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ABSTRACT The progression of cystic fibrosis (CF) from an acute to a chronic dis-
ease is often associated with the conversion of the opportunistic pathogen Pseu-
domonas aeruginosa from a nonmucoid form to a mucoid form in the lung. This
conversion involves the constitutive synthesis of the exopolysaccharide alginate,
whose production is under the control of the AlgT/U sigma factor. This factor is reg-
ulated posttranslationally by an extremely unstable process and has been commonly
attributed to mutations in the algT (algU) gene. By exploiting this unstable pheno-
type, we isolated 34 spontaneous nonmucoid variants arising from the mucoid strain
PDO300, a PAO1 derivative containing the mucA22 allele commonly found in mu-
coid CF isolates. Complementation analysis using a minimal tiling path cosmid li-
brary revealed that most of these mutants mapped to two protease-encoding genes,
algO, also known as prc or PA3257, and mucP. Interestingly, our algO mutations were
complemented by both mucP and algO, leading us to delete, clone, and overexpress
mucP, algO, mucE, and mucD in both wild-type PAOT and PDO300 backgrounds to
better understand the regulation of this complex regulatory mechanism. Our find-
ings suggest that the regulatory proteases follow two pathways for regulated in-
tramembrane proteolysis (RIP), where both the AlgO/MucP pathway and MucE/AlgW
pathway are required in the wild-type strain but where the AlgO/MucP pathway can
bypass the MucE/AlgW pathway in mucoid strains with membrane-associated forms
of MucA with shortened C termini, such as the MucA22 variant. This work gives us a
better understanding of how alginate production is regulated in the clinically impor-
tant mucoid variants of Pseudomonas aeruginosa.

IMPORTANCE Infection by the opportunistic pathogen Pseudomonas aeruginosa is
the leading cause of morbidity and mortality seen in CF patients. Poor patient prog-
nosis correlates with the genotypic and phenotypic change of the bacteria from a
typical nonmucoid to a mucoid form in the CF lung, characterized by the overpro-
duction of alginate. The expression of this exopolysaccharide is under the control an
alternate sigma factor, AlgT/U, that is regulated posttranslationally by a series of
proteases. A better understanding of this regulatory phenomenon will help in the
development of therapies targeting alginate production, ultimately leading to an in-
crease in the length and quality of life for those suffering from CF.
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seudomonas aeruginosa is a Gram-negative opportunistic pathogen capable of

thriving in a variety of environments. Due to its ability to adapt and infect, P.
aeruginosa is commonly found in immunocompromised patients as well as those with
cystic fibrosis (CF). In about 80% of patients with CF, P. aeruginosa can be found in the
respiratory tract, leading to multiple complications and ultimate deterioration of the
lung (1). One of the mechanisms of survival of P. aeruginosa in the lungs of CF patients
is its ability to overproduce alginate, a capsule-like linear copolymer composed of
B-p-mannuronic acid and a-L-guluronic acid (2). Following colonization of the CF lung,
P. aeruginosa mucoid colonies emerge characterized by a phenotypic change from an
Alg~ nonmucoid state to an Alg™ mucoid colony morphology (3, 4). Although the
selective pressures that drive the conversion of P. aeruginosa from a nonmucoid to a
mucoid state are not fully understood, it has been shown that exposure of nonmucoid
strains to activated polymorphonuclear leukocytes (PMNs) or low levels of hydrogen
peroxide can result in mucA defective mucoid variants (5). Other authors have reported
that antimicrobial peptides (6), carbon, nitrogen, or phosphorus starvation (7), or
estradiol (8) could also induce mutations in mucA leading to mucoidy. The presence of
mucoid colonies is indicative of the onset of chronic infection and a poor patient
prognosis (9).

The master regulator of alginate production is 022, also known as AlgT/U (10). It
presents 65% similarity to the sigma factor oF, responsible for the stress-mediated
response in Escherichia coli (11, 12). AlgT/U is sequestered in the cytoplasm by the
negative regulator MucA, known as the anti-sigma factor, located across the inner
membrane (13-15). The mucA gene, in the algT (algl) mucABCD operon (16), has been
identified as the major site for mutations present in mucoid strains isolated from the CF
lung, with such mutations usually localized to the 3" end of the gene (17, 18). Many of
these mutations, which cause alterations in the C terminus of the protein, affect the
interaction of MucB with MucA in the periplasmic space, causing degradation of MucA
by sequential proteases and leading to the release of AlgT/U, resulting in the overex-
pression of alginate (14, 15, 19).

The production of alginate is regulated by the degradation of MucA in a manner
similar to that for the E. coli of stress response pathway (20, 21). Sequential
proteolytic cleavage of MucA (E. coli RseA) is initiated by the accumulation of
envelope proteins, such as MucE containing the C-terminal amino acid sequence
WVF (Fig. 1) (20). This signature sequence, along with C-terminal signatures YVF,
LVF, WIF, and WVW, is necessary to interact with the intramembrane-cleaving
(I-CLiP) site 1 serine protease AlgW. The MucE-AlgW interaction is required for AlgW,
the E. coli DegS homolog, to perform primary cleavage of MucA (20, 22). This
cleavage liberates MucB from the carboxyl terminus of MucA, allowing the site 2
zinc metalloprotease MucP to further degrade MucA (20, 21). MucP shows 63%
similarity to the RseP/Yael protease in E. coli that is responsible for cleavage of RseA
within the inner membrane (21, 23). The residual MucA protein, located in the cytoplasmic
space, is then finally degraded by the protease complex ClpXP, allowing activation of
AlgT/U; this process is aided by the SspA protein (24, 25).

In addition to the proteases AlgW, MucP, and ClpXP, involved in the degradation of
MucA, two other proteases have been shown to take part in the regulation of alginate
production. The serine protease MucD presents 57% similarity and 39% identity to the
E. coli protein HtrA (DegP) (25-27). MucD has been shown to be a negative regulator
of alginate production as well as a positive regulator of high-temperature stress (26). It
has been postulated that MucD regulates alginate production by removing accumu-
lated proteins such as MucE that can activate proteolytic degradation of MucA (20). The
second protease shown to be involved in alginate production is the serine protease
AlgO (also known as Prc) (28, 29). AlgO shows 42% similarity to the E. coli periplasmic
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FIG 1 Regulated intramembrane proteolysis pathway of P. aeruginosa. The C-terminal WVF motif of MucE indirectly activates
the AlgW protease to cleave MucA. This cleavage requires the removal of the MucB protein from the MucA C terminus.
Subsequent cleavage of MucA is performed by the AlgO and MucP proteases, which releases the AlgT/U sigma factor. Further
processing by SspA, ClpX, and ClpP removes the remaining MucA fragment, allowing AlgT/U to interact with RNA polymerase
(RNAP) and begin transcription of the alginate pathway genes. This process is negatively regulated in the periplasmic space
by MucD. In the mucoid mucA22 mutant, the truncated C terminus of the protein is not bound by MucB, allowing for cleavage
by the AlgO protease (see the text for details). The cleaved MucA22 protein is then processed by SspA, ClpX, and ClpP. Both
wild-type and MucA22 pathways also undergo regulation by the LptD outer membrane protein (46). AlgO, MucD, AlgW, and
MucP all contain PDZ domains (yellow boxes) involved in protein-protein interactions. Scissors indicate proteolytic cleavage
of MucA or MucA22 by AlgW (green), AlgO (burgundy), and MucP (orange).
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protease Prc (Tsp), shown to be involved in stress response and processing of carboxyl
termini of target proteins (29-31). AlgO does not share similar functions with E. coli Prc
and has no effect on antibiotic resistance or heat shock response (29). However, its
involvement in alginate production is clear, since loss of AlgO in an Alg™ mucA mutant
strain renders the strain nonmucoid (28, 29).

In this study, we further characterize the remaining suppressors of alginate produc-
tion (sap) mutants isolated from P. aeruginosa strain PDO300 (5, 29). These suppressors
were isolated by growing a defined PAOTmucA22 mucoid strain (PDO300) without
aeration, a stressful condition that selects for mutations that revert the metabolically
demanding mucoid condition to a nonmucoid phenotype. The majority of these
mutations were mapped to either algT (algU) or to one of two protease-encoding genes
known to be involved in the regulation of alginate production, leading us to further
explore the role of these proteases in alginate regulation. This study explores the
potential regulatory cascade involving proteases using precise in-frame deletions and
overexpression of the various genes known to be involved in alginate regulation.

RESULTS

Characterization of sap mutants by cosmid complementation. Previously, 34
nonmucoid revertants (sap mutants) were isolated by growing a defined PAOmucA22
mutant (Alg* PDO300) without aeration, a condition for this facultative aerobe that
selects for nonmucoid revertants (29). Fourteen sap mutants were found to harbor
unidentified mutations in algT (algU), and the three remaining mutants are currently
being characterized. DNA sequence analysis had previously mapped the mutation in
another sap mutant, sap22, to be in PA3257 (29), which encodes the periplasmic
protease AlgO (29), also known as Tsp/Prc (28). To identify mutations in the remaining
16 sap mutants, each strain was complemented with the PAO1 minimal tiling path
(MTP) library which had been previously divided into four pools (29). The mucoid
phenotype was restored in several mutants. Two sap strains, sap17 and sap20 strains,
were chosen for further characterization, since both were complemented with an identical
cosmid (pMO013722) containing PAO1 genomic sequences from coordinates 4068269 to
409343, encompassing a total of 21 open reading frames (ORFs) (Fig. 2A and B).

To map the ORF in the cosmid responsible for restoration of the mucoid phenotype, the
cosmid was subjected to transposon (Tn) mutagenesis using EZ:TN (32, 33). The mu-
tagenized library was introduced into sap17 and sap20 strains, and transconjugants were
screened for loss of the mucoid phenotype, indicating a Tn disruption of the complement-
ing gene on the cosmid. The mutagenized cosmid was then isolated from P. aeruginosa and
introduced into E. coli for further identification. The gene responsible for the loss of the
mucoid phenotype was mapped to PA3649 (mucP) by sequencing of the Tn junction, which
indicated an insertion between nucleotides 599 and 600 of the mucP coding sequence (Fig.
2A; see also Fig. S1 in the supplemental material). The restoration of the mucoid phenotype
was further confirmed by alginate quantification using the carbazole assay (34). PAO1,
sap17, and sap20 strains containing the empty vector pLAFR3 produced negligible amounts
of alginate as well as PAO1 without vector (Fig. 3A). The introduction of an algT (algU)-
expressing plasmid induced alginate production in PAO1 but not in the sap17 and sap20
mutants, confirming the initial observations that these particular sap mutants were not
complemented by AlgT/U (29) (Fig. 3A). PDO300 and the two sap mutants possessing
pPMO013722 produced significant amounts of alginate compared to the nonmucoid con-
trols (Fig. 3A), and these levels were reduced in the sap mutants containing the transposon-
mutagenized cosmid (Fig. 3B).

Complementation of sap17 and sap20 strains with mucP. To confirm that the
restoration of the mucoid phenotype in sap77 and sap20 mutants was due to mucP, a
plasmid carrying mucP under the control of the P,,. promoter (pMucP) was introduced into
these strains. The mucoid phenotype was restored in both sap mutants, whereas comple-
mentation with the vector control remained nonmucoid (Fig. S1).

It was observed that after the introduction of pM0O013722 into PDO300, the
alginate levels were slightly reduced compared to those of the original mucoid
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FIG 2 Complementation of sap17 and sap20 mutants with cosmid pMO013722 on LBTc plates. (A) The P. aeruginosa genes
found in cosmid pMO013722 (corresponding to nucleotides 4068269 to 409343 of the PAO1 genome) are shown. The red
symbol indicates the position of the EZ::Tn transposon insertion. (B) Phenotype of wild-type, mutant, and complemented
strains inoculated on LB plates. The parental PDO300 strain displays a mucoid phenotype which is lost in the sap mutants
but restored upon transformation of pMO013722. The prototypic PAO1 strain, transformed with the empty vector plasmid
pLAFR3, is included as a nonmucoid control. Cells were streaked on LB plates containing tetracycline and were incubated
at 37°C for 24 h.

strain (Fig. 3A). Similarly, introducing pMucP into sap17 and sap20 strains increased
the alginate levels, but these levels decreased with increasing concentrations of isopropyl-
B-p-thiogalactopyranoside (IPTG) (Fig. 3B). In fact, the highest levels of alginate in the
pMucP-complemented mutants were found at an IPTG concentration of 0 mM, which still
produces small amounts of MucP due to the inherent leakiness of the P, promoter (35).
This suggests that an optimal amount of MucP is required for alginate production, and
levels that exceed this amount produce less alginate in the complemented strain. To
determine if this phenotype was strain dependent, the pMucP plasmid was introduced
into a CF P. aeruginosa mucoid strain, PA2192 (36). This clinical isolate contains a more
stable mucA mutation that is different from the one found in PDO300 (37). The PA2192
parental strain’s alginate levels were measured to be 1,303 g ml~", while in
PA2192(pMucP) at 1 mM IPTG, the levels were significantly decreased to 746 ug ml—’
(Fig. 3C). Thus, overexpression of mucP suppresses alginate production in the mucoid
clinical isolate as well as in PDO300. The pMucP plasmid was also introduced into PAO1
as a negative control. PAO1 (pMucP) remained strictly nonmucoid, suggesting that the
effect of overexpression of the mucP gene was specific to strains carrying mucA
mutations only (Fig. 3C).

Mapping the sap17 and sap20 mutations. Our results suggested that the sap17
and sap20 strains harbored a mutation within mucP. Sequence analysis of the sap20
strain revealed a single-nucleotide deletion of a guanine (G) at nucleotide 1174,
resulting in a frameshift mutation after amino acid (aa) 391 (mucP392) and resulting in
premature termination at codon 437 (Fig. S2). Interestingly, no mutation was found in
the mucP gene in the sap17 mutant.

sap17 strain harbors a mutation in algO. The absence of mutations in the mucP
gene in the sap17 strain suggested that MucP could overcome the defect by a
compensatory mutation elsewhere. Since it is known that multiple proteases play a key
role in the degradation of MucA (20), it was hypothesized that sap17 had a mutation in
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FIG 3 Alginate levels in P. aeruginosa strains. Assays were performed in triplicate, and statistics
were calculated using the two-tailed Student t test; asterisks indicate P values of <0.05 (A) Alginate levels of
wild-type (PAO1), mucoid (PDO300), sap17, and sap20 overnight LB cultures were measured using the uronic
acid assay standardized with purified sodium alginate, expressed in micrograms of alginate per milliliter
of culture supernatant. Strains lacked plasmid (No Vector), contained plasmid pLAFR3 (Vector), contained
pMO013722 (pCosmid), or contained pJG293 (pAlgT/V) as indicated. (B) sap mutants containing pLAFR3
(Vector), pM0O013722 (pCosmid), pMO013722 containing the transposon insertion (pCosmid:Tn), pMF54
(P, Vector), and pLVF54 containing mucP (P, .-mucP) were grown overnight in LB medium containing
carbenicillin (except the no vector control) and induced at the indicated IPTG concentrations. (C)

(Continued on next page)
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a different protease involved in alginate regulation, and overproduction of MucP
compensated for such a mutation. A mutation in the gene encoding the AlgO protease
was previously characterized in a sap mutant (29), leading us to consider that our
cloned mucP plasmid is able to complement AlgO. To test this hypothesis, pAlgO, a
plasmid encoding the AlgO protease, was introduced into the sapi7 strain. The
presence of pAlgO restored the mucoid phenotype, suggesting a defect in algO is
causing the phenotype observed in the sap77 mutant (data not shown).

Analysis of other sap mutants. To determine if the remaining 14 sap mutants
harbored mutations in algO or mucP, pAlgO and pMucP were introduced into the sap
mutant strains and screened for the restoration of the mucoid phenotype. The mucoid
phenotype was rescued in the presence of pAlgO in 11 of the mutants and in all 14
mutants in the presence of pMucP (data not shown). The algO and mucP genes in the
remaining mutants were sequenced, revealing four novel mutations in algO and three
novel mutations in mucP (Fig. S2 and S3).

Analysis of the algO alleles. AlgO, previously referred to as Prc or PA3257, is a
698-aa periplasmic protein with a predicted molecular weight of 78.2 kDa (29). The
protein possesses a signal sequence from residues 1 to 23 and contains a PDZ domain
involved in protein-protein interactions at positions 245 to 315, an S41 peptidase
domain at positions 370 to 544, and a tail-specific protease C-terminal domain at
positions 548 to 690 (Fig. 4A). Sequence analysis revealed the mutation in the sap16,
sap17, sap23, sap24, and sap25 strains was due to a substitution of an adenine (A) for
a cytosine (C) at nucleotide 1499 of algO (Fig. S3). The mutation in this allele (algO500)
corresponds to a glutamine (Q)-to-proline (P) substitution at amino acid 500 (Fig. S3),
placing the mutation in the peptidase catalytic domain (Fig. 4A) (29). In addition,
analysis of the sap46 and sap47 mutations revealed a guanine (G)-to-A substitution at
nucleotide 1515, creating allele algO576 and resulting in an amino acid change at
residue 516 from a glycine (G) to aspartic acid (D) (Fig. S3), also within the catalytic
domain of this protein (Fig. 4A).

The mutations in sap26, sap27, and sap31 strains were mapped to the same position
as sap22 (29), where an insertion of a thymine (T) nucleotide at position 321 led to a
frameshift mutation occurring after amino acid 106 and early termination of the protein
at codon 320 (algO107) (Fig. S3). In the case of the sap32 strain, a deletion of nine
nucleotides between positions 1005 and 1013 in algO was identified, changing the
amino acid sequence at residue 336 and resulting in an in-frame deletion of three
amino acids (alg0336) (Fig. S3). This change maps to a region between the PDZ domain
and the catalytic domain, suggesting that this intervening region is important for AlgO
activity (Fig. 4A). The sap42 mutation was found to be due to a G-T substitution at
nucleotide 163, resulting in a stop codon at residue 55 (algO55) (Fig. 4A and Fig. S3).

sap20, sap27, sap30, and sap36 strains harbor mutations in mucP. PA3649
(mucP) is a 1,353-bp ORF encoding a 48-kDa protein which shows 63% identity to the
E. coli inner membrane metalloprotease RseP/YaelL (38, 39). TMpred analysis (40) of the
450-aa MucP sequence reveals the presence of four possible transmembrane helices
and one membrane-associated B-loop domain (Fig. 4B). A conserved HEXXH metallo-
protease zinc-binding motif (41) is found at positions 21 to 25, and the regions between
amino acids 111 to 190 and 211 to 287 correspond to PDZ binding domains implicated
in protein-protein interactions and C-terminus processing (42, 43). An RIP motif (38) is
located between amino acids 401 and 403. The mucP sequence in the sap21 strain
showed the presence of the same mutation as that found in the sap20 strain. This
mutation corresponds to a single-nucleotide guanine (G) deletion at nucleotide 1174,
resulting in a frameshift mutation starting after codon 391 and premature termination

FIG 3 Legend (Continued)

Wild-type PAO1 and mucoid strains PDO300 and PA2192 were transformed with the mucP-containing
pLVF52 plasmid and grown in LB broth containing carbenicillin with increasing concentrations of IPTG.
The inset image indicates the mucoid phenotype of pLVF52-transformed PA2192 in the presence and
absence of 1 mM IPTG.
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FIG 4 Linear representations of the AlgO (A) and MucP (B) proteins and their mutant variants. Signal sequence (SS),
zinc-binding (Zn-BS), protein-protein association (PDZ), transmembrane (TM), catalytic and tail-specific protease
(TSP), and RIP motif domains are indicated. Changes in the sequence due to frameshifting or single-amino-acid
changes are indicated in grey (AlgO) and pink (MucP), and the specific deletion in AlgO336 is indicated as a gap
in the sequence. The positioning of MucP in the inner membrane is indicated at the bottom of panel B. The
zinc-binding and RIP metalloprotease motifs are indicated as HEFGH and LDGG, respectively. The C1N and MRE
B-loop domains (62) are situated between TM1 and TM2, respectively. The conserved motif of the MRE B-loop (63)
is indicated as PLGG.

at codon 437 (mucP392) (Fig. 4B and Fig. S2), mapping to the final transmembrane
domain of the protein. The sap30 sequence revealed a nucleotide insertion of a
cytosine (C) at nucleotide 475 of mucP, leading to a frameshift mutation after residue
158 and early termination of the protein at codon 366 (mucP159) (Fig. 4B and Fig. S2).
The mutation in the sap36 strain was found to be due to a seven-nucleotide deletion
between positions 910 and 917 of mucP, resulting in a frameshift mutation starting
after codon 303 and a premature termination of the protein at codon 317 (mucP304)
(Fig. 4B and Fig. S2).

Roles of AlgO and MucP in alginate production. The observation that the majority
of our sap mutants mapped in either algO or mucP, plus the fact that MucP overpro-
duction could compensate for the loss of either AlgO or MucP function, led us to
examine the role of all of the proteases and regulatory factors of the RIP pathway of P.
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TABLE 1 Alginate phenotype in mutant strains
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Phenotype of:

Strain and No-vector ERED il iy

genotype control NON IND NON IND NON IND

pAlgO

pMucP

NON

IND

NON IND

PAO1
Wild type - - - -
AmucE - - - -
AalgO - - - -

+ +

Aalgw - - - - - - -

PDO300
Wild type + + + +
AmucE
AalgO - - - -
AalgW - - - -

+

+

+

+
I+ + +

[

[

+ 4+ + +

N/G
N/G

N/G
N/G

+ 4+

aNON, noninduced; IND, induced with 1 mM IPTG; N/G, no growth; +, mucoid; —, nonmucoid.

aeruginosa using a holistic approach. Precise in-frame deletions of genes encoding
proteases and regulatory factors were constructed in PAO1 and PDO300. In addition,
the algO, mucP, and mucD protease-encoding genes, along with the regulatory factor-
encoding mucE gene, were cloned in plasmids with a controllable promoter. This
permitted the controlled expression of each gene in wild-type and deletion strains,
demonstrating which factors were required for inducing mucoidy (Alg™) in PAO1 and
what led to the loss of mucoidy (Alg™) in PDO300.

MucE-induced mucoidy in PAO1 requires AlgO and AlgW. The results of the
complementation analysis in PAO1 showed that the deletion of mucE, algO, and algW
did not alter the nonmucoid phenotype of the parental PAO1 strain (Table 1). No
change was observed when vector pMucD, pAlgO, pAlgW, or pMucP was introduced
into either of these deletion mutants. Only the presence of the pMucE plasmid resulted
in @ mucoid phenotype when the plasmid was induced in either the wild-type or in the
muckE deletion background, suggesting that increased amounts of MucE was the cause
of this phenotype and required the presence of either AlgO or AlgW. This suggests that
MucE works alongside AlgO to activate AlgW's cleavage of MucA.

AlgO and MucP can overcome loss of mucoidy in PDO300 AalgO and AalgW
strains. In PDO300 (Table 1), the Alg™* phenotype was retained when all plasmids were
introduced into the strain, and no change was observed in the presence or absence of
IPTG induction. Deletion of algO or algW abolished the mucoid phenotype of PDO300,
which was rescued by the presence of algO or mucP on a complementing plasmid
(Table 1). In addition, the overexpression of mucE could rescue the mucoid phenotype
in algO deletion mutants but not in algW deletion mutants. This shows that both AlgO
and AlgW are required for mucoidy, presumably to perform the initial cleavage of
MucA; overexpression of mucP may overcome this by allowing second-site cleavage to
occur independently of AlgW/AlgO-mediated first-site cleavage. The overproduction of
MucE can also overcome the nonmucoid phenotype of the PDO300 AalgO strain, most
likely by increased activation of AlgW proteolytic activity.

In the mucE deletion background, the nonmucoid phenotype was only observed
when pMucD was present, whether induced or not. Interestingly, induction of pAlgO
and pMucP in the mucE mutant inhibited growth in these strains. This phenotype was
also observed in the algO deletion strain, suggesting that the overproduction of these
proteins in these backgrounds interferes with some essential cellular process. In this
strain, the mucoid phenotype was only observed in the presence of the induced pMucE
plasmid or with the uninduced pAlgO or pMucP plasmid. Taken together, these results
show that in PDO300, mucoidy requires the presence of AlgO and AlgW, but this
requirement can be overcome by the overproduction of the AlgO or MucP protease, or,
in certain cases (algO deletion mutant), MucE. In addition, the loss of MucE, coupled
with the slight overexpression of mucD, can also inhibit mucoidy in the PDO300 strain,
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confirming MucD’s negative regulatory role in this process (26). This also suggests that
the target of MucD is not MucE and is more likely to be a protein involved in the later
stages of RIP.

DISCUSSION

Alginate overproduction by P. aeruginosa in the CF lung has been delineated as the
leading cause of morbidity and mortality in these patients. Therefore, it is crucial to
further understand the molecular mechanisms of alginate regulation. MucA, the anti-
sigma factor responsible for regulation of the sigma factor AlgT/U, has been identified
as the major site of mutations in mucoid strains isolated from the CF lung (5, 15). These
mutations lead to instability in MucA, allowing AlgT/U to promote the expression of the
biosynthetic operon, resulting in the overproduction of alginate (14). This study ex-
plores the regulatory pathway leading to the degradation of MucA, which leads to the
release of AlgT/U. An isogenic PAO1 derivative was used which is constitutively Alg™
due to the replacement of the mucA gene with mucA22, a common allele found in
mucoid CF isolates (5). Thirty-four nonmucoid revertants were isolated after growing
PDO300 under low-oxygen tension; 14 were found to be in algT (algV), three were
uncharacterized, and the remaining 17 mutants were analyzed in this study. Four of
these mutants mapped to mucP and the remaining 13 mapped to algO (see Fig. ST and
S2 in the supplemental material). These 13 algO mutants were complemented in trans
by plasmids expressing either algO or mucP. The mucP mutants were complemented by
a mucP-expressing plasmid; the pAlgO plasmid failed to complement these strains,
suggesting MucP acts downstream of AlgO. Similar results were observed where a
majority of mutations that suppressed the mucA22 mutation mapped to algT (algU) or
algO (28, 52). However, these authors did not observe any suppressor mutations that
mapped to mucP, most likely due to the small number of mutants obtained in their
study.

Interestingly, two of the mucP alleles identified here involved a string five Gs. The
ubiquitous mucA allele, mucA22, found in most clinical CF isolates (40%), is also due to
a loss of a G in a homopolymeric tract of 5 Gs that is prone to single-nucleotide deletion
(5, 17, 53-55). The mucP sequence has five such homopolymeric tracts, all of them at
the 3’ end of the gene. It is becoming increasingly recognized that prokaryotes have
evolved to use these homopolymeric tracts, which mutate at a higher frequency, for the
efficient inactivation of genes; these poly(G) tracts tend to occur at the 3’ ends of
coding regions (56). P. aeruginosa PAO1 has two copies of nine-nucleotide poly(G)
tracts and 706 copies of the 6-G tract. This is also the first report where the second-site
alginate suppressor mutations were mapped to mucP in P. aeruginosa.

The mucP-complemented sap17 and sap20 mutants were quantified for alginate
production with the original cosmid, the transposon-inserted cosmid, and a plasmid
expressing mucP under IPTG control (Fig. 3B). Strains that had an observable mucoid
phenotype produced significantly higher levels of alginate than nonmucoid strains.
Interestingly, IPTG-induced overproduction of MucP produced slightly less alginate
than noninduced plasmids (Fig. 3B), suggesting the increased levels of MucP are slightly
inhibitory although still greater than that observed in the vector and nonvector
controls. A similar phenomenon was observed when pMucP was expressed in the P.
aeruginosa PA2192 clinical CF isolate (Fig. 3C), suggesting that this observation is not
strain dependent. Further analysis is required to determine if this is a regulatory effect
or simply due to growth inhibition due to MucP or AlgT/U overproduction in the
mucoid strains.

Our results suggest that MucP is acting downstream in the regulatory pathway and
can overcome the loss of AlgO found in most of the sap mutant strains. To further
elucidate the regulatory cascade of alginate production, several precise in-frame dele-
tions were constructed of the various players involved in MucA proteolysis. Although
the specific signal that initiates the cascade that results in the mucoid phenotype has
not been well characterized, MucA degradation occurs via RIP (20, 25, 28). This
proteolytic cascade occurs in a manner similar to that of degradation of RseA in E. coli
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involved in the oF stress response (20). In E. coli three proteases, DegS (P. aeruginosa
AlgW), RseP (P. aeruginosa MucP), and ClpXP (P. aeruginosa ClpXP), degrade RseA (P.
aeruginosa MucA) in a sequential manner that results in the release of oF (P. aeruginosa
AlgT/U). Current literature suggests that MucE interacts with AlgW, a transmembrane
serine protease, and activates this protein to initiate cleavage of MucA (20, 22). These
are based on experiments showing that both MucE and AlgW are necessary for the
cleavage of MucA in vitro. Our results agree with previous literature showing that
overexpression of mucE in PAOT causes mucoidy and mucE overexpression in the algW
deletion mutant does not (Table 1) (20). This is consistent with the requirement of AlgW
and MuckE in the initial degradation of MucA. However, we also observed the loss of the
mucoid phenotype when mucE was overexpressed in the PAOAalgO strain. This is
different from what was observed by Qiu et al. (20), who did not see suppression of
mucE-overexpressed mucoidy in algO mutant backgrounds. It is possible that the AlgO
requirement we observed was due to lower levels of MucE expression in our strains,
whereas the very high levels of MucE produced by Qiu et al. allow it to overcome this
requirement. We therefore suggest that MucE does not interact directly with AlgW but
rather in concert with AlgO to expose MucB-bound MucA for cleavage by AlgW.

In the Alg™ mucA22 mutant strain PDO300, deletion of the mucE coding sequence
did not result in loss of the mucoid phenotype, suggesting that other factors are
required to help initiate MucA degradation or that MucE does not interact with AlgW
in maintaining mucoidy in this mucA mutant. Other signaling motifs besides those
found in MucE have been shown to activate the degradation cascade (20), showing that
there is still much to be elucidated. Another phenotype observed was that overexpres-
sion of mucE in the nonmucoid PDOAalgO strain restored the mucoid phenotype to
that of PDO300. Although contradictory to the results seen for the PAOAalgO strain, this
could be explained by the fact that in a PDO300 background, the altered MucA protein
has a reduced interaction with MucB which, in turn, alleviates AlgO from its role with
MucE to expose MucA, allowing it to perform differently in this mucA mutant strain.
MucE alone might be enough to expose MucA for cleavage or may interact with
another factor to help activate MucA degradation. After the introduction of pMucD into
the mucoid PDOAmucE strain, a loss of the mucoid phenotype was observed. It has
been suggested that the target of MucD is MucE, which acts to remove the WVF
signaling peptide to prevent the activation of AlgW and, ultimately, release of AlgT/U.
Our results suggest that the target of MucD is elsewhere in the periplasm, as a change
in phenotype in the absence of MucE was observed when MucD was overproduced. In
fact, even slight overproduction of MucD was sufficient to block mucoidy in all of the
mutants we constructed. One possible target of MucD is AlgO, as MucD overproduction
mimics the phenotype obtained in PDO300 algO mutants.

Overproduction of AlgO and MucP in mucE and algO deletion mutants resulted in
growth inhibition. The precise nature of this inhibition is still under study. Since one of
the proteins is periplasmic and the other is membrane bound, one cannot say that the
effect is solely due to the disruption of the cell membrane due to MucP accumulation.
It is more likely that the overproduction of these factors either competes or interferes
with an essential process in mucoid strains. It is also noteworthy that AlgO overexpres-
sion in the PDO300 algO deletion mutant inhibits growth, while overexpression in the
parental algO* strain does not. It is possible that deletion of algO from the chromo-
some removes some cis-acting regulatory factor that can lead to altered expression of
some other factor, resulting in growth inhibition. The algO coding sequence does
contain an AmrZ binding site (57), which plays a role in the regulation of motility and
alginate genes in P. aeruginosa. The removal of the AmrZ site from algO may affect the
expression of the adjacent PA3256 (putative oxidoreductase) or PA3258 (unknown
function) gene. Further studies on this effect, including the isolation of suppressor
mutants, may help us elucidate this process in more detail.

Here, we propose two parallel pathways of MucA degradation and alginate regu-
lation in P. aeruginosa (Fig. 1). In PAO1, the alginate pathway is tightly regulated, and
MucA needs to be degraded by the sequential action of proteases. In response to
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certain stresses in the periplasm, the proteolytic cascade is indirectly activated by MucE
activating AlgW for MucA cleavage, leading to cleavage by AlgO after its cleavage site
is exposed by some other unknown factor. Finally, MucP performs an N-terminal
cleavage, allowing the rest of MucA to release AlgT/U, activating transcription. While
MucE/AlgW action occurs before the action of AlgO and MucP, both pathways are
individually regulated by MucD in the periplasm, as overexpression of MucD shuts off
alginate production in all PDO300 single deletion mutants. With appropriate signals,
the two can be initiated and act sequentially to release AlgT/U. In PAO1, deletion of
mucD releases its inhibitory effect on MucE and the unknown factor and activates both
pathways, leading to mucoidy (26). While overexpression of mucE can turn PAO1
mucoid, overexpression of algO and mucP cannot because the AlgO cleavage site is not
accessible when MucA is intact.

In the clinical scenario, as expected with strain PDO300, when MucA is truncated and
more susceptible for cleavage, although the MucE/AlgW pathway is still required, it can be
easily bypassed by overexpressing the AlgO/MucP pathway because MucA is more readily
accessible for cleavage by AlgO once the cleavage site is exposed. This could explain why,
after algT (algU) (41%), most of the sap mutants have mutations in algO (38%) or mucP
(12%). Hence, the activation of both AlgW and AlgO pathways may require divergent or
overlapping signals to regulate alginate production in new infections as well as in mucA-
mutated chronic strains. With PAO1, alginate production is turned on by mutations in mucA
to generate the mucoid phenotype and the mucoid colonies are turned off by mutations
in genes in the AlgO/MucP pathway, which is more prominent in mucoid strains.

This complex regulatory framework of membrane-bound and periplasmic proteins
reveals that alginate production is not a simple process in P. aeruginosa. Recent work from
our laboratory (46) indicating the additional involvement of an outer membrane protein,
LptD, in restoring mucoidy to algO and alglWW mutants has added an extra layer of
complexity to this medically important pathway, clearly indicating the need for continued
research to understand the exact role of the critical elements involved in the events leading
to mucoid development and maintenance in P. geruginosa-infected CF patients.

MATERIALS AND METHODS

Bacterial strains, plasmids, media, and primers. The P. aeruginosa and E. coli strains and plasmids
that were used are listed in Table 2. E. coli strains were grown on Luria-Bertani (LB) medium and, when
required, were supplemented with tetracycline (Tc; 20 uwg ml~7), chloramphenicol (Cm; 10 ug ml—7),
ampicillin (Ap; 100 wg ml—1), kanamycin (Km; 20 ug ml—), or gentamicin (Gm; 15 uwg ml="). P. aeruginosa
strains were grown on LB or on LB-PIA agar. LB-PIA agar was composed of a 1:1 mixture of LB agar and
Pseudomonas isolation agar (PIA) (14). Antibiotics for P. aeruginosa, when required, were Tc (100 g
ml=1), Gm (75 png ml="), and carbenicillin (Cb; 150 wg ml="). All cultures were grown at 37°C unless stated
otherwise. Primers (Table 2) used were all synthesized by Integrated DNA Technologies (Coralville, IA).

DNA manipulations. All molecular techniques were performed according to current molecular
biology protocols. DNA sequencing was done using the BigDye Terminator v. 3.1 cycle sequencing kit
(Applied Biosystems, Carlsbad, CA) and analyzed on an Applied Biosystems 3100 genetic analyzer. To
ensure high fidelity, the top strand was sequenced twice, while the bottom strand was done once
(standard two-plus-one sequencing). Genomic DNA was isolated from Pseudomonas strains with the
PureLink genomic DNA minikit (Invitrogen Life Technologies, Grand Island, NY) using the manufacturer’s
directions.

Isolation and analysis of sap mutants. The suppressors of alginate production (sap) mutants were
isolated by growing PDO300 under low-oxygen tension and selecting for nonmucoid revertants (29).

Triparental mating. Plasmids and cosmids were conjugated into P. aeruginosa via triparental mating
using helper plasmids pRK2013 and pRK600 (50, 58). Conjugants were selected on LB-PIA plates
containing Tc or Ch.

Construction of deletion mutants. An unmarked algO null mutant of P. aeruginosa was generated
by allelic replacement using primers CC_AlgO_P1(F) and CC_AIgO_P1(R) (to generate the upstream
product P1, flanked by Hindlll and Nhel sites) and primers CC_AIgO_P2(F) and CC_AIgO_P2(R) (to
generate the downstream product P2, flanked by Nhel and BamHI sites) using AccuPrime high-fidelity
Taq DNA polymerase (Invitrogen Life Technologies, Grand Island, NY). After sequencing to ensure the
absence of mutations, P1 and P2 were spliced together and subcloned into a P. aeruginosa nonreplicative
plasmid, pEXG2 (59), as a Hindlll-BamHI fragment and moved into PAO1 and PDO300 by conjugation to
generate single crossovers (46, 60). Double-crossover mutants were selected for their sucrose resistance
and gentamicin sensitivity, indicating loss of the plasmid.

For deletion mutants of algW and mucE in PAO1 and PDO300, deletion constructs in pMQ30 were
constructed via the yeast system of double-stranded gap repair and homologous recombination (61). The P1
region of algW was generated using the primers HK_AlgW_P1_F and HK_AIgW_P1_R. The P2 region was
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TABLE 2 List of strains, plasmid and primers

Journal of Bacteriology

Strain, plasmid, or primer Relevant genotype, phenotype, and/or sequence

Reference or source

Escherichia coli
DH5«

MTP216

Pseudomonas aeruginosa
PA2192
PAO1
PDO300
PKM800
PKM816
PKM817
PKM818
PKM819
PKM820
PKM821
PKM822
PKM823
PKM824
PKM825
PKM826
PKM827
PKM828
PKM829
PKM830
PKM831
PKM832
PKM833
PKM834
PKM835
PKM836
PKM837

Plasmids
pCD10
pCD11
pCD12
pCD13
pCD20
pCD21
pCD22
pCD23
pCRII-TOPO
pJG293
pLAFR3
pLVF48
pLVF52
pLVF60
pME6030
pMF54
pMO013722
PRK2013
PRK600

Primers
cos-1
CC_algO_F
CC_algO_R
CC_MucD_F
CC_MucD_R
CC_mucE_F
CC_mucE_R
LF_mucE_UF (P1)

LF_mucE_UR (P)
LF_mucE_DF (P2)

$80lacZAM15 recAl endA1 gyrA96 thi-1 hsdR17 supE44 relA1 deoR A(lacZYA-argF)U169

Tcr, PAO1 fragment 4068269-4093431 (pMO013722)

Alg™ mucA180

Alg~ prototypic strain, nonmucoid
Alg™ mucA22, constitutively mucoid (PAOmucA22)
Alg~ sap22 mucA22 alg107-1
Alg~ sap26 mucA22 alg107-2
Alg~ sap27 mucA22 alg107-3
Alg~ sap31 mucA22 alg107-4
Alg~ sap42 mucA22 algO55-1
Alg~ sap32 mucA22 alg0336-1
Alg~ sap16 mucA22 algO500-1
Alg~ sap17 mucA22 alg0500-2
Alg~ sap23 mucA22 alg0500-3
Alg~ sap24 mucA22 alg0500-4
Alg~ sap25 mucA22 algO500-5
Alg~ sap46 mucA22 algO516-1
Alg~ sap47 mucA22 alg0516-2
Alg~ sap30 mucA22 mucP159-1
Alg~ sap36 mucA22 mucP304-1
Alg~ sap20 mucA22 mucP392-1
Alg~ sap21 mucA22 mucP392-2
Alg~ AalgO

Alg~ mucA22 AalgO

Alg— AalgW

Alg~ mucA22 AalgW

Alg— AmucE

Alg* mucA22 AmucE

Ap" Km"; pCRII-TOPO with 300-bp fragment containing muck
Ap" Km"; pCRII-TOPO with 1,400-bp fragment containing mucD
Ap" Km"; pCRII-TOPO with 1,400-bp fragment containing algW
Ap" Km"; pCRII-TOPO with 2,000-bp fragment containing algO
Ap'/Cb"; pMF54 with 300-bp fragment containing mucE
Ap'/Cbr; pMF54 with 1,400-bp fragment containing mucD
Ap'/Cbr; pMF54 with 1,400-bp fragment containing algW
Ap'/Cb"; pMF54 with 2,000-bp fragment containing algO

Apr Km?®; colE1 lacZa

Tc" Hg" Km™ pAlgT/U oriT (RK2-Tra™*)::Tn501-250

Tc"; cosmid vector derived from pLAFR1; IncP1 A cos™ rix

Ap" Km'; pCRII-TOPO with 1,400-bp fragment containing mucP
Ap'/Cb"; pMF54 with 1,400-bp fragment containing mucP
PMOO013722 (mucP::Tn5-200)

Tcr oriV pVS1 oriV P15A oriT

Ap'/Cbr ori ColE1-SF oriT (RK?) Py, lacld

Tc" PAOT fragment 4068269-4093431

Km" colET RK2~ Tra™

Cmr" colET RK2~ Tra™

5'-CGCCCTCTGGTAAGGTTG-3'
5'-CTCGACACGACCTTCGATACCTTGC-3'
5'-TTTATGACGCTCCCGCTGAACGCTAGC-3’
5'-TCTAGAAAGAAGGAGATATACATGCATACCCTAAAACG-3’
5'-AAGCTTGCCGGCTTATTCGGCCAGCTT-3'
5'-TTTTCTAGAAAGAAGGAGATATACATGGGTTTCCGGCCAGTTAGCC-3'
5'-AAGCTTTCGCGTTCAAAACACCCAG-3’
5'-GGAATTGTGAGCGGATAACAATTTCACACAGGAAACAGCTGAAGCGCTCGTAGAGAT
ATT-3’
5'-CTATTTCAGATTCGTCGCGTCTAGTTAGCTAGCATGGCTACGACTCCTTGATAGG-3'
5'-CCTATCAAGGAGTCGTAGCCATGCTAGCTAACTAGACGCGACGAATCTGAAATAG-3'

Invitrogen (Bethesda Research
Laboratories)
44

36

45

5

29

This study

46

This study

This study

This study

This study

This study

This study

This study

This study

This study

This study

This study

This study

This study

This study
PAOAalgO (46)
PDOAalgO (46)
PAOAalgW (46)
PDOAalgW (46)
PAOAMuCE; this study
PDOAmucE; this study

This study

This study

This study

This study
pMucE; this study
pMucD; this study
pAlgW; this study
pAIlgO; this study
Invitrogen

29

47

This study
pMucP; this study
This study

48

49

44

50

51

44
This study
This study
This study
This study
This study
This study
This study

This study
This study
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TABLE 2 (Continued)

Journal of Bacteriology

Strain, plasmid, or primer Relevant genotype, phenotype, and/or sequence

Reference or source

LF_mucE_DR (P2) 5'-CCAGGCAAATTCTG ATCAGACCGCTTCTGCGTTCTGATCGCGGCTTGCAACGAGTA-3'
LF_MucP_F 5'-CCATGGTTTAAAGAAGGAGATATACCATGAGTGCGCTTTACATGATCG-3’

LF_MucP_R 5'-AAGCTTCTACAGACGACTCAGATCGTTGACC-3'
KAN-2 FP-1 5'-ACCTACAACAAAGCTCTCATGAACC-3'
KAN-2 RP-1 5'-GCAATGTAACATCAGAGA GAG-3'

This study
This study
This study
EpiCenter
EpiCenter

generated using primers HK_AgIW_P2_F and HK_AlgW_P2_R (46). The P1 region of mucE was constructed
using primers LF_mucE_UF(P1) and LF_mucE_UR(P1). Primers LF_mucE_DF(P2) and LF_mucE_DR(P2) were
used to amplify the P2 region (Table 2). The extracted plasmid constructs were sequenced to ensure the
absence of mutations and transformed into E. coli DH5«, which then served as the donor strain in the
triparental mating as previously described. The presence of the gene deletion in all mutants was confirmed
using standard molecular methods (PCR, restriction analysis of amplicons, and DNA sequencing of the locus).

Construction of complementation clones. The algO (PA3257), mucE (PA4033), and mucD (PA0766)
open reading frames (ORFs) were amplified from PAO1 genomic DNA using primers containing a ribosomal
binding site (RBS) and flanked by Xbal and Hindlll, as shown in Table 1. The mucP gene (PA3649) was
amplified with primers carrying Ncol and Hindlll restriction sites. The amplicons were cloned into pCR2.1
TOPO using the TA cloning technique. After confirming the absence of mutations by sequencing, each ORF
was subcloned into pMF54 downstream of the Lacl-regulatable P,,. promoter (49). Expression of these genes
was induced by plating the strains on LB media containing ampicillin and 2 mM IPTG.

Amplification of the mucP and algO loci from the sap strains for sequencing. Genomic DNA was
prepared from the sap strains and from the parental PAO1 and PDO300 strains. Primers LF_MucP_F and
LF_MucP_R were used to amplify mucP, and CC_algO_F and CC_algO_R were used to amplify algO;
amplicons were amplified for sequencing using the AccuPrime Tag DNA high-fidelity polymerase
(Invitrogen Life Technologies, Grand Island, NY). Primer sequences are listed in Table 2.

Alginate assay. Alginate concentrations in overnight culture supernatants were measured after
extensive dialysis using a colorimetric carbazole assay for uronic acids (34). To determine the alginate
concentration, a set of standards was made with sodium alginate (Sigma, St. Louis, MO). The alginate
concentration was expressed as milligrams per milliliter of supernatant.

Cosmid DNA identification. Cosmids from a P. aeruginosa minimal tiling path array (44), obtained
from Paul Phibbs, East Carolina University, were extracted using the PureLink quick plasmid miniprep kit
(Invitrogen Life Technologies, Grand Island, NY) by following the manufacturer’s instructions. Individual
cosmids were then identified by sequencing the insert junction using the cos-1 primer (Table 2).

Transposon mutagenesis and characterization. To identify the ORF of interest, the complementing
cosmid was mutagenized using the EZ:TN transposon kit (Epicentre, Madison, WI) according to the
manufacturer’s protocol, with slight modifications, followed by transformation into TOP10 electrocom-
petent cells (Invitrogen, Carlsbad, CA) (29). Sequencing of the transposon insertion was performed as
described above using the KAN-2 FP-1 and KAN-2 RP-1 primers (Table 2).

SUPPLEMENTAL MATERIAL

Supplemental material for this article may be found at https://doi.org/10.1128/JB
.00215-18.
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