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Calcium Causes Multimerization of the Large Adhesin LapF and
Modulates Biofilm Formation by Pseudomonas putida

Marta Martinez-Gil,>° Diego Romero,”* Roberto Kolter,” and Manuel Espinosa-Urgel®

Department of Environmental Protection, Estacion Experimental del Zaidin, CSIC, Granada, Spain,® and Department of Microbiology and Immunobiology, Harvard

Medical School, Boston, Massachusetts, USA®

LapF is a large secreted protein involved in microcolony formation and biofilm maturation in Pseudomonas putida. Its C-termi-
nal domain shows the characteristics of proteins secreted through a type I secretion system and includes a predicted calcium
binding motif. We provide experimental evidence of specific binding of Ca>* to the purified C-terminal domain of LapF
(CLapF). Calcium promotes the formation of large aggregates, which disappear in the presence of the calcium chelator EGTA.
Immunolocalization of LapF also shows the tendency of this protein to accumulate in vivo in certain extracellular regions. These
findings, along with results showing that calcium influences biofilm formation, lead us to propose a model in which P. putida
cells interact with each other via LapF in a calcium-dependent manner during the development of biofilms.

acteria are able to form surface-attached multicellular com-

munities, called biofilms, which represent a protected mode
of growth that allows cells to survive in hostile environments and
colonize new niches (8). Because biofilms can form on virtually
any surface, they have a profound impact in medicine, industry,
and agriculture. Intensive research over the last decade has led to
the identification of key factors for biofilm formation. Among
these, the presence of an extracellular matrix produced by the
bacterial cells contributes to the architecture, organization, and
maintenance of the three-dimensional structure of biofilms. The
composition of the matrix depends on the bacterial species and
the environmental conditions but it is generally made up of dif-
ferent exopolysaccharides (EPS) (3, 18, 19), extracellular DNA
(27), and secreted proteins (13, 15, 22). The involvement of cell
surface proteins in biofilm development has been described in
detail for a variety of bacterial species. They include BapA in Sal-
monella enterica (13), Bap in Staphylococcus aureus (12), TasA in
Bacillus subtilis (22), and LapA in Pseudomonas putida and Pseu-
domonas fluorescens (9, 29). In a recent publication (15), we de-
scribed that the adhesin LapF mediates cell-cell interactions which
lead to microcolony formation and biofilm maturation in Pseu-
domonas putida KT2440. However, the molecular mechanisms by
which LapF exerts its function remain unknown.

A significant number of large proteins involved in cell surface
and cell-cell interactions contain putative calcium binding do-
mains (1, 11, 28). Calcium has been related to a variety of biolog-
ical processes in bacteria (4, 7, 10), but its role in biofilm develop-
ment is somewhat controversial. Previous research has shown that
increasing amounts of calcium disable Bap-mediated biofilm for-
mation and intercellular adhesion of Staphylococcus aureus (1).
However, recent reports indicate that calcium promotes biofilm
formation in other microorganisms, such as Xyllela fastidiosa or
Vibrio vulnificus (4, 7). Therefore, calcium may modulate biofilm
formation in opposite ways in different bacteria, but the molecu-
lar basis for its role remains unclear. Its potentially direct connec-
tion with surface proteins has been explored in Shewanella one-
idensis, where the presence of calcium within a certain
concentration range promotes biofilm formation mediated by the
Bap-related surface protein BfpA (25). In contrast, recent data
indicate a negative influence of calcium on the function of LapA,
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the main adhesin of Pseudomonas fluorescens (2). This effect would
be indirect, through the activity of the protease LapG, which is
modulated by calcium.

In this report we present evidence for the direct interaction of
Ca*" with the C-terminal domain of LapF (CLapF). This interac-
tion results in the aggregation of the protein. Interestingly, cal-
cium depletion has a negative effect on biofilm formation by P.
putida. This leads us to suggest that this cation promotes the in-
teraction between the C-terminal domains of LapF molecules
from adjacent cells and thus promotes the cell-cell interactions
needed for microcolony formation and the development of the
three-dimensional structure of the biofilm.

MATERIALS AND METHODS

Bacterial strains and growth conditions. Pseudomonas putida KT2440 is
a plasmid-free derivative of the original soil isolate Pseudomonas putida
mt-2 (21). Escherichia coli DH5c and BL21 were used as hosts in cloning
and expression experiments, respectively. Unless otherwise specified, bac-
teria were grown in LB medium at 30°C (P. putida) or 37°C (E. coli). When
appropriate, ampicillin (100 pg/ml) was added.

Construction of expression plasmid pMMGCa2. A 2-kb DNA frag-
ment corresponding to the C-terminal domain of LapF (amino acids 5622
t0 6310) was PCR amplified from the chromosome of Pseudomonas putida
KT2440 using primers CaFw2 forward (5'-GGGCAGCCATATGGATGC
CAACGCGCCGGTCA-3") and CaRev reverse (5'-AAAACTCGAGTCA
AACCACATGGATACC-3") with Expand high-fidelity polymerase (New
England). The resulting PCR product was digested with Ndel and Xhol
(underlined sites) and cloned in frame into the plasmid pET-15b (Nova-
gen) cut with the same enzymes. The resulting plasmid, pMMGCa2, was
transformed into E. coli DH5a, and the insert and flanking regions were
verified by DNA sequencing.
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Expression and purification of the recombinant C-terminal domain
of LapF. The plasmid pMMGCa2 was used for the production of a fusion
protein with 6 histidine residues at the N terminus. The plasmid was
transformed in Escherichia coli BL21 competent cells for protein expres-
sion. Cultures were grown in 250 ml LB with orbital shaking to an absor-
bance of 0.5 at 600 nm. The cells were induced with isopropyl-1-thio-3-
galactopyranoside (IPTG) to a final concentration of 1 mM, and the
cultures were incubated for additional 4 h at 37°C. Cells were harvested by
centrifugation, resuspended in 20 ml of lysis buffer consisting of 1X
CelLytic B cell lysis reagent (Sigma) diluted in 20 mM Tris, 500 mM NaCl,
20 mM imidazole, and 1 mM phenylmethylsulfonyl fluoride (PMSF) and
supplemented with 100 pg/ml of freshly prepared lysozyme solution, and
incubated for 20 to 30 min. Further disruption and reduction of viscosity
were done by sonication.

A 1.5-ml portion of nickel chelating resin (G-Bioscience) was washed
and conditioned as indicated by the manufacturer prior to addition to the
samples and incubation with gentle agitation for 1 h at room temperature.
The mixture was centrifuged, and after decanting the supernatant, the
lysate-resin mixture was washed with 5 volumes of binding buffer (20 mM
Tris, 500 mM NaCl, 1 mM imidazole, ] mM PMSF) and 3 volumes of
washing buffer I (20 mM Tris, 500 mM NaCl, 30 mM imidazole, 1 mM
PMSF). The proteins were eluted with elution buffer (20 mM Tris, 500
mM NaCl, 500 mM imidazole, and 1 mM PMSF). The purified protein
was treated with 10 mM EGTA and cleaned by Sephadex G-25 gel filtra-
tion chromatography, followed by overnight dialysis against 10 mM Tris-
HCI-50 mM NaCl, pH 7.5. The protein concentration was determined as
previously described (26). The integrity and homogeneity of the recom-
binant protein were confirmed by SDS-PAGE (4% stacking gel and 12%
separating gel) and Western blot analysis using anti-His tag antibodies
(Santa Cruz Biotechnology, Inc.). The identity of the protein was con-
firmed by electrospray ionization-tandem mass spectrometry (ESI-MS/
MS) analysis.

Molecular mass estimation by analytical FPLC. The molecular
masses of the protein before and after treatment with 10 mM EGTA were
estimated using a Superdex-200 HR 10/30 column with an AKTA Ex-
plorer fast protein liquid chromatography (FPLC) system (Amersham
Biosciences). The column was equilibrated with 20 mM Tris—=50 mM
NaCl buffer, pH 7.5. The molecular mass of the eluted protein was esti-
mated by a calibration curve prepared using the elution times measured
for standards (Bio-Rad, Hercules, CA) ranging from 1.35 to 670 kDa
(thyroglobulin [670 kDa], a-globulin [158 kDa], albumin [67 kDa],
ovalbumin [44 kDa], myoglobin [17 kDa], and vitamin B,, [1.35 kDa]).

Dynamic light scattering (DLS). Experiments were performed at
25°C using the DynaPro NanoStar (Wyatt). Protein solutions were dia-
lyzed overnight against a filtered buffer (10 mM Tris-HCI, 50 mM NaCl,
pH 7.5) and filtered before each experiment using a sterile syringe filter
with a 0.45-pm cellulose acetate membrane (VWR). The protein solution
was adjusted to a final concentration of 5 mg/ml of protein, injected into
a50-pl cuvette, and placed into the sample cell. The total sample injection
volume was 60 pl. To test the effect of calcium in the protein solution, a
filtered CaCl, solution in 10 mM Tris-HCl-50 mM NaCl (pH 7.5) was
injected into the sample to a final concentration of 10 mM, using a Ham-
ilton syringe (Hamilton Co). A filtered EGTA solution was subsequently
added to the sample to a final concentration of 20 mM. Data were col-
lected from three independently prepared samples. Each sample measure-
ment consisted of 4 repetitions, each one of 20 acquisitions of 15 s. Raw
data were analyzed with the DYNAMICS software package. The dispersity
of the solution was assessed, and the average of the hydrodynamic radius
(Ry,) was calculated.

Isothermal titration calorimetry (ITC). Reaction enthalpy measure-
ments were done on a VP-ITC microcalorimeter (MicroCal) at 30°C. The
Ca™ in the purified protein was removed with 10 mM EGTA as described
above and subsequently dialyzed overnight against 10 mM Tris-HCI-50
mM NaCl (pH 7.5), adjusted to a final concentration of 8.5 pM, and
placed into the sample cell. A 100 M CaCl, solution was prepared using
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the dialysis buffer and placed into the syringe injector. A typical experi-
ment involved the automatic injection of 10 pl ligand into the protein
solution over 25 injections with stirring at 300 rpm. Heat produced due to
dilution was measured by injecting the ligand solution into the sample cell
without protein. For each titration the heat of dilution was subtracted
from the corresponding Ca*>" binding data for the protein. Data were fit
to appropriate binding models and thermodynamic parameters deter-
mined from nonlinear least-squares fits, using the MicroCal version of the
ORIGIN software.

Transmission electron microscopy and immunogold labeling. Pro-
tein samples were treated with 10 mM CaCl, and incubated for 2 h or 3
days at room temperature. After treatment with calcium, protein samples
were diluted with distilled water and adsorbed onto a Formvar-carbon-
coated grid (the grid surface was previously made hydrophilic with glow
discharge in a vacuum evaporator) for approximately 10 min at room
temperature. Excess sample was discarded on a filter paper, the grid was
incubated with 5 pl of negative staining solution (2% aqueous uranyl
acetate) for 2 min at room temperature, and the excess was discarded with
filter paper. Samples were dried at room temperatures for 5 to 10 min and
were visualized in a Tecnai G* Spirit BloTWIN microscope at an acceler-
ating voltage of 80 kV. Images were taken with an AMT 2k charge-coupled
device (CCD) camera.

For immunolocalization studies of LapF, biofilms of P. putida KT2440
were grown on nickel grids for 8 h in LB medium in a 6-well microtiter
plate. Grids were recovered from the culture and treated with blocking
buffer consisting of 1% nonfat dry milk in phosphate-buffered saline with
0.1% Tween 20 (PBST) for 30 min, incubated for 2 h with anti-LapF
primary antibody (15) diluted 1:150 in blocking buffer, rinsed in PBST,
exposed to goat anti-rabbit 20-nm gold-conjugated secondary antibody
diluted 1:50 (TedPella, Inc.) for 1 h, and rinsed. All grids were stained with
uranyl acetate and lead citrate and viewed as described above.

For subcellular localization studies of LapF, cells were grown for 8 hin
LB medium in a 6-well microtiter plate. Cells were harvested and fixed
with an equal volume of 4% paraformaldehyde in 0.1 M sodium phos-
phate buffer (pH 7.4). Small pieces of cell pellet were infiltrated in 2.3 M
sucrose in PBS with 0.15 M glycine. Samples were high-pressure frozen in
a Leica EM Pact2 high-pressure freezer and freeze-substituted in 0.2%
glutaraldehyde and 0.1% uranyl acetate in acetone at —90°C for 72 h.
Samples were warmed at room temperature and embedded in LR White
resin. Ultrathin sections were cut at —120°C with a cryo-diamond knife.
Sections were transferred to a Formvar-carbon-coated grid for immuno-
gold labeling. Grids were contrasted and visualized as described above.

Biofilm formation analysis. Biofilm formation was examined during
growth in liquid LB in polystyrene microtiter plates (Sterilin) under static
conditions as described previously (20). Biomass attached to the surface
was evaluated by staining with 0,5% crystal violet for 15 min (20). Biofilms
were quantified by solubilization of crystal violet with 70% ethanol and
measurement of absorbance at 580 nm on a spectrophotometer (Shi-
madzu UV-160A).

To visually follow biofilm formation, 40- by 20-mm glass coverslips
were placed obliquely into wells of a 6-well plate with 5 ml of liquid LB
diluted 1:10 and inoculated with the bacterial strain and the treatment to
be tested (CaCl, or EGTA). Cultures were allowed to grow at 30°C for 24
h and biofilm formation evaluated visually or by fluorescence microscopy
using a Zeiss Axioscope microscope after briefly washing the glass cover-
slips with deionized water.

RESULTS

Calcium modulates biofilm formation by Pseudomonas putida.
In order to analyze the role of calcium in biofilm formation by P.
putida KT2440, this strain was first grown under static conditions
in microtiter plates in LB with increasing concentrations of CaCl,.
As shown in Fig. 1A, calcium caused a shift in the attachment-
detachment kinetics of KT2440, with increasing concentrations
promoting earlier attachment and early detachment of the cells.
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FIG 1 Influence of calcium, magnesium, and the chelator EGTA on biofilm formation by P. putida KT2440. (A to C) Attached biomass was determined by crystal violet
staining, as described in Materials and Methods. Data are averages and standard deviations from four experiments. Asterisks indicate statistically significant differences
with respect to the control. (A) Biofilm formation on microtiter plates during growth in LB with increasing concentrations of CaCl, (white bars, control without addition;
hatched bars, 10 mM; light gray bars, 20 mM; dark gray bars, 50 mM). (B) Effect of EGTA on biofilm formation, determined as described above (white bars, control; black
bars, LB with 0.1 mM EGTA; gray bars, 0.1 mM EGTA and 10 mM CaCl,). (C) Biofilm formation in LB (white bars) and in the presence of 0.1 mM EGTA (hatched bars),
10 mM MgCl, (black bars), or Mg plus EGTA (gray bars). (D) Biofilm formation on glass coverslips during growth in 1:10 strength LB. Coverslips were directly

photographed at 24 h postinoculation.

Addition of the calcium chelator EGTA, on the other hand, did
not have a significant effect at early time points but limited biofilm
development later on (Fig. 1B). EGTA also limited biofilm forma-
tion in minimal medium with glucose as a carbon source (not

shown) and in 1:10 strength LB. This effect of the chelator was
compensated for by addition of excess CaCl, (Fig. 1B), even
though cells began detaching earlier than in the control. To deter-
mine if the effect of EGTA could also be explained by its potential

FIG 2 Biofilm formation on glass coverslips by KT2440 in the absence (control) or presence of EGTA, compared to that by the lapF mutant strain mus-20. Biofilms were
grown in 1:10 strength LB as described in Materials and Methods and observed after 24 h by fluorescence microscopy. Two different fields are shown in each case.

Magnification, X400.
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ATLTINVDSAAGLTATTSLLADTGDESAALA
SLAAATDVIAGTDGNDHLDGSQGGHITLQ
GGAGDDTLVVVDQNFASVDGGSGTDTLL
WGGGDASIDLGNLA
FIG 3 Bioinformatic analysis of the structure of the 300 C-terminal amino
acids of LapF (A) compared to the Serratia marcescens metalloprotease (1SAT
in the RCSB PDB database, which shows bound calcium as green balls) (B).
The calcium binding motifs are shown in green in the sequence, and the cor-
responding region is boxed in the structural prediction. Model prediction was

obtained using HHPred (24), and the Protein Workshop toolkit (16) was used
for visualization.

chelation of other ions, similar experiments were performed in LB
in the presence of 10 mM MgCl, with or without EGTA. The
results are shown in Fig. 1C. Addition of magnesium relieved the
negative effect of EGTA on biofilm formation. However, when
MgCl, was added alone, no increase in attachment was observed
until 24 h after inoculation. This suggests that the effect of EGTA
is indeed a consequence of calcium chelation, so that when Mg is
added in excess it sequesters EGTA, and more free calcium is avail-
able. Surprisingly, the combination of MgCl, and EGTA caused
cells to remain attached, an effect that was not observed with mag-
nesium alone.

The role of calcium was also tested in 6-well plates with glass cov-
erslips partially immersed in the growth medium (1:10 LB with or
without CaCl,). Biomass attached to the coverslip during growth was
evaluated directly. As shown in Fig. 1D, addition of CaCl, caused an
increase in biofilm biomass at 24 h. Conversely, addition of the cal-
cium chelator EGTA at a concentration that did not affect planktonic
growth caused a reduction in the amount of biomass attached to the
coverslips. In these experiments, no significant influence of either
treatment was observed at earlier time points.

These data suggested that calcium has a time-dependent influ-
ence on attachment of P. putida. In this bacterium, two large ad-
hesins showing putative calcium binding motifs, LapA and LapF,
participate in biofilm formation. LapA is key for initial attach-
ment, and LapF participates in later stages in a medium-depen-
dent manner (15). We decided to focus our attention on LapF to
define the potential role of calcium in its functionality. Initially,
the biofilm phenotype previously observed for mus-20, a lapF
mutant (6, 15), was compared to the effect caused on KT2440 by
addition of EGTA. Biofilms of green fluorescent protein (GFP)-
tagged strains grown on glass coverslips were examined by fluo-
rescence microscopy. As shown in Fig. 2, KT2440 biofilms grown
in the presence of EGTA showed an intermediate structure be-
tween the large, thick microcolonies formed by the wild type un-
der regular conditions and the flat, less structured biofilm of the
lapF mutant. EGTA caused a clear reduction in the size of micro-
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FIG 4 Isothermal titration of the C-terminal domain of LapF in the absence
and presence of Ca**. An injection volume of 10 wl and a total number of 25
injections were used. (A) Injection of the ligand CaCl, into buffer. (B) Injec-
tion of the ligand into a 8.5 wM protein solution. Ligand and protein were in
0.1 M Tris—0.5 M NaCl, pH 7.5. Experiments were carried out at 30°C. Upper
panel, raw titration data. Lower panel, integrated and dilution-corrected peak
areas of raw data. Data were fitted using the “one-binding-site model” of the
MicroCal version of ORIGIN.

KCal/Mole of Injectant

colonies, with many cells attached individually, as in the lapF mu-
tant. EGTA also appears to weaken the adhesive force of KT2440,
since cells were easily swept away upon washing. It is worth men-
tioning that addition of CaCl, did not increase attachment in the
lapF mutant (data not shown).

CLapF selectively binds calcium. LapF consists of three do-
mains: an N-terminal domain of 174 amino acids, followed by a
long, repetitive region spanning most of the protein, and finally a
C-terminal domain typical of proteins secreted through a type I
secretion system (15). Analysis of the sequence of LapF revealed
the presence in the C-terminal region of the protein (CLapF) of
putative calcium binding sites related to the hemolysin type and
those of the NodO protein (5). The presence of these sites was
further supported by in silico modeling of the three-dimensional
structure of a region spanning the 300 C-terminal amino acids of
LapF (Fig. 3). The analysis with HHPred (24) returned as best
templates calcium binding proteins and resulted in a predicted
structure containing antiparallel B-sheets that closely resemble
those that are characteristically found in RTX toxins and known to
bind calcium (14).
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TABLE 1 Binding parameters derived from isothermal titration
calorimetry experiments”

Parameter (unit) Value (mean * SD)

K,(M™) 2.82 (*+0.16) X 10°
K, (uM) 3.54 +0.016

AH (kcal/mol) —9.8 = 0.4

AS (cal/mol/°) —7.35

N (sites) 0.603 £ 0.0206

“ All experiments were conducted at 30°C. Ligands were placed in the syringe and
CLapF in the sample cell. The buffer was 10 mM Tris-HCI-50 mM NaCl, adjusted to a
pH 7.5 by the addition of concentrated HCL.

To begin defining the role of calcium in the functionality of the
protein, a DNA fragment encoding CLapF was cloned in the ex-
pression vector pET15b. This construct was used to express and
purify CLapF as a 690-amino-acid fusion protein with a 6-His tag
(see Fig. S1 in the supplemental material). The purified polypep-
tide was treated with EGTA to remove any potential traces of
calcium, and isothermal titration calorimetry (ITC) assays were
performed in order to test the interaction of CLapF with this cat-
ion. As shown in Fig. 4 and Table 1, CLapF binds Ca?" with mod-
erate affinity (K, [equilibrium dissociation constant] = 3.54 *+
0.016 M), calculated by fitting the experimental data to a single-
event model (n = 1) for Ca**. No binding could be observed with
other divalent cations such as Mg** or Mn*>* (data not shown),
suggesting that the interaction of CLapF with Ca*" is specific for
this cation.

Multimerization of CLapF in the presence of calcium. During
these in vitro experiments with purified CLapF, we noticed that
prolonged incubation of CLapF in the presence of high calcium
concentrations resulted in faintly visible precipitates in the sam-
ples, suggesting that calcium might cause aggregation of the pro-
tein. After purification and treatment of CLapF with 10 mM
EGTA, the protein was incubated for 3 days at room temperature
with 10 mM CacCl, and a control without calcium. Samples were
analyzed by transmission electron microscopy. In samples treated

with calcium, aggregates were clearly visible (Fig. 5). Controls
without calcium or with calcium in the absence of protein were
devoid of any aggregates. Addition of EGTA in the presence of
calcium resulted in lack of aggregation (Fig. 5), whereas increasing
concentrations of calcium caused faster and more compact clus-
tering of the protein, so that with 100 mM CaCl,, large aggregates
were visible after 3 h of incubation (data not shown).

Dynamic light scattering (DLS) was then used to analyze the
size distribution of the hydrodynamic radius and the polydisper-
sity of CLapF in the presence or absence of Ca>* and EGTA. The
polydispersity (Pd) value gives information about the homo-
geneity or heterogeneity of a given population (peak). The level of
homogeneity is considered high when the population has a Pd
value of less than 15%. Purified CLapF shows three different pro-
tein subpopulations in solution (Fig. 6). The hydrodynamic ra-
dius (Ry) of each subpopulation is described in Table 2. After
addition of 10 mM CaCl, to the same sample, a new subpopula-
tion of large aggregates with an Ry; of 5,262 nm, nearly six times
higher than that of the largest aggregate in the absence of calcium,
is generated. The new subpopulation of aggregates corresponds to
more than 50% of the total mass of the protein sample (Table 2).
This effect was completely reversed when EGTA was added to a
final concentration of 20 mM, with the subpopulation with higher
Ry, disappearing after 10 min of incubation with the chelator. Data
from buffer and buffer with CaCl, and EGTA were acquired as
control (data not shown).

Based on the DLS results, analytical gel filtration was used to
determine the molecular masses of CLapF and the different
aggregates. Purified CLapF after treatment with EGTA ap-
peared in only two different forms that eluted in the void vol-
ume of an analytical gel filtration column with an exclusion size
of 600 kDa (Fig. 7). The smallest peak detected (~77 kDa)
corresponds to the monomer of the protein. A peak of approx-
imately 630 kDa was also found in the purified protein solu-
tion. This peak may correspond to aggregates of eight CLapF
monomers. After incubation with 10 mM CacCl,, the 77-kDa

FIG 5 (A to C) Transmission electron microscopy of CLapF incubated for 3 days at room temperature without CaCl, (A), with 10 mM CaCl, (B), or with CaCl,
and EGTA (C). (D) A control with 10 mM CaCl, without protein, to ensure that the aggregates in panel B are not artifacts due to calcium precipitation. Scale bar,

500 nm.
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FIG 6 Size distribution histograms for purified CLapF treated with 10 mM
EGTA and dialyzed overnight against 10 mM Tris-HCI-50 mM NaCl, pH 7.5
(A), protein from panel A with 10 mM CaCl, (B), and protein from panel B
treated with EGTA to a final concentration of 20 mM (C).

peak practically disappears and two new peaks corresponding
to sizes of around 180 and larger than 900 kDa appear (Fig. 7).
These data further support multimerization of the protein in
the presence of calcium.

TABLE 2 Dynamic light scattering results for CLapF

Calcium-LapF Interaction and Biofilm Formation

35

Absorbance (mAU)

wolume (ml)

FIG 7 Study of the molecular mass of CLapF by analytical FPLC. Purified
CLapF after treatment with EGTA (gray line) and CLapF incubated with 10
mM CaCl, (black line) are shown, as well as the molecular masses (open
circles) and linear trend (broken line) of the standards. The ~77-kDa and
~630-kDa peaks are indicated.

LapF clusters on the cell surface and between cells in bio-
films. LapF had been previously localized in the cell surface of P.
putida KT2440 and between cells in the biofilm using immuno-
fluorescence and Western blot analysis (15). To get a more precise
localization of LapF in cells within a biofilm, P. putida KT2440 was
grown in 6-well microtiter plates in LB with a nickel grid in the
middle of each well. Cells were incubated at 30°C, and after 8 h of
incubation, grids were recovered and treated as described in Ma-
terials and Methods for electron microscopy observation with
anti-LapF antibodies. As shown in Fig. 8, clustering of LapF on the
cell surface can be observed. In ultrathin sections of the cells re-
covered from the well, LapF is detected in the cytoplasm but is
localized mainly in large aggregates between cells, supporting its
role in cell-cell interactions and as part of the extracellular matrix
of the biofilm.

DISCUSSION

Calcium is essential for many biological processes and has been
previously shown to influence the multicellular behavior of
different microorganisms. In this work we have provided evi-
dence of calcium causing accelerated biofilm formation by P.
putida, followed by early detachment under static conditions.
This effect might be in part due to calcium interaction with
LapF, which causes the C-terminal portion of this adhesin to
alter its conformation and form multimers. Among the variety
of methods available to analyze the state of a macromolecular
sample, DLS is a very sensitive technique that is frequently used
to explore the size and aggregation properties of macromole-

Control With CaCl, With CaCl, + EGTA

Hydrodynamic Polydispersity Mass Hydrodynamic Polydispersity Mass Hydrodynamic Polydispersity Mass
Peak radius (nm) (%) (%) radius (nm) (%) (%) radius (nm) (%) (%)
1 24.313 11.2 7.8 25.233 17 3 16.183 8.8 0.6
2 148.346 18.7 58.4 136.969 12.8 9.9 153.293 5.7 1.3
3 917.719 4.7 33.8 251.616 20.5 19 913.999 18.5 98.1
4 5262 23.7 68
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FIG 8 Transmission electron microscopy and immunodetection of LapF. (A and B) Wild-type cells after 8 h growth and immunogold labeling with anti-LapF
antibody; (C) thin sections of resin-embedded wild-type cells after 8 h growth in 6-well microtiter plates; (D) mutant strain mus-20 (lapF). Arrows point to the

accumulation of gold particles in the cell surface and in the cytoplasm.

cules in solution (17). In our results, the presence of calcium
caused an increase in the polydispersity of the subpopulations
of CLapF (Table 2). The effect of calcium on the sample heter-
ogeneity is more evident in the new population of aggregates,
whereas the homogeneity of the sample increases when EGTA
is added. A lower proportion of multimers is present in the
population of purified CLapF in the absence of calcium, and
clustering can also be observed when the native protein is an-
alyzed in vivo in biofilms through immunolocalization.

These results suggest a natural tendency of LapF to aggregate,
an effect that is enhanced by increasing calcium concentrations.
Thus, it seems possible that LapF contributes to the scaffolding of
the extracellular matrix through its multimerization. This struc-
tural role based on polymerization would be somewhat similar to
that reported for the formation of amyloid fibers by certain extra-
cellular proteins. This is the case for TasA, which has been shown
to polymerize to form amyloids and thus confer stability to Bacil-
lus subtilis biofilms (22). Such an interpretation would be in con-
trast with the proposed influence of calcium on the functionality
of other large surface proteins. In Staphylococcus aureus, for exam-
ple, Ca>* causes inhibition of biofilm formation in strains where
the large adhesin Bap is present (1). This protein contains four
EF-hand-like calcium binding motifs; when these are mutated, the
inhibitory effect of Ca®" is lost. It is worth noting that the Ca®"
binding sites in the C-terminal region of LapF do not correspond
to EF-hand motifs but rather resemble those described in NodO
(5), a Ca®" binding secreted protein which has been proposed to
mediate the interaction between Rhizobium leguminosarum cells
and plant roots in a calcium-dependent way.

The influence of calcium in P. putida also contrasts with that
observed in P. fluorescens, where this cation seems to have a neg-
ative effect on attachment mediated by the large adhesin LapA (2).
It is worth noting that whereas LapA homologs are present in P.
putida and P. fluorescens, LapF is found exclusively in the former.
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It could be that the role of calcium is different in the two species or
that in P. putida calcium is somehow part of a “clock” for the
attachment process. Our current model of a sequential require-
ment for LapA and LapF in biofilm formation and the fact that the
calcium concentration alters the timing for attachment and de-
tachment would favor this idea.

Calcium is a relatively abundant element in soils, with average
concentrations ranging from 7 to 24 mg/g of soil, according to
different surveys (23). It is generally present as a component of soil
minerals or in its cationic form adsorbed to soil particles, from
which it is available to plant roots to be incorporated by mass flow.
It is therefore likely that the plant root-colonizing bacterium P.
putida KT2440 encounters a gradient of this element in its natural
niche and has partly adjusted its multicellular behavior to the con-
centrations found on the root surface.
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