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Structural Features of the Pseudomonas fluorescens Biofilm Adhesin
LapA Required for LapG-Dependent Cleavage, Biofilm Formation, and

Cell Surface Localization
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The localization of the LapA protein to the cell surface is a key step required by Pseudomonas fluorescens Pf0-1 to irreversibly
attach to a surface and form a biofilm. LapA is a member of a diverse family of predicted bacterial adhesins, and although lacking
a high degree of sequence similarity, family members do share common predicted domains. Here, using mutational analysis, we
determine the significance of each domain feature of LapA in relation to its export and localization to the cell surface and func-
tion in biofilm formation. Our previous work showed that the N terminus of LapA is required for cleavage by the periplasmic
cysteine protease LapG and release of the adhesin from the cell surface under conditions unfavorable for biofilm formation. We
define an additional critical region of the N terminus of LapA required for LapG proteolysis. Furthermore, our results suggest
that the domains within the C terminus of LapA are not absolutely required for biofilm formation, export, or localization to the
cell surface, with the exception of the type I secretion signal, which is required for LapA export and cell surface localization. In
contrast, deletion of the central repetitive region of LapA, consisting of 37 repeats of 100 amino acids, results in an inability to
form a biofilm. We also used single-molecule atomic force microscopy to further characterize the role of these domains in bio-
film formation on hydrophobic and hydrophilic surfaces. These studies represent the first detailed analysis of the domains of the

LapA family of biofilm adhesin proteins.

acteria in environmental, clinical, and industrial settings pre-

dominantly associate with surfaces and persist in biofilms (1,
2). In order to form a biofilm, cells must transition from a plank-
tonic to a sessile mode of life and commit to stable surface attach-
ment. This transition, known as irreversible attachment, is the first
committed step in biofilm formation. The mechanisms that foster
the transition to a sessile mode of life are quite diverse, as are the
environmental signals and cues to which bacteria respond (3-12).
A similar trend across many bacterial species, however, is that
biofilm formation coincides with the synthesis of the signaling
molecule bis-(3'-5")-cyclic dimeric GMP (c-di-GMP).

Pseudomonas fluorescens Pf0-1, a model organism for biofilm
research, functions as a biological control agent that promotes
plant growth by forming biofilms on roots (13). The LapA pro-
tein, identified by our group, is a bona fide adhesin, as analyzed by
atomic force microscopy (AFM) (14-16), and is conserved in
many environmental pseudomonads, such as P. fluorescens and
Pseudomonas putida (17). In P. putida, LapA is required for bio-
film formation on plant surfaces (18), while the P. fluorescens
Pf0-1 LapA adhesin is required for initial attachment and biofilm
formation on every abiotic surface tested to date, including hydro-
phobic and hydrophilic surfaces such as plastic and glass, respec-
tively (6, 17).

LapA is a very large protein, with an estimated molecular mass
of ~520 kDa. P. fluorescens LapA belongs to a newly identified
subfamily of proteins including other widely studied large puta-
tive adhesins with characteristic amino acid repeat regions, re-
peats-in-toxins (RTX) sequences, and a type I secretion system
(T1SS) signal (19). The large repetitive RTX adhesins include
LapA, a key determinant of bacterial adhesion to corn seeds (20)
and of root colonization by P. putida (18); LapF, a protein re-
quired for late-stage biofilm formation in P. putida (21); FrhA,
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which is associated with hemagglutination, adherence to epithelial
cells, biofilm formation, and chitin binding in Vibrio cholerae (22);
SiiE in Salmonella enterica, which functions in epithelial cell ad-
hesion (23); RtxA in Legionella pneumophila, which is involved in
adhesion and entry into macrophages and amoebae (24); and the
biofilm-promoting factor BpfA in Shewanella oneidensis (25). Lit-
tle is known regarding how these domains contribute to biofilm
formation and localization and the association of LapA with the
bacterial cell surface.

Studies from our group have identified regulation through
posttranslational modification of LapA that occurs in response to
conditions unfavorable for biofilm formation, such as low inor-
ganic phosphate (P;) concentrations (26-28). Briefly, under con-
ditions of low P; concentrations, the periplasmic cysteine protease
LapG cleaves LapA from the cell surface, thus releasing the adhesin
into the supernatant and preventing attachment (27). The inner
membrane c-di-GMP effector protein LapD regulates LapG’s pro-
tease activity in a c-di-GMP-dependent manner. Upon binding
c-di-GMP, LapD undergoes conformational changes (26, 28), and
through an inside-out signaling mechanism, LapD binds LapG,
preventing LapG-dependent cleavage of LapA from the cell sur-
face. Thus, under conditions favorable for biofilm formation,
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TABLE 1 Strains used in this study

Organism and strain

Genotype and/or description

Source or reference

Escherichia coli

Top-10 recAl araD139 A(ara-leu)7697 Life Technologies
SMC117 S17-1(\pir); thi pro hsdR hsdM™ ArecA RP4-2:TcMu-Km::Tn7 65
SMC31 DH5a; supE44 lacU169(80lacZM15) hsdR17 thi-1 relAl recAl 66
Pseudomonas fluorescens
SMC6370 Pseudomonas fluorescens Pf0-1; wild type 67
SMC4798 P. fluorescens Pf0-1 expressing LapA-HA, inserted after residue 4093; designated the wild type for this study 30
SMC5207 AlapG; SMC4798 with an unmarked deletion of lapG 27
SMC5152 AlapD; SMC4798 with an unmarked deletion of lapD 28
SMC6414 Ahelix; SMC4798 with an unmarked deletion of lapA codons A81-95A This study
SMC6458 Ahelix lapG::pKO3-Tet"; SMC4798 with an unmarked deletion of LapA amino acids A81-95A and This study
single-crossover knockout mutation disrupting the lapG gene

SMC5847 ARpts; SMC4798 with an unmarked deletion of LapA amino acids D273-3982S This study
SMC5849 ACTerm; SMC4798 with an unmarked deletion of LapA amino acids T4018-5151N This study
SMC5853 AvWA; SMC4798 with an unmarked deletion of LapA amino acids N4736-4963S This study
SMC5851 ARTX; SMC4798 with an unmarked deletion of LapA amino acids G5020-5144W This study
SMC5855 AT1SS; SMC4798 with an unmarked deletion of LapA amino acids N5151-5218S This study
SMC5917 lapA AA108-109RR; SMC4798 with point mutation AA108—109RR 27
SMC5915 Pf0-1 lapG::pKO3-Tet"; SMC4798 with a single-crossover knockout mutation disrupting the lapG gene 27
SMC5927 lapA A108W; SMC4798 with point mutation A108D This study
SMC5923 lapA AA108-109DD; SMC4798 with point mutation AA108—109DD This study
SMC5925 lapA A109D; SMC4798 with point mutation A109D This study
SMC6400 Pf0-1 lapG::pKO3-Tet"; SMC6370 with a single-crossover knockout mutation disrupting the lapA gene 30
SMC5869 lapA AA108-120A; SMC4798 with an unmarked deletion of lapD and an unmarked deletion of LapA This study

amino acids A108-120A

LapA remains at the cell surface, thus promoting biofilm forma-
tion (27). While we have a detailed picture of the LapD-LapG
¢-di-GMP control circuit, from the environmental P; input to the
LapA output that regulates biofilm formation by P. fluorescens
Pf0-1, determinants by which LapG recognizes LapA to promote
cleavage are still poorly understood.

In this study, we address the mechanism of LapA release from
the cell surface by determining a critical region required for LapG-
dependent cleavage of LapA and, thus, localization of this adhesin
to the cell surface. We also present a mutagenesis analysis charac-
terizing the predicted domains of LapA using genetic, biochemi-
cal, and AFM analyses to assess how each domain contributes to
LapA localization, LapG-dependent release from the cell surface,
and biofilm formation. These studies represent the first detailed
analysis of this large family of bacterial adhesins.

MATERIALS AND METHODS

Strains and media. The strains and plasmids used in this study are listed in
Table 1 and Table SI in the supplemental material, respectively. Strain
SMC4798, described previously (27, 29, 30), is the wild-type (WT) P.
fluorescens Pf0-1 strain used in this study. P. fluorescens strain SMC4798
produces a fully functional chromosomally encoded LapA protein carry-
ing three-hemagglutinin (HA) epitope tags inserted after residue 4093.
This HA-tagged, fully functional LapA protein was used in all the studies
described here.

P. fluorescens and Escherichia coli were routinely cultured in liquid LB
medium or on solidified LB medium with 1.5% agar and grown at 30°C or
37°C, respectively. Gentamicin (Gm) was used at 30 wg/ml for P. fluore-
scens and at 10 wg/ml for E. coli. Tetracycline (Tet) was used at 30 pg/ml
on plates and at 15 pg/ml in liquid culture for P. fluorescens and E. coli.
Chloramphenicol (Cm) was used at 20 ug/ml on plates for P. fluorescens.
Arabinose was used to induce expression of the Py, promoter from
pMQ?72 at 0.2% (vol/vol) for overexpression experiments. P. fluorescens
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was grown in K10T-1 medium, previously described as a phosphate-rich
medium (31), consisting of 50 mM Tris-HCI (pH 7.4), 0.2% (wt/vol)
Bacto tryptone, 0.15% (vol/vol) glycerol, 0.61 mM MgSO,, and 1 mM
K,HPO, for biofilm assays, LapA localization, and protein expression.

The K10T-1 medium used in these studies contains calcium at low
concentrations. We measured the calcium concentration by inductively
coupled plasma mass spectrometry (ICP-MS), as reported previously
(30), and found that K10T-1 medium contains ~15 pM calcium. K10T-1
medium contains 1.2 mM inorganic phosphate, as reported previously
(30). We modeled the amounts of calcium and phosphate that would
precipitate from the medium using the publically available software Visu-
alMINTEQ. Using the known concentrations of phosphate and calcium
and the known pH of the medium, thermodynamic considerations are
consistent with the possibility that hydroxyapatite could precipitate in this
solution. However, based on our calculations, only ~36% of the total
Ca”>* and <0.3% of the total phosphate are likely to precipitate as a hy-
droxyapatite phase, leaving ~8 wM calcium and ~1 mM phosphate in
solution. Furthermore, we have performed experiments in which we
added calcium to K10T-1 medium at concentrations of up to 500 wM, and
we saw no changes in biofilm formation or LapA localization (32). Finally,
we have also shown that LapG is a calcium-dependent enzyme and re-
quires calcium for LapA cleavage (32). LapG functions in K10T-1 me-
dium without supplementation with additional calcium, also suggesting
that this medium is not calcium free, a finding consistent with our
ICP-MS analysis.

Saccharomyces cerevisiae strain InvScl (Life Technologies; formerly
Invitrogen, Carlsbad, CA) was routinely cultured on yeast extract-pep-
tone-dextrose (YPD) medium. When selecting for plasmids carrying the
URA3 gene, this strain was grown on yeast nitrogen base (YNB) with the
complete supplemental mixture minus uracil.

Biofilm formation assays. (i) Hydrophobic plastic surfaces. Biofilm
formation assays were performed as previously described (29). Briefly, a
polyvinyl chloride 96-well round-bottom microtiter plate (catalog num-
ber 2797; Corning) containing 100 wl of K10T-1 medium per well was
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inoculated with 1.5 pl of a liquid culture of P. fluorescens grown overnight
in LB medium. Biofilms were grown statically for 6 h at 30°C. At the
completion of the assay, medium and unattached bacterial cells were re-
moved, the wells were stained with a 0.1% (wt/vol) solution of crystal
violet in water, and the plate was rinsed with water. Staining, imaging, and
quantification of attached biofilm biomass were also performed as previ-
ously described (30). Briefly, 150 wl of a solution containing 30% meth-
anol and 10% acetic acid was added to each biofilm well to solubilize the
crystal violet and determine biofilm biomass. One hundred twenty-five
microliters was transferred into a flat-bottom microtiter plate, and a Spec-
tra Max M2 microplate reader (Molecular Devices, Sunnyvale, CA) was
used to read the absorbance at 550 nm (30). Quantification of 8 to 10 wells
for at least three biological replicates was performed for each P. fluorescens
strain tested.

(ii) Hydrophilic glass surfaces. Borosilicate glass tubes (Fisherbrand
culture tubes, catalog number 14-961-27) were used as a model hydro-
philic surface. The glass tubes containing 9.850 ml of K10T-1 medium
were each inoculated with 150 pl of aliquid culture of P. fluorescens grown
overnight in LB medium. Biofilms were grown statically for 6 h at 30°C. At
the completion of the assay, medium and unattached bacterial cells were
removed, and then adherent cells were stained with a 0.1% (wt/vol) solu-
tion of crystal violet in water and the tubes were rinsed with water. Two
milliliters of a solution containing 30% methanol and 10% acetic acid was
added to each well to solubilize the crystal violet. One milliliter was trans-
ferred into a cuvette, and the absorbance was read as described above.
Quantification of 6 to 8 glass tubes, in triplicate experiments, was per-
formed for each P. fluorescens strain tested.

Constructs for clean deletion of LapA domains and LapA site-di-
rected mutagenesis. Saccharomyces cerevisiae strain InvSci (Life Technol-
ogies) was used to construct plasmids for clean deletion and site-directed
mutagenesis through in vivo homologous recombination, as previously
described, using the pMQ30 allelic replacement vector, which carries the
Ppap promoter (33). All primers used in this study are listed in Table S2 in
the supplemental material. All chromosomal deletion mutants and chro-
mosomal site-directed mutants were constructed by the same basic strat-
egy as that described previously (27, 29). Briefly, two adjacent fragments
of homologous DNA, located directly upstream and downstream of the
intended deleted region or the region to be replaced with missense muta-
tions, were amplified by PCR (500 to 2,000 bp each). Primers also con-
tained 20 to 40 additional base pairs to facilitate recombination of up-
stream and downstream fragments with the pMQ30 vector. Primers
specific for site-directed mutagenesis contained a sequence to encode mis-
sense mutations.

Allelic replacement was performed as previously described (33). Con-
jugation between P. fluorescens SMC4798, carrying an HA-tagged variant
of LapA, and E. coli followed by selection on LB plates containing Gm and
Cm was necessary for the selection of P. fluorescens transconjugants. Sin-
gle-crossover events were confirmed by PCR, and strains were cultured
overnight in the absence of antibiotics and then plated onto LB medium
with 5% (wt/vol) sucrose to select for the second crossover event. All
mutations were verified by PCR and sequencing of purified genomic DNA
to confirm the deletion or missense mutation. Phenotypes of mutant
strains were examined in three separate clones.

Constructs for overexpression of NTerm-LapA variants. Overex-
pression studies were performed by using plasmid pMQ72, which carries
the arabinose-inducible Py, |, promoter, as previously described (27, 29).
N-terminal LapA (NTerm-LapA) variants were made as previously de-
scribed, using site-directed mutagenesis (27). Briefly, two fragments were
amplified from the pMQ72-NTerm-LapA plasmid template containing a
C-terminal six-histidine (6 XHis) tag, using a primer homologous to the
vector backbone and a primer adjacent to the region of the missense
mutation. Adjacent primers contained additional bases encoding the mis-
sense mutations and a homologous sequence to aid in yeast recombina-
tion. Yeast cloning resulted in plasmids identical to pMQ72-NTerm-
LapA, except for the incorporation of the desired missense mutation.
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Plasmid DNA was sequenced to ensure successful construction of mutant
variants of NTerm-LapA. Expression of the WT and mutant variants of
NTerm-LapA was under the control of the arabinose-inducible Py, , pro-
moter.

Construct for single-crossover knockout of the lapG gene. A single-
crossover knockout of the lapG gene in SMC6414, a strain with a clean
deletion of the predicted a-helical region spanning residues A81 to 95A,
ensured that cleavage of this LapA variant was due to LapG protease func-
tion. Cloning to obtain a single-crossover knockout of the lapG gene was
performed as previously described for SMC5917 (27). Briefly, an E. coli
strain expressing pKO3-lapG(Tet") (27, 30) was conjugated with strain
SMC6414, and the single-crossover event (e.g., Campbell recombination)
was selected for by plating onto LB plates containing Tet, which selected
for the single-crossover insertion event in the lapG gene, and Cm, which
counterselected against the E. coli donor strain.

LapA localization. For Western blot and dot blot assays to detect the
LapA protein, we used strains with an internal HA tag engineered into the
chromosomal lapA gene. For Western blot assays for NTerm-LapA, we
used strains that expressed this plasmid-encoded NTerm-LapA construct
with a C-terminal His tag. Culturing conditions, preparation of clarified
whole-cell extracts and cellular supernatants, detection of cell surface
LapA by dot blotting, and analysis of samples for LapA localization were
performed as previously described (27, 28, 30). Briefly, 1 ml of a bacterial
culture grown overnight was subcultured in 50 ml of K10T-1 medium
(1:50 dilution) and grown with shaking at 220 rpm at 30°C for 6 h. For
preparation of clarified whole-cell extracts and supernatant fractions, cells
were harvested by centrifugation (5,000 X g for 12 min at 4°C). For prep-
aration of the supernatant fraction, 15 ml of the supernatant was passed
through a 0.22-pm filter (catalog number UFC910096; Millipore) to re-
move residual cells, and the supernatant was then concentrated by using a
100-kDa Amicon centrifugal filter unit (catalog number UFC910096;
Millipore). Cell pellets were resuspended in 750 pl of LapA buffer (20 mM
Tris-HCI [pH 8], 10 mM MgCl,) and sonicated on ice to lyse cells (30%
power applied 4 times for a duration of 10 s, with a cooling period of 10 s
after each treatment). Debris was pelleted by centrifugation (13,000 X g
for 10 min at 4°C). The supernatant was retained as the whole-cell frac-
tion. Total protein concentrations of the cell and supernatant fractions
were determined by using the Pierce bicinchoninic acid (BCA) protein
assay according to the manufacturer’s instructions (catalog number
23225; Thermo Scientific).

For preparation of cells for dot blot assays, we utilized aliquots from
the same cultures as those used for preparation of the cell and supernatant
fractions. Cultures were normalized to the same optical density. Cells were
pelleted (13,000 X g for 1 min at 4°C), washed twice in K10T-1 medium,
and resuspended in K10T-1 medium in a final volume of 1,000 p.l. Five-
microliter aliquots were spotted onto a nitrocellulose membrane and
dried prior to probing for the HA epitope tag on LapA by Western blot-
ting.

Outer membrane fractions for dot blot analysis were prepared as re-
ported previously (34) and as described below. Bacterial cultures grown
overnight were subcultured and harvested identically as described above
for LapA localization. The cell pellets were resuspended in 750 .l of buffer
C (50 mM Tris-HCI [pH 8.0], 1 mM EDTA, 2 mM MgCl,) and sonicated
on ice to lyse cells (30% power applied 4 times for a duration of 10 s, with
a cooling period of 10 s after each treatment). Debris was pelleted by
centrifugation (13,000 X g for 10 min at 4°C), and the supernatants were
separated into soluble cytosolic and insoluble total membrane fractions
by ultracentrifugation (100,000 X g for 1 h at 4°C). Cytoplasmic contam-
inants were removed by washing the total membrane pellets with 750 pl of
buffer B (20 mM Tris-HCI, pH 7.6). The pellets were resuspended in 200
.l buffer B, and an equal volume of 4% Sarkosyl in buffer B was added for
a 2% final Sarkosyl concentration. Samples were incubated at room tem-
perature for 20 min with gentle agitation, and the inner and outer mem-
brane fractions were separated by ultracentrifugation (100,000 X gfor 1 h
at 4°C). The outer membrane-containing pellets were resuspended in 50
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wl buffer B. Protein concentrations were determined by using the Pierce
BCA protein assay according to the manufacturer’s instructions. A total of
0.001 mg of the outer membrane fraction was brought to a 5 pl total
volume in buffer B and spotted onto a nitrocellulose membrane. The
dried nitrocellulose membrane was probed for HA epitope-tagged LapA
by Western blotting.

SDS-PAGE and Western blotting. SDS loading buffer was mixed with
samples, followed by heat denaturation for 5 min at 80°C, and samples
were resolved by SDS-PAGE. Totals of 0.005 mg and 0.01 mg of the su-
pernatant and cell fractions, respectively, were loaded onto a 4-to-15%
gradient Mini-Protean TGX gel (catalog number 456-1084; Bio-Rad Lab-
oratories). Proteins were transferred onto a nitrocellulose membrane by
using a Mini Trans-Blot cell (Bio-Rad Laboratories, Hercules, CA) and
probed with either an anti-HA antibody to detect full-length chromo-
somal LapA (catalog number MMS-101R-500; Covance) or an anti-His
antibody to detect NTerm-LapA (catalog number 34660; Qiagen). A goat
anti-mouse horseradish peroxidase-conjugated secondary antibody was
used in all studies (catalog number 170-6516; Bio-Rad Laboratories). ECL
detection reagents were used to develop Western blots according to the
manufacturer’s instructions (catalog number NEL104001EA; Perkin-
Elmer).

Quantification of LapA dot blot assays. Image J software (http://rsb
.info.nih.gov/ij/) was used to detect pixel density. Arbitrary units were
assigned, and the WT value was set to 100 arbitrary units.

Cleavage of NTerm-LapA variants. Bacterial cultures were grown,
and clarified whole-cell extracts were prepared as described above for
LapA localization studies. To assess the site specificity of LapG cleavage,
cell fractions derived from the WT or a AlapG mutant strain carrying the
pNTerm-LapA variant expression plasmid were analyzed by SDS-PAGE
and Western blotting to detect the C-terminally tagged His-NTerm-LapA
variant, as described above. A total of 0.04 mg of protein was loaded onto
a 15% Ready Gel Tris-HCI gel (catalog number 161-1157; Bio-Rad Labo-
ratories) to resolve the full-length and cleaved NTerm-LapA proteins.

Statistical analysis. Data were analyzed by one-way analysis of vari-
ance followed by Tukey’s posttest comparison. Significance was set at the
traditional 95% confidence interval.

Biofilm assays and optical microscopy on atomic force microscopy
substrates. Hydrophobic surfaces were immersed in 24-well plates con-
taining 2 ml K10T-1 medium. For cell adhesion and biofilm formation, 25
wl of bacteria from an culture grown overnight in LB medium was added
to each well, and the plate was incubated for 8 h at 30°C with shaking (200
rpm). To promote cell detachment, substrates were further incubated for
8 hat 30°C at 200 rpm in plates containing 2 ml K10Tw (low-P;) medium
(K10T-1 medium without the addition of 1 mM K,HPO,) (31). For op-
tical images, surfaces were rinsed by three consecutive baths of fresh me-
dium before or after incubation in low-P; medium and directly imaged by
using an inverted optical microscope (Axio Observer Z1; Zeiss) equipped
with a Hamamatsu C10600 camera.

Atomic force microscopy. For preparation of hydrophobic sub-
strates, glass coverslips coated with a thin layer of gold were immersed
overnight in a solution of 1 mM 1-dodecanethiol (Sigma) and then rinsed
with ethanol and dried under N,, as described previously (15, 16). The
properties of the hydrophobic substrate used for the AFM studies are
similar to those of the plastic used in the biofilm assays; that is, both
surfaces show similar water contact angles of ~90° (35).

AFM experiments were performed at room temperature (20°C) in
low-P; medium by using a Nanoscope VIII Multimode atomic force mi-
croscope (Bruker Corporation, Santa Barbara, CA) and oxide-sharpened
microfabricated Si;Ni, cantilevers (Microlevers; Bruker Corporation)
with a nominal spring constant of ~0.01 N m ™' (measured by using the
thermal noise method from Picoforce [Bruker]). Force measurements
were carried out as previously described (15, 16). Briefly, substrates were
rinsed by three consecutive baths of fresh low-P; medium after cell detach-
ment and mounted onto sample pucks while avoiding dewetting. AFM
tips were functionalized with monoclonal anti-HA antibodies (200 g/
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ml) (HA.11 clone 16B12; Covance) by using polyethylene glycol (PEG)-
benzaldehyde linkers (36) and a previously described protocol (15, 16).
Adhesion maps were obtained by recording 32-by-32 force-distance
curves on areas of 5 by 5 wm, calculating the adhesion force for each force
curve and displaying the adhesive events as gray pixels. All force curves
were recorded with a maximum applied force of 250 pN, using a constant

approach and retraction speeds of 1 pm s~ ',

RESULTS

Conserved residues flanking the LapG cleavage site of LapA are
not required for function. Previously, we demonstrated that
LapG cleaves LapA from the cell surface under conditions unfa-
vorable for biofilm formation (27). This previous report sup-
ported a model in which cleavage of the first 108 amino acids from
the N terminus of LapA by LapG is the mechanism required to
release LapA from the cell surface in vivo. We noted that the lapA
AA108-109RR (AA-RR) mutation completely eliminates cleav-
age of the NTerm-LapA polypeptide in vitro, suggesting that LapG
recognizes a specific cleavage site in vitro. Surprisingly, this muta-
tion only partially blocks LapG cleavage of LapA in vivo by ~80%
(27).

Because the AA-RR mutation only partially blocks LapG cleav-
age of LapA in vivo, we predicted that LapG cleavage was occurring
at additional sites or that the AA-RR mutation was not sufficient
to completely block cleavage at residues 108 and 109. A BLASTP
search performed previously with the LapG sequence revealed
several LapA-like proteins encoded near genes encoding LapG
homologs in other bacterial species (27). Alignment of the N ter-
mini of these LapA-like proteins revealed not only that alanines
108 and 109 are conserved residues but also that their position
relative to the N terminus is also conserved (27). In addition to the
pair of alanine residues at positions 108 and 109 (Fig. 1A, double
asterisks), the aligned LapA-like N termini contain many other
conserved features relative to the pair of alanine residues (AA) at
positions 108 and 109, including additional pairs of AA residues
(Fig. 1A, arrows), conserved residues flanking the double alanine
residues at positions 108 and 109 (Fig. 1A, highlighted in black),
and a conserved predicted a-helical secondary structure found in
8 of 9 proteins with the closest homologs (Fig. 1A, underlined).
We predicted that these conserved elements might function in
LapG-dependent cleavage of LapA.

To assess the role of the conserved elements in LapG-depen-
dent cleavage of LapA, His-tagged NTerm-LapA mutants were
constructed. Conserved residues T107 and G110 were each re-
placed with alanine, residues A108 and A109 were either singly or
doubly mutated to other charged or bulky amino acids, and the
region predicted to encode the a-helical secondary structure was
deleted (this region spans residues A81 to 95A in LapA and the
mutant designated Ahelix). Cellular extracts were prepared from
both WT and AlapG mutant strains expressing mutant NTerm-
LapA variants, and NTerm-LapA cleavage was assessed in vitro by
Western blotting. A shift in the molecular mass of the His-tagged
NTerm-LapA variants from ~25 kDa to ~15 kDa in the presence
of LapG (e.g., LapG is present in the WT strain but not in the
AlapG mutant strain) indicates LapG-dependent cleavage. The
results from this analysis are presented in Table S3 in the supple-
mental material, and representative data are shown in Fig. 1B.

For the WT NTerm-LapA polypeptide, LapG cleaved at a
unique site (Fig. 1B), yielding a single product, as previously re-
ported (27). The NTerm-LapA Ahelix, A108R, A109R, A108W,
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FIG 1 Mutational analysis of the LapG cleavage site. (A) Alignment of the region flanking the LapG cleavage site of putative adhesins identified by their close
proximity to genes encoding LapG homologs. The LapG cleavage site of LapA is indicated (), as are putative alternative cleavage sites (arrows). Conserved
residues are highlighted in gray or black, and the helical domain predicted by Phyre (37) is underlined. LapA, P. fluorescens Pf0-1; PFL_0133, P. fluorescens Pf-5;
PP_0168, P. putida KT2440; PSEEN0141, Pseudomonas entomophila L-48; ECA3266, Pectobacterium atrosepticum SCRI1043; DP0516, Desulfotalea psychrophila
LSv54; Rfer_3766, Rhodoferax ferrireducens DSM 15236; Patl_2528, Pseudoalteromonas atlantica T6¢c; Sden_0384, Shewanella denitrificans OS217; Bpro_0306,
Polaromonas sp. strain JS666. An extended alignment is shown in Fig. S2 in the supplemental material. (B) Representative Western blot developed with antibodies
directed against 6 X His-tagged NTerm-LapA with a mutation in a conserved residue or deletion of the a-helical motif and expressed in the WT or the AlapG
mutant. Full-length NTerm-LapA mutants migrate at ~25 kDa, while the product of LapG processing migrates at ~15 kDa. A full list of mutants analyzed is

shown in Table S3 in the supplemental material.

and AA108-109DD variants, in addition to AA-RR, as previously
described and thus serving as a control (27), were not cleaved by
LapG in vitro. These data indicated that the unique cleavage event
mediated by LapG in vitro was blocked in these mutant variants.
The T107A and G110A variants were still cleaved in vitro (Fig. 1B;
see also Table S3 in the supplemental material) and were not fur-
ther studied.

To assess whether the NTerm-LapA mutations blocked for
cleavage in vitro also affected LapG-dependent cleavage in vivo, we
introduced the A108W, AA108-109DD, and A109D point muta-
tions into LapA by mutating the chromosomal copy of the lapA
gene by allelic replacement. Strains carrying these point mutations
did not display the hyperbiofilm phenotype, accumulate LapA at
the cell surface, or prohibit LapG-dependent cleavage of LapA to
the degree observed for the AlapG mutant or the AA-RR variant
(see Fig. S1A to S1C in the supplemental material), and thus, these
mutants were not further studied.

Taken together, these data suggest that the conserved residues
flanking positions 108 and 109 are not required for LapG-mediated
cleavage of LapA in vivo and that both AA residues at positions 108
and 109 must be mutated to block LapG-mediated cleavage.
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Multiple AA motifs are likely recognized by LapG for cleav-
age in vivo. Our previously reported mutagenesis of alanines 108
and 109 (27) and flanking amino acids (described above) indicate
that while these residues are conserved in proteins with N termini
similar to that of LapA, no mutation produced a hyperadherent
biofilm phenotype, accumulated LapA at the cell surface, or com-
pletely blocked LapA release into the supernatant at levels identi-
cal to that of the AlapG mutant (Fig. 1B; see also Fig. S1A to S1Cin
the supplemental material). These data indicated that we might
not have identified all the determinants required for LapA cleav-
age or, alternatively, that LapG might have other targets in the cell.

Upon further examination of amino acids in the vicinity of the
alanine residues at positions 108 and 109, we noted the occurrence
of six additional double alanine residues at positions 83 and 84, 95
and 96, 113 and 114, 119 and 120, 149 and 150, and 153 and 154
(Fig. 1A; see also Fig. S2 in the supplemental material). Further-
more, the AA residue pairs at positions 113 and 114 and at posi-
tions 119 and 120 are flanked by small hydrophobic residues, sim-
ilar to the AA residue pair at positions 108 and 109.

Given that mutation of amino acids 108 and 109 completely
blocked cleavage of NTerm-LapA in vitro, but not in vivo, we
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FIG 2 Deletion of residues 108 to 120 eliminates LapG-dependent processing of the N terminus of LapA in vivo. (A) Images of microtiter dish biofilm assays
using K10T-1 medium (top) and quantification of biofilm (middle). The x axis shows the P. fluorescens strains, and the y axis shows the optical density at 550 nm
(ODss5,) of the solubilized crystal violet used to determine the bacterial biofilm biomass. At the bottom is a Western blot showing the levels of LapA in the
whole-cell fraction of the WT; the AlapG mutant strain; the AlapD mutant strain, included as a biofilm-negative control; and the AA108—120A mutant strain.
LapA was detected via an engineered HA tag. * indicates a significant difference from the WT (P < 0.05). (B) Cell surface levels of LapA. Shown are representative
dot blots developed with antibodies directed against HA-tagged LapA (top) and quantification of the pixel density of four replicates (bottom) to assess the level
of cell surface LapA of the indicated strains. * indicates a significant difference from the WT (P < 0.05). (C) LapA in supernatant fractions. Shown is a Western

blot of the levels of LapA in the supernatant fraction of the indicated strains. LapA was detected via an engineered HA tag.

predicted that in the absence of the preferred cleavage site at ala-
nine residues 108 and 109, LapG might be capable of recognizing
and cleaving at additional AA motifs in the context of the full-
length protein in vivo. To test the importance of the other double
alanine residues as possible LapG cleavage sites, a deletion of the
chromosomal lapA gene, removing the segment encoding resi-
dues A108 to 120A, was constructed via allelic replacement. This
mutation removes the AA motif at positions 108 and 109 as well as
two additional flanking AA motifs at positions 113 and 114 and at
positions 119 and 120.

Deletion of residues A108 to 120A promoted a hyperbiofilm
phenotype similar to that of the AlapG mutant (Fig. 2A). The
LapA AA108-120A mutant was detected at WT levels in the cell
fraction and accumulated LapA on the cell surface, and no detect-
able LapA protein was released into the supernatant, again similar
to the phenotypes observed for the AlapG mutant (Fig. 2B and C).
Taken together, these results suggest that LapG is unable to cleave
the LapA AA108-120A mutant protein. Thus, we suggest that
LapG is a somewhat promiscuous enzyme, and while preferring
the AA motif at positions 108 and 109, in the absence of these
residues, LapG is apparently capable of cleaving at nearby AA
motifs. Importantly, these data confirm that the unique target of
LapG is LapA, and it is unlikely that LapG has other targets im-
pacting early biofilm formation.

The a-helical region of LapA is required for LapG process-
ing. Inspection of the sequences surrounding the LapG cleavage
site at positions 108 and 109 revealed a conserved, predicted a-he-
lical secondary structure located ~12 amino acids upstream of
this site in 8/9 LapA-like N termini in the database. The ninth
sequence may also have an a-helical structure, but the confidence
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in this prediction is only ~50% by using Phyre (37). This a-helix
is required for LapG-dependent cleavage of NTerm-LapA of P.
fluorescens in vitro (Fig. 1B). Therefore, we deleted this helix (res-
idues A81 to 95A) and assessed its impact on biofilm formation
and LapA localization.

Deletion of the a-helical region (designated Ahelix) pheno-
copied the hyperbiofilm phenotype of the AA-RR mutant without
disrupting the expression of the LapA protein (Fig. 3A). Deletion
of the a-helical region promoted accumulation of LapA on the cell
surface, as detected by dot blotting (Fig. 3B), but the deletion did
not completely prevent the release of the LapA protein into the
supernatant (Fig. 3C). However, levels of LapA released into the
supernatant in the Ahelix mutant were lower than those observed
for the WT strain, suggesting that LapG-dependent release is re-
duced in the absence of the a-helix. Deletion of lapG in the Ahelix
mutant background completely prevented LapA release into the
supernatant (data not shown), suggesting that the observed low
level of LapA released into the supernatant in the Ahelix mutant is
still dependent on LapG-mediated cleavage.

Taken together, our data suggest that the AA residues at posi-
tions 108 and 109 and the predicted helical region encompassed
by residues A81 to 95A are critical for LapG-dependent cleavage of
LapA; however, residues immediately flanking the LapG cleavage
site are dispensable for LapA cleavage. Furthermore, at least for
the phenotypes described here, our findings are consistent with
the conclusion that the only target for LapG is the LapA adhesin.

Structural features of P. fluorescens LapA deduced by se-
quence analysis and bioinformatic prediction. The LapA protein
is a cell surface adhesin required for biofilm formation in P. fluo-
rescens (14, 17, 27). This protein is among the best-studied pro-
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FIG 3 The a-helical region of LapA is required for LapG processing. (A) Images of microtiter dish biofilm assays in K10T-1 medium (top) and quantification
of biofilm (middle). The x axis shows the P. fluorescens strains analyzed, and the y axis shows the optical density at 550 nm (ODs5,) of the solubilized crystal violet
used to determine the bacterial biofilm biomass. At the bottom is a Western blot showing the levels of LapA in the whole-cell fraction of the WT, the AlapG
mutant, and strains carrying the indicated mutations in the chromosomal copy of the lapA gene. LapA was detected via an engineered HA tag. * indicates a
significant difference from the WT (P < 0.05). (B) Cell surface levels of LapA. Shown are representative dot blots developed with antibodies directed against
HA-tagged LapA (top) and quantification of the pixel density of four replicates (bottom) to assess the level of cell surface LapA of the indicated strains. * indicates
a significant difference from the WT (P < 0.05). (C) Localization of LapA in supernatant fractions. Shown is a Western blot of the levels of LapA in the
supernatant (Supe) fraction of the indicated strains. LapA was detected via an engineered HA tag.

teins of a large family of adhesins also identified in a range of other
microbes, including pathogens. These adhesins share the N-ter-
minal domain required for LapG processing but also share other
domains, particularly a large central set of amino acid repeats and
conserved domains across the C terminus (CTerm) of the protein.
However, the function of these domains in adhesion function and
cell surface localization is largely unexplored.

LapA has an estimated molecular mass of ~520 kDa and con-
tains an extensive repetitive region consisting of 37 repeats of
~100 amino acids spanning residues D273 to 3982S (Fig. 4A, top).
These repeat sequences are rich in small hydrophobic residues
and are predicted to form B-sandwich folds comprised of two
antiparallel B-sheets. Unsupervised hierarchical clustering using
ClustalW (38) revealed that the 37 repeats could be divided into
four groups, which we designated repeat A (rA), repeat B (rB),
repeat C (rC), and repeat D (rD), based on sequence similarity
(Fig. 4). Comparison of the amino acid sequences of all four repeat
types showed a low overall identity of 27%, but the 18 repeat B
sequences were 68% identical to each other, while the 16 repeat C
sequences were 71% identical to each other, indicating that the
repeat B and repeat C sequences comprised discrete subgroups of
repeats. Furthermore, the repeat B sequences have similarity to the
so-called Bid2 domain, which was identified in the E. coli virulence
protein intimin (39). The order of the repeats, each consisting of
100 amino acids from the N terminus to the C terminus of LapA,
is TA-1rA-(rB-rC)4-rB-rD-(rB-rC)4-rB, that is, two repeat A motifs
followed by 8 pairs of repeats B and C, a single rB-rD pair, another
8 pairs of repeats B and C, and a final rB motif.

The sequence conservation (overall stack height) and relative
frequency of each residue (height of each symbol) are shown as a
WebLogo design for all 37 repeats (Fig. 4A, middle) (40). Despite
the poor overall sequence similarity among these repeats, there are
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several conserved residues that may be identified in the WebLogo
plot.

Bioinformatics tools predict several conserved domains pres-
ent at the C-terminal end of the LapA protein, from left to right: a
Calx- domain, a von Willebrand factor type A (vWA) domain,
six RTX sequences, and a type I secretion system (T1SS) signal
(Fig. 4A, top). The proposed function of each of these domains
and their role in LapA function are outlined in detail below.

The Calx-B domain in other proteins has been demonstrated
to be involved in calcium binding and regulation (41-43). More
specifically, the Calx-B domain was originally described in eu-
karyotic Na*-Ca** exchangers, whereby it is important in expel-
ling calcium from the cytoplasm (41-43). Previously, we showed
that deletion of the Calx-f domain spanning amino acids T4049
to 4094D (Fig. 4A, top, black block) did not disrupt LapA local-
ization or biofilm formation on a hydrophobic surface (32).

LapA contains one VWA domain spanning amino acids N4736
to 4963S (Fig. 4A, top, cyan block). The most well-characterized
vWA domains are found in extracellular eukaryotic proteins and
are involved in cell adhesion and protein-protein interactions (44,
45). Eukaryotic intracellular proteins containing VWA domains
are often components of multiprotein complexes. VWA domains
may mediate protein-protein interactions or the assembly and
function of multiprotein complexes (46). A phyletic distribution
study of domains commonly found in eukaryotic signaling pro-
teins revealed that VWA domains are present in prokaryotes, and
these domains were hypothesized to function in protein binding
(47). The first study to characterize VWA domains in bacteria re-
vealed that the VWA domain in PilA, a pilus-associated adhesin in
Streptococcus agalactiae, is essential for mediating adherence to
epithelial cells (48). The Pseudomonas aeruginosa vVWA-contain-
ing protein PilY1 requires this domain for proper localization to
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FIG 4 Mutational analysis of LapA domains. (A) The LapA protein (top) is diagrammed to scale, with putative domains and amino acid designations indicated.
The three-hemagglutinin (HA) epitope tags inserted after residue 4093 (indicated by the yellow block) are shown, as are the other domains, and their location in
the LapA protein sequence is indicated in parentheses. A WebLogo summary of the 37 repeat regions of ~100 amino acids is shown in the middle, and a WebLogo
summary of the 6 RTX repeat sequences of 9 amino acids is shown at the bottom. Gray, rA; blue, rB; red, rC; pink, rD. See the text for a detailed description of
the LapA domain designations and abbreviations. (B) Images of microtiter dish biofilm assays in K10T-1 medium (top) and quantification of biofilm (middle).
The x axis shows the P. fluorescens strains, and the y axis shows the optical density at 550 nm (ODss,) of the solubilized crystal violet used to determine the bacterial
biofilm biomass. At the bottom is a Western blot showing the levels of LapA in the whole-cell fraction of the WT strain and LapA domain deletion mutants. LapA
was detected via an engineered HA tag. KO, knockout. (C) Representative dot blots developed with antibodies directed against HA-tagged LapA (top) and
quantification of the pixel density of four replicates (bottom) to assess the level of cell surface LapA of the indicated strains. (D) Localization of LapA in
supernatant fractions. Shown is a Western blot of the levels of LapA in the supernatant fraction of the indicated strains. LapA was detected via an engineered HA
tag. (E) Outer membrane fractions of the indicated strains spotted onto a nitrocellulose membrane and detected via an engineered HA tag (top) and quantifi-
cation of the pixel density of four replicates (bottom) to assess the level of LapA in the indicated strains. The ARpts variant of LapA was detected in this fraction,
in comparison to the standard dot blot using whole cells shown in panel C, which showed no detection of this variant. * indicates a significant difference from the
WT (P < 0.05).

the bacterial cell surface (49). We predicted that the WA domain  peptide repeats with the consensus sequence G-G-X-G-(N/D)-D-
is required for LapA localization to the cell surface and thatitmay  X-(L/I/F)-X (Fig. 4A, top, orange block). The sequence conserva-
mediate interactions between the protein and the cell surface. tion (overall stack height) and relative frequency of each residue

LapA contains six RTX sequences, spanning amino acids (height of each symbol) are shown as a WebLogo design for all six
G5020 to 5144W, which consist of glycine-aspartate-rich nona- RTX sequences (Fig. 4A, bottom) (40). RTX sequences are found
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within proteins belonging to a family of large repetitive RTX ad-
hesins and biofilm-associated proteins (19) and the more classi-
cally defined RTX pore-forming cytolysins and hemolysins, such
as adenylate cyclase from Bordetella pertussis and HlyA from E. coli
(50-52). RTX proteins are transported out of the bacterial cell by
an ABC transporter in an unfolded state, where lipopolysaccha-
ride (LPS) molecules packed with Ca®>" and Mg** ions are en-
countered. The RTX repeats bind Ca>* with high affinity to form
a stable parallel B-roll structure, which in turn facilitates protein
folding (53, 54). Levels of intracellular Ca®* are lower than levels
of extracellular Ca®", and therefore, protein folding is prevented
prior to secretion (55). RTX repeats have been studied extensively
in RTX pore-forming toxins (50, 56-58), but their role in the
subfamily of RTX adhesins and biofilm-associated proteins has
not been characterized. We hypothesized that the RTX sequences
mediate LapA secretion and stability.

Genetic and biochemical studies revealed that LapA is trans-
ported to the cell surface by an ABC transporter, encoded by the
lapEBC genes (17, 27). LapA contains a T1SS signal that is pre-
dicted to be required for transport through the ABC transporter,
spanning residues N5151 to 5218S (Fig. 4A, top, purple block).
There is an absence of overall sequence conservation among T1SS
signals; however, the signal for type I secretion is a noncleaved
stretch of amino acid residues found in the last 60 to 80 amino
acids of the protein. It includes ~22 amphipathic amino acid res-
idues, ~13 uncharged amino acid residues, and ~8 C-terminal
hydrophobic residues (59). We hypothesized that the T1SS signal
in the C terminus of LapA is required for transport to the cell
surface.

Some domain deletions of LapA perturb function and local-
ization. With the exception of the Calx- domain (32), the bio-
logical function pertaining to LapA localization and contribution
to biofilm formation of the repeat region, VWA domain, RTX
sequences, and T1SS sequence has not been experimentally inves-
tigated. To assess the requirement of the predicted domains for
biofilm formation and LapA localization, chromosomal deletions
of the regions encoding the 37 repeats of ~100 amino acids (this
domain spans amino acids D273 to 3982S; designated ARpts), the
VWA domain (this domain spans amino acids N4736 to 4963S;
designated AvWA), RTX sequences (this domain spans amino
acids G5020 to 5144W; designated ARTX), the C terminus (dele-
tion encompassing the Calx-, VWA, and RTX domains, but not
the T1SS, and spanning amino acids T4018 to 5151N; designated
ACTerm), and the T1SS sequence (this domain spans amino acids
N5151 to 5218S; designated AT1SS) were constructed in the chro-
mosomal copy of the lapA gene via allelic replacement.

Deletion of the repeat region significantly reduced biofilm bio-
mass compared to that of the WT strain (P < 0.05) (Fig. 4B). The
absence of the repeat region did not affect LapA cellular expres-
sion, as assessed by Western blotting of the cell fraction of this
strain (Fig. 4B, bottom), while levels of LapA on the cell surface
were significantly reduced (Fig. 4C); however, LapA release into
the supernatant remained apparently unchanged compared to the
WT (Fig. 4D).

We reasoned that the decrease in the apparent abundance of
cell surface LapA upon deletion of the repeat region was likely
caused by an inaccessibility of the internal HA tag in LapA to the
HA antibody; that is, the ARpts variant of LapA was truncated,
and outer membrane components were likely sterically interfering
with the detection of the truncated LapA. Indeed, the LapA ARpts
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protein was detected at a level higher than that of WT LapA when
the outer membrane fraction of this mutant strain was isolated by
detergent fractionation (Fig. 4E). It is not clear why the signal for
the ARpts variant is higher than that for the WT, but this may be
due to the increased exposure of the epitope tag in the shorter
LapA variant lacking the repeat region.

The deletion spanning the entire C terminus (the T1SS signal
remains intact to maintain LapBCE-dependent transport), dele-
tion of the vVWA domain, and deletion of RTX sequences resulted
in statistically significant reductions of biofilm biomass in the
static microtiter dish biofilm assay compared to the WT strain
(P < 0.05) (Fig. 4B). While these reductions in biofilm biomass
were ~50% and statistically significant, the ACTerm, AvWA, and
ARTX mutants were still able to form a biofilm, as indicated by the
visible ring in the microtiter dish (Fig. 4B, top). LapA levels found
in the cell fractions of these mutant proteins were similar to or in
some cases higher than that of the WT protein, as detected by
Western blotting (Fig. 4B, bottom).

Consistent with a reduction in biofilm biomass, we observed a
decrease in the abundance of LapA on the surface of intact cells for
the ACTerm, AvWA, and ARTX mutants, as assessed by dot blot-
ting (Fig. 4C), although not all of the reductions were statistically
significant. In the supernatant fraction, deletion of the C terminus
and the vVWA domain resulted in a substantial decrease in the level
of LapA; however, deletion of the RTX sequences promoted an
increase in the levels of LapA detected in the supernatant fraction.

Finally, deletion of the T1SS significantly reduced biofilm bio-
mass compared to that of the WT (P < 0.05) but did not impact
LapA protein stability in the cell fraction (Fig. 4B). Consistent
with the prediction that the T1SS sequence is required for trans-
port to the cell surface, deletion of this sequence prevented LapA
from localizing to the cell surface (Fig. 4C). Consequently, no
LapA was detected in the supernatant fraction (Fig. 4D). These
data are consistent with the prediction that the T1SS signal is
required for localization to the cell surface by the type I secretion
system and biofilm function.

Together, these results demonstrated that the large repeat re-
gion of LapA is required for biofilm formation. In contrast, dele-
tion of the entire C terminus or its subdomains, with the exception
of the T1SS, did not completely eliminate biofilm formation, sug-
gesting that this region of the protein is not absolutely required for
adhesion to this surface and biofilm formation. These results show
that deletion of the predicted domains in LapA differentially im-
pact the ability of P. fluorescens to form a biofilm on plastic, the
hydrophobic surface tested here.

Identification of LapA domains required for biofilm forma-
tion on hydrophilic surfaces. The ability of P. fluorescens to ad-
here to a variety of surfaces, including polyvinylchloride, polypro-
pylene, polystyrene, borosilicate glass, and quartz sand, requires
the presence of LapA (6, 17), thus establishing that LapA is the
main adhesin employed by P. fluorescens to initiate biofilm forma-
tion on a wide array of surfaces. In its natural soil environment, P.
fluorescens likely encounters many surfaces comprised of different
chemical compositions.

As described above, LapA domains differentially contribute to
attachment to plastic, a hydrophobic surface (Fig. 4B). For exam-
ple, the loss of the repeat region (ARpts) resulted in a much more
drastic loss of biofilm biomass than did the loss of the C-terminal
domains. Given the variety and diversity of substrate composi-
tions in the soil environment, we hypothesized that the LapA do-
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FIG 5 Biofilm formation on a hydrophilic surface. Shown are images of bio-
films on borosilicate glass (a model hydrophilic surface) with the indicated
LapA domain deletion strains. * indicates a significant difference from the WT
(P <0.05).

mains might differentially function in adhesion to different sub-
strates, thus imparting P. fluorescens with the ability to attach to an
assortment of surfaces.

To address this hypothesis, the WT and LapA domain deletion
mutants were tested for their ability to form biofilms on a model
hydrophilic surface: borosilicate glass. Loss of the repeat se-
quences and the CTerm, vVWA, RTX, and T1SS sequences signifi-
cantly reduced biofilm biomass compared to that of the WT strain
(P < 0.05) (Fig. 5). As was observed for the model hydrophobic
surface, loss of the repeats or the T1SS resulted in a significant loss
of the biofilm. Interestingly, while the loss of the RTX domain still
supported biofilm formation on both the hydrophilic and hydro-
phobic substrata, the C-terminal domain, and specifically the
vWA domain, is absolutely required for biofilm formation on the
hydrophilic but not on the hydrophobic surface (compare Fig. 5 to
4B). Loss of the Calx-3 domain did not affect biofilm formation
on this model hydrophilic surface (Fig. 5), as reported previously
for a hydrophobic surface (32).

Atomic force microscopy demonstrates the role of the repeat
region and the CTerm region in mediating LapA adhesion to
hydrophobic substrates. Single-molecule AFM (35, 60—62) was
used to functionally analyze the biophysical properties (distribu-
tion, adhesion, and extension) of LapA bacterial “footprints,” i.e.,
adhesive macromolecules left on substrate surfaces after removal
of the attached cells. To generate LapA footprints using physiolog-
ically relevant means, P. fluorescens cells were incubated with a
model hydrophobic substrate in high-P; medium for 8 h. Detach-
ment was then induced by reducing the P; concentration (15, 16).
Incubation of the AFM substrates with the WT strain under
high-P; conditions resulted in substantial cell adhesion (surface
coverage of ~25%) (Fig. 6A), while further incubation under
low-P; conditions led to the detachment of most cells (surface
coverage of ~1%) (Fig. 6A, inset). In contrast, incubation of the
ARpts and ACTerm strains under high- and low-P; conditions led
to very poor levels of cell adhesion (surface coverage of ~1%) (Fig.
6B and C), consistent with microtiter dish biofilm assays, in which
the absence of the repeat region and the C terminus decreased
biofilm biomass compared to that formed by the WT strain (Fig.
4B). Furthermore, incubation under low-P; conditions therefore
had essentially no effect on how well these mutants attached to this
substrate (Fig. 6B and C, insets).

In order to assess LapA-dependent adhesion to hydrophobic
surfaces, AFM tips functionalized with monoclonal anti-HA anti-
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bodies were used to map and analyze HA-tagged LapA proteins
left on the substrate surface after induced detachment via incuba-
tion in low-P; medium. The adhesion force map, the histogram of
adhesion forces, the histogram of rupture lengths, and represen-
tative force curves were recorded and are shown in Fig. 6D to F for
the WT. The adhesion map revealed a substantial fraction (9%) of
detection events, suggesting that LapA molecules were left on the
substrate after cell detachment (Fig. 6D). WT force curves showed
multiple force peaks with magnitudes of 50 to 500 pN (Fig. 6E)
and rupture lengths of 50 to 800 nm (Fig. 6F). Based on previously
reported controls employing a strain lacking LapA at the cell sur-
face, these WT signatures were shown to specifically reflect the
detection and stretching of the LapA protein (15, 16).

The adhesion of the ARpts strain to the hydrophobic surface
led to the same detection frequency as that for the WT strain
(10%) (Fig. 6G to I), indicating that the number of LapA mole-
cules interacting with the substrate was identical for the WT and
the ARpts mutant, a somewhat surprising finding given the bio-
film formation phenotype of the ARpts strain (Fig. 4 to 6). Given
that there were many fewer bacteria of the ARpts strain attached,
these data suggest that the ARpts LapA protein, while able to lo-
calize to the bacterial cell surface and bind to the substrate (Fig.
4E), is not competent to promote tight bacterial attachment. In-
terestingly, force profiles of the ARpts LapA mutant protein were
markedly different from those of the WT LapA protein, in that
much lower adhesion forces (~50 to 200 pN) and much shorter
rupture lengths (~50 to 200 nm) were observed (Fig. 6H and I).
Few unfolding events were noted for the ARpts mutant LapA pro-
tein (Fig. 61), a finding consistent with previous work (15, 16) and
consistent with the lack of the large repeat region. It is important
to note that the ARpts LapA mutant protein showed a reduction in
the number of unfolding events and rupture length, but not elim-
ination of these events, consistent with the facts that the repeat
region has been deleted and that the protein is much shorter.
However, the remnant parts of the ARpts LapA mutant protein
could still be detected and stretched. These data provide direct
evidence that the multiple force peaks observed for the WT strain
reflect the unfolding of the multiple repeats of the LapA protein.

It is important to note that the lack of a regular unfolding
pattern for the WT strain suggests that LapA proteins adsorbed on
the substrate may be partially denatured, although clear differ-
ences in the behaviors of WT and mutant proteins could still be
distinguished.

The incubation of the strain expressing the ACTerm variant of
LapA on the hydrophobic substrates led to very low detection
frequencies and adhesion forces (50 to 150 pN) and short exten-
sions (50 to 150 nm) (Fig. 6] to L). These results indicate that the
C-terminal region may facilitate the initial attachment of the LapA
protein to the substrate. Presumably, without this initial contact,
the LapA repeat region is no longer able to interact with the hy-
drophobic surface as effectively, thus suggesting that LapA-medi-
ated adhesion follows two sequential steps: (i) initial attachment
of P. fluorescens is facilitated by the C-terminal domain of LapA,
and (ii) irreversible attachment to the substrate is mediated by
LapA via the repeat region of this adhesin.

DISCUSSION

Our studies reported here have identified additional critical re-
gions of the N terminus of LapA required for LapG proteolysis and
release of LapA from the cell surface, namely, the predicted a-he-
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FIG 6 Single-molecule AFM analysis of the biophysical properties of LapA bacterial footprints on hydrophobic substrates. (A to C) Representative optical
microscopy (DIC) images of substrates following 8 h of incubation in high-P; medium of P. fluorescens WT (A), ARpts (B), and ACTerm (C) cells. The insets show
the images obtained after cell detachment via 8 h of incubation in low-P; medium. (D to L). Adhesion force maps (5 pm by 5 wm; z range = 300 pN) (D, G, and
J), corresponding adhesion force histograms together with representative force curves (E, H, and K), and rupture length histograms (F, I, and L) recorded
between an anti-HA tip and hydrophobic substrates following adhesion and detachment of P. fluorescens WT (D to F), ARpts (G to I), and ACTerm (J to L) cells.
The maps in the insets (D, G, and J) are from independent experiments. The cartoons in panels F, I, and L emphasize differences in LapA protein-substrate
interactions for the three strains (gray lines, LapA N terminus, red lines, LapA repeats; blue pills, HA tag; purple pills, LapA C terminus).
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lix and the amino acids between residues 108 and 120. Our data
are consistent with the model that LapG preferentially targets the
AA motif at positions 108 and 109 in the WT LapA protein; in the
absence of this primary cleavage site, LapG can apparently target
alternative cleavage sites in vivo. Thus, amino acids in these re-
gions of LapA are required for LapG cleavage and/or LapG recog-
nition of LapA and thus likely participate in the LapG-dependent
release of LapA from the cell surface under conditions unfavorable
for biofilm formation.

Importantly, our mutational analysis has confirmed that the
only target of LapG, at least under our assay conditions, is LapA;
that is, removing residues 108 to 120 from LapA completely reca-
pitulated the phenotype of mutating the LapG protease, consistent
with LapA being the unique target of LapG during early biofilm
formation. Future studies will focus on analyzing, in vitro and in
vivo, whether the conserved residues in proteins with N termini
similar to those of LapA indicate conserved function, that is,
whether these proteins are also targets of LapG.

We also present a mutagenesis analysis to define roles for the
domains of LapA and to determine their requirement pertaining
to LapA secretion, localization, and adhesin function. This is the
first analysis aimed at characterizing domains that are conserved
in members of the large subfamily of cell surface RTX adhesins.

RTX adhesins and members of the BAP adhesin family contain
extensive repetitive regions (19). Prior to this study, the biological
function of these repeats was unknown. Here, we show that exten-
sive repetitive repeats are required for biofilm formation by P.
fluorescens on both hydrophobic and hydrophilic surfaces. Inter-
estingly, among the family of RTX adhesins, the sequence similar-
ity of repeat regions can vary in different bacterial species and even
in strains of the same species (19), suggesting that the repeats
function in biofilm formation but that the repeat region compo-
sition may have evolved to facilitate adhesion to a wide variety of
surfaces in diverse environments.

Interestingly, while deletion of the YWA domain was sufficient
to eliminate biofilm formation on glass, loss of this domain or the
entire C-terminal domain of LapA only moderately reduced bio-
film formation on the hydrophobic plastic surface. Thus, the WA
domain appears to play a specific role in attachment to hydro-
philic surfaces. These data suggest that perhaps different sub-
domains of the protein play differential roles in the ability of LapA
to mediate attachment across a wide range of surfaces, a finding
consistent with previous studies from our group (15, 16).

Deletion of the C-terminal RTX sequences reduced biofilm
formation on both hydrophobic and hydrophilic surfaces, re-
duced the localization of LapA to the bacterial cell surface, and
promoted greater release into the supernatant. RTX sequences are
essential for the catalytic activity of RTX toxins such as HlyA and
CyaA and have been implicated in playing an auxiliary role in the
secretion of these proteins. However, the precise role of these se-
quences in RTX toxin secretion remains elusive (56, 57, 63). It has
been proposed that RTX repeats may promote folding into a func-
tional conformation in the presence of calcium (53), and it has
been shown that calcium binding by the RTX repeats induces a
stable protein conformation (58, 64). However, in the absence of
the RTX sequences, LapA presumably is still able to fold and func-
tion to some degree, given that a strain carrying a LapA variant
lacking the RTX sequences is still capable of biofilm formation on
both hydrophobic and hydrophilic substrates. Thus, while the
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RTX motif contributes to LapA function, it is not absolutely re-
quired for bacterial adhesion.

Type 1 secretion systems are predicted to directly transport
adhesins to the cell surface. Previously, we showed that mutating
lapB, which encodes the inner membrane ATPase and maps near
the JapA gene on the chromosome, produced cytoplasmic LapA,
but the mutant is unable to transport LapA to the cell surface (17).
Here, we show that by specifically deleting the T1SS signal at the C
terminus of LapA, not surprisingly, transport of LapA to the cell
surface is disrupted, and consequently, a biofilm is not formed on
either hydrophobic or hydrophilic surfaces. Thus, of the C-termi-
nal domains of LapA, only the T1SS is absolutely required for
biofilm formation on both substrates tested.

We used single-molecule AFM analysis to gain additional in-
sight into how the repeat region and C-terminal domain contrib-
ute to biofilm formation on a model hydrophobic surface. The
hydrophobic substrate used in the AFM studies differs from the
hydrophobic substrate used in the 96-well dish assays; however,
our analysis of attachment by differential interference contrast
(DIC) imaging shows that the ability of the ARpts mutant to at-
tach to this substrate is severely compromised compared to the
WT (compare Fig. 6A and B), a finding identical to that for the
96-well dish assays.

AFM analysis indicated that deletion of the C terminus of LapA
resulted in much-reduced LapA binding to the hydrophobic sub-
strate (compare Fig. 6D and J), and adhesion to the substrate never
matched the degree of adhesive forces observed for the WT. In
contrast, the LapA ARpts mutant protein bound the substrate to a
degree very similar to that of the WT protein (compare Fig. 6D
and G), but this mutant protein showed much-reduced adhesion
force and could not support bacterial attachment. We take these
data to mean that on this hydrophobic surface, perhaps the C
terminus of LapA facilitates initial contact with the surface but is
not absolutely required to initiate surface adhesion in the context
of the whole organism, as strains lacking the C terminus of LapA
can still make a biofilm. This finding is consistent with our previ-
ous studies of WT LapA showing that the hydrophobic repeat
domain is likely the main driver of attachment to hydrophobic
surfaces (15, 16). Thus, we propose that the repeat region of LapA
drives irreversible surface attachment on hydrophobic surfaces,
after the C-terminal region facilitates initial, reversible attach-
ment. In contrast, our biofilm assays presented here (Fig. 5) are
consistent with our previous single-cell AFM studies indicating
that the C-terminal domain of LapA is critical for the initial at-
tachment of the adhesin to hydrophilic surfaces (15, 16). Finally, a
strain carrying the LapA mutant protein lacking the repeats region
but retaining the C-terminal domain is also defective for attach-
ment on this hydrophilic surface (Fig. 5), indicating that while the
C-terminal domain of LapA may play a key role in initiating hy-
drophilic surface contact, this domain is not sufficient to establish
irreversible surface attachment on such a surface.

Thus, we propose that while the C-terminal domain of LapA
likely differentially contributes to the ability of the adhesin to ini-
tiate surface contacts on hydrophobic versus hydrophilic surfaces,
the large repeat domain is required for irreversible attachment on
both of these substrates. Finally, as highlighted in Fig. 4, the LapA
protein repeat region is comprised largely of two repeating ~100-
amino-acid repeat motifs (i.e., the rB-rC motif). Our previous
AFM studies indicate that it is unlikely that individual repeats of
LapA unfold, but instead, the domains unfold two-by-two (15).
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These data indicate that the rB-rC motif may be quite stable and
may serve as the minimal functional unit of LapA required for
irreversible attachment under conditions favorable for biofilm
formation.
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