stained protein spots between
different gels, the gels used for comparison were stained
in the same trays, developed in parallel and digitized as
tagged image files (TIF) immediately after staining. Two-
dimensional membrane protein profiles from five pairs of

© 2004 Blackwell Publishing Ltd, Molecular Microbiology, 52, 1029—1044
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Fig. 1. Representative DIC images showing the
separation of rod cells and minicells from the E.
coli minicell mutant X-1488. Minicell mutant X-
1488 (A) was grown in LB broth at 37°C. Rod
(B) and minicells (C) isolated by differential cen-
trifugation were examined for their morphology
and purity. The cells were viewed under a 100x
objective, and images were captured with a
CCD camera.

silver-stained analytical gels from four independent exper-
iments (from cells grown at 37°C) were compared. Rep-
resentative examples of unannotated, silver-stained
minicell (Fig. 3A) and rod cell (Fig. 3B) membrane sam-
ples are shown. By visual comparison, several spots were
consistently seen to be enriched in either minicells or rod
cells. However, the intensity of some spots varied between
experiments.

Fig. 2. Membrane protein profiles of rod cells and minicells. Carbon-
ate-washed membrane proteins from rod cells and minicells were
separated using 12% glycine-SDS—PAGE. Aliquots of 25 ug of pro-
teins from rod-shaped cells (lane 1) and minicells (lane 2) were
loaded on gels stained with Coomassie blue G-250. For gels stained
with silver, 5 ug of protein from rod-shaped cells (lane 3) and minicells
(lane 4) was loaded. The sizes of molecular weight standards (M)
(Novex unstained marker, Invitrogen) are indicated on the right in
kDa. Arrows indicate differentially enriched bands. For this experi-
ment, the E. coli minicell mutant X-1488 was grown at 37°C.
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Fig. 3. Two-dimensional gels of carbonate-insoluble membrane proteins from minicells (A) and rod cells (B) fractionated using pH 4-7 IPG strips
followed by 11% SDS—-PAGE. Samples of 50 ug of protein were loaded on each gel. Proteins were stained with silver. The pH range is shown
at the bottom, and the sizes of molecular weight standards (Mr) (Gibco prestained markers) are indicated on the right in kDa.

Comparative overlays of two-dimensional images

To obtain an unbiased assessment of differentially distrib-
uted membrane proteins, Z3 two-dimensional analysis
software was used as explained in Experimental proce-
dures. This analysis program allows for the quantitative
comparison of protein spots while adjusting for experi-
mental variations caused by problems such as uneven
protein loading or staining variations. To align the gels, the
alignment algorithm for spot matching was used. Each gel
pair from the same independent experimental set was
compared. Spots detected in at least two pairs of gels
(from a total of five gel pairs) were used for composite
comparison. A representative alignment is shown in
Fig. 4. A total of 173 spots were numbered and analysed.
Protein identities of 54 spots were obtained (Table 1). The
fold enrichment, or differential enrichment value (DE), was
obtained for the corresponding spot pairs. The majority of
the spots were found to be equally represented in both
minicell and rod cell membrane preparations, consistent
with the one-dimensional profiles of these membrane pro-
teins (Fig. 2). Interestingly, 36 spots were consistently
enriched in minicell membranes (DE value >1) (Table 2),
and 15 spots were more abundant in rod cell membranes
(DE value <1) (Table 3). These protein spots may repre-
sent proteins that are asymmetrically distributed in the E.
coli cell.

Protein identification by peptide mass fingerprinting (PMF)

To identify these differentially distributed membrane pro-
teins, protein spots of interest, as well as landmark pro-

teins (Molloy et al., 2000), were cut out of both analytical
and preparative gels and examined by peptide mass fin-
gerprinting (PMF) (Table 1). We mostly identified known
or putative outer membrane proteins, a few inner mem-
brane proteins and periplasmic proteins. No cytoplasmic
proteins were identified, indicating that the alkaline car-
bonate treatment efficiently stripped out contaminating
soluble proteins. The representation of proteins that we
resolved in these experiments is similar to that of other
studies of membrane proteins of E. coli (Molloy et al.,
2000) and C. crescentus (Phadke etal, 2001; Molloy
etal., 2002).

The predicted mass/pl of each identified protein or pre-
cursor (P) was obtained directly from the SWISSPROT
database (http://c.expasy.org/sprot). For membrane pro-
teins with putative or known N-terminal signal peptides,
we calculated the mass/pl of the putative mature protein
(M) using the coMPUTE pl/Mw tool (http://c.expasy.org/
tools/pi_tool.html). For hypothetical proteins without
known or putative signal peptide, we predicted their
cellular localization and signal peptides using SIGNALP
(http://www.cbs.dtu.dk/services/SignalP/y  or  PSORT
(http://psort.nibb.ac.jp/).

The characteristics of several proteins identified in this
study are noteworthy. The hypothetical proteins YiaF, YfiO
and YfgL identified in this study are new gel IDs that have
not yet been reported for their expression from previous
studies on E. coli two-dimensional membrane proteomes
(Link et al., 1997; Molloy et al., 2000). YfgL (spots 87 and
88), YaeC (spot 126) and YfiO (spot 138) are predicted to
possess signal peptides and are potential lipoproteins
associated with either the inner or the outer membrane

© 2004 Blackwell Publishing Ltd, Molecular Microbiology, 52, 1029—-1044
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Fig. 4. Composite image showing known proteins and unidentified protein spots that are differentially enriched in minicells and rod cells. Two-
dimensional gels from membrane proteins isolated from rod-shaped cells and minicells were digitized and analysed using the Z3 2D image
analysis software as described in Experimental procedures. A representative image obtained by overlaying two-dimensional gels of rod-shaped
(green) and minicell membrane proteins (purple) is shown. The numbers correspond to proteins subjected to MALDI mass fingerprinting, and
spots identified in this study are labelled with the protein name. Minicell membrane-enriched spots are labelled in pink, and the spots present
more abundantly in rod cell membranes are indicated in green. Protein spots that migrated in chains and were consistently enriched in minicell
or rod cell membranes are highlighted in a box. The pH range is shown at the bottom, and the sizes of molecular weight standards (Mr) (Gibco
prestained markers, Invitrogen) are indicated on the right in kDa.
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Table 1. Identified E. coli membrane protein spots by peptide mass fingerprinting.

Spot Accession Accession Mowse® Peptide matched Signal Predicted mass/pl (P) Cellular
no. name no. score (% coverage) peptide®  mass/pl (M)° location® Note®
2 UPO5_ECOLI P39170 1.37e +03 7 (11%) Y, 1-20  90553.5/4.93 (P) Integral OMP B(1)
88426.1/4.87 (M)
2 OSTA_ECOLI P31554 974 7 (13%) Y, 1-24  89671.9/4.94 (P) Periplasmic B(1)
87068.9/4.85 (M)
3 UPO5_ECOLI P39170 1.93e +09 19 (29%) Y, 1-20  90553.5/4.93 (P) Integral OMP B(1)
88426.1/4.87 (M)
3 OSTA_ECOLI P31554 3.37e + 06 12 (23%) Y, 1-24  89671.9/4.94 (P) Periplasmic B(1)
87068.9/4.85 (M)
4 UPO5_ECOLI P39170 5.07e + 03 10 (12%) Y, 1-20  90553.5/4.93 (P) Integral OMP B(1)
88426.1/4.87 (M)
7 UPO5_ECOLI P39170 8.41e + 05 14 (18%) Y, 1-20  90553.5/4.93 (P) Integral OMP B(2) S(1)
88426.1/4.87 (M)
14 FHUA_ECOLI P06971 5.11e + 07 15 (27%) Y, 1-33  82182.7/5.47 (P) Integral OMP B(1) S(1)
78742.1/5.13 (M)
21 FECA_ECOLI P13036 7.52e + 06 14 (23%) Y, 1-33  85322.0 5.53 (P) Integral OMP B(1) S(1)
81707.2/5.36 (M)
41 BTUB_ECOLI P06129 3.44e + 03 10 (37%) Y, 1-20  68407.6/5.23 (P) Integral OMP B(1)
66325.6/5.10 (M) 200 p.p.m.
42 BTUB_ECOLI P06129 1.82e + 10 18 (42%) Y, 1-20  68407.6/5.23 (P) Integral OMP B(2) S(1)
66325.6/5.10 (M)
50 ATPA_ECOLI P00822 1.56e +04 8 (21%) N 55222.5/5.80 Associated IMP B(2) S(1)
51 ATPA_ECOLI P00822 9.5e +05 13 (35%) N 55222.5/5.80 Associated IMP B(1)
52 ATPA_ECOLI P00822 3.19e + 05 13 (34%) N 55222.5/5.80 Associated IMP B(1)
53 UPO5_ECOLI P39170 2.97e + 07 15 (24%) Y, 1-20  90553.5/4.93 (P) Integral OMP B(2), truncated
88426.1/4.87 (M) C-terminal domain
54 TOLC_ECOLI  P02930 151 5 (12%) Y, 1-24  54014.5/5.46 (P) Integral OMP B(1)
51468.9/5.23 (M)
55 TOLC_ECOLI  P02930 1.24e +03 6 (14%) Y, 1-24  54014.5/5.46 (P) Integral OMP B(1)
51468.9/5.23 (M)
56 TOLC_ECOLI  P02930 1.13e + 06 12 (27%) Y, 1-24  54014.5/5.46 (P) Integral OMP B(2) S(1)
51468.9/5.23 (M)
57 TOLC_ECOLI  P02930 4.78¢ + 04 9 (23%) Y, 1-24  54014.5/5.46 (P) Integral OMP B(1)
51468.9/5.23 (M)
60 TOLC_ECOLI  P02930 1.31e + 04 10 (21%) Y, 1-24  54014.5/5.46 (P) Integral OMP B(2) S(1)
51468.9/5.23 (M)
60 ATPB_ECOLI  P00824 1.98e + 08 16 (42%) N 50325.9/4.90 Associated IMP B(1)
61 ATPB_ECOLI  P00824 1.19¢ + 08 16 (44%) N 50325.9/4.90 Associated IMP B(1)
65 ATPB_ECOLI  P00824 1.1e+10 18 (54%) N 50325.9/4.90 Associated IMP B(1)
69 FLIC_ECOLI P04949 7.44e + 04 8 (26%) N 51295.2/4.50 Flagella B(1) S(1)
72 YBHC_ECOLI P46130 1.24e + 06 10 (31%) Y, 1-21  46082.6/5.66 (P) OM lipoprotein B(2) S(1)
43916.6/5.49 (M)
74 ACRA_ECOLI P31223 2.92e + 04 7 (33%) Y, 1-24  42197.0/7.69 (P) IM lipoprotein B(1)
39723.7/6.08 (M)
75 ACRA_ECOLI P31223 71.8 3 (10%) Y, 1-24  42197.0/7.69 (P) IM lipoprotein B(1)
39723.7/6.08 (M)
78 LAMB_ECOLI P02943 9.81e + 04 10 (32%) Y, 1-25  49912.5/4.81 (P) Integral OMP B(1)
47385.0/4.72 (M)
81 FADL_ECOLI  P10384 1.61e +05 9 (26%) Y, 1-27  48857.4/5.19 (P) Integral OMP B(1)
45991.5/4.99 (M)
82 FADL_ECOLI P10384 3.76e + 04 8 (23%) Y, 1-27  48857.4/5.19 (P) Integral OMP B(1)
45991.5/4.99 (M) 300 p.p.m.
86 FTSZ_ECOLI P06138 4.08e + 09 16 (57%) N 40297.3/4.72 Cytoplasmic, B(1)
associated with IM
87 YFGL_ECOLI P77774 2.05e + 04 7 (28%) Y, 1-24  41887.5/4.72 (P) IM or OM B(1)
SignalP  39287.9/4.61 (M) lipoprotein
PSORT
88 YFGL_ECOLI P77774 1.88e + 06 12 (41%) Y, 1-24  41887.5/4.72 (P) IM or OM B(1)
SignalP  39287.9/4.61 (M) lipoprotein
PSORT
93 OMPT_ECOLI P09169 2.43e+03 7 (25) Y, 1-20  35562.5/5.76 (P) Integral OMP B(1) S(1)
33477.7/5.38 (M)
99 OMPT_ECOLI P09169 2.27e+05 11 (41%) Y, 1-20  35562.5/5.76 (P) Integral OMP B(1) S(1)
33477.7/5.38 (M)
100 OMPC_ECOLI P06996 9.42e + 03 6 (24%) Y, 1-21  40368.3/4.58 (P) Integral OMP B(1) S(1)
38307.5/4.48 (M)
101 NLPB_ECOLI P21167 5.13e + 04 8 (29%) Y, 1-24  36842.7/5.34 (P) OM lipoprotein B(2)
34371.3/4.96 (M)

© 2004 Blackwell Publishing Ltd, Molecular Microbiology, 52, 1029—-1044
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Spot Accession Accession Mowse? Peptide matched
no. name no. score (% coverage)

Signal Predicted mass/pl (P) Cellular

102 NLPB_ECOLI P21167 1.72e + 06 11 (40%)
105 OMPF_ECOLI P02931 184 3 (14%)
108 OMPA_ECOLI P02934 7.08e + 03 7 (24%)
113 OMPA_ECOLI P02934 1.73e + 03 10 (23%)
116 OMPA_ECOLI P02934 6.08e + 04 10 (32%)
117 OMPA_ECOLI P02934 841 5 (21%)
120 OMPA_ECOLI P02934 2.32e + 03 6 (24%)
121 OMPA_ECOLI P02934 6.47e + 04 10 (32%)
123 TSX_ECOLI P22786 6.02e + 03 6 (26%)
125 TSX_ECOLI P22786 3.09e + 03 5 (29%)

126 YAEC_ECOLI  P28635 1.98E +04 7 (39%)

130 OMPT_ECOLI P09169 2.07e +04 9 (31%)
132 OMPT_ECOLI P09169 3.47e +04 10 (37%)

138  YFIO_ECOLI P77146 2.82e + 04 10 (38%)

142 YIAF_ECOLI P37667 4.01e+03 5 (21%)

146 OMPW_ECOLI P21364 2.67e + 03 4 (40%)
149 ATPF_ECOLI  P00859 270 6 (28%)
153 PAL_ECOLI P07176 1.19e + 04 7 (53%)

154 OMPX_ECOLI P36546 2.01e +03 5 (40%)
164 OMPX_ECOLI P36546 1.75e + 04 6 (43%)
166 OMPX_ECOLI P36546 736 4 (31%)

169 OMPX_ECOLI P36546 4.96e + 04 8 (49%)

peptide®  mass/pl (M)° location® Note®

Y, 1-24  36842.7/5.34 (P) OM lipoprotein B(2)
34371.3/4.96 (M)

Y, 1-22  39333.5/4.76 (P) Integral OMP B(1)
37084.5/4.64 (M)

Y, 1-21  37200.9/5.99 (P) Integral OMP B(1)
35172.3/5.26 (M)

Y, 1-21 37200.9/5.99 (P) Integral OMP B(1) S(1)
35172.3/5.26 (M)

Y, 1-21  37200.9/5.99 (P) Integral OMP B(1) S(1)
35172.3/5.26 (M)

Y, 1-21  37200.9/5.99 (P) Integral OMP B(1) S(1)
35172.3/5.26 (M)

Y, 1-21  37200.9/5.99 (P) Integral OMP B(1) S(1)
35172.3/5.26 (M)

Y, 1-21 37200.9/5.99 (P) Integral OMP B(1) S(1)
35172.3/5.26 (M)

Y, 1-22  33589.3/5.07 (P) Integral OMP B(1)
31413.4/4.87 (M)

Y, 1-22  33589.3/5.07 (P) Integral OMP B(3) S(1)
31413.4/4.87 (M)

Y, 1-22  29431.6/5.13 (P) IM or OM B(1) S(1)
27236.9/4.93 (M) lipoprotein

PSORT

Y, 1-20  35562.5/5.76 (P) Integral OMP B(1)
33477.7/5.38 (M)

Y, 1-20  35562.5/5.76 (P) Integral OMP B(2) S(1)
33477.7/5.38 (M)

Y, 1-19  27829.5/6.16 (P) IM or OM B(1)
25789.9/5.48 (M) lipoprotein

PSORT

Y, 1-42  30158.8/9.36 (P) IMP B(2) S(1)

(Psort)  25460.8/6.06 (M)

Y, 1-65  (Psort)

(SignalP) 23083.9/5.27 (M)
(SignalP)

Y, 1-21  22927.9/6.03 (P) Integral OMP B(3) S(2)
20852.3/5.59 (M)

N 17264.0/5.99 Associated IMP B(1)

Y, 1-21 18824.3/6.29 (P) OM lipoprotein B(1) S(1)
16616.3/5.59 (M)

Y, 1-23  18602.7/6.56 (P) Integral OMP S(2)
16382.9/5.30 (M)

Y, 1-23  18602.7/6.56 (P) Integral OMP B(1)
16382.9/5.30 (M)

Y, 1-23  18602.7/6.56 (P) Integral OMP B(1)
16382.9/5.30 (M) 300 p.p.m.

Y, 1-23  18602.7/6.56 (P) Integral OMP B(2)
16382.9/5.30 (M) 300 p.p.m.

a. Molecular Weight Search Score (Pappin et al., 1993).

b and d. The presence (Y, the length of signal peptide is shown) or absence (N) of signal peptides and cellular location was indicated according
to SWISSPROT database information. Some proteins without known topology were analysed further by PSORT or SIGNALP for prediction of possible
signal peptides and cellular location in this study. IM indicates inner membrane and OM indicates outer membrane.

c. P, precursor without cleavage of signal peptide; M, mature protein

after cleavage of signal peptide.

e. The protein IDs were identified from Coomassie blue-stained gel (B) and/or silver-stained gel (S). The number of times the spots were identified
is indicated in parenthesis. A mass accuracy of 150 p.p.m. was used as cut-off for PMF search except in some cases as indicated.

(Table 1 and Fig. 4). YiaF (spot 142, Table 1) is a putative
inner membrane protein predicted to have a signal peptide
at amino acids 1-42 or 1-65, as predicted by PSORT
or SIGNALP respectively. YiaF migration on the two-
dimensional gels was consistent with a protein having a
mass/pl of 23083.9/5.27, which corresponds to the first
65 N-terminal residues being removed. However, the

detection of an m/z peak matching the 50R-69E peptide
suggests that the cleavage site is between amino acid
residues 42 and 43. The annotated yiaF open reading
frame (ORF) appears to be correct as examined by ORF
FINDER. Thus, it appears that this protein migrates anom-
alously on our gels. Although the majority of the proteins
migrated at positions matching their predicted mass/pl,

© 2004 Blackwell Publishing Ltd, Molecular Microbiology, 52, 1029—1044



1036 E.-M. Lai, U. Nair, N. D. Phadke and J. R. Maddock

Table 2. Protein spots enriched in minicell membranes.

DE?®, Average

Spot  (lowest, highest) Spots with DE > 1/ Protein

no. values total spots detected ID
29 1.5(1.29, 1.98) 3/3 NA
41 1.66 (1.19, 1.98) 4/4 BTUB
42 2.33(1.55, 5.06) 3/5 BTUB
43 Min only® 4/4 NA
45  Min only 3/3 NA
46  4.74 or Min only 3/3 NA
47 5.38 4/4 NA
48  Min only 3/3 NA
50 2.28 (1.26, 2.68) 5/5 ATPA
51  7.36 (2.05, 12.66) 3/3 ATPA
52  2.74 or Min only 3/3 ATPA
58  1.84 (1.53, 2.29) 3/3 NA
60 2.15(1.31, 2.85) 5/5 ATPB and TOLC
61  3.27 or Min only 3/3 ATPB
64  4.62 (1.68, 7.55) 4/4 NA
65 2.58 (2.16, 3.46) 5/5 ATPB
72 1.49 (1.19, 2.34) 5/5 YBHC
73  2.53 or Min only 4/4 NA
74 Min only 4/4 ACRA
77  Min only 3/3 NA
79  3.12(1.60, 4.10) 4/4 NA
82  3.03 (1.06, 4.90) 4/5 FADL
86  3.28 (2.64, 4.39) 3/4 FtsZ
109  1.84 (1.18, 3.66) 4/5 OMPA
110  5.68 (1.65, 13.68) 3/3 NA
121 1.41 (1.1, 1.75) 4/5 OMPA
123 2.30 (1.1, 5.25) 5/5 TSX
124 1.93 (1.33, 2.52) 4/5 OMPA
132 1.29 (1.20, 1.43) 4/5 OMPT
142  2.82 (1.64, 6.25) 5/5 YIAF
145  2.59 or Min only 5/5 NA
146 1.46 (1.31,1.72) 3/5 OMPW
153  2.43 (1.21, 7.10) 5/5 PAL
168  1.23 or Min only 3/3 NA
171 2.64 (1.69, 3.58) 4/4 NA
173 Min only 3/3 NA

a. DE is the differential enrichment value from minicells versus rod
cells; only the value >1 is included for average value.

NA, data not available.

b. Min only, spots detected in minicells only.

several proteins, such as UPO5, BtuB, AtpA, AtpB, FadL,
YfgL, Tsx and Pal, resolved as two or more spots of similar
mass but different isoelectric points (Fig. 4). These may
represent natural isoforms or an artifact caused by sample
preparation or two-dimensional electrophoresis. Similarly,
several proteins, such as TolC, AcrA, NIpB, OmpA, OmpT
and OmpX, resolved in multiple spots of differing masses
and pls, suggesting possible protein processing, degrada-
tion and/or modifications (Fig. 4). Similar migration for
several of these proteins has been observed previously
(Molloy et al., 2000).

Summary of the identified differentially distributed
membrane proteins

We successfully identified the proteins in 20 out of 36
minicell-enriched spots and found 13 unique proteins
(Table 2). Among this class was the septal protein FtsZ

(spot 86, Table 2). Even though FtsZ is a peripheral mem-
brane protein, it is the most abundant of all cell division
proteins totalling 10—20 thousand copies per E. coli cell
(Bi etal, 1991). Thus, although we included a sodium
carbonate wash step that removes peripheral membrane
proteins, the abundance of FtsZ could have resulted in its
retention in rod cell and minicell membrane protein prep-
arations. Because the ratio of division septa to total mem-
brane in minicells is higher than in rod cells, it is
reasonable to detect more FtsZ in minicells. With the
exception of FtsA (the relative stoichiometry of which com-
pared with FtsZ is 1:150), the other cell division proteins
ZipA, FtsW, FisK, FtsL, FtsN, Ftsl and FtsQ are mem-
brane proteins (Errington et al., 2003). Their relatively low
abundance combined with the technical difficulty in focus-
ing inner membrane proteins on IPG strips may have
prevented their detection in our study.

YbhC (putative pectinesterase lipoprotein), YiaF (hypo-
thetical inner membrane protein) and OmpW (colicin
receptor) migrate as single spots on two-dimensional gels
with average minicell biases of 1.49, 2.82 and 1.46
respectively (Fig. 4 and Table 2). Thus, these proteins are
strong candidates for polar or septal proteins. Several
proteins were found in multiple spots with one or more
spots biased to the minicell membrane preparations.
Although BtuB (Vitamin B12 receptor), AtpA and AtpB (o
and [ subunits of FyF; ATP synthase) migrate as multiple
spots on two-dimensional gels, all the spots identified
have DE values >1 (Fig. 4 and Table 2), consistent with a
minicell bias for these proteins. AcrA (a component of a
multidrug efflux pump) was detected as two spots (74 and
75), one of which was only present in minicells (spot 74,
Table 2), whereas the other was equally distributed in both
cell types (Fig. 4). FadL (long-chain fatty acid transport
protein) also migrated as two spots (81 and 82, Fig. 4),

Table 3. Protein spots enriched in rod cell membranes.

Spots with DE > 1/ Protein
total spots detected ID

Spot DE?®, Average (lowest,
no. highest) values

3 0.63(0.36, 0.85) 4/5 UPO5, OSTA
4 0.43(0.24, 0.77) 3/3 UPO5
53 0.35 (0.28, 0.42) 3/3 UPO5
54 0.56 (0.24, 0.72) 3/5 TOLC
55  0.77 (0.40, 0.94) 4/5 TOLC
57 0.54 (0.22, 0.75) 3/3 TOLC
87  0.60 (0.25, 0.86) 4/4 YFGL
88  0.70 (0.56, 0.87) 5/5 YFGL
101 0.54 (0.31, 0.82) 4/5 NLPB
102 0.67 (0.47, 0.84) 5/5 NLPB
116 0.77 (0.75, 0.79) 4/5 OMPA
136  0.55 (0.24, 0.87) 4/5 NA
148  0.65 (0.47, 0.75) 4/5 NA
166 0.36 (0.20, 0.51) 3/3 OMPX
169  0.66 (0.41, 0.90) 3/3 OMPX

a. DE is the differential enrichment value of minicells versus rod cells;
only the value <1 is included for average value.
NA, data not available.
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and there was a strong minicell bias with the more abun-
dant spot (82, Table 2). Therefore, we include FadL and
AcrA as polar protein candidates. Similarly, although
OmpT (outer membrane protease), Tsx (outer membrane
channel-forming protein) and Pal (group A colicin uptake)
migrated as multiple isoforms (4, 2 and 3 respectively), in
each case, the more abundant protein spot (132, 123 and
153 respectively) was enriched in minicell membranes
(Fig. 4 and Table 2). Thus, determining the localization of
these proteins is warranted. Finally, several additional
spots (45, 46, 43, 47, 48, and 145) were often detected
only from minicell membranes; we were unable to obtain
the protein identities by PMF, perhaps because of low
protein concentration.

We also identified 13 of the 15 spots enriched in rod
cells and found seven unique proteins. Both isoforms of
NIpB (putative lipoprotein) and YfgL (putative lipoprotein)
as well as three isoforms of UPO5 (hypothetical outer
membrane protein) were enriched in rod cell membranes
(Fig. 4 and Table 3). Although OstA (a protein involved in
outer membrane biogenesis) co-migrates with an isoform
of UPOS5, it was not detected in minicells and may be rod
cell biased as well (Fig.4 and Table 3). OmpX migrates
as multiple isoforms (Fig. 4), and two of the minor forms
are enriched in rod cell membranes (Table 3); therefore,
the majority of OmpX protein is distributed evenly in the
two cell types.

Two proteins are of particular interest, as they possess
isoforms enriched in minicells and in rod cells. OmpA
migrates at predominantly two different molecular weights
each with multiple isoforms (Fig. 4). Three of these spots
(109, 124 and 121) are enriched in minicells (Table 2), one
spot (116) enriched in rod cells (Table 3), and the remain-
ing five spots (108, 113, 117, 120 and 135) are equally
distributed. TolC migrates at two distinct molecular
weights. Three of the more slowly migrating isoforms
(spots 54, 55 and 57) are enriched in rod cells (Table 3),
whereas a fourth spot (56) is equally distributed. A slightly
faster migrating isoform (spot 60, Table2) may be
enriched in minicells. Spot 60 also contains AtpB, and the
relative contribution to the spot intensity by TolC and AtpB
could not be determined in this study (Table 1). Regard-
less, it is of interest that these multiple isoforms are dif-
ferentially enriched in the cell preparations.

Immunoblot analysis of selective membrane proteins

We have shown previously that the inner membrane
MCPs are clustered predominantly at the poles and,
therefore, these proteins are ideal candidates to test
whether minicells are enriched for polar proteins. Unfortu-
nately, in general, inner membrane proteins do not
resolve well on two-dimensional gels because of their
inability to focus in the first dimension (Molloy, 2000).
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Consistent with this, we did not detect MCPs on our two-
dimensional gels. To determine whether MCPs were
enriched in minicells, equal amounts of membrane pro-
teins prepared from either rod cell or minicell membranes
from cells grown at 30°C or 37°C were fractionated on
one-dimensional gels and analysed by immunoblotting
using antibodies against MCPs. Quantification of MCP
signal reveals that the amount of these proteins is 1.5-fold
greater in minicell membranes from cells grown at 37°C
(Fig. 5) and fivefold enhanced in minicell membranes at
30°C (optimum temperature for MCP expression) (Fig. 5).
We next examined the distribution of the total protein for
several proteins that had multiple isoforms on two-dimen-
sional gels and in which one or more isoforms were
enriched in minicells or rod cells. The majority of the
isoforms of TolC were enriched in rod cells (Fig.4 and
Table 3). Consistent with this, we found a three- to four-
fold enrichment of TolC in rod cell extracts (Fig. 5). OmpA
has many isoforms with differing levels of abundance in
the two membrane preparations (Fig. 4, Tables 1, 2 and
3). Total OmpA is distributed equally between the two cell
types (Fig. 5). In addition, as only one band is detected
by one-dimensional gel, the different-sized isoforms of
OmpA seen on the two-dimensional gels are likely to

1 2 3 4

MCP ....

TOIC | - - o

OmpA = = e =

Pal » a» a»a@D

Fig. 5. Imnmunoblot analysis showing expression patterns of MCPs,
TolC, OmpA and Pal in rod and minicell membranes. Carbonate-
washed membrane proteins were fractionated on glycine—-SDS—-
PAGE followed by immunoblot analysis as described in Experimental
procedures. Samples of 2.5 ug of membrane protein were loaded in
each lane. Membrane proteins from rod cells are loaded in lanes 1
and 3. Lanes 2 and 4 show membrane proteins from minicells. Cells
were grown at 30°C for samples shown in lanes 1 and 2 and at 37°C
for samples shown in lanes 3 and 4. Antisera used for immunoblot
analysis are indicated on the left. The signals were quantified using
a Fluor-S MAX Multiimager (Bio-Rad). Shown here are results from
one of two independent experiments.



1038 E.-M. Lai, U. Nair, N. D. Phadke and J. R. Maddock

result from modification that occurred during two-
dimensional electrophoresis. Finally, we examined the
distribution of the total levels of Pal, a protein with multiple
isoforms, one of which (spot 153) is enriched on two-
dimensional gels of minicell membrane extracts (Fig. 4
and Table 2). Consistently, on one-dimensional gels, total
Pal is slightly enriched (1.2-fold) in minicell extracts at
either 30°C or 37°C (Fig. 5).

Localization of epitope-tagged OmpW and YiaF by
immunofluorescence microscopy

To determine whether the minicell-enriched membrane
proteins that we identified in this study were preferentially
distributed to the end of cell, we determined the localiza-
tion of two polar candidates, OmpW and YiaF. OmpW and
YiaF were C-terminally fused to haemagglutinin (HA) and
FLAG epitope tags, respectively, and expressed under the
control of their native promoters on plasmids or on the
chromosome. The localization of OmpW and YiaF was
determined by immunofluorescence using antisera
against these tags. Approximately 35% of the cells con-
taining OmpW-HA on a low-copy plasmid expressed
detectable levels of the fusion protein (data not shown).
In these cells, OmpW-HA localized predominantly to the
cell poles (Fig. 6A), whereas the immunostaining of the
remaining cells was comparable to background signal (no
primary antibody or cells lacking the OmpW-HA clone;
data not shown). We did not detect expression of chromo-
somally tagged OmpW-HA (data not shown).

Immunodetection DAPI

A. .
B. .
C.

OmpW-3HA

YiaF-FLAG

OmpA

YiaF-FLAG was not randomly distributed around the
inner membrane but had a patchy localization (Fig. 6B).
Although patches of fluorescence could be observed
along the lateral edges, the majority of the signal was at
the poles. In dividing cells, YiaF-FLAG was often localized
to the division septum. We observed similar expression
and localization patterns for YiaF-FLAG expressed from
either the chromosome or a medium-copy plasmid. No
staining was obtained when either no primary antibody
was used or cells lacking the epitope tags were stained
with both primary and secondary antisera (data not
shown).

In contrast to the non-random localization patterns of
the minicell-enriched OmpW and YiaF proteins, OmpA, a
protein found in both minicells and rod cells, was randomly
distributed in the cell membrane (Fig. 6C). In this case,
we localized OmpA with anti-OmpA antibodies. Taken
together, these data suggest that our proteomic analysis
of minicell proteins is biologically relevant in the context
of protein localization.

Discussion

In this study, we used proteomic analysis systematically
to identify polar membrane proteins. We have identified at
least 12 proteins that are differentially enriched in mini-
cells versus rod cell membranes (Table 4). Previous anal-
yses of the protein composition of E. coli minicells have
led to conflicting conclusions as to whether proteins were
preferentially biased to either minicells or rod cells. In

Fig. 6. Localization patterns of OmpW-HA,
YiaF-Flag and OmpA.DH5a cells expressing
OmpW-HA and OmpA were used for immunolo-
calization of OmpW-HA and OmpA.YiaF-FLAG
localization was performed in TOP10 cells
expressing FLAG epitope-tagged YiaF. Immun-
ofluorescence staining with an anti-HA (primary
antibody) and fluorescein-labelled goat anti-
rabbit antiserum (secondary antibody) reveals
polar OmpW-HA signals (A). Patchy distribution
of YiaF-FLAG with polar and septal foci (B) is
seen by immunostaining with anti-FLAG (pri-
mary antibody) and fluorescein-labelled goat
anti-mouse antiserum (secondary antibody).
Random, membrane-associated distribution of
OmpA (C) is seen using anti-OmpA (primary
antibody) and fluorescein-labelled goat anti-
mouse antiserum (secondary antibody).
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Table 4. Known or putative function of the identified differentially distributed membrane proteins.

Differentially

Evidence for

Protein enriched differential

name compartment distribution Known or putative function and localization

MCP Minicell Immunoblot analysis Chemoreceptors, IM

AtpA Minicell 2-DE comparison FoFy ATP synthase o subunit, IM

AtpB Minicell 2-DE comparison FoFy ATP synthase B subunit, IM

YbhC Minicell 2-DE comparison Hypothetical lipoprotein, pectinesterase family, OM

Tsx Minicell 2-DE comparison Colicin K and phage T6 receptor, channel for nucleosides, OM

YiaF Minicell 2-DE comparison Hypothetical novel protein, IM

OmpW Minicell 2-DE comparison Putative colicin S4 receptor, OM

Pal Minicell 2-DE comparison Putative lipoprotein, colicin import, membrane integrity
Immunoblot analysis

BtuB Minicell 2-DE comparison Vitamin B12 receptor, OM

FtsZ Minicell 2-DE comparison Z-ring subunit at cell division sites, IM and cytoplasmic

AcrA Minicell 2-DE comparison Component of a multidrug efflux pump, putative IM lipoprotein

FadL Minicell 2-DE comparison Long-chain fatty acid transport protein, OM

OmpT Minicell 2-DE comparison Outer membrane protease

TolC Rod-shaped cell 2-DE comparison Multidrug efflux, protein export, tolerance to colicin, cell division,
Immunoblot analysis oM

YfgL Rod-shaped cell 2-DE comparison Putative lipoprotein, OM or IM

NIpB Rod-shaped cell 2-DE comparison Putative lipoprotein, OM

UPO5 Rod-shaped cell 2-DE comparison Hypothetical outer membrane protein

OstA Rod-shaped cell 2-DE comparison Involved in outer membrane biogenesis, OM

some previous studies, no differences were observed in
the protein profiles of these cell types (Wilson and Fox,
1971; Green and Schaechter, 1972; Goodell and
Schwarz, 1977). In other studies, however, specific
enzyme activities such as alkaline phosphatase, cyclic
phosphodiesterase and 5’-nucleotidase, and acid hexose
monophosphatase were found to be higher in minicells
than in rod cells (Dvorak et al., 1970), and these could
represent polar localization of the respective proteins.

Immunolocalization of two epitope-tagged minicell-
enriched proteins, OmpW and YiaF, reveals that the
former shows polar distribution whereas the latter shows
a patchy localization pattern with distinct polar and septal
foci (Fig.6). On the other hand, similar studies with
OmpA, the amounts of which are equal in minicell and rod
cell membranes (Fig. 5), show that this protein is localized
throughout the cell membrane (Fig. 6). Thus, the subcel-
lular location of these proteins is in agreement with the
results obtained from our proteomics analysis (Table 4).
Therefore, it is likely that the other minicell-enriched pro-
teins found in our study are indeed located at the poles in
wild-type cells.

Although our study has identified a number of poten-
tially polar membrane proteins, it has not identified all the
membrane proteins that are differentially enriched in the
two cell types. This may be due to poor expression or
lower stability of membrane proteins in a minicell mutant
background. Furthermore, it is likely that some membrane
proteins are inadequately solubilized under our experi-
mental conditions in spite of using a potent detergent C8¢
(a sulphobetaine surfactant with p-phenyloctyl tail) (Mol-
loy, 2000; Phadke et al.,, 2001; Molloy et al., 2002). Nev-

© 2004 Blackwell Publishing Ltd, Molecular Microbiology, 52, 1029—1044

ertheless, we are encouraged by the detection of a
significant number of integral outer membrane proteins
and a few inner membrane proteins in our study.

We are intrigued to discover two known and two puta-
tive lipoproteins that are differentially distributed between
minicell and rod cell membrane proteomes (Tables 2 and
3 and Fig. 4). Among these, YbhC and Pal are enriched
in minicells while YfgL and NIpB are present more abun-
dantly in rod cell membranes. Pal is an outer membrane-
anchored protein that has been shown to bind the major
outer membrane proteins Lpp and OmpA and to be impor-
tant in maintaining the integrity of the outer membrane of
E. coli (Table 4) (Cascales et al., 2002). Although the total
Pal is only 1.2-fold enriched in minicell membranes
(Fig. 5), one of its isoforms (spot 153, Fig. 4) is enriched
in minicells (Table 1), raising the possibility that this iso-
form of Pal is a polar protein. NIpB (Table 4) has been
shown to be an outer membrane lipoprotein, although its
function is not clear (Bouvier et al., 1991). YbhC and YfgL
(Table 4) are putative lipoproteins based on sequence
similarity with other known lipoproteins, but their associa-
tion with lipids has not been established. It has been
shown that the anionic membrane phospholipid cardiolipin
is enriched in minicells (Koppelman et al., 2001) and in
the septal and polar regions of wild-type E. coli cells
(Mileykovskaya and Dowhan, 2000). Taken together,
these results suggest that there may indeed be differ-
ences in protein and lipid composition that contribute to
the different microenvironments of lateral and polar
membranes.

AtpA and AtpB are minicell-enriched proteins that
resolve as multiple spots on two-dimensional gels
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(Tables 1 and 2 and Fig. 4). AtpA and AtpB are o and B
subunits of the FyoF; ATP synthase complex respectively
(Table 4) (Altendorf et al., 2000). More specifically, AtpA
and AtpB are proteins associated with the extramembra-
nous F; component of ATP synthase. It is puzzling that
we were able to detect these peripheral membrane
proteins enriched in minicells but not proteins of the
membrane-embedded F, subunit. For example, AtpF, the
B subunit of the F, component, was not enriched in mini-
cells (Fig. 4, spot 149). One possibility is that the F, com-
plex may be more tightly associated with the membrane-
embedded F, complex in minicells than in rod-shaped
cells. Experiments to test this possibility are in progress.
We were also unable to detect YidC, which has been
shown to be important for the membrane insertion of the
o and B subunits of the F, sector of the ATP synthase
complex (Yi et al., 2003). Interestingly, localization studies
using a YidC-GFP fusion have shown that this protein is
polar (Urbanus et al., 2002).

Several porin-like outer membrane proteins, Tsx,
OmpW and BtuB, are enriched in minicell membranes
(Table 1 and Fig. 4). All three proteins are shown to be
colicin receptors (Table 4) (Bremer et al., 1990; Pilsl et al.,
1999). Additionally, Tsx also serves as a channel for
nucleoside import (Table 4) (Riede et al., 1984; Bremer
et al., 1990), and BtuB is a receptor required for the bind-
ing and uptake of vitamin B12 and bacteriophage BF23
(Table 4) (Gudmundsdottir et al., 1988).

YiaF is a hypothetical inner membrane protein with one
transmembrane region. Although its function is unknown,
YiaF is highly conserved in E. coli, S. flexneri and Salmo-
nella enterica, and it also has orthologues with significant
homology in Y. pestis and Pseudomonas syringae pv.
tomato strain DC3000 (data not shown). The disruption of
YiaF did not reveal any growth phenotype (A. Henry, U.
Nair and J. R. Maddock, unpublished results). Based on
PSORT and PMF analysis, we also predict that YaiF has a
signal peptide that is 42 amino acids long (Table 1). In our
study, YiaF resolved as a single spot and is about threefold
more abundant in minicells versus rod cells in all the five
gel pairs examined (Table 2). Our data demonstrate that
YiaF is a bona fide minicell-enriched membrane protein.
Surprisingly, it was not identified in a recent, comprehen-
sive proteomic analysis of cell membrane proteins of E.
coliin which 394 gene products were identified (Fountou-
lakis and Gasser, 2003).

TolC is a multifunctional outer membrane protein that
resolves as multiple isoforms on our two-dimensional
gels. The majority of TolC spots are more abundant in rod
cell membranes, although one faster migrating spot is
enriched in minicell membranes (Table 2 and Fig. 4). An
intriguing possibility is that TolC has at least two different
isoforms with different spatial localizations. TolC is
involved in the production of the peptide antibiotic micro-

cin J25 (Delgado et al.,, 1999), colicin V secretion (Fath
etal., 1994; Zhang et al., 1995), and is also required for
maintaining outer membrane integrity (Bernadac et al.,
1998). In addition to these functions, TolC (also named
MukA) functions in chromosome segregation (Hiraga
et al., 1989; Hiraga et al., 1991; Bahloul et al., 1996). The
localization pattern of TolC remains to be examined.

Our ultimate goal is to understand the factors that con-
tribute to the unique microenvironment of the cell poles.
We view this study as an important first step in dissecting
the polar microenvironment of the E. coli cell and have
expanded the list of proteins that exhibit asymmetric sub-
cellular localization. Future challenges include localizing
the proteins that we have identified and assessing their
roles in maintaining the polarity of other known polar
proteins.

Experimental procedures
Separation of minicell and rod cells

The E. coli minicell mutant X-1488 (F~ str" hst- hsm* minA~
minB~ purE~ pdxC~ his™ ile met~ ade™ ura” r m*,) was used
as a source of rod cells and spherical minicells (Meagher
etal., 1977). Cells (2-31) were grown in LB broth (Miller,
1972) at either 37°C (optimal temperature for the growth of
E. coli) or 30°C (optimal temperature for chemotaxis, which
is dependent on MCPs), as indicated, with vigorous aeration
to ODgoo = 0.7—-0.9. Subsequent steps were performed on ice
or at 4°C. Minicells and rod cells were separated by differen-
tial centrifugation (Dvorak et al., 1970) with modifications.
Cells were harvested by centrifugation at 1000 g for 7 min in
a Sorvall SLA-1500 rotor. The resulting pellet (P1) contained
undivided filamentous cells and rod cells, whereas the super-
natant (S1) was enriched in minicells. The P1 pellet was
resuspended in 50 mM Tris-ClI (pH 7.5) buffer (150 ml for 1|
of culture) and centrifuged as above to purify the rod cells
further. The S1 supernatant was centrifuged at 14 000 g for
15 min to pellet the minicells. The cell pellet was resus-
pended in 0.15 M NaCl (150 ml for 1 | of culture) and centri-
fuged at 1000 g for 7 min. To increase the purity of minicells,
this step was repeated twice or until no pellet was detected.
The minicells were pelleted by centrifugation at 14 000 g for
15 min, washed in 50 mM Tris-Cl, pH 7.5 (20 ml for 1| of
culture) and pelleted again. The purity of the isolated mini-
cells and rod cells was examined by light microscopy, and
the pellets were stored at —80°C.

Preparation of membrane fractions

Cells from 6 | of cell culture were used for each independent
cell fractionation experiment. Samples were processed on ice
or at 4°C as described previously (Molloy etal., 2000;
Phadke et al., 2001) with minor modifications. Purified rod
cells and minicells were resuspended in 90 ml and 10 ml,
respectively, of 50 mM Tris-Cl, pH 7.5, containing 1 mM phe-
nylmethylsulphonyl fluoride (PMSF). Cells were disrupted by
two passes through a chilled French pressure cell (Aminco)
at 16 000 p.s.i. and sonicated at 5W for 15 s after each
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passage through the French pressure cell. The lysate was
centrifuged twice at 7000 g for 10 min to remove unbroken
cells. In general, about 10 and 200 mg of total protein was
obtained from minicells and rod cells, respectively, as esti-
mated by a Bradford assay (Bio-Rad). The proteins (10 or
20 mg for minicell and rod cells respectively) were diluted
with freshly prepared 0.1 M sodium carbonate (pH 11 without
adjustment) to a final volume of 40 ml and stirred slowly on
ice for 1 h. Membrane vesicles were collected by ultracentrif-
ugation at 170 000 g for 1 h in a Beckman Ti50.2 rotor. The
membrane pellet was washed twice by sonication in 1 ml of
50 mM Tris-Cl, pH 7.5, containing 1 mM PMSF and ultracen-
trifugation (170 000 g for 1 hin a Sorvall RP80-AT rotor). The
final membrane protein accounted for =1/20th—1/25th of the
total proteins from rod cells and 1/10th—1/12th of the total
proteins from minicells. The membrane pellet was either sol-
ubilized immediately for electrophoresis or resuspended in
50 mM Tris-Cl (pH 7.5) containing 10% glycerol and stored
at —80°C until use.

Two dimensional electrophoresis

This method was performed as described previously (Molloy
et al., 2000; Phadke et al., 2001) with minor adjustments.
Membrane vesicles were solubilized by sonicating in rehydra-
tion buffer [7 M urea, 2 M thiourea, 2 mM trybutyl phosphine
(TBP; Bio-Rad), 0.5% (v/v) Biolyte 3-10 (Bio-Rad), 40 mM
Tris base, 2% (w/v) C8¢ (4-octyl denzoylamidoproyldimethy-
lammonio-propoane-sulphate), 1% (w/v) Triton X-100]. Mem-
brane samples were incubated at 30°C with shaking for
30 min to 1 h, and the insoluble materials were removed by
centrifugation at 17 000 g at room temperature for 5 min an
SLA-1500 rotor. Rehydration buffer (450 ul) containing 50 ug
for analytic gel or 1 mg for preparative gel was rehydrated
overnight in each 18 cm immobilized pH gradient strip (IPG;
Amersham Pharmacia). Isoelectric focusing (IEF) was car-
ried out for 80 000-100 000V h™" at a maximum of 6000 V
using the Multiphore Il system (Amersham Pharmacia) or at
maximum of 10 000 V using a Protean IEF cell (Bio-Rad)
according to the manufacturer’s directions. After IEF, the
IPGs were either separated immediately for second dimen-
sion or kept at —80°C until use. The IPGs were incubated for
15 min with shaking at room temperature in equilibration
buffer [6 M urea, 2% (w/v) SDS, 20% (v/v) glycerol, 0.15 M
Bis-tris/0.1 M HCI] containing 1% (w/v) 1,4 dithio-DL-threitol
(DTT) followed by 15 min in equilibration buffer containing 3%
(w/v) iodoacetamide (IAA). The equilibrated IPGs were sep-
arated on 11% SDS-PAGE using Protean Il XL multicells.
Electrophoresis was carried out at 50 V for 2 h, followed by
110V for 14-16 h at 4°C. When necessary, the prestained
protein markers were loaded at the basic side of the gel.
Proteins were visualized by Coomassie brilliant blue G-250
(Molloy et al., 2000) for preparative gels or by silver staining
(http://www.protana.com/PDF/ASMS/ExAbSilverstain.pdf)
for analytical gels.

SDS-PAGE and immunoblot analysis

Glycine—SDS—-PAGE was performed as described previously
(Sambrook et al., 1989). Equal amounts of isolated mem-

© 2004 Blackwell Publishing Ltd, Molecular Microbiology, 52, 1029—1044

Proteomics of minicell membranes 1041

brane proteins were resolved on SDS-PAGE and visualized
by staining or transferred to nitrocellulose membrane (NEN
Life Science) using a semi-dry transfer apparatus (Bio-Rad).
Immunoblot analysis was performed according to the manu-
facturers manuals and detected by chemiluminescence
(NEN Life Science). Dilutions (1:5000) of polyclonal anti-Tar
(a gift from D. Koshland) and polyclonal anti-TolC (a gift from
Phang C. Tai) antisera were used to detect MCPs and TolC
respectively. Monoclonal anti-OmpA and anti-Pal antisera
(kindly provided by Judith Hellman) used to detect OmpA and
Pal, respectively, were both used at a 1:1000 dilution.

Two-dimensional image comparisons

Gel images were digitized and stored as TIF files with a
resolution of 300 d.p.i. using a UMAX Power Look Il scan-
ner with MAGIC SCAN software (UMAX) and further manipu-
lated by Adobe PHOTOSHOP. The two-dimensional protein
spots were analysed using Z3 2D image analysis system,
version 2.0 (Compugen). Protein spots were detected
automatically and edited manually to delete artificial spots.
The control gel (from rod cell membranes) and experimen-
tal gel (from minicell membranes) obtained from the same
experimental set were compared by overlaying the images.
Using automatic registration followed by manual adjust-
ments, registered images were matched, and a differential
enrichment (DE) value of each compared spot was deter-
mined. Maximum fit calibration method was used to correct
the overall image differences caused by variations in
experimental conditions such as protein loading, staining
and scanning.

Trypsin in-gel digestion and peptide mass fingerprinting

Protein spots were excised from Coomassie blue or silver-
stained gels for analysis. The methods for trypsin in-gel
digestion, matrix-assisted laser desorption ionization time-of-
flight (MALDI-TOF) mass spectrometry and peptide mass
fingerprinting were preformed as described previously
(Phadke et al., 2001). Briefly, gel pieces containing the pro-
tein spots were washed twice in 100 ul of 50% (v/v) acetoni-
trile (ACN)-100 mM ammonium bicarbonate and digested
using 250-500 ng of modified porcine trypsin (Promega) at
37°C overnight. The digested peptides were extracted by
incubating in 20 pl of 60% (v/v) ACN-1% (v/v) trifluoroacetic
acid (TFA) for 10 min in a sonicator waterbath, concentrated
to dryness and resuspended in 6 ul of 3% (v/v) TFA. Each
sample (0.8 ul) was co-crystallized with an equal volume
of matrix solution [10 mgml™ (w/v) o-cyano-4-hydroxy-
cannamic acid solution in 50% (v/v) ACN-1% (v/v) TFA] onto
a gold-plated MALDI plate (PerSeptive Biosystems). The
mass spectrum was analysed on a Voyager-DE STR instru-
ment (PerSeptive Biosystems) run in delayed extraction
reflector mode with the following parameters: 1982 laser
intensity, 25 kV accelerating voltage, 100 ns delay and a low
mass gate of 500 Da. The obtained spectrum was calibrated
with proteolytic trypsin monoisotope peaks 842.5 kDa and
2211.1 using DATA EXPLORER (PE Biosystems). The monoiso-
topic peptide masses were picked up manually or obtained
by automation using an in-house virtual instrument created
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in the LABVIEW graphical programming language (G. Rymar
and P. Andrews, unpublished). The obtained monoisotopic
peptide masses were searched against the most recent
SWISSPROT or NCBI nr E. coli database using the Ms-FIT
program (http:/prospector.ucsf.edu). A maximum of one
missed enzymatic cleavage, modification of cysteine resi-
dues by carbamidomethylation and possible modification by
acrylamide were examined during the searches. A mass
accuracy of 150 p.p.m. was used as cut-off unless specified.
To be confident about the identity of a protein, a minimum of
three matching tryptic peptides was required.

Construction of E. coli strains encoding OmpW-3HA and
YiaF-FLAG

The E. coli K-12 ompW (yciD) gene, containing its own pro-
moter and open reading frame (ORF) without the stop codon,
was amplified by polymerase chain reaction (PCR) using
primers  OmpW-B1N (5-CGGGATCCGCAGGTGTTAATT
AGCGG-3) and OmpW-B1C (5-CGGGATCCCGAAAAC
GATATCCTGCTGAG-3’). The PCR product was digested
with BamHI and cloned into pBluescript SK+ (Stratagene),
digested with the same enzyme. The resulting clone named
pJM1860 was verified by sequencing. The ompW gene from
pJM1860 was amplified using the same forward primer
OmpW-B1N and a reverse primer OmpW-HA (5’-GGAATT
CCTTAAGCGTAGTCTGGGACGTATGGGTATCTAGAAAAA
CGATATCCTGCTGAG) containing the HA epitope tag and
cloned into pCR2.1-TOPO TA cloning vector (Invitrogen Life
Technologies). From this clone, the ompW gene tagged with
HA at its C-terminus was excised as an EcoRI fragment and
subcloned into a low-copy-number vector pGD103 cut with
the same enzyme. For the construction of the strain express-
ing YiaF-FLAG, the E. coli K-12 yiaF gene, containing its own
promoter and ORF without the stop codon, was amplified by
PCR using primers YiaF-B1IN (5-CGGGATCCCTTCTGC
GAAGGCGTAAATC-3’) and YiaF-B1C (5-CGGGATCCTT
GGGTTGCAGTAACTGCTG-3). The PCR product was
cloned into pCR2.1-TOPO TA cloning vector and verified by
sequencing. The yiaF gene was excised by BamHI| and sub-
cloned into pJM21 a medium-copy, FLAG epitope-tagging
plasmid vector cut with the same enzyme.

Microscopy

Cells were processed for immunofluorescence microscopy as
described earlier (Maddock and Shapiro, 1993). The dilutions
of antisera used were as follows: 1:100 for polyclonal anti-HA
antiserum (Zymed), 1:200 for monoclonal anti-Flag antise-
rum (Sigma-Aldrich), 1:100 for fluorescein-labelled goat anti-
mouse antiserum (Jackson ImmunoResearch) and 1:100 for
fluorescein-labelled goat anti-rabbit antiserum (Zymed). Cells
were visualized by a Nikon E800 microscope using a 100x
CFI Plan Apo objective and standard fluorescein isothiocy-
anate (FITC) and DAPI excitation/emission filter sets. Images
were collected using a Hamamatsu ORCA 2 digital camera
and Improvision OPENLAB 2 software. Digitized images were
imported into Adobe PHOTOSHOP. The purity of rod cell and
minicell preparation was assessed by light microscopy using
the same microscope and camera mentioned above. Images

were captured using the differential interference contrast
(DIC) mode.
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