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The cellular localization of a chimera formed by fusing a monomeric red fluorescent protein to the C
terminus of the Klebsiella oxytoca type II secretion system outer membrane secretin PulD (PulD-mCherry) in
Escherichia coli was determined in vivo by fluorescence microscopy. Like PulD, PulD-mCherry formed sodium
dodecyl sulfate- and heat-resistant multimers and was functional in pullulanase secretion. Chromosome-
encoded PulD-mCherry formed fluorescent foci on the periphery of the cell in the presence of high (plasmid-
encoded) levels of its cognate chaperone, the pilotin PulS. Subcellular fractionation demonstrated that the
chimera was located exclusively in the outer membrane under these circumstances. A similar localization
pattern was observed by fluorescence microscopy of fixed cells treated with green fluorescent protein-tagged
affitin, which binds with high affinity to an epitope in the N-terminal region of PulD. At lower levels of
(chromosome-encoded) PulS, PulD-mCherry was less stable, was located mainly in the inner membrane, from
which it could not be solubilized with urea, and did not induce the phage shock response, unlike PulD in the
absence of PulS. The fluorescence pattern of PulD-mCherry under these conditions was similar to that
observed when PulS levels were high. The complete absence of PulS caused the appearance of bright and almost
exclusively polar fluorescent foci.

Over the past 10 years, fluorescence microscopy has been
extensively used to study the cellular localization of large
multiprotein bacterial membrane complexes in relation to
their biological functions. For example, the Tat (28) protein
export system is evenly distributed in the cell envelope.
Helical patterns were reported for the Sec protein export
system (33), the outer membrane porin LamB (11), and
other outer membrane proteins, as well as newly synthesized
lipopolysaccharide (10). Proteins that constitute the cell di-
vision machinery are located at midcell, the site of constric-
tion (12). Polar localization has been demonstrated for
flagellar (23), type IV pilus (4), type III (17) and type IV
(18) secretion machineries, chemotaxis receptors (33), and
some components of the type II secreton (8, 29, 30) and its
site of action (30, 34). It seems probable that assembly,
disassembly, and targeting of protein machineries are tem-
porally and spatially coordinated processes.

We have addressed the correlation between localization
and complex assembly of a prototypical type II secretion
system (T2SS) machinery. Secretion via this pathway is a
two-step process. Exoproteins, such as hydrolytic enzymes
and toxins, are first translocated to the periplasm via the Sec
(26) or Tat (36) protein export system. The second step is
secretion to the external milieu by the T2SS machinery, the
secreton, which is composed of at least 12 proteins that
likely span the cell envelope as a large complex. An inner
membrane platform composed of the GspE, GspF, GspL,
and GspM proteins (27) is connected to the outer mem-

brane exit channel, formed by the secretin GspD (15), by
GspC (24). The pseudopilins might assemble into a periplas-
mic type IV pilus-like structure (the pseudopilus) that is
directly involved in the secretion of substrates (19). Green
fluorescent protein (GFP) chimeras of GspM (PulM) and
GspL (PulL) of the Klebsiella oxytoca Pul secreton localized
circumferentially in the Escherichia coli cell envelope, with
occasional brighter foci when other secreton factors were
present (3). The major pilin of this secreton, PulG, localized
evenly throughout the inner membrane independently of
other secreton components when fused to fluorescent re-
porter proteins (9). We proposed that the clustered mem-
brane fluorescence patterns of GFP-PulL and GFP-PulM
might represent nucleation sites for the assembly of part of
the secreton, with protein secretion occurring upon com-
plete assembly with motor proteins, the outer membrane
secretin, and the pseudopilus (3). GspD and GspC deter-
mine secreton specificity (1, 32). One would expect their
correct localization to be essential for assembly and function
of the secreton. Localization of PulD (GspD) to the outer
membrane requires a dedicated lipoprotein chaperone, the
pilotin PulS (13, 15, 16), but the topological organization of
PulD in the outer membrane has not been studied. In this
work, we examined the cellular localization of the secretin
PulD as a chimera with a stable variant of monomeric red
fluorescent protein (RFP), mCherry (31), and studied the
effect of its pilotin, PulS, and other secreton components on
its membrane localization and organization. To validate the
use of PulD-mCherry as a model for localizing PulD in the
envelope, we also introduced the use of Sac7d-derived bind-
ing proteins (22), hereafter called affitins. GFP-tagged af-
fitins can be used as alternatives for fluorescein-labeled an-
tibodies in immunofluorescence-like tests.
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MATERIALS AND METHODS

Bacterial strains and growth conditions. E. coli strains used in this study are
listed in Table 1. Luria broth and agar were prepared as described previously
(21). When appropriate, media were supplemented with ampicillin (100 �g/ml
for plasmids and 25 �g/ml for chromosomal insertions) and kanamycin (30
�g/ml). Generalized transduction using P1 phage was performed as described
previously (21). Stable introduction of gene fusions into at the � attachment of
the E. coli chromosome site was done using the �InCh integration vector (2).
Strain PAP105 was used for cloning purposes.

Plasmid construction. pCHAP7539 containing pulD carrying a silent mutation
in its 3� end, resulting in an AvrII recognition site, was constructed by site-
directed mutagenesis. The AvrII site was generated by PCR using the primers
EndDAvr_for (5�-GCTATCGACGCGTTCAACCTAGGAGGCAATCTATG-
3�) and EndDAvr_rev (5�-CATAGATTGCCTCCTAGGTTGAACGCGTCGA
TAGC-3�) with pCHAP3671 (14) as template DNA. PCR amplifications were
performed for 18 cycles (30 s at 94°C, 1 min at 55°C, and 6 min at 72°C) with Pfu
Turbo polymerase (Invitrogen) based on the Stratagene Quick Change protocol.
Amplified DNA was digested with DpnI and transformed into competent
PAP7447 cells. The gene encoding mCherry was amplified by PCR using the
primers mCherry_Avr_for (5�-CGCCCTAGGAGTGAGCAAGGGCGAGGA
G-3�) and mCherry_Avr_rev (5�-GCGCCTAGGTTCTTGTACAGCTCGTCCA
TGC-3�) with pRSETb-mCherry (31) as template DNA and inserted into
pCHAP7539 as an AvrII (sequence underlined in primers) fragment, resulting in
pCHAP7542. The constructs were verified by DNA sequencing (GATC). A
plasmid with mCherry was constructed as a control for protein localization and
degradation of fluorescent fusion proteins. The gene encoding mCherry was
amplified by PCR using the primers 5�-NcoI_SC/YFP (5�-GCGCCATGGTGA
GCAAGGGCGAG-3�) and 3�-EcoRI_SC/YFP (5�-CATGAATTCCTTGTACA
GCTCGTCCATG-3�) with pRSETb-mCherry as template DNA using Taq DNA
polymerase (Invitrogen). The PCR product was cloned in TOPO pCR2.1 (In-
vitrogen) and recloned as a NcoI-EcoRI fragment in pDSW204, resulting in
pCHAP7545.

Cell fractionation and separation of inner and outer membranes by sucrose
flotation gradient. One hundred milliliters of cultures at an optical density at 600
nm of 0.8 to 1.0 were collected by centrifugation, and the pellet was resuspended
in 10 ml of 25 mM HEPES (pH 7.4). Cells were disrupted by two passages
through a French press (1,200 � 105 Pa), and the lysate was mixed with 10 �g/ml
(each) of DNase I, pancreatic RNase A, and Pefabloc protease inhibitor and
then centrifuged for 10 min at 5,000 � g to eliminate unbroken cells. Membranes
were then collected by ultracentrifugation at 160,000 � g for 1 h at 4°C, resus-
pended, saturated with 60% sucrose in 200 �l of 25 mM HEPES (pH 7.4), and
then placed at the bottom of the centrifuge tube. Steps (600 �l) were created
using 56.2, 53.2, 50.2, 47.1, 44.2, 41.2, 38.1, and 35.9% sucrose solutions, and
tubes were centrifuged in a swing-out rotor for 36 h at 230,000 � g at 10°C.
Fractions (250 �l) were collected from the top of the tubes and analyzed by
sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) and

immunoblotting with appropriate antibodies. The concentration of the sucrose in
each fraction was determined from the refraction index.

SDS-PAGE and immunoblotting. Cells were treated with phenol to dissociate
PulD multimers, and proteins were precipitated with acetone as described pre-
viously (15). Proteins were solubilized in loading buffer with 4 mM dithiothreitol,
heated at 100°C for 5 min, and separated by SDS-PAGE in gels containing 10%
or 12% acrylamide. After transfer of the gel including the stacking gel onto
nitrocellulose membranes, proteins were detected by incubating the membranes
with primary polyclonal rabbit antibodies against PulD or RFP (Chemicon In-
ternational) and then with horseradish peroxidase-conjugated secondary anti-
bodies to rabbit immunoglobulin G (GE Healthcare). Bound secondary antibod-
ies were detected by enhanced chemiluminescence (Pierce).

Fluorescence microscopy. Strains were grown overnight at 30°C, diluted 1:100
in fresh medium, and grown to an optical density at 600 nm of 0.2. Isopropyl-
�-D-thiogalactopyranoside (IPTG) was omitted from the cultures, and basal
levels of expression from the ptrc promoter at the �att site integrated genes
resulted in production of fluorescent fusion proteins. Maltose (0.4%) was added
for strains carrying pul genes under control of the maltose-inducible promoter.
The cells were incubated for 1 h at 30°C under continuous shaking. Live cells
were immobilized on wet agarose-coated glass slides and analyzed using a Zeiss
Axioplan2 fluorescence microscope mounted with a Hamamatsu charge-coupled
device camera. Images were collected using the software program OpenLab and
processed using the program Photoshop.

For localization of PulD using the purified Sac7*40-GFP fusion protein (22),
cells were resuspended in phosphate-buffered saline (PBS) and immobilized on
polylysine-coated glass coverslips at room temperature for 30 min. After the
coverslips were washed two times with PBS, the cells were fixed in 2% formal-
dehyde in PBS for 30 min. Excess formaldehyde was removed by washing fol-
lowed by quenching with 1 M Tris-HCl (pH 8) for 30 min. The cells were then
partially permeabilized by incubation in 100 mM Tris-HCl (pH 8), 10 mM
EDTA, and 100 �g/ml lysozyme at room temperature for 45 min to allow access
to the periplasm. After washing and incubation with 2% bovine serum albumin
in PBS for 30 min, the coverslips were incubated for 1 h in 10 �g/ml purified
Sac7*40-GFP in PBS containing 2% bovine serum albumin. The coverslips were
washed three times in PBS, incubated for another 30 min in PBS, washed again
three times, and finally mounted in glycerol for examination by fluorescence
microscopy.

RESULTS AND DISCUSSION

PulD-mCherry forms multimers and is functional. The
outer membrane insertion of the multimeric secretin PulD
depends on its pilotin protein, PulS (13, 15, 16). In the pres-
ence of PulS and the other Pul factors, PulD forms an active
secreton that promotes pullulanase (PulA) secretion. In the

TABLE 1. Strains and plasmids

Strain or plasmid Characteristics Reference

Strains
PAP105 �(lac-pro) pAPIP501 �F�(lacIq �lacZM15 pro� Tn10)	 (Tcr) Laboratory collection
MC4100 F
 araD139 �lacU169 relA1 rpsL150 thi mot flb-5301 deoC ptsF25 rbsR Laboratory collection
NS30 MC4100 degP Laboratory collection
PAP7232 MC4100 malP::(pulS pulAB pulC to -O) F� (lacIq pro� Tn10) (Tcr) 25
PAP7447 MC4100 malP::(pulS pulAB pulC to -O �pulD) F� (lacIq pro� Tn10) (Tcr) 15
PAP9123 PAP7447�(�attL-lom)::bla lacIq p204-mCherry This study
PAP9124 PAP7447�(�attL-lom)::bla lacIq p204-pulD This study
PAP9138 PAP7447�(�attL-lom)::bla lacIq p204-pulD-mCherry This study
PAP9210 PAP105�(�attL-lom)::bla lacIq p204-pulD-mCherry This study
PAP9312 NS30�(�attL-lom)::bla lacIq p204-pulD This study
PAP9313 NS30�(�attL-lom)::bla lacIq p204-pulD-mCherry This study

Plasmids
pCHAP3671 pUC18-pulD 14
pDSW204 Modified ptrc promoter in pTrc99A 37
pCHAP580 pSU19-pulS 14
pCHAP7539 pCHAP3671 AvrII This study
pCHAP7542 pCHAP3671-pulD-mCherry This study
pCHAP7545 pDSW204-mCherry This study

162 BUDDELMEIJER ET AL. J. BACTERIOL.

 on M
arch 31, 2017 by IN

S
T

IT
U

T
 P

A
S

T
E

U
R

-B
IB

LIO
T

H
E

Q
U

E
http://jb.asm

.org/
D

ow
nloaded from

 

http://jb.asm.org/


absence of PulS, PulD multimers insert into the inner mem-
brane and induce the phage shock response (13, 15, 16). To
determine whether PulD is localized at specific sites in the cell
envelope, it was fused to a bright, stable variant of monomeric
RFP, mCherry (31). mCherry could be readily fused to the
carboxy terminus of PulD, leaving the PulS binding domain (5)
intact. Attempts to fuse mCherry to the amino terminus of
PulD were unsuccessful. The pulD-mCherry gene fusion was
inserted into the E. coli chromosome at the � attachment site
(�att) (2) in strain PAP7447, which carries all pul genes (the
maltose-inducible pulC to -O operon with a pulD deletion, the
maltose-inducible pulAB operon, which includes the pulA
gene, encoding the surface-bound secreted protein pullulanase
[PulA], and the constitutively expressed pulS gene), as de-
scribed previously for gfp-pulL and gfp-pulM (3), to give the
strain PAP9138. An untagged pulD gene was inserted at the
same site in the control strain, PAP9124.

PulD-mCherry was analyzed for its ability to multimerize
and to promote PulA secretion in PAP9138 (24). Like PulD,
PulD-mCherry formed SDS-resistant multimers that were dis-
sociated into monomers (95 kDa) by phenol (15) (Fig. 1A,
lanes 5 and 6). Full-length PulD-mCherry multimers (DcMu)
and monomers (DcMo) were recognized by antibodies against
both PulD and RFP (Fig. 1A, lanes 5 and 6). Small amounts of
mCherry, a 45-kDa PulD degradation product (15), and a
truncated form of PulD-mCherry monomer (DcMo*), presum-

ably resulting from degradation of the chimera, were observed
under conditions of low-level PulS production (PAP9138, with-
out maltose induction, in which chromosomal pulS is constitu-
tively expressed from its own promoter (6, 7). Upon phenol
treatment, an increase in PulD-mCherry monomers (DcMo)
was observed under noninducing conditions (Fig. 1A, lane 6).
These monomers reacted with antibodies against PulD and
RFP, suggesting that PulD-mCherry multimers are mainly
composed of full-length PulD-mCherry subunits. High levels of
PulS protected PulD-mCherry from degradation, so that
mCherry and the 45-kDa degradation product were no longer
detected (Fig. 1B). The amount of truncated PulD-mCherry
monomer (DcMo*) was unaffected, however. PulD-mCherry
monomers and some multimers were detected in the absence
of the entire secreton (in strain PAP9313 lacking DegP) (Fig.
1C, lanes 3 and 4), whereas PulD encoded by wild-type pulD
integrated at the same chromosomal location as pulD-mCherry
(PAP9312) was rapidly degraded, even in the absence of the
periplasmic protease DegP, which degrades unassembled PulD
(13) (Fig. 1C, lanes 1 and 2). This result suggests that the
C-terminal mCherry extension protects PulD from degrada-
tion (see below).

PulA (pullulanase) secretion to the cell surface was quanti-
fied by comparing its enzyme activity in whole cells to that in
lysed cells (surface-exposed protein and the sum of surface-
exposed and nonsecreted protein, respectively) (20). PulD-

FIG. 1. PulD-mCherry forms multimers and is more stable than PulD in the absence of PulS. (A) Multimerization of PulD and PulD-mCherry
in the presence of low levels of PulS. Strains used were PAP9123 (lanes 1 and 2), PAP9124 (lanes 3 and 4), and PAP9138 (lanes 5 and 6). Two
protein bands representing mCherry were detected on the anti-RFP immunoblot (lanes 1 and 2) due to the presence of two translational start
codons in pCHAP7545. (B) Protection of PulD-mCherry by plasmid-encoded PulS in strain PAP9210. (C) Stability of PulD and PulD-mCherry
in the absence of PulS. The strains used were PAP9312 (lanes 1 and 2) and PAP9313 (lanes 3 and 4). All fractions loaded were derived from the
same volume of bacterial suspension. Stacking gels were transferred onto nitrocellulose for detection of PulD multimers, and samples were treated
with phenol to resolve multimers into monomers. Immunoblots were developed with antibodies against PulD and against RFP. DMu and DMo, PulD
multimers and monomers, respectively; DcMu and DcMo, PulD-mCherry multimers and monomers, respectively. The PulD degradation product of
45 kDa is indicated by an asterisk.
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mCherry in maltose-induced PAP9138 promoted pullulanase
secretion to the same extent as PulD in PAP9124 (70 to 90%
of the active enzyme was accessible to the substrate in intact
cells; data not shown), suggesting that the C-terminal exten-
sion on PulD does not interfere with its function. Similar levels
of pullulanase secretion were observed in the presence of high
levels of PulS. A slight increase in DcMo was observed upon
phenol treatment, while DcMo* was present in similar amounts,
suggesting that multimers are composed of full-length PulD-
mCherry (Fig. 2). These results also indicate that a few PulD-
mCherry multimers in the outer membrane (see below) fully
support pullulanase secretion.

PulS targets PulD-mCherry to the outer membrane. The
observations that PulD-mCherry is able to form multimers and
that it apparently functions in PulA secretion suggest that it is
located in the outer membrane. PulD-mCherry in cells with

PulS was exclusively located in the particulate (membrane)
fraction of cells disrupted in a French press. These membranes
were fractionated by sucrose flotation gradients. In the pres-
ence of low (chromosome-encoded) levels of PulS, PulD-
mCherry was mainly located in the inner membrane fractions
near the top of the gradient, whereas in control experiments,
wild-type PulD was found almost exclusively in the outer mem-
brane under these conditions (Fig. 3), as expected (13). PulS
itself was found in the outer membrane fractions, irrespective
of the presence of PulD or PulD-mCherry (not shown). In-
creasing the amount of PulS (in cells carrying pCHAP580)
resulted in outer membrane localization of both PulD-mCherry
and PulS (Fig. 3, lanes 6 to 8). At least 50 times more PulS was
produced under these conditions (Fig. 4B, lanes 7 and 8).
These results suggest that the S domain of PulD is partially
masked by the mCherry protein or that its affinity for PulS is
reduced, so that more PulS is required for efficient binding and
targeting to the outer membrane.

In the presence of the entire Pul secreton (in strain PAP9138
grown in the presence of maltose), PulD-mCherry multimers
were detected in the outer membrane fractions (Fig. 3, lane 5).
The amount of chromosome-encoded PulS was the same irre-
spective of maltose induction of the pulC to -O operon (7) (Fig.
4B, lanes 5 and 6). The levels of PulD-mCherry and PulD
multimers derived from expression of the encoding genes from
the �att sites were similar to PulD levels from the pulC to -O
operon upon maltose induction (Fig. 4A). These results sug-
gest that other secreton factors besides PulS play a role in the
outer membrane localization of PulD-mCherry.

PulD-mCherry forms foci in both the inner and outer mem-
brane. Unless the other Pul factors are induced, PulD-
mCherry inserts into the inner membrane when PulS levels are
low. Unlike PulD, however, PulD-mCherry does not induce
the phage shock response in the absence of PulS (Fig. 5, lane
5). PspA levels were similar when pulD was expressed from the

FIG. 2. PulD-mCherry multimers composed of full-length PulD-
mCherry subunits support pullulanase secretion. Strains PAP9124
without or with pCHAP580 (PulS���) (lanes 1 and 2 and lanes 5 and
6, respectively) and PAP9138 without or with pCHAP580 (lanes 3 and
4 and lanes 7 and 8, respectively) were grown in minimal medium in
the presence of 0.4% maltose to induce all Pul factors in order to
monitor secretion of pullulanase. For other details, see the legend to
Fig. 1.

FIG. 3. Flotation sucrose gradient analysis of multimers of PulD and PulD-mCherry in the presence of chromosomal (PulS) or plasmid levels
of PulS (PulS���). pulD and pulD-mCherry were expressed from the chromosome at the �att site without IPTG induction in PAP9124 (lane 1)
and PAP9138 (lanes 2 to 4), respectively. Induction of the pul operon was obtained with 0.4% maltose in PAP9138 (lane 5). PulD-mCherry was
analyzed in the presence of elevated PulS levels in PAP9138 (containing pCHAP580; lanes 6 to 8). Proteins in samples collected from the gradients
were dissolved in SDS and examined by SDS-PAGE and immunoblotting with anti-PulD, anti-RFP, anti-OmpA, and anti-PulS antibodies.

164 BUDDELMEIJER ET AL. J. BACTERIOL.
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�att site (Fig. 5, lane 3), when PulD multimers are located
mainly in the outer membrane fractions (Fig. 3). A small de-
crease in PspA levels was observed when other secreton com-
ponents were present (Fig. 5, lane 6), which is in agreement
with its outer membrane localization under these conditions.
As seen previously with PulD, PulD-mCherry could not be
dissociated from inner membrane vesicles by 5 M urea (data
not shown). Thus, the amount of PulD-mCherry, which is com-
parable to untagged PulD in the inner membrane (Fig. 3, lanes
1 and 2), might be too low to cause a phage shock response.
Alternatively, PulD-mCherry might insert into the inner mem-
brane in a conformation in which the C-terminal mCherry
extension interferes with the ability of PulD to form the (hy-
pothetical) channel that induces the phage shock response.

Under these conditions, one to four bright fluorescent foci
were observed (Fig. 6A) in 44% of the cells, while the remain-
ing 56% of cells did not have detectable foci (n � 239). In
addition, the cell circumference could be discriminated in the
fluorescence image, possibly due to the presence of unas-
sembled PulD-mCherry monomers associated with the mem-
brane or mCherry in the periplasm. A similar localization pat-

tern was observed in the presence of the full complement of
Pul components (Fig. 6B), indicating that PulD-mCherry mul-
timers appear as foci irrespective of whether they are located
in the inner or outer membrane.

Fluorescent foci were numerous (up to six foci per cell)
when PulS was sufficiently abundant to promote com-
plete outer membrane association of PulD-mCherry (strain
PAP9138 with pCHAP580) (Fig. 6C). The majority of the cells
(70%) had detectable foci; the rest of the cells (30%) were not
in the same focal plane but probably did have PulD-mCherry
foci (n � 172). The number of PulD-mCherry foci increased
with increasing levels of PulS, corresponding to more PulD-
mCherry multimers located in the outer membrane. PulD-
mCherry foci were located at random cellular positions, irre-
spective of the level of PulS, but occasionally polar foci were
observed when PulS levels were high (Fig. 6C and D). The
presence of other secreton factors did not affect the general
distribution of PulD-mCherry, but some arc-shaped polar foci
could be detected (strain PAP9138 with pCHAP580 and mal-
tose) (Fig. 6D).

In strain PAP7232 (carrying the maltose-inducible pulC to
-O operon, maltose-inducible pulAB, and the constitutively
expressed pulS gene), the number of PulD molecules was es-
timated to be between 120 and 300 per cell, equivalent to 10
and 25 dodecameric multimers under maltose-induced condi-
tions. The levels of PulD and PulD-mCherry attained by ex-
pressing the genes integrated at the �att site were comparable
to these levels (Fig. 4), suggesting that each focus represents at
least one multimer of PulD. The existence of clusters of mul-
timers would be in line with previous results showing PulD is
present in clusters in a small proportion of vesicles when it is
located in the inner membrane (in the absence of PulS) (13).

To confirm that PulD in strain PAP7232 is present at com-
parable levels and shows the same distribution pattern as
PulD-mCherry, we examined the localization of wild-type
PulD by indirect fluorescent detection using Sac7*40-GFP as a
reporter. Sac7*40 is an artificial protein (affitin) that binds
specifically and with high affinity to an unidentified epitope in
the N-terminal half of PulD (22). Incubation of fixed and

FIG. 5. PulD-mCherry does not induce the phage shock response
when inserted in the inner membrane in the presence of low levels of
PulS. Production of PspA was determined by immunoblotting with
antibodies against PspA in strain PAP9138 without and with induction
of the pulC to -O operon by 0.4% maltose (lanes 5 and 6, respectively).
PAP7232 without (lane 1) or with maltose (lane 2) and PAP9124
grown without or with maltose (lanes 3 and 4, respectively) were used
as controls. Multimers of PulD and PulD-mCherry were detected by
antibodies against PulD and RFP.

FIG. 4. Levels of the PulD protein encoded by the maltose-induc-
ible pul operon are comparable to PulD and PulD-mCherry levels
obtained by expression of integrated genes at the �att site and are
independent of other Pul factors. (A) Comparison of protein levels of
PulD (PAP9124, lanes 5 to 8) and PulD-mCherry (PAP9138, lanes 9 to
12) as multimers (DMu and DcMu, respectively) and as monomers (DMo

and DcMo, respectively) (after treatment with phenol) compared to
PulD expressed from the pul operon (PAP7232, lanes 1 to 4) with
noninduced or induced (maltose) expression of pul genes. The 45-kDa
PulD degradation product is indicated by an asterisk. (B) Comparison
of chromosomal and plasmid-encoded levels of PulS. The amount of
PulS encoded by IPTG-induced pCHAP580 (lanes 7 and 8) is at least
50 times higher than PulS from the constitutively expressed pulS gene
in PAP7232 (lanes 1 and 2). Chromosomal levels of PulS are similar in
PAP7232 (lanes 1 and 2), PAP9124 (lanes 3 and 4), and PAP9138
(lanes 5 and 6) and are independent of the presence of other Pul
factors (maltose).
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permeabilized PAP7232 cells with Sac7*40-GFP followed by
fluorescence microscopy showed the presence of zero to four
bright foci per cell and a weaker fluorescence of the whole cell
body. Foci were not detected in a strain lacking the pulD gene
(PAP7447), although some background fluorescence was
present (Fig. 7). This background fluorescence was not PulD
dependent and is therefore nonspecific. Furthermore, fluores-
cent foci were not detected when Sac7*40-GFP was used on
nonpermeabilized cells (not shown), suggesting that the
epitope recognized by this affitin in the N domain of PulD faces
the periplasm. The very similar number and distribution on
fluorescent foci observed in this experiment and in strain
PAP9138 was taken as validation of PulD-mCherry as a model
of wild-type PulD. These results extend the range of applica-

tions for affitins to include in situ localization of the proteins
they recognize by fluorescence microscopy when they are GFP
tagged. Other approaches, including localization in thin-sec-
tioned cells using affitins bound to gold beads, would represent
another potential application.

PulD-mCherry forms bright polar foci in the complete ab-
sence of PulS. PulS both protects PulD from degradation and
targets it to the outer membrane. In the complete absence of
PulS, PulD is degraded by periplasmic and membrane pro-
teases, of which the most active is DegP (13). Unlike the case
with PulD, monomers and some multimers of PulD-mCherry
made without PulS could be detected in whole-cell lysates of a
strain lacking DegP (Fig. 1C, lanes 3 and 4), suggesting that
fusing mCherry to the C terminus increases PulD stability.
Under these conditions, PulD-mCherry formed bright, round,
polar foci of various sizes (Fig. 8A). This localization pattern
was clearly different from that observed in cells in which PulD-
mCherry was targeted to the outer membrane when PulS levels
were high and when other Pul factors were present, when
numerous foci and some polar arc-shaped patches were ob-
served (Fig. 6). PulD-mCherry multimers from cells lacking
PulS fractionated with the outer membrane in flotation sucrose
gradients (Fig. 8B), but this material is likely to be small,
membrane-associated aggregates. Indeed, this localization
pattern resembles the polar foci observed when GFP-PulL
or GFP-PulM was produced from high-copy-number plas-
mids (3).

Concluding remarks. PulD-mCherry displays many charac-
teristics of the type II secretin PulD: it forms heat-resistant
multimers, it can function as a secretin to secrete pullulanase,
and its outer membrane location is dependent on the pilotin
PulS. Thus, it can be used as a reporter for PulD localization.
The bright fluorescent foci that it forms when PulS levels are
high presumably represent multimers of secretin in the outer
membrane, whereas those formed at low PulS levels presum-

FIG. 6. PulD-mCherry localizes as bright fluorescent foci in the
inner membrane (low levels of PulS) and in the outer membrane (high
levels of PulS). The localization of fluorescent PulD-mCherry is shown
on the right, and the corresponding phase-contrast images are shown
on the left. (A) Microscopy of cells producing PulD-mCherry in the
presence of chromosomal levels of PulS in strain PAP9138. (B) Lo-
calization of PulD-mCherry in the presence of chromosomal levels of
PulS with pulC to -O operon expression (strain PAP9138 with mal-
tose). (C) Localization of PulD-mCherry in the presence of high levels
of PulS (PAP9138 with pCHAP580). (D) Localization of PulD-
mCherry in the presence of high levels of PulS and other Pul factors
(PAP9138 with pCHAP580 and maltose). Bar, 5 �m.

FIG. 7. In situ detection of PulD by PulD-specific affitin Sac70*40-
GFP. After fixation and permeabilization, PulD was detected by fluo-
rescence microscopy using the PulD-binding artificial protein Sac7*40-
GFP as a fluorescent probe. The fluorescence image is shown in the
right panels; the corresponding phase-contrast image is shown on the
left. (A) Microscopy of cells expressing pulAB, pulC to -O, and pulS at
chromosomal levels (PAP7232 with maltose). (B) Microscopy of an
isogenic strain lacking pulD (PAP7447 with maltose). Bar, 5 �m.
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ably represent nonfunctional PulD-mCherry multimers in the
inner membrane. In wild-type cells carrying the complete se-
creton, these sites presumably represent positions in the cell
envelope where PulA is translocated and where artificially
elongated PulG pseudopili (resulting from increased PulG
production) are anchored in the cell envelope (35).

We reported previously that GFP-PulL and GFP-PulM
distribute over the entire inner membrane, with occasional
brighter foci. The formation of GFP-PulL foci was dependent
on other components of the secreton and not only on PulM (3).
GFP-PulG and PulG-RFP were localized evenly throughout
the inner membrane without foci (9). These data clearly show
that components of the K. oxytoca T2SS are not localized at the
cell poles in E. coli. However, we note that while GFP-PulM
and GFP-PulL appeared to be mostly uniformly distributed
throughout the inner membrane, occasional brighter foci were
also observed. One intriguing possibility is that these sites are
the same as those at which PulD dodecamers are located and
that they represent the location of fully assembled secreton
complexes that span the inner membrane, the periplasm and
peptidoglycan, and the outer membrane. These conjectures
underscore the need to correlate localization with function
when determining the location of envelope-associated nano-
machines, such as the secreton.
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