
A translocator-specific export signal establishes the
translocator-effector secretion hierarchy that is important for
type III secretion system function

Amanda G. Tomalka1, Charles M. Stopford1,2, Pei-Chung Lee1, and Arne Rietsch1,*

1Dept. of Molecular Biology and Microbiology, Case Western Reserve University, 10900 Euclid
Ave., Cleveland, OH 44106-4960

Summary
Type III secretion systems are used by many Gram-negative pathogens to directly deliver effector
proteins into the cytoplasm of host cells. To accomplish this, bacteria secrete translocator proteins
that form a pore in the host-cell membrane through which the effector proteins are then introduced
into the host cell. Evidence from multiple systems indicates that the pore-forming translocator
proteins are exported before effectors, but how this secretion hierarchy is established is unclear.
Here we used the P. aeruginosa translocator protein PopD as a model to identify its export signals.
The amino-terminal secretion signal and chaperone, PcrH, are required for export under all
conditions. Two novel signals in PopD, one proximal to the chaperone-binding site and one at the
very C-terminus of the protein, are required for export of PopD before effector proteins. These
novel export signals establish the translocator-effector secretion hierarchy, which in turn, is
critical for the delivery of effectors into host cells.
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Introduction
Type III secretion systems are used by many Gram-negative pathogens to promote virulence
by delivering effector proteins into targeted host cells (Troisfontaines & Cornelis, 2005,
Cornelis, 2006, Galan & Wolf-Watz, 2006). The type III secretion system (T3SS) is a
molecular syringe that spans the bacterial envelope. While the apparatus is pre-assembled,
effector secretion is triggered in a cell contact-dependent manner (Rosqvist et al., 1994,
Vallis et al., 1999, Nordfelth & Wolf-Watz, 2001). Delivery of effector proteins into the host
cell requires a specialized set of proteins called translocators. In animal pathogens, two
translocator proteins form a pore in the host cell plasma membrane through which the
effectors are delivered into the host cell cytoplasm (Sory & Cornelis, 1994, Parsot et al.,
1995, Lee et al., 1998, Nordfelth & Wolf-Watz, 2001, Schoehn et al., 2003). A third,
hydrophilic translocator protein is situated at the tip of the secretion needle and, beyond its
function in delivery of effectors into the host cell, is usually also involved in controlling
effector secretion (Menard et al., 1993, Picking et al., 2005, Espina et al., 2006, Nilles et al.,
1997, Pettersson et al., 1999, Goure et al., 2004, Lee et al., 2010). The translocon pore in the
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host cell membrane is believed to consist of 6–8 pore-forming translocator proteins of
uncertain stoichiometry (Ide et al., 2001, Schoehn et al., 2003). Several lines of evidence
suggest that the translocon pore is docked directly to the needle-tip, forming a continuous
conduit from the bacteria cytoplasm to the host cell cytoplasm (Marenne et al., 2003,
Ryndak et al., 2005, Lara-Tejero & Galan, 2009). Recent evidence suggests that the
translocon may actively contribute to the translocation of effectors into the host cell
cytoplasm, rather than simply acting as a pore allowing passive diffusion of the secreted
effectors (Akopyan et al., 2011).

The translocator proteins are secreted via the T3SS, but their export is not cell-contact
dependent. In P. aeruginosa the translocator proteins that form the pore in the host cell are
called PopB and PopD (Frithz-Lindsten et al., 1998). PopB and PopD are required for
triggering of effector secretion indicating that they must be exported from the bacterial cell
before effector proteins (Cisz et al., 2008). Indeed, export of PopB and PopD under
conditions where effector export is prevented can also be demonstrated in vitro (Cisz et al.,
2008). Differential export of translocators and effectors has also been observed in Y.
enterocolitica. Here, translocator protein secretion could be detected in the presence of
serum albumin in the medium (Lee et al., 2001). Similarly, it has been noted that
translocator proteins of Shigella are recruited to (or perhaps simply retained at) the needle
tip upon addition of bile salts to the growth medium (Olive et al., 2007, Stensrud et al.,
2008).

Evidence from several classes of mutations also highlight the differences in export class
between translocator and effector proteins. Effector export before triggering of effector
secretion is prevented by a family of regulatory proteins including PopN (P. aeruginosa),
YopN (Yersinia sp.), MxiC (Shigella sp.), InvE (Salmonella sp.) and SepL
(enterohaemorrhagic and eneteropathogenic E. coli)(Pallen et al., 2005). In the case of S.
Typhimurium and pathogenic E. coli, deletion of the corresponding gene, invE or sepL,
results not only in up-regulation of effector secretion, but also down-regulation of
translocator export (Kubori & Galan, 2002, O’Connell et al., 2004). A similar distinction
between translocator and effector proteins was discovered when analyzing the integral
membrane T3SS component YscU in Y. enterocolitica. YscU belongs to a family of
proteins, conserved even in the flagellar T3SS (FlhB), which undergo autocatalytic cleavage
to mature (Ferris et al., 2005, Zarivach et al., 2008). Preventing autocleavage of the integral
membrane protein YscU in Y. eneterocloitica prevents export of translocator proteins while
still allowing effector export (Sorg et al., 2007, Riordan & Schneewind, 2008). Preventing
autocatalytic cleavage of SpaS, the YscU-homolog of S. Typhimurium, similarly abrogates
translocator export but not effector secretion (Zarivach et al., 2008). In S. Typhimurium,
staged access of translocators and effectors to the apparatus was recently linked to three
highly conserved components of the T3SS: OrgA, OrgB and SpaO. These three proteins
were proposed to form a dynamic sorting platform that controls access of secretion
substrates to the T3SS (Lara-Tejero et al., 2011). While translocators SipB/SipC and their
cognate secretion chaperone could be pulled down in conjunction with these proteins,
effectors were only detected if the translocator genes were deleted.

Several models have been put forward to explain the differential secretion of effectors and
translocators. Export of translocators, like all type III secretion substrates, relies on an
amino-terminal secretion signal (Lloyd et al., 2001a, Lloyd et al., 2001b, Lloyd et al., 2002,
Ramamurthi & Schneewind, 2002, Russmann et al., 2002, Harrington et al., 2003, Sorg et
al., 2006, Broms et al., 2007, Arnold et al., 2009, Samudrala et al., 2009). Replacing the
amino-terminal export signal of the Y. enterocolitica needle-tip protein LcrV with that of the
effector YopE promoted export of the hybrid protein in a yscU autocleavage mutant strain,
which interferes with translocator export, suggesting that the identity of translocators and

Tomalka et al. Page 2

Mol Microbiol. Author manuscript; available in PMC 2013 December 01.

$w
aterm

ark-text
$w

aterm
ark-text

$w
aterm

ark-text



effectors is tied to the amino-terminal secretion signal (Sorg et al., 2007). However,
replacing the amino-terminus of the P. aeruginosa translocator proteins PcrV with that of the
effector ExoS did not alter its secretion profile, demonstrating that other signals have to be
involved in targeting translocators for export before effector secretion has been triggered
(Lee et al., 2010). Another hypothesis revolves around the structure of the cognate secretion
chaperones of translocators and effectors, which fall into two structural categories (Parsot et
al., 2003). Class I chaperones, which promote the export of effectors, contain a mix of
alpha-helices and beta-sheets. The chaperone binding domain of the effector wraps around
the chaperone (Stebbins & Galan, 2001, Birtalan et al., 2002). In the case of the effector
YopE, a patch of amino acids adjacent to the chaperone binding domain is important for
export of this protein (Rodgers et al., 2010). Class II chaperones, on the other hand, which
promote the export of the pore-forming translocators, are formed form a series of alpha-
helical tetratricopeptide repeats that form a palm-shaped structure that cradles the chaperone
binding domain of their cognate cargo (Lunelli et al., 2009, Job et al., 2010). The chaperone
contributes to secretion efficiency and specificity (Boyd et al., 2000, Birtalan et al., 2002,
Letzelter et al., 2006, Lee & Galan, 2004). Analysis of the S. Typhimurium sorting platform
highlighted the importance of the chaperone for recruiting substrates, since the effector
SptP, lacking its chaperone binding domain, could not associate with this protein complex,
even in the absence of the translocator proteins (Lara-Tejero et al., 2011). It has been
proposed that the order of export is driven by the affinity of the secretion substrates for the
apparatus (Boyd et al., 2000, Birtalan et al., 2002, Lara-Tejero et al., 2011). However, the
molecular features driving the export hierarchy are as yet unclear (Stamm & Goldberg,
2011).

Translocator proteins are recruited for export by the T3SS in a manner distinct from effector
proteins. Here we use the translocator protein PopD as a model system to characterize the
secretion signals governing the export of this translocator protein. As with effector proteins,
export of PopD relies on an amino-terminal secretion signal, as well as its cognate
chaperone protein, PcrH. In addition, PopD has two translocator-specific export signals that
promote export of PopD before effectors, thereby establishing the translocator-effector
secretion hierarchy. Disrupting this secretion hierarchy significantly impairs the ability of P.
aeruginosa to intoxicate host cells.

Results
The amino-terminal secretion signal is required for secretion of the translocator protein
PopD but does not specify export class

Differential secretion of effector and translocator proteins can be assayed quite easily in
vitro in P. aeruginosa by virtue of the fact that effector protein secretion is triggered by
removing calcium from the medium. Translocator secretion, on the other hand, is detectable
in the presence or absence of calcium (Cisz et al., 2008). Export of PopD in the presence of
calcium is not due to aberrant export via the flagellar T3SS, akin to the aberrant secretion of
SptP via the flagellum in the absence of its chaperone binding domain (Lee & Galan, 2004).
In order to rule out this possibility, particularly when analyzing mutants affecting the export
signals of PopD, we performed all experiments in a ΔfleQ mutant strain of P. aeruginosa,
which lacks the master regulator of flagellar biosynthesis (Arora et al., 1997). Since export
of all type III secreted proteins studied to date relies on an amino-terminal secretion signal
and evidence from Y. enterocolitica suggested that this signal may help determine the export
class of the secretion substrate, we examined the role of the amino-terminal secretion signal
in export of the translocator protein PopD.

Removing amino acids 2–10 or 11–21 of PopD resulted in a protein that was stably
expressed, but failed to be secreted from P. aeruginosa, demonstrating the importance of the
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amino-terminal secretion signal for PopD export (Fig. 1A). To test the role of the amino-
terminal secretion signal in determining the specificity of export, we exchanged the amino-
terminal secretion signal of PopD with that of the effector ExoS. Of the three effectors
produced by our strain of P. aeruginosa, ExoS and the closely related ExoT are the most
highly expressed (unpublished observation). Notably, exchanging the secretion signal of
PopD with that of the effector protein ExoS did not abrogate the ability of PopD to be
exported in the presence of calcium, the condition where effector secretion is prevented.
Similarly, fusing the amino-terminal secretion signal of PopD to the effector ExoS, did not
confer the ability to be exported in the presence of calcium to the effector ExoS (Fig. 1B).
We therefore conclude that the amino-terminal secretion signal, while critical for secretion
of the translocator PopD, does not specify its ability to be exported in the presence of
calcium, when effector secretion is prevented.

The C-terminus of PopD and PopB is required for translocator export in the presence of
calcium

In order to characterize the determinants of PopD that facilitate its export before effector
proteins, we generated a series of C-terminally truncated proteins fused to beta-lactamase, a
common reporter of protein export via the T3SS (Charpentier & Oswald, 2004).
Interestingly, even the full-length fusion demonstrated a severe secretion defect in the
presence of calcium, which was not alleviated by exchanging the bulky beta-lactamase tag
with the small VSV-G protein epitope (data not shown). This observation suggested that the
C-terminus of PopD is important for export of the translocator in the presence of calcium.
To test this hypothesis directly, we expressed PopD lacking the C-terminal 20 amino acids,
PopDΔC20, and compared its export to wild-type PopD (Fig. 2A). The protein was stably
expressed in P. aeruginosa, however, export of PopDΔC20 in the presence of calcium was
completely abrogated, and export after effector secretion had been triggered, in the absence
of calcium, was severely reduced (23% of total PopD secreted, as opposed to 56% in the
case of wild type PopD). We observed a similar secretion defect when we assayed the export
the second pore-forming translocator, PopB, using a similarly, C-terminally truncated
protein, PopBΔC20 (Fig. 2B). Here 9% of total PopBΔC20 was exported, compared to 52%
in the case of wild-type PopB.

We next determined if the absence of PopDΔC20 and PopBΔC20 in the supernatants of
bacteria grown in the presence of calcium was due to an inability of the protein to be routed
for export in the presence of calcium or an unrelated effect, such as reduced stability of the
secreted protein in the presence of calcium. To this end, we expressed either protein in a
strain lacking a negative regulator of effector secretion, Pcr1 (Fig 2A, B). Effector secretion
is constitutive in a pcr1 mutant and no longer controlled by the presence of calcium in the
medium as demonstrated by the export of the effector ExoT in the presence of calcium (Fig.
2A, B)(Yang et al., 2007). Both PopDΔC20 and PopBΔC20 were exported in the presence
of calcium in the Δpcr1 mutant, demonstrating that the these truncated proteins have
effectively changed secretion class and have lost the ability to be exported in the presence of
calcium in wild type bacteria. While expression of PopDΔC20 in the Δpcr1 mutant strain
somewhat restored the overall export of PopDΔC20 (moving from 23% of total protein in a
pcr1+ strain to 43% in the Δpcr1 background), export of PopBΔC20 remained low (8% of
total protein). This difference between PopB and PopD could be due to a difference in the
degree to which either translocator relies on this C-terminal export signal for overall
secretion efficiency. The difference could also indicate that removing the last 20 amino
acids of PopB impairs the C-terminal export signal to a greater degree in this protein, than it
does in the case of PopD.

Tomalka et al. Page 4

Mol Microbiol. Author manuscript; available in PMC 2013 December 01.

$w
aterm

ark-text
$w

aterm
ark-text

$w
aterm

ark-text



The C-terminal translocator export signal is required for the delivery of effector proteins
on cell-contact

To better define the extent of the C-terminal translocator export signal (C-TES), we
generated a popD mutant in which a smaller portion of the open reading frame was
truncated, popDΔC6, removing the C-terminal six codons of popD. PopDΔC6 was only
exported in the absence of calcium, indicating that even removing six amino acids from the
C-terminus of PopD interfered with export in the presence of calcium (Fig. 3A). As with
PopDΔC20, removal of the last 6 amino acids of PopD also resulted in a general secretion
defect (Fig. 3A), which was detectable even in a strain in which effector secretion had been
deregulated (Δpcr1, Fig. 3B). Since the C-terminus of PopD is hydrophobic in nature, we
probed the functional significance of the six residues deleted in PopDΔC6 by substituting
them individually with charged residues. Of the six mutants assayed, point mutations at
codon 290(A290K) and 295(V295E), the last codon of popD, similarly prevented export of
PopD in the presence of calcium (Fig. 3A). Export of the mutant protein in the presence of
calcium could be restored by deregulating effector secretion (Fig. 3B), indicating that these
mutations specifically abrogated export of PopD in the presence of calcium. Taken together,
these data demonstrate that the C-TES extends to the very C-terminus of PopD.
Interestingly, unlike PopDΔC6, however, neither of the point mutant proteins was defective
in its export in the absence of calcium. This finding suggests that determining the secretion
hierarchy and promoting efficient export are separable TES functions.

We next determined the amino-terminal boundary of the C-TES by introducing internal, in-
frame deletions into the popD open reading frame and assaying their effect on export of the
truncated protein. While deletions covering codons 100–170, 150–220 and 190–270 did not
interfere with the export of PopD in the presence of calcium, deleting codons 190–280 did,
suggesting that the N-terminal boundary of the C-TES lies between residues 270 and 280
(Fig. 3C).

Mutation of the C-TES abolishes the translocator-effector secretion hierarchy, thereby
allowing us to test if this hierarchy is important for T3SS function. We assayed delivery of
effectors into host cells by analyzing effector-dependent depolymerization of the host-cell
actin cytoskeleton, which results in cell-rounding. The TES-mutant popD(V295E) was
unable to complement a popD null mutant strain of P. aeruginosa (Fig. 3D). This defect was
not due to a defect in translocon function, since restoring calcium-independent export of
PopD(V295E) through deletion of pcr1 also restored delivery of effectors. Taken together,
these data indicate that the C-TES spans residues 270–295 of PopD (Fig. 3E). It is required
for establishing the translocator-effector secretion hierarchy, which, in turn, is critical for the
efficient intoxication of host cells.

The C-terminus of PopD interacts with the chaperone PcrH
We used a crosslinking approach to identify the interaction partner of the PopD C-TES.
PopD does not contain any cysteine residues, which allowed us to easily introduce unique
cysteine substitutions at positions 290 and 295 of the C-TES. While these cysteine
substitutions reduced the export of the corresponding protein in the presence of calcium,
neither cysteine substitution prevented export of PopD in the presence of calcium, indicating
that the C-TES still retained its ability to direct export of PopD (Fig. 4A). We next fused
these PopD cysteine mutant proteins to maltose binding protein, thereby preventing their
export from the cell and providing a tag for purification of cross-linked protein complexes.
Interacting proteins were cross-linked to the MBP-PopD fusion proteins using the
membrane-permeable, hetero-bifunctional crosslinkers succinimidyl-4-(N-
maleimidomethyl) cyclohexane-1-carboxylate (SMCC) or LC-SMCC. SMCC and LC-
SMCC are sulfhydryl to amine crosslinker that harbors maleimide- and NHS-ester
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functional groups separated by a 8.3 angstrom (SMCC) or 16.2 angstrom (LC-SMCC)
spacer. The fusion proteins were expressed in P. aeruginosa lacking popD and interacting
proteins were purified following crosslinking. While we detected little crosslinking in the
case of the MBP-PopD(V295C) mutant, crosslinking of MBP-PopD(A290C) resulted in
multiple crosslinked complexes. Mass-spectrometric analysis determined that the only type
III secretion-related protein thus crosslinked to the MBP-PopD(A290C) fusion protein was
the chaperone PcrH (data not shown). We confirmed this cross-linking result by expressing
the fusion proteins in a strain in which the chromosomal copy of pcrH had been modified to
express PcrH tagged with two copies of the Myc epitope tag at its C-terminus. Crosslinking
of MBP-PopD(A290C) in this strain background resulted in a higher molecular weight
complex which reacted both with the anti-PopD and anti-Myc antibody. The formation of
this complex depended on the presence of the A290C mutation (Fig. 4B). The C-terminus of
PopD therefore interacts with PcrH. The fact that PcrH could be cross-linked to PcrH via a
cysteine substituted at residue 290 and not 295, suggests that this interaction is specific and
not simply a function of the normal PopD-PcrH binding interaction via the more amino-
terminal chaperone-binding domain of PopD. The secretion defect of the PopD(A290K)
mutant furthermore suggests that this interaction is important for C-TES function. This
result was somewhat surprising, given the fact that prior analysis of the PopD-PcrH
interaction by pull-downs and limited proteolysis had been unable to detect an interaction
between the C-terminus of PopD and PcrH (Faudry et al., 2007). However, we were
similarly unable to detect an interaction between the C-terminal half of PopD alone and
PcrH by two-hybrid analysis (Fig. S1A), and none of our TES mutants interfered with the
PcrH-PopD interaction when assayed in our two-hybrid system (Fig. S1B), indicating that
the interaction is weak.

The chaperone PcrH is required for export of PopD before effector secretion is triggered
Translocator and effector chaperones belong to different structural classes. The chaperone is
therefore a reasonable candidate for helping to establish the translocator-effector secretion
hierarchy. PcrH, however, is required for stabilizing PopB and PopD prior to export (Broms
et al., 2006), this is also the case in our strain of P. aeruginosa (Fig. S2). We hypothesized
that we could stabilize PopD in the absence of PcrH by fusing PopD to a secretion
competent protein, such as an effector, which is stabilized by an unrelated chaperone. Such a
fusion protein should then allow us to examine the export properties of PopD in the absence
of PcrH. We therefore generated hybrid proteins in which the first 51 amino acids of ExoS,
comprising its secretion signal and chaperone binding site (Epaulard et al., 2006), are fused
to either aminoacids 21–295 of PopD (still able to bind to the chaperone PcrH) or amino
acids 96–295 (lacking the PcrH binding site) (Fig. 5A). The export chaperone of ExoS is
SpcS (Frithz-Lindsten et al., 1997, Shen et al., 2008). The fusion partners in these hybrid
proteins are linked by two copies of the VSV-G epitope tag, allowing detection of all fusions
using an anti-VSV-G antibody.

Both hybrid proteins were stable in P. aeruginosa and therefore allowed us to assess the role
of the chaperone and chaperone binding site of PopD in routing this translocator for export.
The full-length fusion protein, ExoS(1-51)-VSV-G-PopD(21-295), was exported both in the
presence and absence of calcium, demonstrating that the translocator export signals in PopD
override the export signals inherent in the ExoS(1-51) fragment and SpcS (Fig. 5B).
Deletion of pcrH or expression of the shorter, ExoS(1-51)-VSV-G-PopD(96-295), hybrid
protein, which lacks the PcrH binding site, prevented export of the hybrid protein in the
presence of calcium. PcrH, a signal in PopD in the vicinity of the chaperone binding site, or
both, are therefore required for routing PopD for export before effectors.
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PopD harbors a second translocator export signal adjacent to the chaperone binding site
The preceding result raised the possibility that PopD harbors a second translocator export
signal in the vicinity of the chaperone binding domain. Indeed, residues adjacent to the SycE
binding site of the Y. pseudotuberculosis effector YopE were recently shown to be
important for directing this effector for export via the T3SS (Rodgers et al., 2010). While the
chaperone binding domain of PopD was initially determined to lie between residues 28–95
by limited proteolysis (Faudry et al., 2007), subsequent crystallographic analysis of the
interaction demonstrated that the core chaperone binding domain of PopD resides at residues
49–54 (Job et al., 2010). To probe whether residues flanking the chaperone binding site of
PopD are important for export of the translocator, we assayed the export of a series of
amino-terminally truncated PopD proteins fused to ExoS(1-51) akin to the fusion proteins
assayed in the preceding section. Fusion of PopD(21-295), PopD(27-295) and
PopD(31-295) but not PopD(43-295) resulted in a hybrid protein that was exported both in
the presence or absence of calcium (Fig. S3). Replacing residues 22–32, 33–43 and 35–45 of
native PopD with the 11 amino-acid VSV-G epitope tag resulted in a TES mutant defect.
Export in the presence of calcium was abrogated (Fig. 6A), but could be restored by deleting
pcr1, thereby deregulating effector secretion (Fig. 6B). Mutation of the conserved threonine
residue at position 31 of PopD (Fig. 6C) resulted in a TES mutant phenotype, abrogating
export of PopD in the presence of calcium (Fig. 6D). Export of PopD before effector
secretion has been triggered therefore relies on a second, amino-terminal translocator export
signal (N-TES) that is adjacent to the chaperone binding domain. Notably, as was the case
for C-TES deletions above, mutation of the N-TES resulted in a drop in overall secretion.
This was particularly evident for the PopD variant in which residues 35–45 were replaced by
the VSV-G epitope tag.

Residue A49 defines a region important for the export function of PcrH
The chaperone PcrH could either contribute directly to the export of PopB and PopD by
interacting with an apparatus component and mediating recruitment of the chaperone-
translocator complex to the T3SS, or indirectly, by presenting its cargo in a manner that the
export signals can be recognized by the T3SS. To distinguish between these possibilities we
carried out a genetic screen for mutations in pcrH that prevent export of PopD without
preventing binding of PcrH to PopD.

In order to isolate pcrH mutants that meet these criteria we exploited the fact that expression
of the type III secretion apparatus and effector genes in P. aeruginosa is linked to effector
export (Vallis et al., 1999, Wolfgang et al., 2003, Yahr & Wolfgang, 2006). In wild-type P.
aeruginosa, ExsE, a small, secreted protein, serves as a negative regulator of gene
expression. When effector secretion is triggered, ExsE is exported via the T3SS from the
bacterial cell, thereby precipitating a series of events that lead to the activation of the master
regulator of T3SS gene expression, ExsA (Rietsch et al., 2005, Urbanowski et al., 2005)(Fig.
7A). This change in gene expression can be easily assayed using a lacZ reporter inserted in
the exoS open reading frame. We adapted this regulatory system to act as a reporter of PopD
export by replacing the chromosomal copy of exsE with a sandwich fusion in which the
exsE open reading frame replaces codons 108–143 of popD (popDED). Export of the
PopDED fusion protein is controlled by the export signals in PopD, resulting in elevated
T3SS gene expression both in the presence and absence of calcium (Fig. 7A, B). Expression
of the exoS reporter was significantly reduced in the absence of a functional T3SS (ΔpscD),
indicating that the elevated level of exoS transcription in the PopDED expressing strain was
due to export of PopDED via the T3SS. The basal level of exoS expression in the PopDED
expressing pscD null mutant strain was still somewhat elevated compared to the strain
expressing wild type ExsE in the presence of calcium, suggesting that the PopDED fusion
protein is either somewhat unstable, or slightly defective in its interaction with ExsC. ExsE
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has to interact with ExsC to repress T3SS gene expression (Dasgupta et al., 2004, Rietsch et
al., 2005, Urbanowski et al., 2005). As with wild-type PopD, stability of the PopDED fusion
protein relies on its interaction with PcrH, since exoS expression was high in the absence of
the pcrH complementation plasmid, even in a strain lacking the T3SS (Fig. 7B).

We next mutagenized pcrH by error-prone PCR and screened the resultant library for
mutants that stabilize PopDED but prevent its export (pale blue on LB X-Gal plates). The
screen identified one mutant, pcrH(G50D) which resulted in a weak PopD export defect
(data not shown). In order to probe this region of PcrH more carefully, we used mutagenic
primers to specifically randomize codons 45, 46, 49, 50, 51, 53 and 54 of pcrH and assayed
the ability of the resultant PcrH mutants to promote export of the PopDED fusion protein.
This screen identified the pcrH(A49D) allele of pcrH. PcrH(A49D) strongly inhibits
PopDED export while still able to stabilize the fusion protein inside the cell (Fig. 7B). To
assess the ability of PcrH(A49D) to promote export of native PopB and PopD, we
complemented a pcrH null mutant with a Myc-tagged version of pcrH(A49D). Expression of
PcrH(A49D) severely reduces the export of PopB and PopD both in the presence and
absence of calcium, while still stabilizing both proteins in the cytoplasm of P. aeruginosa
(Fig. 7C). The corresponding Myc-tagged, wild-type, PcrH was able to promote export of
PopB and PopD in the presence and absence of calcium. The A49 residue therefore
identifies a region of PcrH that is specifically required for the export of PopB and PopD
both before and after triggering of effector secretion has occurred.

Discussion
Evidence from several bacteria suggests that translocators are exported before effector
proteins. Work from our own lab demonstrated that the pore-forming translocators PopB and
PopD are needed to trigger effector secretion on cell-contact, suggesting that the implied
secretion hierarchy, translocators preceding effectors, is important for bringing the T3SS to
bear. Here we used the translocator PopD as a model protein to define the signals governing
its export. We present evidence that export is controlled by three signals in PopD: the
secretion signal and two translocator export signals (N- and C-TES). Moreover, the
translocator chaperone PcrH actively contributes to secretion as well. Two of these signals,
the amino-terminal secretion signal, as well as a region defined by residue A49 of PcrH are
needed for export of PopD under all conditions. The N- and C-terminal TES, on the other
hand, are required for routing PopD for export before effector proteins. Disrupting the
export hierarchy by mutating the C-TES of PopD results in a defect in contact-dependent
delivery of effectors into epithelial cells, highlighting the importance of the translocator-
effector secretion sequence for T3SS function.

The two classes of export mutants suggest that targeting the PopD/PcrH complex for export
requires at least two steps. As with all type III secreted proteins, the amino-terminus of
PopD harbors a secretion signal that is required for export (Lloyd et al., 2001b, Lloyd et al.,
2002). Similarly, the secretion chaperone is important for promoting the export of type III
secretion substrates (Boyd et al., 2000, Birtalan et al., 2002, Letzelter et al., 2006, Lee &
Galan, 2004). This is also the case for PopD. Here we used a genetic screen to identify a
chaperone residue, A49, that defines a region on PcrH that is required for promoting the
export of both PopB and PopD. This region is specifically required for the export function of
the chaperone, since it does not abrogate the ability of PcrH to bind to and stabilize PopB
and PopD in the cytoplasm of P. aeruginosa. The mutation also demonstrates that the
chaperone plays an active role in promoting the export of type III secretion substrates, rather
than only promoting export indirectly by presenting the secretion signals inherent in its
substrate to the T3SS. Having said that, PcrH also plays a role in specifically promoting the
export of PopD before effector secretion has been triggered. In a pcrH null mutant
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background, the ExoS(1-51)-PopD(21-295) fusion protein was only exported after effector
secretion had been triggered. PcrH therefore either directly interacts with the apparatus to
deliver translocators to the T3SS before effector secretion has been triggered, or does so
indirectly, by presenting the TES in PopD. In this context, it is interesting that mutation of
residue A290 of PopD, which, based on our crosslinking experiments is in close proximity
to PcrH, results in a TES-mutant phenotype. One possible interpretation of these data is that
the two TES domains act in concert and that PcrH serves as a scaffold to bring the two
export signals together.

We identified two translocator specific export signals that are required for secretion of PopD
before triggering of effector secretion has occurred. One signal is adjacent to the chaperone
binding site. Several substitutions in which residues 22–45 were replaced with VSV-G
epitope tags, as well as a point mutation, in which we mutated a conserved threonine residue
at position 31 of PopD, prevented export of PopD before effector secretion had been
triggered. Interestingly, a similar chaperone-proximal export signal was recently discovered
in the effector YopE (Rodgers et al., 2010). While not a secretion hierarchy determinant, this
export signal suggests that chaperone-binding domain proximal residues are generally
important for the export of both effectors and translocators.

Deletions and point mutations at the C-terminus of PopD also prevented export of PopD
before triggering of effector secretion. Depending on the mutation, some of the TES mutants
(e.g. replacing codons 35–45 with the VSV-G epitope tag, or removing the C-terminal 6
amino acids of PopD) also resulted in an overall secretion defect, demonstrating that the
TES, while responsible for targeting PopD for export before effectors also helps improve the
overall efficiency with which translocators are exported. Importantly, an intact TES is
required for efficient delivery of effectors into host cells, demonstrating that export of
translocators before effectors is an important feature of type III secretion. This observation
is consistent with our previous finding that the pore forming translocators are required for
triggering of effector secretion on cell contact. Notably, the export hierarchy is not needed to
allow the assembly of a functional translocon, since a pcr1 mutant can intoxicate cells
despite secreting effectors and translocators simultaneously. The primary function of the
export hierarchy therefore appears to be to allow the translocon to participate in sensing
host-cell contact and triggering of effector secretion.

Interactions of the C-terminus of PopD homologs with their cognate export chaperone have
been documented in two related secretion systems, those of Y. pseudotuberculosis and A.
hydrophila (Francis et al., 2000, Tan et al., 2009). In the case of Y. pseudotuberculosis, a
small deletion near the C-terminus of the protein also interfered with export of YopD, akin
to the general secretion defect we have observed with certain TES mutants (Francis et al.,
2000). At the time, these deletions were not, however, linked to establishing the
translocator-effector secretion hierarchy. Previous attempts to demonstrate an interaction of
the C-terminus of PopD with PcrH by pull-down were unsuccessful (Faudry et al., 2007). As
noted above, we were similarly not able to detect an interaction of the C-terminus of PopD
with PcrH by two-hybrid analysis and none of the TES mutants diminished the PopD-PcrH
interaction in our two-hybrid system. The interaction of the PopD C-terminus with PcrH is
therefore likely weak and transient in nature.

PopB export appears to be governed by similar export signals since truncation of the C-
terminal 20 amino acids of PopB results in a similar TES-mutant phenotype. Indeed, the fact
that the translocon operons of Y. pseudotuberculosis and Aeromonas hydrophila can be used
to complement a P. aeruginosa pcrGVHpopBD null mutant (A. Rietsch, unpublished
observation) demonstrates that the signals governing the translocator-effector secretion
hierarchy are likely a conserved feature of this class of proteins.
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In the flagellar system, which relies on a type III secretion apparatus for export of flagellar
subunits, late substrates (e.g. flagellin and the flagellar cap protein, FliD) bind to their
respective export chaperones via their C-termini (Auvray et al., 2001, Bennett et al., 2001,
Ozin et al., 2003, Muskotal et al., 2006). An argument could be made that these late
substrates of the flagellar T3SS are analogous to translocator proteins, since both are
exported in a manner dependent on a conserved specificity switch, either upon completion
of the hook basal body (flagellum) or the needle structure (virulence associated T3SS)
(Zarivach et al., 2008, Riordan & Schneewind, 2008, Edqvist et al., 2003, Lavander et al.,
2002, Ferris et al., 2005, Williams et al., 1996, Hirano et al., 1994). However, many
differences exist, including the fact that the primary site of contact between translocator
proteins and their cognate chaperone resides close to the amino-terminus of the translocator
protein (Job et al., 2010, Faudry et al., 2007, Lunelli et al., 2009), as opposed to the C-
terminus of flagellin and FliD in the flagellar system. Moreover, the flagellar chaperones fall
into a different structural class (Imada et al., 2010) and, from a functional standpoint, seem
to be more closely related to the chaperones of type III secretion needle-proteins, which
prevent premature polymerization of the needle (Quinaud et al., 2005), akin to the manner in
which FliS prevents polymerization of flagellin (Auvray et al., 2001), and also interact with
their cognate secretion substrate via the C-terminus (Quinaud et al., 2005, Sun et al., 2008).

It is as yet unclear how the export signals we have identified are parsed by the T3SS. The
simplest interpretation of our data is that export of PopD involves two steps. One step
involves the TESs and is required for export before effector secretion has been triggered.
The second step involves the N-terminal secretion signal and chaperone PcrH and is
required regardless of whether or not effector secretion has been triggered. Since secretion
substrates have been demonstrated to associate with the T3SS ATPase in a secretion signal-
dependent manner, it would seem that the N-terminal secretion signal, and likely the
chaperone interaction, are required for interfacing with the ATPase (Sorg et al., 2006, Akeda
& Galan, 2004, Akeda & Galan, 2005). What components of the T3SS the TES interacts
with is less clear. Data from several systems suggests that export of translocators depends on
auto-cleavage of homologs of P. aeruginosa PscU (Sorg et al., 2007, Riordan &
Schneewind, 2008, Zarivach et al., 2008). This is also the case in P. aeruginosa (P.C. Lee
and A. Tomalka, unpublished observation). One candidate protein therefore is PscU. Recent
evidence from S. Typhimurium, suggests that the effector and translocator proteins are
routed for export via a cytoplasmic sorting platform comprised of OrgA, OrgB and SpaO (P.
aeruginosa PscK, PscL and PscQ)(Lara-Tejero et al., 2011). Interestingly, YscK, YscL and
YscQ of Y. enterocolitica bind to the C-terminal cytoplasmic domain of YscU (YscUc). Co-
purification of these three components is either diminished or abolished if autoproteolytic
cleavage of YscU is prevented by mutation (Riordan & Schneewind, 2008). Cleavage of
PscU could therefore present a surface to which the appropriate sorting platform component
is recruited once it has bound to the PcrH-PopD complex. The order in which these two
steps occur is unclear. On the one hand, the PopD-PcrH complex could be recruited to the
T3SS via the TESs and subsequently routed to the ATPase for export (Fig. 8A). On the other
hand, in the flagellar system, it has been proposed that the chaperone-substrate complex
associates with ATPase monomers in the cytoplasm and the resulting complex is then
recruited to the flagellar T3SS export apparatus (Minamino & Namba, 2008). In this
scenario, the signal-sequence/chaperone-dependent interaction with the ATPase occurs first
and subsequent recruitment to the T3SS is mediated by the TES (Fig. 8B). More work is
needed to distinguish between these possibilities.

Our work has identified two sets of signals that govern export of PopD. Export proceeds via
a two-step process and establishes the translocator-effector secretion hierarchy that is crucial
for T3SS function.
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Experimental procedures
Media and culture conditions

E. coli strains were routinely grown at 37°C in LB medium containing 10g/l NaCl. P.
aeruginosa was grown at 37°C in a modified LB medium (LB-MC) containing 200mM
NaCl, 0.5mM CaCl2 and 10mM MgCl2. Strains and plasmids used in this study are listed in
Table 1. A549 cells were obtained from the American Type Culture Collection (lung
epithelial cell line, ATCC CCL-185) and propagated in RPMI1640 medium with 10% fetal
bovine serum.

Plasmid construction
Escherichia coli strain DH5α was used for cloning, and E. coli strain Sm10λpir was used to
mate plasmids into P. aeruginosa (both E. coli strains were derived from laboratory stocks).
pHMAL was constructed by amplifying malE from pMAL (Lee et al 2010) with a primer
encoding an (8X) His tag (HisMBP-5R) and malE-3K and cloned into pMAL to replace
malE with his-malE using EcoRI and KpnI. Primers used in this study are listed in Table S1.
Constructs designed to introduce mutations on the chromosome (cloned into the allelic
exchange vector pEXG2) were created using splicing by overlap extension (SOE) PCR
(Warrens, 1997). Internal primers (defining the mutation) and external primers (defining the
ends of the two flanking regions amplified, as well as the restriction sites used to cloned the
spliced cross-over PCR product) are listed in Table S1. PCR products were cloned into
pPSV37 and pEXG2 with EcoRI and HindIII, with the exception of popDΔ22-32::VSVG
which was cloned into existing pP37-popD with PvuI and HindIII. PCR products were
cloned into pHMAL, pBRω-GP and pACtr-VSVG-ZifAP as NotI and HindIII fragments.

Constructs to fuse popD, codons 21–295, to the C-terminus of exsE on the chromosome
were constructed by amplifying and fusing three PCR products. The 5′ flank specifying
exsE was amplified using primers 1711-5-1 and ED21exsE-5-2. The central portion
specifying popD was amplified using primers ED21popD-5-1, paired with EDpopD-3-2.
The 3′ flank was amplified using primers 1711-3-2 paired with EDexsE-3-1. All three
products were combined by splicing by overlap extension (SOE) PCR and cloned as an
EcoRI/HindIII fragment into plasmid pEXG2. These constructs were used to replace the
wild-type exsE gene with the exsE-popD(21-295) fusion. To create the popDED allele in
which the exsE open reading frame replaces codons 108-143 of popD, four PCR products
were fused. Primers 1711-5-1 and EinsDflank-5-2 were used to amplify the 5′ flanking
region. Primers EinsD-5-1 and EinsD-D5-2 were used to amplify popD codons 1-107.
Primers EinsD-E5 and EinsD-E3 were used to amplify the exsE open reading frame and
primers EinsDflank-3-1 and EinsDflank-3-2 were used to amplify the 3′ end of popD
(codons 144-289). The four PCR products were fused by two rounds of SOE PCR and
cloned as an EcoRI/HindIII fragment into plasmid pEXG2. The resultant plasmid, pEXG2-
popDED, was used to convert the chromosomal exsE-popD(21-295) fusion alleles into the
corresponding popDED alleles. Two internal deletions (Δ30-40 and Δ60-70) were
introduced into the pcrG open reading frame to increase export of the PopDED fusion
protein without altering low-calcium dependent triggering of effector secretion (P.C. Lee,
unpublished data).

To generate pEXG2-pcrH-CMyc2, flanks were amplified using primers pcrH5R and
pcrH2Myc-5-2 (5′ flank) as well as pcrH2Myc-3-1 and pcrH3-2 (3′ flank). The two flanks
were combined by SOE PCR and cloned as an EcoRI/HindIII fragment into plasmid
pEXG2.

T-COFFEE (Notredame et al., 2000) alignment of PopD homologs was performed in
MacVector (Rastogi, 2000).
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RECC Assay
The assay to Re-Establish Calcium Control, a modified secretion assay, was performed as
previously described (Cisz et al 2008, Lee et al 2010). Bacteria were grown in LB-MC with
the addition of EGTA (5mM final concentration) to induce effector secretion and up-
regulate expression of the T3SS and its secretion substrates. Cultures were removed at an
OD600 of 0.4–0.6, bacteria were pelleted and either resuspended in pre-warmed LB-MC (+
calcium condition) or LB-MC with 5mM EGTA (- calcium condition). The cultures were
then incubated for an additional 25 minutes and chilled on ice for 5 minutes before pelleting
the bacteria from 1 ml of culture and removing 0.5 ml of the supernatant into a separate
tube. The remaining supernatant was discarded and the bacteria pellet was resuspended in 1x
SDS sample buffer, normalized to an OD600 of 10. The supernatant proteins were
precipitated with trichloroacetic acid (10% final concentration), pelleted by centrifugation,
washed once with acetone, dried and resuspended in 1x SDS sample buffer to match the
concentration of the cognate cell-pellet sample. Complementation plasmids were induced to
WT levels with IPTG.

Immunoblotting
Protein was run on a 10% SDS-PAGE, transferred to PVDF membrane, blocked with 5%
milk and probed with specific antisera. Primary antibodies were detected using HRP
conjugated secondary antibodies and a chemiluminescent detection reagent (SuperSignal
West Pico (Pierce)). Exposure times for cell and supernatant fractions vary between
experiments and antibodies, but corresponding pellet and supernatants probed with the same
antibody are of the same exposure time. Antibodies to PopD, PopB and ExoT were
generated in rabbits using a commercial service (Covance). The antisera were further
purified using an affinity purification protocol. Antibodies directed against RpoA
(Neoclone), VSV-G tag (Sigma) and Myc tag (Novus Biologicals) were obtained
commercially. Quantitation of the western blot in Fig. 2 was performed using ImageJ
software (NIH).

Cytotoxicity assay
A549 cells were infected in duplicate with the indicated P. aeruginosa strains at an MOI of
50 in RPMI with 40μM IPTG and incubated at 37°C with 5% CO2 for 3.5 hours. The media
was then removed, cells were fixed with 3.7% formaldehyde in PBS for 20 minutes, washed
with PBS and visualized with a Nikon Eclipse TE200 inverted microscope. Delivery of
effectors was detected by visualizing ExoS/T-mediated cell rounding and expressed as the
percent of round vs. flat cells in a field of view. The results from four biological replicates, 3
fields of view each, were averaged.

Cysteine crosslinking
P. aeruginosa strains indicated were grown in 3 mL high salt LB with 40 uM IPTG until
OD600 = 0.3–0.4. Cells were spun down by centrifugation, resuspended in PBS with 0.5
mM CaCl2, 5 mM MgCl2 and 500 μM SMCC crosslinker (Succinimidyl-4-(N-
maleimidomethyl)cyclohexane-1-carboxylate, Thermo Scientific). Proteins were crosslinked
at room temperature, in the dark, for 30 minutes. Cells were pelleted, resuspended in 1x SDS
sample buffer and boiled for 10 minutes to create cell lysates.

pcrH mutant library screen
A silent MfeI site at codons 38–39 of pcrH was introduced by amplifying a 5′ flank with
PcrH5R-opt and H-Mfe1-5-2 and a 3′ flank with CMyc2-3H and H-Mfe1-3-1 using pP37-
pcrH-Myc as template. The two flanks were combined by SOE PCR and cloned into
pPSV37 as an EcoRI/HindIII fragment to create pP37-pcrH-Myc-MfeI. Seven individual
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pcrH-Myc mutant libraries were constructed in which the following codons were
randomized by PCR: 45, 46, 49, 50, 51, 53, 54. Fragments were amplified with Hmut45,
Hmut46, Hmut49, Hmut50, Hmut51, Hmut53 and Hmut54 paired with CMyc2-3H and
cloned into pP37-pcrH-Myc-MfeI with MfeI and HindIII. Libraries were the following
sizes: pP37-pcrH(45*)-Myc-MfeI 710 clones with 0% religation, pP37-pcrH(46*)-Myc-
MfeI 690 clones with 0% religation, pP37-pcrH(49*)-Myc-MfeI 720 clones with 0%
religation, pP37-pcrH(50*)-Myc-MfeI 1180 clones with 0% religation, pP37-pcrH(51*)-
Myc-MfeI 1160 clones with 0% religation, pP37-pcrH(53*)-Myc-MfeI 1970 clones with 0%
religation, pP37-pcrH(54*)-Myc-MfeI 2460 clones with 0% religation. Each library was
transformed individually into PAO1F ΔpcrH ΔpopBD ΔexoS::GL3 popDED
pcrGΔ30-40Δ60-70 and plated on LB with 200 mM NaCl, 10 mM MgCl2, 0.5 mM CaCl2,
30 μg/mL gentamycin, 100 μM IPTG and 75 μg/mL X-gal. Mutations in pcrH that failed to
secrete popDED were identified as pale blue colonies. These plasmids were miniprepped,
re-transformed to assure that the mutant phenotype is linked to the plasmid and sequenced.

β-galactosidase assay
P. aeruginosa strains were grown overnight in LB-MC with 15μg/ml gentamicin. The
overnight cultures were diluted 1:300 into fresh LB-MC with or without the addition of
5mM EGTA (- calcium) and grown to mid-logarithmic phase. Cells were permeabilized
with chloroform and SDS, β-galactosidase activity was assayed as previously described
(Miller, 1992). For two-hybrid analysis, E. coli KDZif1ΔZ was co-transformed with
plasmids containing Zif and ω fusions. Overnight cultures were diluted 1:300 in LB
containing 0 or 25 μM IPTG and grown to mid-log phase and processed as noted for P.
aeruginosa above. All assays were performed in triplicate with separate overnight cultures
inoculated from separate colonies.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Fig. 1. The N-terminal secretion signal does not direct export of translocators before effectors
A) Export of PopD lacking amino acid residues 2–10 or 11–21 was assayed in the presence
and absence of calcium by complementing a popD deletion mutant (ΔpopD: PAO1F ΔfleQ
ΔpopD) with plasmids expressing either wild-type PopD, or the corresponding mutant
protein and compared to export of PopD expressed from its native chromosomal location
(WT: PAO1F ΔfleQ). Cell pellet and supernatant fractions were probed with antibodies
directed against PopD, the effector ExoT, as well as the RNA polymerase alpha subunit
(RpoA, fractionation control).
B) PopD, ExoS, as well as proteins in which the secretion signals of the two proteins had
been exchanged [ExoS(1-20)-PopD(21-295) and PopD(1-20)-ExoS(21-453)] were
expressed in a strain lacking the chromosomal copies of exoS, popB and popD (PAO1F
ΔfleQ ΔexoS ΔpopBD). Export was assayed in the presence and absence of calcium. Cell
pellet and supernatant fractions were probed with antibodies directed against PopD, RpoA,
as well as the effectors ExoS and ExoT.
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Fig. 2. PopD and PopB harbor a C-terminal export signal that is required for export before
effectors and efficient secretion overall
A) PopD or PopDΔC20 (PopDΔ276-295) were expressed in trans from a plasmid in PAO1F
ΔfleQ ΔpopD or PAO1F ΔfleQ ΔpopD Δpcr1 (indicated as Δpcr1) and export of these
proteins was assayed in the presence or absence of calcium. Cell pellet and supernatant
fractions were probed with antibodies directed against PopD, the effector ExoT, as well as
RpoA.
B) PopB or PopBΔC20 (PopBΔ371-390) were expressed in trans from a plasmid in PAO1F
ΔfleQ ΔpopB or ΔfleQ ΔpopB Δpcr1 (Δpcr1) and export of these proteins was assayed in
the presence or absence of calcium. Cell pellet and supernatant fractions were probed with
antibodies directed against PopB, the effector ExoT, as well as RpoA.
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Fig. 3. The C-terminal translocator export signal (C-TES) of PopD spans residues 270-295 and is
required for delivery of effectors into host cells
A) PopD, PopDΔC6 (PopDΔ290-295) as well as point mutants PopD(A290K) and
PopD(V295E) were expressed from a plasmid in PAO1F ΔfleQ ΔpopD and secretion was
monitored in the presence and absence of calcium. PopD, ExoT and RpoA were detected in
cell pellet and supernatant fractions as indicated.
B) PopD, PopDΔC6 (PopDΔ290-295) as well as point mutants PopD(A290K) and
PopD(V295E) were expressed from a plasmid in PAO1F ΔfleQ ΔpopD Δpcr1 (Δpcr1) and
secretion was monitored in the presence and absence of calcium. PopD, ExoT and RpoA
were detected in cell pellet and supernatant fractions as indicated.
C) PopD, as well as internal, in-frame deletion mutants of PopD lacking amino acids
100-170 (Δ100-170), 150-220 (Δ150-220), 190-270(Δ190-270) and 190-280(Δ190-280)
were expressed in PAO1F ΔfleQ ΔpopD and their export was assayed in the presence and
absence of calcium. PopD, ExoT and RpoA were detected in cell pellet and supernatant
fractions as indicated.
D) A549 lung epithelial cells were infected at an MOI of 50, incubated for 3.5 hours at 37°C
while expression of popD was induced in trans. Delivery of effectors was assayed by
evaluating ExoS and ExoT-mediated depolymerization of actin, which results in cell-
rounding. The relevant genotype of the infecting strain is indicated in the top row (mock =
no bacteria added). The open reading frame encoded in the complementing plasmid is
indicated below (- = vector control).
E) Schematic representation of PopD indicating the amino-terminal secretion signal (SS),
chaperone binding domain (CBD), transmembrane domain (TM) and C-terminal
translocator export signal (C-TES). The amino acids indicating the beginning and end of
each domain are indicated below.
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Fig. 4. PcrH interacts with the C-TES of PopD
A) PopD, PopD(A290C) and PopD(V295C) were expressed in trans in PAO1F ΔfleQ
ΔpopD and secretion was monitored in the presence and absence of calcium. PopD, ExoT
and RpoA were detected in cell-pellet and supernatant fractions as indicated.
B) PopD and PopD cysteine mutants A290C and V295C were expressed as His tagged MBP
fusions in PAO1F ΔfleQ ΔexsE ΔpopD pcrH-Myc and crosslinked in vivo using the site
specific heterobifunctional cysteine crosslinker SMCC. Total cell lysates were probed with
antibodies directed against PopD and Myc (PcrH). The MBP-PopD-PcrH complex is
indicated by an arrowhead.
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Fig. 5. PcrH and the chaperone binding domain are required for export of PopD before effectors
A) Schematic representation of the two fusion proteins. ExoS(1-51, white) is fused to PopD
(21-295, grey, “21”) or PopD (96-295, grey, “96”). The two fusion partners are joined by a
linker consisting of two copies of the VSV-G protein epitope tag. The secretion signal of
ExoS (SS) as well as the chaperone binding domains of ExoS and PopD (CBD) are
indicated. The chaperone that binds to each of the cognate chaperone binding domains is
also indicated (SpcS, the export chaperone of ExoS and ExoT as well as PcrH, the export
chaperone of PopB and PopD). The location of the C-TES (TES) is noted as well. Amino
acid numbers corresponding do the domain boundaries in the native protein are indicated
below.
B) Two fusion proteins, ExoS(1-51)-VSV-G-PopD(21-295) (labeled 21), and ExoS(1-51)-
VSV-G-popD(96-295) (labeled 96) were expressed in trans in PAO1F ΔfleQ ΔexoS
ΔpopBD and PAO1F ΔfleQ ΔexoS ΔpcrHpopBD(ΔpcrH). Export was assayed in the
presence and absence of calcium. Cell pellet and supernatant fractions were probed with
antibodies directed against VSV-G(ExoS-PopD hybrid), RpoA, as well as the effector ExoT.
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Fig. 6. PopD residues adjacent to the CBD encode a translocator export signal (N-TES)
A) PopD or mutants of PopD in which amino acids 22-32, 33-43 or 35-45 had been replaced
by the VSV-G epitope tag were expressed in strain PAO1F ΔfleQ ΔpopD and assayed for
export in the presence or absence of calcium. Cell pellet and supernatant fractions were
probed for the presence of PopD, ExoT and RpoA.
B) PopD or mutants of PopD in which amino acids 22-32, 33-43 or 35-45 had been replaced
by the VSV-G epitope tag were expressed in strain PAO1F ΔfleQ ΔpopD Δpcr1 (Δpcr1)
and assayed for export in the presence or absence of calcium. Cell pellet and supernatant
fractions were probed for the presence of PopD, ExoT and RpoA.
C) T-COFFEE alignment of residues surrounding the core chaperone binding site in PopD
as well as its homologs from Yersinia pseudotuberculosis (YopD), Aeromonas hydrophila
(AopD) and Photorhabdus luminescens (LopD). The core chaperone binding domain (core
CBD), as well as the N-TES and the conserved threonine residue (T31 in PopD, arrowhead)
are indicated.
D) PopD or PopD(T31E) were expressed in trans from a plasmid in PAO1F ΔfleQ ΔpopD
or PAO1F ΔfleQ ΔpopD Δpcr1 (Δpcr1) and export of these proteins was assayed in the
presence or absence of calcium. Cell pellet and supernatant fractions were probed with
antibodies directed against PopD, ExoT or RpoA.
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Fig. 7. Alanine 49 of PcrH defines an epitope on PcrH that is required for the secretion of PopB
and PopD
A) Diagram representing the PopDED sandwich fusion protein in which amino acids
108-143 of PopD are replaced by ExsE (dark grey). Location of the N-TES, C-TES and core
chaperone binding domain (CBD) are also indicated (light grey). In wild-type P. aeruginosa,
the negative regulator ExsE is only exported via the T3SS when effector secretion is
triggered (e.g. in vitro, by removing calcium from the medium). PopDED export, on the
other hand, is controlled by the export determinants of PopD, resulting in secretion both in
the presence and absence of calcium. Accordingly, exoS expression is elevated even in the
presence of calcium in a strain in which exsE has been replaced by popDED.
B) Expression of an exoS-lacZ reporter was linked to translocator export by replacing the
exsE open reading frame with a hybrid gene encoding popD in which codons 108-143 have
been replaced with the exsE open reading frame (popD(1-107)-exsE(2-81)-popD(144-295),
popDED). Expression of the exoS-lacZ reporter was assayed either in the presence or
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absence of calcium. The relevant genotype of the strain is noted in the first line [WT:
PAO1F ΔpcrHpopBD ΔexoS::GL3(GFP-lacZ), popDED: PAO1F ΔpcrHpopBD
ΔexoS::GL3 (GFP-lacZ) pcrG(Δ30-40Δ60-70) popDED(ΔexsE::popD(1-107)-exsE(2-81)-
popD(144-295)) or popDED ΔpscD: PAO1F ΔpcrHpopBD ΔexoS::GL3 (GFP-lacZ)
pcrG(Δ30-40Δ60-70) popDED(ΔexsE::popD(1-107)-exsE(2-81)-popD(144-295)) ΔpscD].
The pcrH deletion was complemented with vector alone (-) or a plasmid encoding pcrH or
pcrH(A49D), indicated in the second line below the graph.
C) PcrH-Myc or PcrH(A49D)-Myc were expressed in strain PAO1F ΔfleQ ΔpcrH(Δ46-71),
expressing the wild type translocator proteins (and wild type ExsE). Export of PopB and
PopD was monitored in the presence or absence of calcium. Cell pellet and supernatant
fractions were probed for the presence of PopB, PopD, PcrH(Myc), ExoT and RpoA.
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Fig. 8. Model for targeting PopD for export
Two possible models for PopD export are depicted [K, PscK; L, PscL; Q, PscQ; N, PscN;
Ucc, C-terminal autoproteolytic fragment of PscU; SS, amino-terminal secretion signal; C-
and N-TES, translocator export signals).
A) The PcrH-PopD complex is targeted to the apparatus via the concerted action of the two
TES domains (C-TES and N-TES) that are held in proximity to one another by virtue of the
interaction of the C-terminus of PopD with PcrH. Subsequent to this targeting step, PopD is
delivered to the T3SS ATPase (PscN) through interactions with the secretion signal and the
domain defined by A49 of PcrH(circled A).
B) The PcrH-PopD complex binds to an ATPase component in the cytoplasm (likely bound
to PscL) in an interaction that relies on the amino-terminal secretion signal and the PcrH
domain around alanine 49 (circled A). The PcrH-PopD-ATPase complex is then targeted to
the T3SS in a TES-dependent manner.
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Table 1

Bacterial strains and plasmids used in this study.

Strain Genotype Reference

KDZif1ΔZ E. coli two-hybrid analysis strain lacking rpoZ (encoding
ω) and harboring a test promoter-lacZ fusion to detect Zif-
dependent two- hybrid interactions

(Vallet-Gely et al.,
2005)

BN469 E. coli two-hybrid analysis strain harboring a test
promoter-lacZ fusion to detect lambda cI-dependent two-
hybrid interactions

(Nickels, 2009)

RP1831 PAO1F, wild type P. aeruginosa PAO1 (Bleves et al.,
2005)

RP1865 PAO1F ΔfleQ This study

RP2937 PAO1F Δfle Q ΔpopD This study

RP3013 PAO1F Δfle Q Δpop B Δpop D This study

RP3674 PAO1F Δfle Q Δpop B This study

RP4043 PAO1F Δfle Q Δpop D Δpcr1 This study

RP4042 PAO1F Δfle Q Δpop B Δpcr1 This study

RP3711 PAO1F Δfle Q ΔexoS Δpop B Δpop D This study

RP4039 PAO1F Δfle Q ΔexoS ΔpcrH Δpop B Δpop D This study

RP5985 PAO1F Δfle Q ΔexsE Δpop D pcrH-Myc This study

RP6800 PAO1F ΔpcrH Δpop B Δpop D ΔexoS::GL3 This study

RP7655 PAO1F ΔpcrH Δpop B Δpop D ΔexoS::GL3
ΔexsE::popD(1-107)-exsE(2- 81)-popD(144-295)
pcrGΔ30-40Δ60-70

This study

RP7656 PAO1F ΔpcrH Δpop B Δpop D ΔexoS::GL3 ΔpscD
ΔexsE::popD(1-107)- exsE(2-81)-popD(144-295)
pcrGΔ30-40Δ60-70

This study

RP5795 PAO1F Δfle Q pcrHΔ46-71 This study

Plasmid Relevant Features Reference

pPSV37 colE1 oriR, gentR, PA origin, oriT, lacUV5 promoter,
lacIq, stops in every reading frame preceding the MCS
and T7 terminator following the MCS relative to the
lacUV5 promoter

(Lee et al., 2010)

pHMAL pPSV37 encoding an (8X) His tag fused to a signal-
sequenceless malE gene (codons 27–396) lacking a stop
codon followed by a polylinker to create N-terminal His-
MBP fusions, gentR

This study

pBRω-GP two-hybrid plasmid to create fusions to the C-terminus of
the ω subunit of E. coli RNAP, carb R, ColE1 oriR,
lacUV5 promoter

(Castang & Dove,
2010)

pACtr-VSVG-ZifAP two-hybrid plasmid to create fusions to the C-terminus of
Zif (zinc-finger DNA-binding domain of murine Zif268
protein), VSV-G epitope tag fused to the N-terminus of
Zif, tetR, p15A oriR, lacUV5 promoter

(Castang & Dove,
2010)

pEXG2 allelic exchange vector, colE1 origin, oriT, gentR, sacB (Rietsch et al.,
2005)

pP37-popD popD under control of the lacUV5 promoter in pPSV37 This study

pP37-popDΔ2-10 popD lacking codons 2-10 under control of the lacUV5
promoter in pPSV37

This study

pP37-popDΔ11-21 popD lacking codons 11-21 under control of the lacUV5
promoter in pPSV37

This study
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Strain Genotype Reference

pP37-exoS(1-20)-popD(21-295) codons 1–20 of exoS fused to codons 21–295 of popD,
expressed under the control of the lacUV5 promoter in
pPSV37

This study

pP37-popD(1-20)-exoS(21-453) codons 1–20 of popD fused to codons 21–453 of exoS,
expressed under the control of the lacUV5 promoter in
pPSV37

This study

pP37-popDΔC20 popD lacking codons 276-295 under control of the
lacUV5 promoter in pPSV37

This study

pP37-popB popB under control of the lacUV5 promoter in pPSV37 This study

pP37-popBΔC20 popB lacking codons 371-390 under control of the
lacUV5 promoter in pPSV37

This study

pP37-popDΔC6 popD lacking codons 290-295 under control of the
lacUV5 promoter in pPSV37

This study

pP37-popD(A290K) popD(A290K) under control of the lacUV5 promoter in
pPSV37

This study

pP37-popD(V295E) popD(V295E) under control of the lacUV5 promoter in
pPSV37

This study

pP37-popD(A290C) popD(A290C) under control of the lacUV5 promoter in
pPSV37

This study

pP37-popD(V295C) popD(V295C) under control of the lacUV5 promoter in
pPSV37

This study

pP37-popD(T31E) popD(T31E) under control of the lacUV5 promoter in
pPSV37

This study

pP37-popDΔ100-170 popD lacking codons 100-170 under control of the
lacUV5 promoter in pPSV37

This study

pP37-popDΔ150-220 popD lacking codons 150-220 under control of the
lacUV5 promoter in pPSV37

This study

pP37-popDΔ190-270 popD lacking codons 190-270 under control of the
lacUV5 promoter in pPSV37

This study

pP37-popDΔ190-280 popD lacking codons 190-280 under control of the
lacUV5 promoter in pPSV37

This study

pP37-popDΔ22- 32::VSVG popD codons 22-32 are replaced with a (1X) VSV-G tag
under control of the lacUV5 promoter in pPSV37

This study

pP37-popDΔ33- 43::VSVG popD codons 33-43 are replaced with a (1X) VSV-G tag
under control of the lacUV5 promoter in pPSV37

This study

pP37-popDΔ35- 45::VSVG popD codons 35-45 are replaced with a (1X) VSV-G tag
under control of the lacUV5 promoter in pPSV37

This study

pP37-exoS(1-51)- VSVG-popD(21-295) codons 1–51 of exoS fused to a (2X) VSV-G tag, fused to
codons 21 – 295 of popD, expressed under the control of
the lacUV5 promoter in pPSV37

This study

pP37-exoS(1-51)- VSVG-popD(27-295) codons 1–51 of exoS fused to a (2X) VSV-G tag, fused to
codons 27 – 295 of popD, expressed under the control of
the lacUV5 promoter in pPSV37

This study

pP37-exoS(1-51)- VSVG-popD(31-295) codons 1–51 of exoS fused to a (2X) VSV-G tag, fused to
codons 31 – 295 of popD, expressed under the control of
the lacUV5 promoter in pPSV37

This study

pP37-exoS(1-51)- VSVG-popD(43-295) codons 1–51 of exoS fused to a (2X) VSV-G tag, fused to
codons 43 – 295 of popD, expressed under the control of
the lacUV5 promoter in pPSV37

This study

pP37-exoS(1-51)- VSVG-popD(96-295) codons 1–51 of exoS fused to a (2X) VSV-G tag, fused to
codons 96 – 295 of popD, expressed under the control of
the lacUV5 promoter in pPSV37

This study

pP37-pcrH-Myc pcrH fused to a (2X) Myc tag at the C-terminus under
control of the lacUV5 promoter in pPSV37

This study
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Strain Genotype Reference

pP37-pcrH(A49D)- Myc pcrH(A49D) fused to a (2X) Myc tag at the C-terminus
under control of the lacUV5 promoter in pPSV37

This study

pHMAL-popD plasmid encoding His-MBP-PopD fusion protein under
control of a lacUV5 promoter

This study

pHMAL-popD(A290C) plasmid encoding His-MBP-PopD(A290C) fusion protein
under control of a lacUV5 promoter

This study

pHMAL-popD(V295C) plasmid encoding His-MBP-PopD(V295C) fusion protein
under control of a lacUV5 promoter

This study

pBRω-GP-pcrH two-hybrid plasmid encoding ω-PcrH fusion protein This study

pACtr-VSVG-ZifAP-popD two-hybrid plasmid encoding a VSV-G-Zif-PopD fusion
protein

This study

pACtr-VSVG-ZifAP-popDΔ22-32::VSVG two-hybrid plasmid encoding a VSV-G-Zif-PopD fusion
protein, codons 22-32 of popD are replaced with a (1X)
VSV-G tag

This study

pACtr-VSVG-ZifAP-popDΔ33-43::VSVG two-hybrid plasmid encoding a VSV-G-Zif-PopD fusion
protein, codons 33-43 of popD are replaced with a (1X)
VSV-G tag

This study

pACtr-VSVG-ZifAP-popDΔ35-45::VSVG two-hybrid plasmid encoding a VSV-G-Zif-PopD fusion
protein, codons 35-45 of popD are replaced with a (1X)
VSV-G tag

This study

pACtr-VSVG-ZifAP-popDΔ58-68::VSVG two-hybrid plasmid encoding a VSV-G-Zif-PopD fusion
protein, codons 58-68 of popD are replaced with a (1X)
VSV-G tag

This study

pACtr-VSVG-ZifAP-popD(T31E) two-hybrid plasmid encoding a VSV-G-Zif-PopD(T31E)
fusion protein

This study

pACtr-VSVG-ZifAP-popDΔC6 two-hybrid plasmid encoding a VSV-G-Zif-PopDΔC6
fusion protein

This study

pACtr-VSVG-ZifAP-popD(V295E) two-hybrid plasmid encoding a VSV-G-Zif-PopD(V295E)
fusion protein

This study

pACtr-VSVG-ZifAP-popD(A290K) two-hybrid plasmid encoding a VSV-G-Zif-
PopD(A290K) fusion protein

This study

pACλcI35 two-hybrid plasmid to create fusions to the C-terminus of
lambda cI

(Dove &
Hochschild, 2004)

pBRα35 two-hybrid plasmid to create fusions to the C-terminus of
RNAP alpha

(Dove &
Hochschild, 2004)

pACλCI35-popD two-hybrid plasmid encoding a cI-PopD fusion protein This study

pACλCI35-popD(1- 146) two-hybrid plasmid encoding a cI-PopD(1-146) fusion
protein

This study

pACλCI35-popD(58- 295) two-hybrid plasmid encoding a cI-PopD(58-295) fusion
protein

This study

pBRα35-pcrH two-hybrid plasmid encoding an alpha-PcrH fusion
protein

This study

pEXG2-ΔexoS::GFP- lacZ allelic exchange vector which deletes exoS and inserts
translationally coupled versions of GFP and lacZ in its
place

(Rietsch et al.,
2004)

pEXG2-Δfle Q allelic exchange vector designed to delete codons 4-487 of
fleQ

This study

pEXG2-Δpop D allelic exchange vector designed to delete codons 3-268 of
popD

(Cisz et al., 2008)

pEX-Δpop B pEXGW plasmid with popB deletion allele (deletes
codons 22-364 of popB)

(Sundin et al.,
2002)

pEXG2-Δpop BΔpop D allelic exchange vector designed to delete from popB
codon 3 to popD codon 268

(Sun et al., 2010)
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Strain Genotype Reference

pEXG2-Δpcr1 allelic exchange vector designed to delete codons 10-81 of
pcr1

This study

pEX-ΔexoS pEXGW plasmid with exoS deletion allele (Vance et al., 2005)

pEXG2-ΔpcrHΔpop BΔpop D allelic exchange vector designed to delete from pcrH
codon 5 to popD codon 268

This study

pEXG2-ΔexsE allelic exchange vector designed to delete codons 3-80 of
exsE

(Rietsch et al.,
2005)

pEXG2-pcrH-Myc allelic exchange vector designed to introduce a (2X) Myc
tag at the C- terminus of pcrH

This study

pEXG2-pcrGΔ30- 40Δ60-70 allelic exchange vector designed to delete codons 30-40
and 60-70 of pcrG

This study

pEXG2-ΔexsE::popD(1-107)- exsE(2-81)- popD(144-295) allelic exchange vector designed to make a functional
sandwich fusion of popD (codons 1-107, 144-295) and
exsE (2-81)

This study

pEXG2-ΔpscD allelic exchange vector designed to delete codons 39-410
of pscD

(Sun et al., 2010)

pEXG2-pcrHΔ46-71 allelic exchange vector designed to delete codons 46-71 of
pcrH

This study
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