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Secretion of cholera toxin and other virulence factors from Vibrio cholerae is mediated by the type II secretion
(T2S) apparatus, a multiprotein complex composed of both inner and outer membrane proteins. To better
understand the mechanism by which the T2S complex coordinates translocation of its substrates, we are
examining the protein-protein interactions of its components, encoded by the extracellular protein secretion
(eps) genes. In this study, we took a cell biological approach, observing the dynamics of fluorescently tagged
EpsC and EpsM proteins in vivo. We report that the level and context of fluorescent protein fusion expression
can have a bold effect on subcellular location and that chromosomal, intraoperon expression conditions are
optimal for determining the intracellular locations of fusion proteins. Fluorescently tagged, chromosomally
expressed EpsC and EpsM form discrete foci along the lengths of the cells, different from the polar localization
for green fluorescent protein (GFP)-EpsM previously described, as the fusions are balanced with all their
interacting partner proteins within the T2S complex. Additionally, we observed that fluorescent foci in both
chromosomal GFP-EpsC- and GFP-EpsM-expressing strains disperse upon deletion of epsD, suggesting that

EpsD is critical to the localization of EpsC and EpsM and perhaps their assembly into the T2S complex.

The type II secretion (T2S) pathway is widely used by patho-
genic gram-negative bacteria for delivery of virulence factors
into the extracellular milieu (11, 17, 46). Proteins destined for
release through this pathway are first translocated across the
cytoplasmic membrane via the Sec (24, 42) or Tat (59) ma-
chinery. Following folding and assembly in the periplasm, the
proteins are transported across the outer membrane via the
T2S machinery, a complex composed of 12 to 16 different gene
products, depending on the species. In Vibrio cholerae, the
elements of the T2S apparatus are encoded by the extracellular
protein secretion (eps) genes, epsC through epsN and pilD
(vepD) (18, 31, 39, 49, 50). Together these proteins coordinate
the outer membrane translocation of the major virulence fac-
tor, cholera toxin, as well as chitinase, lipase, hemagglutinin/
protease, and other proteases (12, 27, 49). Our studies are
focused on better understanding how the T2S complex assem-
bles in the cell envelope of V. cholerae to begin to elucidate the
mechanism by which extracellular secretion is accomplished.

The T2S apparatus is modeled as an envelope-spanning
complex with subcomplexes in the inner and outer membranes
(see Fig. S1 in the supplemental material). The precise stoi-
chiometry and juxtaposition of the Eps proteins are not known,
but accumulating biochemical, genetic, and molecular studies
continue to refine our understanding of complex assembly and
function (for a review, see reference 25). A trimolecular com-
plex consisting of cytoplasmic protein EpsE and inner mem-
brane proteins EpsL and EpsM has been identified. EpsL and
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EpsM have been shown to coimmunoprecipitate and partici-
pate in mutual stabilization interactions in vivo by protecting
each other from proteolysis (34, 41, 43, 48). Homologs of inner
membrane protein EpsC have been implicated in interactions
with the aforementioned inner membrane subcomplex (20, 29,
57), as well as homologs of outer membrane protein EpsD,
which form oligomeric rings through which the secreted sub-
strates, it is hypothesized, exit the cell (1, 10, 36, 38). More
specifically, EpsC homologs in Pseudomonas aeruginosa and
Klebsiella oxytoca are sensitive to proteolysis or unable to oli-
gomerize in the absence of EpsD homologs (2, 40); however,
direct interactions between these two proteins in their full-
length forms have not been shown by coimmunoprecipitation
or copurification. Although yeast two-hybrid analysis of the
periplasmic domains of the Erwinia chrysanthemi EpsC and
EpsD homologs also did not reveal interaction (15), recently it
was shown that periplasmic subdomains of EpsC and EpsD
homologs of Vibrio vulnificus copurified (28). It seems likely
that EpsC, having interactions with both inner and outer mem-
brane subcomplexes, plays a crucial role in complex function by
connecting the inner membrane components to the outer
membrane EpsD pore. Furthermore, it has been speculated
that EpsC homologs impart specificity to the various T2S sys-
tems by directly interacting with proteins to be secreted (3).
We have taken a cell biology approach to characterizing Eps
protein interactions, observing the dynamics of green fluores-
cent protein (GFP)-tagged components of the Eps complex in
live cells by fluorescence microscopy. This method permits
study of Eps protein assembly in the context of the complete
apparatus, situated in both membranes, without the disruptive
procedures required for many in vitro molecular and biochem-
ical analyses of protein-protein interactions. Here we present
data illustrating the importance of expressing GFP fusions for
localization studies with all other interacting components, pre-
serving wild-type stoichiometry and expression levels. In par-
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TABLE 1. Strains and plasmids
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. . Reference
Strain, genotype, or plasmid Features o source
V. cholerae strains or genotypes
TRH7000 El Tor strain, wild type for T2S 23
Ppapiieps TRH7000 Pgspieps 55
AepsC In-frame replacement of epsC with aph-3 (Km") This study
AepsD In-frame replacement of epsD with aph-3 (Km") This study
AepsG In-frame replacement of epsG with cat (Cm") This study
AepsL In frame replacement of epsL with aph-3 (Km") 55
PU3 (epsM mutant) Tn5 insertion in epsM at position 247 (Km") 39
gfp-epsC TRH7000 with gfp-epsC replacement at epsC locus This study
gfp-epsC AepsD gfp-epsC with replacement of epsD with aph-3 (Km") This study
gfp-epsC AepsL gfp-epsC with replacement of epsL with aph-3 (Km") This study
gfp-epsC epsM mutant PU3 with replacement of epsC with gfp-epsC This study
gfp-epsM TRH7000 with gfp-epsM replacement at epsM locus This study
gfp-epsM AepsC gfp-epsM with replacement of epsC with aph-3 (Km") This study
gfp-epsM AepsD gfp-epsM with replacement of epsD with aph-3 (Km") This study
gfp-epsM AepsL gfp-epsM with replacement of epsL with aph-3 (Km") This study
Ppap:ieps gfp-epsC TRH7000 Pgap::eps with gfp-epsC replacement at epsC locus This study
Ppap:iieps gfp-epsM TRH7000 PgAp::eps with gfp-epsM replacement at epsM locus This study
Ppap:ieps gfp-epsC AepsD Piap:ieps gfp-epsC with replacement of epsD with aph-3 (Km") This study
Ppap:iieps mcherry-epsC gfp-epsM TRH7000 Py, pi:eps with mcherry-epsC replacement at epsC locus This study
and gfp-epsM replacement at epsM locus
E. coli strains
MC1061 F~ lac mutant; K-12 laboratory strain 9
MM294/pRK2013 Helper strain for conjugations 33
SY327 \pir \pir lysogen; permits replication of pCVD442 35
Plasmids
pMMB66 Low-copy, IPTG-inducible vector (Ap") 19
pMMB67 Low-copy, IPTG-inducible vector (Ap") 19
pCVD442 Suicide vector containing sacB (Ap") 14
pUCI8K aphA-3 gene (Km', Ap") 32
pMMB68 etxB (heat-labile enterotoxin B subunit gene) (Ap") 47
pBAD33 cat gene (Cm") 22
pK18mobsacB Suicide vector containing sacB (Km") 51
pEpsC pPMMB67EH-epsC This study
pEpsCD pMMB67-epsC-epsD This study
pEpsD pPMMB67EH-epsD This study
pEpsG pMMB67EH-epsG This study
pMS44 (pEpsL) pMMB67HE-epsL 47
pMMB524 (pEpsM) pMMB67EH-epsM 39
pGFP-EpsM pMMB-gfp-epsM 53
pmCherry-EpsCD pMMB67EH-mcherry-epsCD This study
pVC1200 pMMB66-vc1200 This study

ticular, we note that GFP-EpsM does not appear to be focused
at the polar membrane as previously described (53), when
expressed in balance with its interacting proteins. Chromo-
somal replacement of epsM and epsC with gfp-tagged versions
instead reveals a more distributed pattern, with punctate flu-
orescent foci along the full length of the cell. We have ex-
ploited these chromosomal gfp-eps strains to further dissect the
interactions and requirements for localization of EpsC and
EpsM by systematically deleting other eps genes in the operon.

MATERIALS AND METHODS

Bacterial strains and plasmids. Bacterial strains and plasmids used in this
study are summarized in Table 1. The primers used are listed in Table 2.

Plasmid construction. All PCRs were performed using Phusion high-fidelity
DNA polymerase (New England BioLabs), and further amplification of PCR
products was performed using the PCR-Script Amp cloning kit (Stratagene).
Ampicillin and carbenicillin were used interchangeably for maintenance of plas-
mids containing the bla gene for selection.

The pMMB-based EpsC plasmid, pEpsC, was created by cloning the epsC-
containing BamHI-PstI fragment from a pBAD33-EpsC clone, which was gen-
erated from PCR amplification from Vibrio cholerae strain TRH7000 with the
primer pair epsC02/epsC03. The plasmid mCherry-EpsCD, which encodes an
in-frame fusion of the red fluorescent protein mCherry with EpsC, was first
constructed by PCR amplification of the gene encoding mCherry from pKS
mCherry using primers mcherry-up and mcherry-dn. The mCherry PCR product
was cloned into pCRScript SK+ and then pMMB67, resulting in pmCherry.
pmCherry-EpsCD was then formed by ligating a fragment containing epsCD
from pEpsCD into pmCherry using the restriction enzymes BamHI and Xbal.

pVC1200 was created by PCR amplification of the native VC1200 gene di-
rectly from N16961 chromosomal DNA and cloning into low-copy-vector
pMMBG66 using the primer pairs and restriction sites indicated in Table 1. All
other plasmids for complementation of the various deletion strains were con-
structed by PCR amplification of the native genes directly from TRH7000 chro-
mosomal DNA and cloning into low-copy-vector pMMB66 or pMMB67 using
the primer pairs and restriction sites indicated in Table 1. pGFP-EpsC and
pGFP-EpsCD were constructed by ligating epsC and epsC-epsD, amplified by
primers epsC01/epsC02 and epsC01/epsD01, respectively, in frame into pGFP
(53).
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Primer Sequence (5'-3") Feature(s) Construct(s) generated
epsC01 CGGATCCGAATTTAAACAACTTCCTC BamHI pGFP-EpsC, pGFP-EpsCD
epsC02 TCTGCAGGTCGTTACTCGCCTTAG PstI pGFP-EpsC
epsC03 CTCTAGATGGCAATATGAAGCGTA Xbal pBAD33-EpsC
epsDO1 ATCTAGATCGGTCATTGCTTGGCTTC Xbal pGFP-EpsCD
epsD03 GGATCCGAGTAACGACGCCTTA BamHI pEpsD
epsD04 GCATGCGCTGGAGAGATCACCA Sphl pEpsD
epsG-OEup GGCGAATTCGACATAGTGTGGA EcoRI pEpsG
epsG-OEdn TTCCGTCGACTACCGCTAATTAG Sall pEpsG
epsC-kol CCGAGCTCACCTTGATAGCGC Sacl AepsC vector
epsC-ko2 CGGAGGTACCTGTTTAAATTCCATA Kpnl AepsC vector
epsC-ko3 GATGGATCCCAACATGATGTAT BamHI AepsC vector
epsC-ko4 CTCTAGATTACGTTTTGAAGTG Xbal AepsC vector
epsD-kol CTGAGCTCGTGTTATATTGCGATG Sacl AepsD vector
epsD-ko2 CTAAGGTACCGTTACTCGCCTTA Kpnl AepsD vector
epsD-ko3 CTTTATGGATCCGATGGAAGCCAAG BamHI AepsD vector
epsD-ko4 CCGTCTAGAAATCACGAATTTCC Xbal AepsD vector
epsD-kolgfpC CTTTATTGTCTAGATGGAAGCCAAG Xbal gfp-epsC AepsD vector
epsD-ko2gfpC GCCGCATGCAAATCACGAATTTC Sphl gfp-epsC AepsD vector
gfp03 CCTGAGCTCTTACCAGACAACCA Sacl gfp-epsC AepsD vector (in gfp)
CmR-1 GTTGTCGACATTTTCAGGAGCTAA Sall AepsG vector
CmR-2 AGCTGCAGGCGTTTAAGGGCA Pstl AepsG vector
epsG-kol CAGTCTAGAAAACCGCGGATTCG Xbal AepsG vector
epsG-ko2 GGGTCGACCCCGTTTGTTTAC Sall AepsG vector
epsG-ko3 GGTAACTGCAGTATCCAAGATTTTC PstI AepsG vector
epsG-ko4 TACGCATGCTCACGACTGGG Sphl AepsG vector
epsL-kol GAGCTCTTAATTGTGATTCTGCTCCT Sacl AepsL vectors
epsL-ko2 GGTACCAAACCAGCCAAGGGATATC Kpnl AepsL vectors
epsL-ko3 TCTAGAGTTTGTGGTGAAGCCCAAG Xbal AepsL, AepsL-gfpM vectors
epsL-ko4 GTCGACAAGCTAAGCTGCCTTCG Sall AepsL vector
epsL-ko5gfpM GTCGACTTGAACTGACGCGTCGA Sall AepsL-gfpM vector
gfpCchrl AGTTCTTCTCCTTTACTCATAAATTTCCACGTTATTCCTT epsC rbs and gfp junction Vector for creation of gfp-epsC strain
gfpCchr2 AAGGAATAACGTGGAAATTTATGAGTAAAGGAGAAG epsC rbs and gfp junction Vector for creation of gfp-epsC strain
AACT
gfpCchr3 GGCCCGGGACTCGTTTGCCAT Smal Vector for creation of gfp-epsC strain
epsL21 GTCAGCATGCAAATATGCTGCC Sphl Vector for creation of gfp-epsM strain
epsM28 ATGCAGGTCTGGATCCAACC BamHI (natural) Vector for creation of gfp-epsM strain
epsN03 CCAAGCTGCAGCGCACCAAT PstI (natural) Vector for creation of gfp-epsM strain
gfpMchrl AGTTCTTCTCCTTTACTCATTTCTCCTTACTTGGGCTTCA epsM rbs and gfp junction Vector for creation of gfp-epsM strain
gfpMchr2 TGAAGCCCAAGTAAGGAGAAATGAGTAAAGGAGAAG epsM rbs and gfp junction Vector for creation of gfp-epsM strain
AACT
epsN04 CCAAGCCCGGGCGCACCAAT Smal Vector for creation of gfp-epsM strain
mcherry-up GGTACCATGGTAAGCAAGGGCGA Kpnl pmCherry
mcherry-dn GGATCCCTTGTACAGCTCGTCCAT BamHI pmCherry
Pgap-mcherry AAGGAATAACGTGGAAATTTATGGTAAGCAAGGGCG Ppap promoter region Vector for creation of Py,piieps mcherry-
overlap AGGA and mCherry junction epsC gfp-epsM

Pgap-mg-up

EpsC-mg-down
Pgap::gipepsC

TCTAGAACTGCTGGCGGAAAAGATGTGAC

GCATGCAAACTGCCCGCCAACAGCCAT
GAATAACGTGGAAATTTATGAGTAAAGGAGAAG

Xbal

Sphl
Pgap promoter region
and gfp junction

Vector for creation of Pg,p:ieps gfp-epsC
and Pyapiieps gfp-epsM

Vector for creation of Pyspiieps gfp-epsC

Vector for creation of Pg,pieps gfp-epsC

overlap
VC1200-f GAATTCAGGATTGAGTTGTGCATCAG
VC1200-r CTGCAGATCTCGGATAGGTAATCAAG

EcoRI pVC1200
Pstl pVC1200

Creation of gfp-epsC and gfp-epsM strains. For replacement of epsC and epsM
on the chromosome with gfp-tagged versions of the genes, suicide vectors con-
taining approximately 1 kb of homologous sequence upstream and downstream
of the gfp insertion were constructed. Overlapping primers at the junctions
between the preceding sequences and gfp were designed to retain the native
ribosome binding sites of each eps gene for expression of the fusion. For the
chromosomal gfp-epsC strain, the upstream homologous region was amplified
from TRH7000 chromosomal DNA, using primers gfpC-kol and gfpCchrl. The
gfp-epsC gene fusion plus the first 83 nucleotides of epsD was amplified from the
pGFP-EpsCD plasmid using gfpCchr2 and gfpCchr3 primers. The products from
both PCRs were gel purified, combined, and together used as a template for a
third PCR using primers gfpC-kol and gfpCchr3, taking advantage of the over-
lapping sequences at the eps promoter-gfp junction engineered with primers
gfpCchrl and gfpCchr2. This final 2.8-kb PCR product, containing gfp-epsC with
1 kb of homologous sequence up and downstream of the gfp gene, was gel
purified, cloned into PCRScript SK+ for further amplification, and then ligated
into pCVD442.

A similar approach was taken for construction of the gfp-epsM suicide vector.
First, primers epsM28 and epsN03 were used to amplify a fragment from
TRH7000 chromosomal DNA containing partial sequences of epsM and epsN.
This fragment was cloned into pGFP-EpsM with naturally occurring BamHI and
Pstl to extend the downstream sequence a total of 1 kb past the gfp gene. This
new pGFP-EpsMN' plasmid was then used as a template for amplification of

gfp-epsM, with a total of ~1 kb of homologous sequence downstream of the end
of gfp, using primers gfpMchr2 and epsN04. The 1 kb upstream of epsM was
amplified from the TRH7000 chromosome using primers epsL21 and epsMchrl.
These two PCR products were used as a template for another PCR using primers
epsL21 and epsN04. This product containing gfp-epsM, with 1 kb of homologous
sequence up- and downstream of the gfp gene, was gel purified, cloned into
PCRScript SK+ for further amplification, and then ligated into pCVD442.

To construct Pg,piieps gfp-epsC, a suicide vector containing approximately 1
kb of homologous sequence upstream and downstream of the gfp insertion was
constructed from the V. cholerae strain Pg,ieps, which contains the entire eps
operon under the control of the arabinose-inducible pBAD promoter (55). The
upstream homologous region was amplified from Py p:ieps using primers P
mg-up and Pg,pugfpepsC overlap reverse. The gfp-epsC gene fusion plus a
portion of epsD was amplified from the pGFP-EpsCD plasmid using Pgap::
gfpepsC overlap and epsC-mg-down primers. The products from both PCRs
were used as a template for a third PCR using primers Pg,p::mg-up and epsC-
mg-down. This final PCR product was gel purified, cloned into pCRScript SK+
for further amplification, and then ligated into pCVD442.

The suicide vectors were propagated in Escherichia coli strain SY327 \pir and
conjugated into TRH7000 or Py p::eps with the assistance of MM294/pRK2013.
Carbenicillin-resistant transconjugants resulting from integration of the suicide
vectors onto the chromosome were isolated as described previously (55). Colo-
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nies were screened by PCR for the replacement of native epsC or epsM with
gfp-tagged versions.

To construct Pyapieps mcherry-epsC gfp-epsM, a suicide vector containing
approximately 1 kb of homologous sequence upstream and downstream of the
site of the mcherry insertion was constructed from Ppapiieps. The upstream
homologous region was amplified from Pg,piieps using primers Pg,piimg-up
and Pgp-mcherry overlap reverse. The mcherry-epsC gene fusion plus a portion
of epsD was amplified from the pmCherry-EpsCD plasmid using Pgsp-mcherry
overlap and epsC-mg-down primers. The products from both PCRs were used as
a template for a third PCR using primers Pg,p::mg-up and epsC-mg-down. This
final PCR product was cloned into PCRScript SK+ for further amplification and
then ligated into pCVD442. It was then introduced into the Pgp::eps gfp-epsM
strain by conjugation. Colonies were screened by PCR for the replacement of
native epsC with the mcherry-tagged version.

Construction of deletion strains. To attain the gfp-epsC epsM mutant, the
suicide vector used to construct the gfp-epsC strain was introduced into previ-
ously described transposon mutant PU3, which contains a Tn5 disruption of
epsM (39), and replacement of native epsC was performed as described in the
previous section. The AepsC, AepsD, and AepsL strains were constructed as
described previously (55) using the primers indicated in Table 1.

The AepsG strain was generated similarly, replacing epsG with the cat gene,
conferring chloramphenicol resistance. The disruption construct was generated
by first amplifying 1 kb upstream and downstream of epsG in TRH7000 and the
cat gene from pBAD33 using the primers indicated in Table 2. All three frag-
ments were cloned stepwise into pK18mobsacB (51) using the restriction sites
listed in Table 2 and conjugated into TRH7000. Isolates that were kanamycin
sensitive, chloramphenicol resistant, and negative for secretion were further
analyzed by PCR and protease secretion assays.

Detection of secreted protease activity. Activity of secreted proteases in cul-
ture supernatants from overnight cultures grown in LB was detected as described
previously using the substrate N-tert-butoxy-carbonyl-Gln-Ala-Arg-7-amido-4-
methyl-coumarin (Sigma) (26, 55). Upon proteolytic cleavage of the substrate,
fluorescence was measured using the excitation and emission wavelengths 385
nm and 440 nm, respectively. For determination of activity of VC1200 protease
following overexpression in mid-log phase, strains containing plasmid pVC1200
were grown in M9 medium containing 0.4% Casamino Acids, 0.2% glycerol, and
100 pg/ml thymine and induced with 100 uM IPTG (isopropyl-B-p-thiogalacto-
pyranoside) for 3 h prior to analysis. Emission rates were normalized to a culture
optical density at 600 nm (ODgq) of 1.0 for comparison and presented as the
change in fluorescence units (AFU)/min/OD .

Sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) and
immunoblotting procedures. Frozen cell pellets were resuspended in loading
buffer containing 50 mM dithiothreitol, boiled for 5 min, and the equivalent of 10
wl at an ODg, of 2.0 was loaded onto NuPAGE 4 to 12% Bis-Tris gradient gels
and immunoblotted as described previously (26, 55).

Microscopy. Cultures of V. cholerae were grown overnight at 37°C in M9
medium containing 0.4% Casamino Acids, either 0.4% glucose or 0.2% glycerol,
and 100 pg/ml thymine; diluted 1:50 into fresh medium; and grown to mid-log
phase before observation, unless otherwise noted. Plasmids were maintained
with 50 and 200 pg/ml carbenicillin in log-phase and overnight cultures, respec-
tively. Plasmid expression was induced with IPTG as described above. For flu-
orescence microscopy of live cells, cultures were mounted on 1.5% low-melt-
agarose pads prepared with M9 glucose medium supplemented with 50 pg/ml
carbenicillin and IPTG where appropriate. All microscopy was performed with a
Nikon Eclipse 90i fluorescence microscope equipped with a Nikon Plan Apo VC
100% (1.4 numerical aperture) oil immersion objective and a CoolSNAPy;,>
digital camera. A GFP HC HiSN zero shift filter cube, with a 450- to 490-nm
excitation filter and a 500- to 550-nm barrier filter, was used for visualizing GFP
fluorescence and Alexa Fluor 488 F(ab’), goat anti-rabbit immunoglobulin G
(IgG) staining for immunofluorescence. For visualization of mCherry fluores-
cence, a 530- to 560-nm excitation filter and a 590- to 650-nm barrier filter were
used. Captured images were analyzed with NIS-Elements imaging software
(Nikon). For quantitation of fluorescent foci, an average of 200 cells from three
separate experiments was reported. For Pg,piieps mcherry-epsC gfp-epsM colo-
calization, an average of 20 cells from three separate experiments (totaling 600
foci) was counted. For presentation, image input levels were adjusted with
Adobe PhotoShop CS2 to compensate for variations in expression levels in which
the fusions were overexpressed via IPTG induction or upregulated due to in-
creased expression from the eps promoter (see Fig. 1, 6, and 8).

Immunofluorescence. The equivalent of 1 ml culture at an ODg, of 1.0 for
each sample was pelleted at 3,300 X g and resuspended in 0.5 ml fixative
composed of 1% paraformaldehyde and 0.1% glutaraldehyde in phosphate-
buffered saline (PBS) (137 mM NaCl, 2.7 mM KCI, 10 mM Na,HPO,, 2 mM
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KH,PO,). Samples were fixed for 30 min at room temperature, pelleted, and
washed three times with 1 ml PBS, pH 7.2. Fixed samples were then resuspended
in 0.5 ml GTE (50 mM glucose, 20 mM Tris [pH 7.5], 1 mM EDTA [pH 8.0]) with
0.2 mg/ml lysozyme and incubated at room temperature for 20 min. Samples
were washed three more times with 1 ml PBS, resuspended in 0.5 ml 2% bovine
serum albumin (Sigma) in PBS, and incubated for 30 min. The cells were then
pelleted and resuspended in 1 ml anti-EpsG antisera diluted 1:10,000 with 2%
bovine serum albumin in PBS and rocked for 1 h. Samples were washed three
times with 1 ml PBS and then resuspended in 1 ml of a 1:5,000 dilution of Alexa
Fluor 488 F(ab’), goat anti-rabbit IgG (Molecular Probes) in 2% goat serum
(Gibco/Invitrogen) in PBS. After 1 h, the samples were washed three final times
with 1 ml PBS, mounted on slides with 1.5% low-melt agarose made with PBS,
and observed by fluorescence microscopy.

Effect of MreB inhibitor A22 on GFP-EpsC fluorescent foci and toxin secre-
tion. Cultures of the gfp-epsC strain containing pMMB68, which expresses EtxB,
the B subunit of the E. coli heat-labile enterotoxin, from an IPTG-inducible
promoter, were grown overnight in M9 growth medium containing 200 pg/ml
carbenicillin. Overnight cultures were diluted 1:100 and grown with 50 pg/ml
carbenicillin and 100 pM IPTG until the ODg, was 0.4, and then A22 (Calbio-
chem) was added to the culture at a final concentration of 10 pg/ml. Samples for
Western blot analysis and microscopy were collected 30, 60, and 120 min after
addition of A22. Microscopy samples were mounted on slides containing 1.5%
low-melt agarose prepared with M9 glucose medium containing 10 pg/ml A22,
where appropriate. Supernatants containing secreted EtxB were separated from
cells by centrifugation at 16,000 X g. SDS loading buffer without dithiothreitol
was added, and supernatant and pellet samples were boiled for 5 min and
analyzed by SDS-PAGE and Western blotting with monoclonal anti-EtxB anti-
body 118-8 as described previously (55).

RESULTS

Plasmid-borne GFP-EpsM distribution varies based on ex-
pression level. Previously, we examined the localization pat-
tern of plasmid-borne GFP-EpsM via fluorescence microscopy
and observed that the fusion, expressed in either V. cholerae or
E. coli, localized predominantly to the polar membrane (53). In
these experiments, GFP-EpsM expression was induced with 10
pM IPTG to enhance visualization. Recently, a more sensitive
fluorescence microscope and digital camera enabled us to ex-
amine plasmid-borne GFP-EpsM uninduced. With this setup,
we first repeated the localization experiments under previous
growth conditions, inducing GFP-EpsM expression for 90 min
with 10 uM IPTG. GFP-EpsM in V. cholerae epsM mutant PU3
appeared as it did previously upon induction, with the bulk of
the fluorescent signal at the polar membrane (Fig. 1A). Unin-
duced, however, GFP-EpsM fluorescence was distributed
around the periphery of the cell membrane, with occasional
patches of more intense fluorescence (Fig. 1B). The nonpolar
distribution of GFP-EpsM under these conditions is concor-
dant with the recently published localization pattern for the
Klebsiella oxytoca EpsM homolog PulM, with which GFP-PulM
was observed along the entire cell circumference when it was
expressed from the N\ attachment site of the E. coli chromo-
some and induced with 10 pM IPTG (4). These data suggest
that the polarity of the GFP-EpsM fusion previously observed
likely does not reflect the distribution of the native EpsM
protein under wild-type expression conditions and may instead
be due to overexpression.

Creation of V. cholerae strains with chromosomally ex-
pressed GFP-EpsM and GFP-EpsC fusions. It is unclear from
the localization studies whether the variable localization of
plasmid-borne GFP-EpsM is due to the increased expression
level or more specifically, the overproduction of the GFP fu-
sion without concomitant overproduction of its interaction
partners in the Eps complex. To begin to address this, we
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gfp-epsM + pEpsM gfp-epsC + pEpsC

FIG. 1. Distribution of GFP chimeras varies with expression level
and context. Plasmid-borne GFP-EpsM in live cells of V. cholerae epsM
mutant PU3 was polarly localized when overexpressed with 10 pM
IPTG (A) but circumferentially distributed when not induced (B).
Both patterns differed from that of chromosomally expressed GFP-
EpsM, balanced with the other Eps proteins, which formed fluorescent
foci along the cell membranes (C). (D) GFP-EpsC, expressed from the
chromosome, similarly displayed fluorescent foci along the full lengths
of the cells. (E and F) Both GFP-EpsM and GFP-EpsC fluorescent
foci dissipated upon coexpression of IPTG-induced, plasmid-encoded
native EpsM and EpsC, respectively.

replaced chromosomal copies of epsM and epsC in V. cholerae
with gfp-tagged copies of each gene, such that they would be
expressed under the control of the eps promoter, translated
from their respective ribosome binding sites, and produced in
conjunction with the full complement of eps gene products.
GFP-EpsC was detected at a level comparable to that of the
wild-type protein, and while a significant amount of full-length
GFP-EpsM was detected, a degradation product was also ob-
served (Fig. 2A and D).

The gfp-epsM and gfp-epsC strains were also tested for pro-
tease secretion to determine whether the GFP fusions were
functional components of the T2S complex and to verify that
the intraoperon insertion of the gfp tag did not interfere with
the expression of the other eps genes. Protease activities in the
supernatants of the gfp-epsM and gfp-epsC strains were com-
parable to those of wild-type V. cholerae, indicating that these
fusions support T2S (Table 3).

Chromosomally expressed GFP-EpsM and GFP-EpsC form
discrete points of fluorescence along the cell periphery. Having
demonstrated that the native epsM and epsC genes were cor-
rectly replaced with fully functional gfp-tagged versions, we
examined the spatial distributions of these fusion proteins by
fluorescence microscopy. For both the gfp-epsM and gfp-epsC
strains, we observed discrete spots of fluorescence all along the
cell membranes, a dramatically different pattern than that
observed with plasmid-borne GFP-EpsM (Fig. 1C and D).
Overall, there were more fluorescent foci visible in the GFP-
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EpsC-expressing strain (5.3 foci/cell) than in the GFP-EpsM-
expressing strain (3.2 foci/cell), and the fluorescence of the
GFP-EpsC foci appeared to be slightly brighter than that of
GFP-EpsM. This may reflect the relative instability of GFP-
EpsM, as it has a higher ratio of degradation product to full-
length protein via Western blotting (Fig. 2A and D).

Both gfp fusion strains displayed a pattern distinctly different
than that of plasmid-borne GFP-EpsM, confirming that the
context of expression of these fusion proteins has a profound
effect on intracellular localization. Stoichiometric expression
of the GFP fusions with their interacting proteins appears to be
critical for determining their spatial distribution by fluores-
cence microscopy. To assess if the fluorescent foci observed
were a result of incorporation of the GFP fusions into T2S
complexes, plasmids expressing native EpsM and EpsC were
introduced into the gfp-epsM and gfp-epsC strains, respectively,
and induced with 50 uM IPTG. The patterns of punctate
fluorescence dissipated in the gfp-epsM and gfp-epsC strains
upon coexpression of the corresponding native proteins (Fig.
1E and F). The fluorescent signal of GFP-EpsM and GFP-
EpsC was dispersed in the membrane and cytoplasm, and a
fraction of the fusion proteins were likely subjected to prote-
olysis, as their stabilizing protein partners within the T2S com-
plex became limited under these conditions (not shown).
Taken together, the results from these coexpression studies
imply that the GFP fusion proteins were outcompeted and
replaced by the native proteins and suggest that the fluorescent
foci may represent assembled T2S complexes. Alternatively,
the fluorescent foci may represent GFP fusion aggregates into
which native Eps proteins insert when overexpressed, thereby
diluting the fluorescence signal. Although a possibility, this
latter scenario is less likely, as the fusion proteins are func-
tional and support secretion.

To further verify that the stoichiometric ratio of GFP chi-
meras and their interaction partners is critical for observing
valid localization patterns and that this may be more important
than the absolute level of GFP fusion production, the chimeric
genes gfp-epsC and gfp-epsM were introduced into the Pp,pi:
eps strain (55). In these strains the entire eps operon, including
the gfp chimeras, is under the control of the arabinose-induc-
ible pPBAD promoter. Upon addition of arabinose, not only is
the GFP fusion protein induced and expressed at higher levels
than those from the native eps promoter, but so are all other
Eps proteins, thereby maintaining the balance of Eps compo-
nents in the cell. As seen in Fig. 3, although induction with
0.01% arabinose resulted in an increase in the number and
brightness of fluorescent foci per cell, the patterns of fluores-
cence observed in both Py, :ieps gfp-epsC and Py, n:ieps gfp-
epsM were very similar to those seen when the fusion proteins
were expressed from the native eps promoter (compare Fig. 3A
and D to B and E). Without addition of arabinose, no fluores-
cent foci were observed (Fig. 3C and F), and protease secretion
was not detected.

Quantification studies of the Py.pieps gfp-epsC strain
showed that the number of foci present per cell increased with
the level of arabinose induction. At low levels of induction
(0.001% arabinose), the average cell contained approximately
two visible foci (Fig. 4, top). With the addition of higher levels
of arabinose (0.01%), an average of nine foci were observed
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FIG. 2. Western blot analyses of gfp-epsC and gfp-epsM deletion strains. Cell extracts of log-phase and stationary-phase cultures from the
wild-type (wt), gfp-epsC, and AepsD (AD), AepsL (AL), and epsM::Tn5 (M) strains were separated by SDS-PAGE and analyzed by Western
blotting with detection by anti-EpsC (A), anti-EpsL (B), and anti-EpsM (C) antisera. (D) Log-phase culture samples of the wt, gfp-epsM, and AepsC
(AC), AepsD (AD), and AepsL (AL) strains were immunoblotted with anti-EpsM antisera. Molecular weight markers (in thousands) for all blots
are indicated to the left, and the positions of the native proteins and GFP fusions are indicated with black and white triangles, respectively.
Full-length GFP-EpsM (white triangle) (D) is partially obscured by a cross-reactive band also present in the wild-type strain. A degradation

product of the GFP-EpsM fusion is indicated with a gray triangle (D).

per cell (Fig. 4, bottom), a greater frequency than that ob-
served with native expression of gfp-epsC (Fig. 4, center).

To examine whether growth in the presence of increasing
arabinose concentrations also resulted in increased protease
secretion, the extracellular protease activity was measured with
Ppapiieps gfp-epsC cultures grown with 0%, 0.001%, and
0.01% arabinose and compared with the level of secreted pro-
tease activity from the gfp-epsC strain. To each of the cultures,
IPTG was added to overexpress plasmid-encoded VC1200 pro-
tease, and following growth into mid-log phase, culture super-
natants were assayed for the secreted protease, as described in
Materials and Methods. No protease activity was detected in
the supernatants of the Py.pieps gfp-epsC strain when grown
without arabinose (data not shown). When grown in the pres-
ence of 0.001% arabinose, a small amount of extracellular
protease activity was detected (Fig. 4, top). In contrast, the
protease activity measured in supernatants from cultures
grown with 0.01% arabinose was more than seven-fold higher
than those grown with 0.001% arabinose (Fig. 4, bottom).
Supernatants from cells with gfp-epsC expressed from the na-
tive promoter exhibited an intermediate level of protease se-
cretion (Fig. 4, center). The elevation of secreted protease

activity upon increased eps gene expression correlated with an
increased number of fluorescent foci, suggesting that some or
all of the additional fluorescent foci may represent functional
T2S complexes.

Native EpsG is localized around the cell periphery in a
pattern similar to that of chromosomally expressed GFP-EpsC
and GFP-EpsM. To confirm that the fluorescence patterns
observed with the chromosomal gfp fusion strains represent the
distribution of native Eps proteins and were not artifacts of
GFP fusion to the proteins, we examined the localization of the
Eps complex in wild-type V. cholerae cells by immunofluores-
cence. Unfortunately, there was no signal above background
noise apparent with anti-EpsC antibodies, likely due to low
antibody recognition of the native protein and/or a relatively
low quantity of protein in the cell (data not shown). We were
able, however, to determine the spatial distribution of native
EpsG, the most abundant protein of the T2S complex (37, 49).
In these experiments, we consistently observed bright fluores-
cent foci distributed along the full length of the bacterial cell
(Fig. 5A). No fluorescence above background was observed in
the AepsG mutant, except for occasional dots (Fig. 5C). The
fluorescence obtained with Alexa Fluor 488 antibody that is
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TABLE 3. Protease secretion assays

Strain or genotype AFU/min per ODg0" Complementation péngg,::fl

TRH7000 77.7 €23

AepsC 0*+03 AepsC + pEpsC 78.0 = 4.4

AepsD 1.3+0.7 AepsD + pEpsD 539 *+5.0
AepsD + pEpsD + IPTG? 71.7 = 3.8

AepsG 2.6 0.6 AepsG + pEpsG 90.8 = 10.0

AepsL 0=*=0.7 AepsL + pEpsL 65.1 = 3.6

PU3 (epsM mutant) 6.0 £ 1.1 PU3 (epsM mutant) + pEpsM 71.8 £ 1.5

gfp-epsC 76.4 = 3.5

gfp-epsC AepsD 0.7+ 1.1 gfp-epsC AepsD + pEpsD 46.6 £ 2.5
gfp-epsC AepsD + pEpsD + IPTG? 76.5 = 4.8

gfp-epsC AepsL 0=*=05 gfp-epsC AepsL + pEpsL 719 =24

gfp-epsC epsM mutant 54x21 gfp-epsC epsM mutant + pEpsM 73.8 x 1.7

gfp-epsM 763 = 5.7

gfp-epsM AepsC 1312 gfp-epsM AepsC + pEpsC 80.0 = 2.0

gfp-epsM AepsD 0=*=0.9 gfp-epsM AepsD + pEpsD 425 €23
gfp-epsM AepsD + pEpsD + IPTG? 659 =45

gfp-epsM AepsL 0812 gfp-epsM AepsL + pEpsL 93.6 + 2.8

Ppapiepse 70.3 = 0.7

Ppap:ieps gfp-epsCe 659 +23

Psap:: eps gfp-epsC AepsD¢ 0=*=39 Ppap:ieps gfp-epsC AepsD + pEpsD¢ 26.8 = 0.5
Ppap:ieps gfp-epsC AepsD + pEpsD + IPTG< 63 = 2.0

Puap:: eps gfp-epsM¢ 62.9 = 2.6

Piap:: eps mcherry-epsC gfp-epsM°¢ 63.4 =45

“ AFU indicates the protease activity detected in the supernatants of overnight cultures for TRH7000 and deletion mutant strains. Protease activity in overnight
culture supernatants was assayed by measuring methylcoumarin fluorescence generated from Boc-Gln-Ala-Arg-7-amido-4-methylcoumarin hydrolysis, and rates were
normalized to an ODgq,. The average of at least three experiments is presented *+ the standard error of the mean.

10 pM IPTG.
€0.01% arabinose.

4 AFU indicates the protease activity for the TRH7000 and gfp fusion mutant strains upon introduction of plasmids.

shown in panels B and D is likely to only be autofluorescence,
as fixed cells with no antibody incubation exhibited the same
background fluorescence (not shown). The localization with
the anti-EpsG antibodies mirrors what was observed with the
chromosomally expressed GFP-EpsM and GFP-EpsC fusions,

P BAD""P°
gfp-epsM

Ppapiieps

gfp-epsC

gfp-epsC

+ arabinose

FIG. 3. Simultaneous overexpression of the entire eps operon
maintains the punctate distribution of GFP chimeras. GFP-EpsM
(A) and GFP-EpsC (D) expressed from the native V. cholerae pro-
moter form fluorescent foci. The intensity and number of GFP-labeled
foci were increased in the Pypiieps gfp-epsM (B) and Pypiieps gfp-
epsC (E) strains when induced with 0.01% arabinose. Without the
additon of arabinose, no fluorescent foci were observed with either
Pgapiieps gfp-epsM (C) or Pgapiieps gfp-epsC (F). All images are
shown at the same exposure level to facilitate comparison of expres-
sion levels.

arabinose foci/cell  protease
conc. (%) (FU/min/
ODggo)
0.001% 1.9 19.2+£3.5
- 53 106 + 8.8
Pp4p:: gv-epsC IIILA 9.2 138+9.9

FIG. 4. Number of fluorescent foci correlates with extracellular
protease activity. V. cholerae gfp-epsC and Pg,pieps gfp-epsC cells
producing the type II-dependent protease VC1200 were supplemented
with IPTG at a final concentration of 100 wM and grown to mid-log
stage. In the case of Pg,piieps gfp-epsC (pVC1200), 0.001% or 0.01%
arabinose was added to the cultures. The GFP-EpsC-expressing cells
were analyzed by fluorescence microscopy, and for each expression
condition, the number of fluorescent foci in 200 cells was scored.
Protease activity in mid-log culture supernatants was assayed by mea-
suring methylcoumarin fluorescence generated from Boc-Gln-Ala-
Arg-7-amido-4-methylcoumarin hydrolysis, and rates were normalized
to ODg. The average of at least three experiments is presented = the
standard error of the mean.
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FIG. 5. Localization of native EpsG by immunofluorescence. Fol-
lowing fixation and treatment with lysozyme and EDTA, V. cholerae
TRH7000 wild-type (wt) (A) and AepsG mutant cells (C) were incu-
bated with anti-EpsG and Alexa-fluor 488-conjugated goat anti-rabbit
IgG and visualized by fluorescence microscopy as described in Mate-
rials and Methods. (B and D) Wild-type and AepsG mutant cells
incubated with Alexa Fluor 488-conjugated IgG only.

once again suggesting distinctly punctate localization for the
Eps complex throughout the cell envelope.

The subcellular localization of the Eps complex bears a
resemblance to the bacterial cytoskeletal protein MreB, which
is hypothesized to form helical filaments along the length of
the cell (for recent reviews, see references 6, 8, and 56). We
explored the possibility that filamentous MreB might play a
role in Eps localization and/or assembly by use of the MreB-
perturbing agent A22. Following addition of A22 and
subsequent disruption of MreB filaments, monitored by cell
rounding and dispersal of GFP-MreB filaments (not shown),
GFP-EpsC foci were still apparent along the circumference of
the cell (see Fig. S2 in the supplemental material). Although it
cannot be concluded that GFP-EpsC is localized to positions
equivalent to those in untreated cells, the data suggest that the
formation of GFP-EpsC foci occurs independently of filamen-
tous MreB. That the T2S apparatus assembles independently
of MreB filaments was confirmed by the finding that toxin
secretion was unaffected by A22 (see Fig. S2 in the supplemen-
tal material).

Characterization of in-frame gene deletions in the gfp fusion
strains. The gfp-epsC and gfp-epsM strains offer the unique
opportunity to observe the dynamics of these fusion proteins in
the context of the otherwise wild-type cell, presenting a pow-
erful tool for exploring protein-protein interactions and deter-
mining what is required for their spatial distribution. To begin
to delineate the roles of other Eps proteins in the establish-
ment and maintenance of the GFP-EpsC and GFP-EpsM foci,
we made a series of gene replacements in the gfp-epsC and
gfp-epsM strains. For additional controls, we introduced the
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same mutations in gfp-free wild-type V. cholerae TRH7000 in
parallel. Proper in-frame replacement of each gene with a gene
cassette conferring antibiotic resistance was confirmed by PCR
and sequencing, and expression of the other Eps proteins ver-
ified by Western blotting (not shown). We noted that levels of
GFP-EpsC, EpsL, and EpsM increased in the gfp-epsC AepsD
strain, though not due to a polar effect, because expression of
genes both upstream and downstream of the insertion ap-
peared to be affected (Fig. 2A). GFP-EpsC production was
also higher in log-phase cultures in both the AepsL and epsM
mutant backgrounds. The increased production of Eps pro-
teins also occurs in the non-gfp strains and in other mutants
generated previously and is thought to be a result of upregu-
lation of the eps promoter whenever secretion via the T2S
pathway is prevented (not shown). This is likely mediated by
the alternative sigma factor o, which is upregulated in eps
mutants (55) and which has been shown, by microarray anal-
ysis, to regulate expression of the eps genes (13).

No secreted protease activity was detected in the superna-
tants of overnight cultures for any of the deletion mutant
strains (Table 3). Protease secretion was restored in both the
TRH7000 and gfp fusion mutant strains upon introduction of
plasmids expressing the missing genes (Table 3). The pEpsD
plasmid restored approximately 50% of secreted protease ac-
tivity to the various AepsD strains without induction; however,
the secretion defect was fully complemented when expression
was increased with 10 pM IPTG.

GFP-EpsC requires EpsD for focal assembly. EpsC or-
thologs have been suggested to interact with orthologs of outer
membrane pore protein EpsD (2, 28, 40) and the inner mem-
brane proteins EpsL and EpsM (20, 29, 44, 57). To begin to
dissect the roles of these proteins in formation of GFP-EpsC
foci and to determine if GFP fusion technology in combination
with fluorescence microscopy provides a useful alternative to
molecular and biochemical procedures in mapping protein-
protein interactions within the T2S complex, we examined the
gfp-epsC strains containing deletions of epsD, epsL, and epsM
by fluorescence microscopy. Removal of epsD resulted in loss
of the fluorescent foci associated with GFP-EpsC and dispersal
of the fluorescence along the entire cell membrane, suggesting
that EpsC requires EpsD for focal assembly (Fig. 6B). The
membrane fluorescence in the gfp-epsC AepsD strain was
brighter than that in the gfp-epsC strain with an intact epsD
gene, consistent with the two- to threefold-increased levels of
the fusion detected on Western blots (Fig. 2A; compare lanes
2 and 3). Expression of EpsD from a plasmid restored punctate
fluorescence to the gfp-epsC AepsD strain, upon induction with
10 pM IPTG (Fig. 6J), the IPTG concentration also required
for full complementation of the protease secretion defect (Ta-
ble 3).

Although the production of all Eps proteins was increased in
the AepsD strain, we sought to verify that the dispersed fluo-
rescence of GFP-EpsC in the AepsD strain was not simply due
to upregulation of gfp-epsC by removing epsD in the Py, :ieps
gfp-epsC strain. Because the native promoter has been replaced
in this strain with the arabinose-inducible promoter, the level
of production of Eps proteins, including GFP-EpsC, was un-
changed upon deletion of epsD. Similar to what was observed
with the native promoter, GFP-EpsC fluorescence in the ab-
sence of EpsD was dispersed throughout the membrane and
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FIG. 6. Differential localization of GFP-EpsC in the absence of EpsD, EpsL and EpsM. Localization of chromosomally expressed GFP-EpsC
was examined in AepsD (B and F), AepsL (C and G), and epsM mutant (D and H) backgrounds in log- and stationary-phase (st) cultures and
compared with its localization in an otherwise wild-type background (A and E) by fluorescence microscopy. GFP-EpsC displayed a continuous
membrane localization in the gfp-epsC AepsD strain (B) compared to the otherwise wild-type background (A). Punctate fluorescence was restored
when the gfp-epsC AepsD strain was complemented with the pEpsD plasmid in the presence of 10 uM IPTG (J). Both the gfp-epsC AepsL strain
(C) and gfp-epsC epsM mutant (D) retained punctate fluorescence, with subtle accumulation at the polar membrane. In stationary-phase cultures,
this phenotype appeared to be magnified, as there is a distinct accumulation at the poles in both the gfp-epsC AepsL strain (G) and gfp-epsC epsM
mutant (H). Introduction of the pEpsL and pEpsM plasmids to the epsC AepsL strain (K) and gfp-epsC epsM mutant (L), respectively, restored
the patterns to that of the wild-type strain containing a vector control in the stationary-phase cultures (I).

lacking all punctate fluorescence (Fig. 7B). These studies in-
dicate a crucial role for EpsD in the formation of fluorescent
GFP-EpsC foci.

Upon deletion of either epsL or epsM, GFP-EpsC still
formed punctate spots of fluorescence in the cell membranes

i
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FIG. 7. GFP-EpsC localization in the absence and presence of
EpsD following overexpression of the eps operon. GFP-EpsC was
expressed at similar levels and displayed nonpunctate membrane lo-
calization in the Pgapieps gfp-epsC AepsD strain (B) compared to
Piap:ieps gfp-epsC (A) following arabinose-mediated induction of the
entire eps operon.

(Fig. 6C and D). Cells from both deletion strains displayed
fluorescent foci along their peripheries just like the otherwise
wild-type gfp-epsC strain; however, slightly more foci occurred
at the tips of the cells from the deletion strains. There was no
overall shift in fluorescence to imply a polar bias, but the more
frequent appearance of fluorescent spots at the poles was no-
table. Over 40% of the gfp-epsC AepsL cells contained polar
foci, compared to 23% of gfp-epsC cells. In both the AepsL and
AepsM mutants, GFP-EpsC was clearly capable of assembling
into foci; however, the subtle increase in polarity of the fusion
may indicate that it is not being efficiently maintained in the
lateral membrane.

EpsL and EpsM have been shown to participate in stabiliz-
ing interactions with one another, resulting in mutual protec-
tion from proteolysis in both E. coli and V. cholerae (48).
Western blot analysis confirmed this mutual stabilization of
EpsL and EpsM in the gfp-epsC mutant strain. In log-phase
cultures, EpsL and EpsM were found at slightly reduced levels
in the absence of the other, an effect that was magnified in
stationary-phase culture (Fig. 2B and C, lanes 9 and 10), per-
haps due to increased levels of proteases during this growth
phase. In stationary-phase cultures, the cells of the gfp-epsC
strain examined by fluorescence microscopy were shorter in



3158 LYBARGER ET AL.

gfp-epsM + vector only gfp-epsM AepsC + pEpsC

J. BACTERIOL.

gfp-epsM AepsD

gfp-epsM AepsD
+ pEpsD

FIG. 8. Fluorescence microscopy studies of gfp-epsM deletion strains. Chromosomally expressed GFP-EpsM localization was examined by
fluorescence microscopy in live cells of wild-type (wt) (A), AepsC (B), AepsD (C), and AepsL (D) backgrounds. Fluorescent GFP-EpsM foci, not
apparent in the mutant backgrounds, were restored by complementation with plasmids expressing the missing proteins EpsC (F), EpsD (G) and
EpsL (H) and compared with the foci present in the gfp-epsM strain containing a vector control only (E). Complementation with pEpsD in the

gfp-epsM AepsD strain required the addition of 10 pM IPTG.

length but still retained ample fluorescent foci (Fig. 6E). The
gfp-epsC AepsL strain retained fluorescent foci as well; how-
ever, the majority of GFP-EpsC accumulated at the polar
membrane (Fig. 6G). Over 80% of these cells contained polar
foci. In the epsM mutant background, GFP-EpsC also accumu-
lated at the polar membrane in stationary-phase cultures (Fig.
6H). Under these conditions, the only punctate fluorescence
visible was at the poles, with the remainder of the fluorescent
signal in the cytoplasm. The effects of the AepsL and epsM
mutations in the gfp-epsC strain were complemented upon
expression of the pEpsL and pEpsM plasmids, respectively,
restoring lateral fluorescent foci to the cells in the stationary-
phase cultures (Fig. 6K and L). Taken together, our data reveal
that GFP-EpsC is sensitive to proteolysis in the absence of
EpsL and EpsM and that residual GFP-EpsC that escapes
degradation accumulates at the poles. This suggests that the
EpsL-EpsM complex stabilizes EpsC in a conformation that is
required for its maintenance in the lateral membrane. Similar
to the polar accumulation of overexpressed GFP-EpsM, these
results show that imbalanced expression of GFP-EpsC in com-
parison to that of certain Eps proteins can also result in mis-
localization to the pole.

GFP-EpsM foci are not generated in the absence of EpsD,
EpsC, or EpsL. As with GFP-EpsC, dispersed fluorescence was
observed when GFP-EpsM was examined in the absence of
EpsD (Fig. 8C). The fluorescence was evenly distributed in the
membrane and the cytoplasm, again suggesting that EpsD is
required for formation of GFP-EpsM foci. The gfp-epsM
AepsC and gfp-epsM AepsL strains had similar appearances,
indicating that each of these proteins is also required for lo-
calization of GFP-EpsM (Fig. 8B and D). Fluorescent foci
were restored in each gfp-epsM deletion strain upon expression
of the corresponding complementing plasmid (Fig. 8F to H).
The lack of GFP-EpsM foci in the absence of EpsD, EpsC, and
EpsL is consistent with the model that the focal complex is
built upon EpsD and that the assembly of GFP-EpsM into the
complex requires EpsC and EpsL.

Colocalization of GFP-EpsM and mCherry-EpsC. Because
orthologs of EpsC have been implicated in direct interactions
with orthologs of EpsL and EpsM and our data show that
EpsC and EpsM form similar patterns of fluorescence when
expressed as GFP fusions, we sought to colocalize EpsC and
EpsM by producing mCherry-EpsC and GFP-EpsM in the
same cell. Due to the relatively low fluorescence of mCherry,
the mcherry-epsC construct was inserted in place of epsC on the
chromosome of the Py, :ieps gfp-epsM strain, creating Py,
eps mcherry-epsC gfp-epsM. This strain carries both tagged
genes in addition to chromosomal copies of the unlabeled
genes and is capable of increased production of Eps proteins in
the presence of arabinose. Measured protease activity in the
supernatant of Py, piieps mcherry-epsC gfp-epsM was compa-
rable to that of wild-type V. cholerae, indicating that these
fusions support T2S (Table 3). Fig. 9A, B, and C show the
dual-labeled cells when imaged to visualize mCherry, GFP, or
both, respectively. Similar to what was seen when MreB was
simultaneously labeled with two different fluorescent markers
(16), GFP-EpsM and mCherry-EpsC showed partial colocal-
ization. These two tagged proteins were present in sufficient
quantities to be simultaneously visualized in 11% of the fluo-
rescent foci.

DISCUSSION

Our new studies of Eps complex localization indicate that
accurate representation of intracellular distribution relies
upon expression of GFP fusions in stoichiometric ratios with
their partner proteins at levels as close to wild type as possible.
Here we demonstrate that chromosomal replacement of the
epsM gene with a gfp-tagged version produced fluorescent focal
points along the cell membranes, whereas GFP-EpsM expres-
sion from a plasmid resulted in brighter, more-even membrane
fluorescence with occasional patches of higher intensity. It
seems likely that the focal points of fluorescence in the gfp-
epsM strain represent fusion assembly into complexes with
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FIG. 9. GFP-EpsM and mCherry-EpsC colocalization in V. chol-
erae cells. Cells of Py p::eps producing both mCherry-EpsC and GFP-
EpsM were imaged with DsRed (A) and GFP (B) filters. (C) Overlays
of DsRed and GFP signals are shown, with GFP-EpsM in green,
mCherry-EpsC in red, and overlapping signals in yellow.

other Eps proteins and that the continuous fluorescence
throughout the membrane upon pGFP-EpsM plasmid expres-
sion consists of unincorporated fusion protein. Perhaps there
are more complexes forming than are readily apparent, but
they may be obscured by the abundance of unincorporated
GFP-EpsM dispersed in the membranes. When pGFP-EpsM
plasmid expression was further increased with 10 uM IPTG,
the pattern shifted dramatically to a predominantly polar lo-
calization. The intensely bright polar GFP-EpsM spots do not
likely represent inclusion bodies in the traditional sense, as
they are Triton X-100 soluble, similar to native EpsM (26), and
clearly, sufficient GFP is correctly folded to form the fluoro-
phore and emit fluorescence.

Similar findings have been reported with the K. oxytoca ho-
molog PulM, which also accumulates at the polar membrane
upon overexpression (4). For these localization studies, gfp-
pulM was introduced onto the E. coli chromosome at the N\
attachment site and induced with IPTG, with the rest of the pul/
operon expressed from a plasmid. The localization of GFP-
PulM in this context looks very similar to our images of unin-
duced plasmid-encoded GFP-EpsM expressed in the V. chol-
erae epsM mutant, with an even signal along the circumference
of the cell and subtle patches of brighter fluorescence (Fig.
1B). It may be, as with our studies, that more-discrete fluores-
cent foci could emerge upon more balanced expression of the
other Pul proteins with GFP-PulM.

Although overexpression of GFP-EpsM alone results in sub-
cellular localization patterns radically different from that of the
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chromosomally expressed GFP-EpsM, simultaneous overex-
pression of GFP-EpsM with the other Eps components from
the pBAD promoter results in many distinct fluorescent foci
unchanged from those seen when the fusion protein was ex-
pressed from the native promoter (Fig. 2). The intensity of the
fluorescent foci is also increased; however, at this point it is not
possible to determine if each focus represents completely as-
sembled and functional T2S complexes or if some of them
consist of assembly intermediates. Our data clearly underscore
the importance of localizing components of multiprotein com-
plexes in stoichiometric balance with their interacting partners,
however, to determine their subcellular locations.

The general pattern of fluorescence in the gfp-epsC and
gfp-epsM strains is reminiscent of other GFP fusion localization
patterns that have emerged in the literature in recent years,
including the Sec apparatus (7, 54) and several proteins in-
volved in bacterial cell wall synthesis (reviewed in reference
52), including penicillin-binding proteins and bacterial cy-
toskeletal protein MreB, which appears to form a helical struc-
ture. There are likely insufficient complexes in a single V.
cholerae cell to generate a contiguous helix of T2S machineries;
however, we examined a possible role for MreB filaments in
directing insertion and assembly of the T2S complex. Treat-
ment with MreB inhibitor A22 did not appear to disrupt the
formation of fluorescent foci in the gfp-epsC strain or interrupt
T2S. We cannot say with certainty that the fluorescent foci are
maintained at the same precise positions in the A22-treated
cells, but secreted protease activity in these cultures further
suggested that the T2S complexes are assembled and func-
tional.

Using the chromosomal gfp fusion strains that we con-
structed, we were also able to study the effects of changing the
balance between fusion proteins and their interacting partners
using gene deletions, rather than overexpression of a single
GFP fusion. The fluorescent foci formed in the gfp-epsC and
Ppap:iieps gfp-epsC strains dispersed upon deletion of epsD,
suggesting that EpsD is critical to the localization of EpsC. On
the other hand, GFP-EpsC is capable of forming foci in the
absence of either EpsL or EpsM, though there appears to be
some degradation of GFP-EpsC and mislocalization to the
poles, which becomes very pronounced when both EpsL and
EpsM are absent, as in the stationary-phase cultures. Thus,
EpsL and EpsM are likely involved in keeping EpsC in a
conformation that is required for its maintenance in the lateral
membrane. EpsC homologs of other organisms have been
shown to interact with both EpsL and EpsM homologs (20, 29,
41, 44, 45, 57), so it may be that direct interactions occur
between each of the three proteins. Alternatively, EpsC may
interact directly only with EpsL, and EpsM assists by stabilizing
this interaction. The gfp-epsM AepsL strain does not exhibit
fluorescent foci, consistent with GFP-EpsM requiring EpsL for
localization. EpsC and EpsD are each required for formation
of GFP-EpsM foci, as well, again consistent with the model
that these proteins are prerequisites for EpsL and EpsM lo-
calization. We propose a model in which EpsC and EpsD form
a dock on which other components of the complex might as-
semble, with EpsL. and EpsM playing a more passive role,
perhaps by keeping EpsC in a conformation that allows for its
maintenance in the lateral membrane.

In an attempt to localize EpsC and EpsM to the same visible
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foci in the cell, we simultaneously labeled EpsC with the red
fluorescent protein mCherry and EpsM with GFP. A merged
image (Fig. 9C) shows the colocalization pattern of mCherry-
EpsC and GFP-EpsM. Although some yellow foci, represent-
ing the overlap of red and green fluorescent proteins, are
present, many foci are nonoverlapping. It is possible that the
overlapping foci are the only locations in the cell where fully
assembled T2S complexes exist. The visible red or green foci
could therefore represent T2S complexes not yet fully assem-
bled. Considering the relative instability of GFP-EpsM (Fig.
2A and D), it also seems reasonable that these foci may contain
a mixture of full-length fluorescent forms of the fusions and
those that have been cleaved and are no longer fluorescent.

In many colocalization studies, steric hindrance is often a
factor (58), and it is conceivable that there simply is not
enough physical space for two oligomeric, fluorescently tagged
proteins to bind and interact in the same complex. When Dye
and colleagues labeled MreB, a protein known to form long,
helical filaments in Caulobacter cresentus, with two different
fluorescent markers, they observed only partial colocalization
of the two tagged versions (16), suggesting that a high percent-
age of visible overlap may not be possible. In the case of the
T2S complex, although the individual components that make
up the system are known, exactly how these proteins come
together to create a large multiprotein complex is not well
understood. EpsD is believed to form a ring-like assembly of
12 subunits in the outer membrane, while EpsL and EpsM are
thought to exist as an unknown number of dimers in the inner
membrane (25; also see Fig. S1 in the supplemental material).
Neither the number of EpsC proteins needed to link the two
membrane substructures together nor the number of fluores-
cent molecules necessary for visible foci to be detected is
known. It is possible that the nonoverlapping foci represent
T2S complexes containing both EpsM and EpsC, but not yet a
complete oligomer of one or the other fluorescently labeled
protein.

Our microscopy experiments indicate that EpsC localization
requires EpsD, but it is unclear based on the current data
whether both proteins are necessary for formation of a docking
subcomplex or whether EpsD initiates placement of EpsC. The
very recent finding that the EpsD homolog PulD localizes in a
punctate pattern throughout the cell envelope when expressed
in E. coli in the absence of PulC-PulN provides support for the
latter suggestion (5). Oligomerization of EpsD, for example,
may be the driving force behind nucleation of EpsC, and once
EpsD pores are formed, their diffusion through the membrane
may be constrained by interactions with other cell wall com-
ponents, such as peptidoglycan and lipopolysaccharides.

We will continue to exploit this cell biological approach of
GFP-EpsC localization to elucidate the relationship between
the EpsC and EpsD proteins in vivo, to ensure that critical
interactions with the cell envelope are maintained and to fur-
ther dissect the roles of these two proteins in localization of the
T2S complex. Studies of other combinations of gfp fusions and
deletions of eps genes will also help us continue to refine our
model of T2S complex assembly. Similar approaches have been
very successful in defining the ordered assembly of other lo-
calized multiprotein complexes. For example, the recruitment
of Fts cell division components to the septum has been found
to occur in a sequential fashion (21, 30). With this approach
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and others that employ fluorescent proteins as tools for assess-
ing protein-protein interactions in living cells, we expect to
identify stages of assembly that may be otherwise difficult to
elucidate outside the context of the membrane environment
and the complete T2S complex.
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