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Fusobacterium nucleatum is an oral pathogen that is linked to
multiple human infections and colorectal cancer. Strikingly,
F. nucleatum achieves virulence in the absence of large, multi-
protein secretion systems (Types I, II, III, IV, and VI), which are
widely used by Gram-negative bacteria for pathogenesis. By
contrast, F. nucleatum strains contain genomic expansions of
Type V secreted effectors (autotransporters) that are critical for
host cell adherence, invasion, and biofilm formation. Here, we
present the first characterization of an F. nucleatum Type Vd
phospholipase class A1 autotransporter (strain ATCC 25586,
gene FN1704) that we hereby rename Fusobacterium phospho-
lipase autotransporter (FplA). Biochemical analysis of multiple
Fusobacterium strains revealed that FplA is expressed as a full-
length 85-kDa outer membrane– embedded protein or as a
truncated phospholipase domain that remains associated with
the outer membrane. Whereas the role of Type Vd secretion in
bacteria remains unidentified, we show that FplA binds with
high affinity to host phosphoinositide-signaling lipids, revealing
a potential role for this enzyme in establishing an F. nucleatum
intracellular niche. To further analyze the role of FplA, we
developed an fplA gene knock-out strain, which will guide
future in vivo studies to determine its potential role in
F. nucleatum pathogenesis. In summary, using recombinant
FplA constructs, we have identified a biochemical toolbox
that includes lipid substrates for enzymatic assays, potent
inhibitors, and chemical probes to detect, track, and charac-
terize the role of Type Vd secreted phospholipases in Gram-
negative bacteria.

Fusobacterium nucleatum is an emerging oral pathogen that
is involved in periodontitis (1) and also readily disseminates,
presumably through hematogenous spread (2, 3), to cause
potentially fatal infections of the brain (4), liver (5), lungs (6),
heart (7), appendix (8), and amniotic fluid, where it causes pre-
term birth (2, 9, 10). Recent studies have uncovered a correla-
tion between colorectal cancer tumors and an overabundance
of F. nucleatum present in diseased tissue (11–13). Subsequent
studies confirmed a potential causative effect for F. nucleatum
in tumor formation using an APCmin/� mouse model of accel-
erated CRC pathogenesis (14). In addition, human patients who
had the highest detected levels of F. nucleatum within tumors
had the lowest survival rate (15). Invasive F. nucleatum strains
can enter into epithelial and endothelial cells (16, 17), which
induces the secretion of proinflammatory cytokines that drive
local inflammation, as seen in colorectal cancer (14). Previously
characterized proteins involved in host cell binding and inva-
sion include FadA (ATCC 25586, gene FN0264), a small helical
adhesin that binds to E-cadherin and modulates prevalent colo-
rectal cancer signaling pathways (18, 19); Fap2 (ATCC 25586,
gene FN1449), a galactose-inhibitable Type Va secreted auto-
transporter adhesin that binds Gal-GalNAc sugars (3, 20 –22);
and RadD (ATCC 25586, gene 1526), an arginine-inhibitable
Type Va autotransporter adhesin (20, 23). F. nucleatum also
induces the production of human �-defensins 2 and 3 (hBD2
and hBD3), which are secreted, cationic antimicrobial peptides
that act as chemoattractants to modulate adaptive immunity
(24, 25).

F. nucleatum is unique in that it does not harbor large, mul-
tiprotein secretion systems (Types I–IV, VI, and IX) to establish
infections and alter host signaling for survival (26). However,
invasive strains of F. nucleatum contain an overabundance of
uncharacterized proteins containing type II membrane occupa-
tion and recognition nexus (MORN2) domains and a genomic
expansion of Type V secreted effectors known as autotrans-
porters (17). Autotransporters are large outer membrane and
secreted proteins that are divided into five classes (Types
Va–Ve) based on their domain architecture and are critical pro-
teins in host cell adherence, invasion, and biofilm formation
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(27–30). Autotransporter biogenesis and folding is driven by
initial translocation through the SEC apparatus in the inner
membrane, followed by the insertion of a C-terminal �-barrel
domain in the outer membrane (30, 31). In a process that
requires multiple chaperones (e.g. BAM complex), the large
N-terminal passenger domain is present on the surface or
cleaved and secreted after �-barrel translocation. The recent
biochemical and structural characterization of the Type Vd
autotransporter PlpD from Pseudomonas aeruginosa revealed a
secreted N-terminal patatin-like protein (PFAM: PF01734)
with an �-� hydrolase fold containing a catalytic dyad (Ser and
Asp) conferring phospholipase A1 activity (EC 3.1.1.32)
through the hydrolysis of glycerophospholipid moieties at the
sn-1 position to release a fatty acid (32, 33). In addition, PlpD
contains a 16-strand C-terminal �-barrel domain of the bacte-
rial surface antigen family (PFAM: PF01103) for outer mem-
brane anchorage, and a (polypeptide transport–associated;
POTRA) domain potentially involved in protein folding and
export of the phospholipase domain to the surface. The PlpD
secreted phospholipase domain was able to disrupt liposomes
and was also shown to bind the phosphoinositide class of
human intracellular signaling lipids (34). Our analysis revealed
that most F. nucleatum genomes each contain one gene (in
strain ATCC 25586, gene FN1704, UniProtKB-Q8R6F6; herein
renamed fplA) encoding for a previously uncharacterized �85-
kDa Type Vd autotransporter that is homologous to PlpD.
Bioinformatic analysis of F. nucleatum strains reveals that most
strains also contain a single gene encoding for an additional
small patatin domain– containing protein (�32 kDa) (FN0508,
UniProtKB-Q8R6A1) that is not a Type Vd autotransporter
and does not contain a predicted signal sequence for export
from the bacterial cytoplasm.

Whereas the role of Type Vd secreted phospholipases has
not been determined, bacterial phospholipases play critical
roles in the virulence of intracellular bacteria by promoting
phagosome survival or by aiding in vacuole lysis to achieve lib-
eration into the cytoplasm and subversion of host lysosomal
induced death (35, 36). Bacterial pathogens, including Helico-
bacter, Listeria, Salmonella, Shigella, Pseudomonas, and Legio-
nella, rely on phospholipases for virulence, survival, and some for
intercellular spread (36). PldA1 from Helicobacter pylori is a phos-
pholipase that is involved in growth at low pH (37), colonization of
the gastric mucosa (38), and hemolytic activity (38). Listeria mono-
cytogenes secretes two phospholipase C proteins (PI-PLC and PC-
PLC) that are critical for late time point evasion of autophagy and
establishment of an intracellular niche (39).

Here, we present studies that probe the molecular mecha-
nisms of the Type Vd secreted autotransporter phospholipase
FplA using a diverse set of chemical and biological tools. These
experiments have strengthened our understanding of the Type
Vd secretion and will aid in determining the role of FplA in
F. nucleatum pathogenesis.

Results

FN1704 encodes for a Type Vd phospholipase autotransporter

Fusobacterium phospholipase autotransporter (FplA, Uni-
ProtKB-Q8R6F6) was identified as the gene previously labeled

FN1704 in F. nucleatum ATCC 25586. Domain identification
was carried out using SignalP version 4.1 to identify a signal
sequence (residues 1–19), and the SWISS-MODEL (40) struc-
ture prediction server identified a patatin domain responsible
for phospholipase activity (residues 60 –350), a POTRA domain
common in protein–protein interactions (residues 351– 431),
and a C-terminal �-barrel domain (residues 431–760) to insert
FplA in the outer membrane (Fig. 1). In addition, we identified
a unique 40-amino acid N-terminal extension (residues 20 –59)
that plays a role in the catalytic efficiency of the enzyme, prob-
ably by being critical for proper protein folding and position of
the active site residues, and not substrate binding. Structure
prediction of this enzyme revealed that the N-terminal patatin
domain is highly similar to PlpD from Pseudomonas aeruginosa
(PDB2 entry 5FQU), and an alignment shows an overall fold in
residues 60 –343 (32% identity corresponding to PlpD residues
22–311), which align well, with a highly conserved active site
containing a catalytic dyad (Ser-98 and Asp-243) and an oxyan-
ion hole (Gly-69/70/71) (Fig. 2). In addition, the next closest
structural homologs of the FplA catalytic domain (residues
60 –343) are predicted to be the non-autotransporter phospho-
lipase A enzymes ExoU (Type III secreted) from P. aeruginosa
(19.0% identity to residues 102– 472; PDB entries 4AKX and
3TU3) and VipD (Type IV secreted) from Legionella pneumo-
phila (17.3% identity to residues 33– 411, PDB entry 4AKF)
(Fig. 3).

Characterization of fluorogenic substrates to probe the
phospholipase A1 (PLA1) activity of FplA

Multiple FplA constructs were cloned from the F. nucleatum
25586 genome and expressed in E. coli, including variations
that lack a signal sequence for cytoplasmic expression (residues
20 – 431, 20 –350, 60 – 431, and 60 –350), and a full-length ver-
sion in which we replaced the native signal sequence with an
E. coli OmpA signal for more robust expression and surface
presentation (OmpA(1–27)-FplA(20 –760)). Constructs were
tested for their phospholipase activity using substrates specific
for either A1 or A2 class enzymes, as the homolog PlpD from
P. aeruginosa showed specific A1 activity. We showed that
FplA has only PLA1 activity (Fig. 4A) using the PLA1-specific
substrate PED-A1 and further demonstrated that the general
lipase substrates 4-methylumbelliferyl butyrate (4-MuB) and
4-methylumbelliferyl heptanoate (4-MuH) are robust tools for
studies of FplA (Fig. 4, B–E). In addition, we determined that
this enzyme is not dependent on calcium for activity (supple-
mental Fig. S1A) and that it is most active at pH 8.5 (supple-
mental Fig. S1B). The first full Michaelis–Menten kinetics for a

2 The abbreviations used are: PDB, Protein Data Bank; PLA1, phospholipase
A1; 4-Mu, 4-methylumbeliferone; 4-MuB, 4-methylumbelliferyl butyrate;
4-MuH, 4-methylumbelliferyl heptanoate; MAFP, methylarachidonyl fluo-
rophosphonate; ATFMK, arachidonyl trifluoromethyl ketone; IDEFP,
isopropyl dodec-11-enylfluorophosphonate; IDFP, isopropyl dodecyl-
fluorophosphonate; BOG, n-octyl-�-D-glucopyranoside; PI, phosphoi-
nositide; PI(3)P, phosphoinositide 3-phosphate; PI(4)P, phosphoinosit-
ide 4-phosphate; PI(5)P, phosphoinositide 5-phosphate; PI(3,4)P2,
phosphoinositide 3,4-bisphosphate; PI(3,5)P2, phosphoinositide 3,5-bi-
sphosphate; PI(4,5)P2, phosphoinositide 4,5-bisphosphate; PI(3,4,5)P3,
phosphoinositide 3,4,5-trisphosphate.
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Type Vd autotransporter were performed on each FplA con-
struct using 4-MuH as a substrate and indicated that amino
acids 20 –350, incorporating the N-terminal extension and cat-
alytic PLA1 domain, show the most robust catalytic efficiency
(kcat/Km � 3.2 � 106 s�1 M�1) (Fig. 4E and supplemental Fig. S1
(C and D)). Upon removal of the N-terminal extension, con-
structs had lower substrate turnover rates (kcat), but the relative
binding affinities (Km) for 4-MuH were unchanged. We also
show that tighter binding was seen with the substrate that most
closely mimics a phospholipid (PED-A1, Km � 1.90 �M), and of
the single acyl chain substrates, 4-MuH (7-carbon acyl chain)
resulted in significantly tighter binding (Km � 19 �M) than with
the 4-carbon acyl chain substrate 4-MuB (Km � 500 �M) (Fig.
4C). Mutation of the active site serine (S98A) and aspartate
(D243A) residues that make up the catalytic dyad resulted in
no detectable enzymatic activity (Fig. 4E). In addition, the
glycine-rich stretch that constitutes the oxyanion hole (Gly-
69/70/71) was analyzed, but Gly 3 Ala single mutations or
multiple glycine changes (G69A/G70A/G71A) rendered the
proteins insoluble3 and therefore could not be used for enzy-
matic analysis.

Identification of FplA inhibitors and chemical probes for in
vitro enzyme characterization

We present the first characterization of inhibitors for Type
Vd autotransporter phospholipases. We show that the classic

calcium-dependent PLA2 inhibitor methylarachidonyl fluoro-
phosphonate (MAFP) is the most potent for FplA with an IC50
of 11 nM (41). Additional potent inhibitors contained a trifluo-
romethyl ketone headgroup (arachidonyl trifluoromethyl
ketone; ATFMK), which also covalently binds to active-site ser-
ines within enzymes or an enylfluorophosphonate group (Fig. 5,
A–C). We observed that isopropyl dodec-11-enylfluorophos-
phonate (IDEFP) is a much more potent inhibitor than isopro-
pyl dodecylfluorophosphonate (IDFP); these compounds differ
by only a double bond at the end of the IDEFP acyl chain. In
addition, MAFP is the most potent inhibitor, and the arachido-
nyl portion of the molecule contains four double bonds, making
it and ATFMK the most unsaturated substrates of the inhibi-
tors tested. We therefore hypothesize that FplA binds and
docks unsaturated acyl chain substrates and inhibitors with
much higher affinity than saturated acyl chains, potentially
because of angular changes within the molecule at double
bonds. Additional inhibitors were tested that showed no signif-
icant activity against FplA (IC50 � 100 �M), and their analysis as
well as IC50 plots for all inhibitors are presented in supplemen-
tal Fig. S2.

An activity-based protein profiling probe (ActivX TAMRA-
FP) that labels active site serines in serine hydrolases was used
to label purified FplA constructs (Fig. 5D) (42, 43). ActivX
TAMRA-FP labeled active FplA but did not bind to the S98A or
D243A mutants. We propose that in the absence of Asp-243,
which stabilizes substrate, the probe does not properly interact
with Ser-98 to initiate covalent labeling. In addition, in the
presence of the competitive inhibitor MAFP, the ActivX

3 M. A. Casasanta, C. C. Yoo, H. B. Smith, A. J. Duncan, K. Cochrane, A. C.
Varano, E. Allen-Vercoe, and D. J. Slade, unpublished data.

Figure 1. Fig. 1 FplA is a Type Vd autotransporter phospholipase from F. nucleatum. A, schematic representation of FplA domains and their location in the
periplasm, outer membrane, and surface exposure of the PLA1 domain. Experimental data show FplA to be cleaved in a select set of F. nucleatum species, but
the phospholipase domain remains associated with the bacterium. B, structure prediction of FplA domains: modeled patatin domain (residues 60 –341) from
PDB entry 5FYA (PlpD from P. aeruginosa); modeled � barrel (residues 432–759) and POTRA domain (residues 359 – 431) from PDB entry 4K3C (BamA from
H. ducreyi).
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TAMRA-FP probe is unable to bind to FplA due to competitive
inhibition (Fig. 5D). We further demonstrated that load con-
trolling is even by transferring the probe-bound proteins to

PVDF and immunoblotting using a custom FplA(20 – 431)
antibody.

Expression of full-length FplA on the surface of E. coli

We created a FplA construct from F. nucleatum 25586 for
recombinant expression in E. coli that removed the native
signal sequence (residues 1–19) and replaced it with the sig-
nal sequence from E. coli OmpA (residues 1–27). This
resulted in more robust expression of FplA on the surface of
E. coli when compared with using a native signal sequence,
which may not be recognized as efficiently by the E. coli Sec
machinery (native signal sequence data not shown). We
demonstrated that FplA can be efficiently exported through
the Sec apparatus and assembled in the outer membrane,
and the PLA1 domain of FplA is present and functional on
the surface of E. coli. In Fig. 6A, we show that full-length
FplA was detected on the surface of E. coli by fluorescence
microscopy. FplA on the surface was active, as the addition of
whole live bacteria to a reaction containing the fluorogenic sub-
strate 4-MuH resulted in cleavage of the lipid substrate and a sub-
sequent increase in fluorescence, which was inhibited by the addi-
tion of MAFP (Fig. 6B). To further prove that full-length FplA is
expressed on the surface of E. coli, we confirm that treatment with
the nonspecific and cell-impermeable protease, Proteinase K (PK),
cleaves FplA from the surface but does not cleave the cytoplasmic
control GAPDH (Fig. 6, C and D).

Figure 2. A predicted FplA structure is homologous to PlpD. A, alignment of a predicted FplA PLA1 domain structure with the crystal structure (PDB entry
5FQU) of the homologous phospholipase A1 enzyme PlpD from P. aeruginosa, with a magnified view of the catalytic dyad (Ser-98, Asp-243) and oxyanion hole
(Gly-69, Gly-70, Gly-71). B, alignment of amino acids from PlpD (black) and FplA (pink) from the predicted structures of the PLA1 domains. The dashed red line
indicates that this region was not predicted in the structure.

Figure 3. Alignment of predicted FplA patatin domain structure with
characterized phospholipase virulence factors. A, predicted FplA struc-
ture (residues 60 – 431) aligned with ExoU (P. aeruginosa) (PDB entry 4AKX)
and VipD (L. pneumophila) (PDB entry 4AKF). B, zoomed in view of active sites
after alignment showing similar architectures and residue placement of the
catalytic dyad (Ser and Asp) and oxyanion hole (Gly, Gly, and Gly).
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Attempts to detect FplA on the surface of F. nucleatum
23726 and F. nucleatum 25586 by fluorescence microscopy
were unsuccessful, which we attribute to the low abundance of
this protein as indicated by the need to use large cell quantities
to see the protein via Western blot. It is possible that this is
because FplA is such a potent phospholipase that high expression
of the enzyme could be detrimental to F. nucleatum, as it could
result in self-lysis and cell death. Additionally, we were
unable to detect enzymatic activity by placing wild-type
F. nucleatum 23726 directly in a mixture of 4-MuH substrate
(results not shown). Neither of these negative results for

activity are surprising, considering the low amount of FplA
present; such a lack of activity at the surface is not uncom-
mon for other outer membrane phospholipases in Gram-
negative bacteria. For example, outer membrane phospho-
lipase A from E. coli displays no activity in the absence of
outer membrane destabilization compounds, such as poly-
myxin B (44).

Creation of an fplA deletion strain in F. nucleatum 23726

Genetic manipulation of Fusobacterium spp. is technically
challenging, and of the seven strains used for analysis in this

Figure 4. Characterization of FplA lipase activity with multiple fluorescent substrates. A, enzymatic assays show that FplA is a PLA1-specific enzyme with
no PLA2 activity. B, steady-state kinetics of multiple FplA constructs with 4-MuH. C, FplA(20 – 431) Kcat and Km values vary greatly across substrates with various
acyl chain lengths. D and E, characterization of FplA enzyme kinetics.
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paper, only F. nucleatum 23726 and 10953 have been suc-
cessfully mutated by gene deletion (45). A single homo-
logous crossover plasmid (pDJSVT100; supplemental Table
S2) that we developed from a Clostridium shuttle vector (46)
using a recombination method previously established for
F. nucleatum (45) was used to create a �fplA strain (gene
HMPREF0397_1968) (strain DJSVT01; supplemental Table
S1) marked with chloramphenicol resistance (Fig. 7, A and B).
We verified by PCR that the fplA gene was disrupted by
the chromosomally inserted plasmid and further showed
expression of the protein had been abolished by a fluorescent
probe and Western blots probed with an anti-FplA antibody (Fig.
7C). As phospholipases have been shown to play a role in bacterial
membrane maintenance, we tested F. nucleatum 23726 �fplA for

changes in growth rates and cell size and found that when com-
pared with wild-type F. nucleatum 23726, there were no changes
in these physical parameters when grown under standard labora-
tory conditions (supplemental Fig. S3).

F. nucleatum strains express FplA as a full-length outer
membrane protein or as a cleaved phospholipase domain that
remains associated with the bacterial surface

Our initial results showed that FplA from F. nucleatum
23726 was expressed as a full-length 85-kDa protein, with no
apparent release of the PLA1 domain from the �-barrel domain.
Because PlpD from P. aeruginosa is a Type Vd autotransporter
that releases the PLA1 domain into the medium, we sought to
determine whether FplA from seven different F. nucleatum

Figure 5. Characterization of FplA inhibitors. A, IC50 assays showing varying degrees of inhibition toward FplA by inhibitors previously shown to inhibit a
variety of lipases. B, structure and names of tested inhibitors. C, IC50 plot of MAFP, the most potent (11 nM) FplA inhibitor characterized. D, analysis of the active
site of FplA shows that the active site serine (Ser-98) reacts with ActivX TAMRA-FP probe but does not bind in the presence of the competitive inhibitor MAFP.
S98A and D243A mutants will not bind the serine active site probe. Western blotting (IB) and SDS-polyacrylamide gels stained with Coomassie Blue serve as
load controls for all constructs.
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strains had different expression patterns or actual physical dif-
ferences in the size or location of expressed and/or secreted
domains. Various FplA proteins were expressed as either full-
length 85-kDa proteins (strains 23726 and 25586) or as trun-
cated phospholipase domains (FplA antibody developed
against the PLA1 and POTRA domains) around 25–30 kDa for
strains 10953, 4_8, 4_1_13, 49256, and 7_1 when expressed in
either mid-exponential (A600 � 0.7) or stationary phase (A600 �
1.2) (Fig. 8A). Interestingly, we could not detect any secreted

FplA in the spent culture medium, as was previously seen for
PlpD from P. aeruginosa (Fig. 8B). We then tested for the pres-
ence of full-length FplA in 10953 (cleaved) and 23726
(uncleaved) in early exponential growth (A600 � 0.2) and found
that we could detect full-length and truncated FplA from 10953,
indicating that upon increases in bacterial cell density, FplA is
cleaved from the surface by an unknown protein and mechanism
(Fig. 8C). It is possible that FplA cleavage from the surface results
in an active PLA1 domain that remains associated with the surface

Figure 6. Expression of full-length FplA in E. coli and functional analysis. A, an OmpA(1–27) signal sequence allows for robust expression of FplA(20 –760)
on the surface of E. coli as seen by fluorescence microscopy with an anti-FplA antibody. B, enzymatic activity of FplA when live E. coli is added to reactions
containing 4-MuH as a fluorescent substrate. C, PK, a cell-impenetrable nonspecific protease, is able to digest surface-exposed FplA, but not the cytoplasmic
protein GAPDH. D, schematic of PK cleavage of full-length FplA from the surface of E. coli. EV, empty vector. Statistical analysis was performed using a
multiple-comparison analysis by one-way analysis of variance. *, p � 0.05; ***, p � 0.0005. Error bars, S.D. IB, immunoblotting.

Figure 7. Creation of an F. nucleatum 23726 �fplA. A, pDJSVT100 is a single-crossover integration plasmid for disruption of the fplA gene. Primers are labeled
in red for PCRs A and B to confirm plasmid integration and gene knock-out. B, PCR confirmation of the F. nucleatum 23726 �fplA strain. C, analysis of FplA protein
(85.6 kDa) in WT and �fplA by fluorescent chemical probe (ActivX TAMRA-FP) to label all active site serine enzymes in the bacteria (also serves as a load control),
followed by transfer to PVDF for Western blot analysis by probing with an anti-FplA antibody.
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until released by undetermined host factors (pH, molecular cues,
etc.) while colonizing specific regions of the human body.

Whereas the FplA amino acid sequences from the seven
tested strains are highly similar (�95% identity), we identified
two regions in F. nucleatum 23726 and F. nucleatum 25586 at
the intersection of the end of the N-terminal extension and just
before the end of the PLA1 domain, which could correspond to
potential protease-processing sites (Fig. 8D and supplemental
Fig. S4). The suspected cleavage site in F. nucleatum 23726 and
F. nucleatum 25586 flanking the PLA1 domain is switched from
a highly charged motif (consensus sequence: KNIEDKKEKF) to

a more neutral motif (consensus sequence: KFVTNSDAKI)
that could be more protease-resistant, resulting in retention of
the full-length protein. In addition, to arrive at the 25-kDa
product seen in five strains, a second cleavage event could occur
at the end of the N-terminal extension, as strains 23726 and
25586 differ in this region by substitution of an alanine for
charged and polar residues (supplemental Fig. S4).

FplA binds phosphoinositide-signaling lipids

We tested FplA for binding to lipids found in human cells and
found that it preferentially binds to human phosphoinositides,

Figure 8. Western blot analysis of FplA in multiple Fusobacterium strains. A, initial characterization of FplA expression and protein size in mid-exponential
phase (A600 � 0.7) and stationary phase (A600 � 1.2) shows that several strains produce a truncated form of FpA that consists of the PLA1 domain to which the
FplA antibody was raised. B, Western blotting of medium from Fusobacterium growths shows that while truncated, FplA is not released into the medium and
remains associated with the bacteria. C, analysis of FplA expression during early exponential phase growth (A600 � 0.2) reveals that strain 10953, which is
cleaved in mid-exponential and stationary phase, is still in full-length state with a portion beginning to be cleaved. D, sequence alignment reveals that all FplA
sequences from cleaved strains contain a highly charged motif at the PLA1/POTRA hinge region as a potential site for an unidentified protease, with the
exception being the non-cleaved FplA proteins from 23726 and 25586, which contain a drastically different neutral motif. IB, immunoblotting.
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as was previously seen when characterizing the homologous
enzyme PlpD from P. aeruginosa (33) (supplemental Fig. S5).
Upon incubation with a more diverse and freshly prepared
library of PIs, FplA was found to preferentially bind to PI(4,5)P2
and, with even stronger affinity, to PI(3,5)P2 and PI(3,4,5)P3
lipids (Fig. 9). This is consistent with structurally homologous
enzymes binding PIs and implicates a role for this enzyme in an
intracellular environment.

Discussion

Fusobacterium are unique among Gram-negative bacteria in
that the most recent and complete tree of life depicts a genetic
lineage of Fusobacterium closer to high GC content Gram-pos-
itive bacteria (e.g. Actinobacteria) and Gram-negative Bacte-
roidetes, in which Bacteroides fragilis has multiple FplA homo-
logs (47, 48). In addition, several F. nucleatum genes involved in
metabolism are evolutionarily similar to those of Gram-positive
Clostridium spp. (49). This unique combination of both Gram-
positive and Gram-negative features could be an evolutionary
clue as to why Fusobacterium lacks most Gram-negative spe-
cific secretion systems other than Type V.

Seminal studies by multiple groups have shown a repertoire
of both small (FadA, �15 kDa) and large (Fap2, �300 kDa, Type
Va secreted) F. nucleatum adhesins that are critical for host cell
binding, invasion, and inflammation (3, 18). We set out to probe
the role of a potential Type Vd virulence factor that we pre-
dicted to have phospholipase activity. We characterized the
gene FN1704, which we have renamed fplA for Fusobacterium
phospholipase autotransporter (FplA). Our in vitro studies
were focused on identifying tools and methods to characterize
Type Vd secreted autotransporters to determine their role in
virulence in a diverse set of Gram-negative bacteria; many such
autotransporters have been identified in intracellular patho-
gens (32). We created an F. nucleatum 23726 �fplA strain,
which will allow us to next probe the role of this enzyme
through the first in vivo studies of Type Vd autotransporter
phospholipases in infection. Our analyses indicate that deletion
of the fplA gene from F. nucleatum does not alter growth or cell
size and shape under laboratory growth conditions, adding to
our hypothesis that FplA is a potential virulence factor and not
a bacterial maintenance protein.

The determination that different F. nucleatum strains
express mature FplA proteins of varying molecular weights was
a surprising result that made us question which form of the
enzyme may be involved during specific in vivo niches within
the human host. Because of the well-known genetic intractabil-

ity of most Fusobacterium spp., we have not been able to delete
copies of fplA in strains that we predicted to have a truncated
yet surface-associated version of the protein. The development
of more robust genetic systems for Fusobacterium has the
potential to open doors to fill a critical knowledge gap in the
role of Type Vd secretion in a variety of clinically isolated
F. nucleatum strains.

Our initial results showed that FplA does not bind with high
affinity to PA, PC, and PE, but these results do not rule out
potential cleavage of these lipids in experiments that better
simulate an environment found in infection. FplA could be
involved in cleaving lipids in a mucous-rich environment found
in the human oral cavity or gut. To add to the role of bacterial
phospholipases cleaving lipids found in structural membranes,
ExoU plays a major role in P. aeruginosa entry into the blood-
stream upon leaving the lungs (50), and strains lacking ExoU
are cleared more efficiently in mouse models of pneumonia (51,
52). Because cases of Fusobacterium bacteremia are frequently
documented (F. nucleatum comprises 61% of cases) (53), and a
wide array of bodily locations have been reported for F. nuclea-
tum infections (brain (54), liver (55), lungs (6), and heart (56)), it
will be critical to use our newly created fplA deletion strain to
test the role of this enzyme in the previously established hem-
atogenous spread (3).

As there are an impressive number of phosphoinositide-
modulating enzymes secreted by bacteria to alter host signaling
and induce colonization, it will be important to develop a
robust set of chemical and molecular tools to determine the role
of Type Vd surface-bound or secreted PLA1 enzymes in bacte-
rial virulence. In summary, we have used chemical and bio-
chemical tools to show that FplA is the lone Type Vd PLA1
enzyme found in F. nucleatum and is a potential virulence fac-
tor that modulates host–pathogen interactions.

Experimental procedures

Bacterial strains, growth conditions, and plasmids

Unless otherwise indicated, E. coli strains were grown in LB
at 37 °C aerobically, and F. nucleatum strains were grown in
CBHK (Columbia Broth, hemin (5 �g/ml), and menadione (0.5
�g/ml)) at 37 °C in an anaerobic chamber (90% N2, 5% CO2, 5%
H2). Where appropriate, antibiotics were added at the indicated
concentrations: carbenicillin, 100 �g/ml; thiamphenicol, 5
�g/ml (CBHK plates) or 2.5 �g/ml (CBHK liquid). For taxon-
omy verification of Fusobacterium, PCR amplification of a
1502-bp region of the 16S rRNA gene sequence was carried out
using the universal primers U8F and U1510R (supplemental
Table S3) as described previously (57). Sanger sequence analy-
sis was carried out at the Advanced Analysis Center at the Uni-
versity of Guelph. Obtained DNA sequences were compared
with the GenBankTM database (NCBI) using BLASTn.

Bioinformatic analysis of fplA in multiple Fusobacterium strains

The genome sequence of F. nucleatum strain ATCC 25586
(GenBankTM accession number NC_003454.1) was used to pre-
dict all open reading frames using the Prodigal Bacterial Gene
Prediction Server (58). An open reading frame encoding for a
760-amino acid protein was identified using an HMMER model
built from a seed alignment of the PFAM (EMBL-EBI website)

Figure 9. FplA binds with high affinity to phosphoinositide-signaling lip-
ids that are critical for multiple cellular processes in a human host.
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patatin family (PF01734) and the stand alone HMMER version
3.1 software package (59). The identified gene contained an
N-terminal patatin domain conferring phospholipase activity
and a C-terminal bacterial surface antigen domain (PFAM:
PF01103) that encodes for an outer membrane �-barrel
domain. Cross-referencing revealed that this gene is FN1704 in
F. nucleatum ATCC 25586, which was incorrectly predicted to
be a serine protease in both the KEGG and Uniprot databases.
The same method was used to search multiple Fusobacterium
genomes, resulting in the identification of only one protein with
this structure in each strain. A PSI-BLAST search using FplA
returned a close match to the P. aeruginosa protein PlpD, which
was previously characterized as a class A1 phospholipase and
labeled as the first in a new class of Type Vd autotransporters
(32, 33). Alignment of FplA proteins from seven strains of Fuso-
bacterium shown in supplemental Fig. S4 was performed using
Geneious version 9.0.2 (60).

Structure prediction to identify domain boundaries and
catalytic residues in FplA

Structure prediction was performed using the FplA sequence
from F. nucleatum strain 25586 and the SWISS-MODEL
Workspace (61). Results showed a close match of the N-termi-
nal phospholipase domain to PlpD from P. aeruginosa (PDB
entry 5FYA) and the C-terminal POTRA and �-barrel domains
to BamA from Haemophilus ducreyi (PDB entry 4K3C) (Figs. 1
and 2). A composite predicted structure was assembled using
the predicted phospholipase, POTRA, and �-barrel domain,
which has the phospholipase domain exposed on the surface of
the bacteria, which we confirmed biochemically as a recombi-
nant protein in E. coli and a native protein in F. nucleatum. In
addition, the modeled FplA phospholipase domain was aligned
with ExoU (PDB entry 4AKX) and VipD (PDB entry 4AKF) (Fig.
3). Active site residues in FplA were identified as Ser-98 and
Asp-243, and these were verified by multiple enzymatic and
chemical biology methods presented in Figs. 4 and 5. In close
proximity to the active site is the oxyanion hole composed of
three consecutive glycine residues (Gly-69, -70, and -71).
Graphical representations and alignments of all predicted
structures were created using the PyMOL Molecular Graphics
System, version 1.7.3 (Schrödinger, LLC, New York).

Cloning of FplA constructs for expression in E. coli

All primers were ordered from IDT DNA, and all plasmids
and bacterial strains either used in or created for these studies
are described in supplemental Table S1 (bacterial strains), sup-
plemental Table S2 (plasmids), and supplemental Table S3
(primers). All restriction enzymes, T4 DNA ligase, and Antarc-
tic phosphatase were from New England Biolabs. DNA purifi-
cation kits were from BioBasic (Markham, Ontario, Canada).
Genomic DNA for F. nucleatum ATCC 25586 was purchased
from ATCC (Manassas, VA) and used to create all recombinant
FplA constructs for expression described herein. pET16b was
used as the base expression vector for E. coli expression of FplA
constructs. PCR products were then spin column–purified and
digested overnight at 37 °C with restriction enzymes described
in supplemental Table S3. Digested PCR products were spin
column–purified and ligated by T4 DNA ligase into pET16b

vector that had been restriction enzyme– and Antarctic
phosphatase–treated according to the manufacturer’s recom-
mended protocol. Ligations were transformed into Mix & Go!
(Zymo Research) competent E. coli and plated on LB contain-
ing 100 �g/ml carbenicillin (ampicillin), followed by verifica-
tion of positive clones by restriction digest analysis using puri-
fied plasmid. Positive clones were then transformed into
LOBSTR RIL (62) E. coli cells for protein expression.

Specifically, pDJSVT84 (FplA(20–350)), pDJSVT43 (FplA(20-
431)), pDJSVT85 (FplA(60 –350)), and pDJSVT82 (FplA(60 –
431)) all produce proteins with a C-terminal His6 tag and are
expressed in the cytoplasm because these constructs lack the
N-terminal signal sequence used to export FplA through the
Sec apparatus in F. nucleatum. pDJSVT60 (FplA(20 – 431)
S98A) and pDJSVT61 (FplA(20 – 431) D243A) were created by
using pDJSVT43 as a template for QuikChange mutagenesis
PCR. Verification of mutants and all clones was performed by
Sanger sequencing (Genewiz). To facilitate the export of FplA
to the surface of E. coli, a new inducible expression vector was
created using pET16b as the backbone by incorporating the
signal sequence from the E. coli protein OmpA (residues 1–27).
In addition, this expression vector (pDJSVT86) contains an
N-terminal His6 tag that remains on the expressed protein after
residues 1–21 from OmpA are cleaved in the periplasm. This
effectively creates an inducible vector for the expression of
periplasmic and outer membrane proteins in E. coli that was
customized with GC-rich restriction sites (NotI, KpnI, and
XhoI) to facilitate enhanced cloning of AT-rich (74%) genomes,
such as F. nucleatum. Using the pDJSVT86 expression vector,
pDJSVT88 (OmpA(1–27), His6, FplA(20 –760)) was created
and shows efficient export of enzymatically active, full-length
FplA to the surface of E. coli (Fig. 6).

FplA protein expression and purification

Briefly, all FplA constructs in LOBSTR RIL (62) E. coli cells
were grown in Studier autoinduction medium (63) (ZYP-5052,
0.05% glucose, 0.5% lactose, 0.5% glycerol) at 37 °C, 250 rpm
shaking, and harvested at 20 h postinoculation by pelleting at
5000 � g for 15 min at 4 °C. Pellets were weighed and resus-
pended in lysis buffer (20 mM Tris, pH 7.5, 20 mM imidazole,
400 mM NaCl, 0.1% BOG, 1 mM PMSF) at 10 ml/g of cell pellet.
Bacteria were lysed by using five passes on an EmulsiFlex-C3
homogenizer (Avestin, Mannheim, Germany), followed by
removal of insoluble material and unlysed cells by pelleting at
15,000 � g for 15 min at 4 °C. The resulting supernatant con-
taining His6-tagged FplA constructs was gently stirred with 5
ml of NiCl2 charged chelating Sepharose beads (GE Healthcare)
for 30 min at 4 °C, followed by washing with 200 ml of wash
buffer (20 mM Tris, pH 7.5, 50 mM imidazole, 400 mM NaCl,
0.1% BOG). After washing, FplA was eluted in 10 ml of elution
buffer (20 mM Tris, pH 7.5, 250 mM imidazole, 50 mM NaCl,
0.1% BOG). This protein was directly applied to a HiTrap Q FP
anion exchange column (FplA construct theoretical isoelectric
points: 5.91– 6.34) and purified on an ÄKTA Pure system (GE
Healthcare) using a linear gradient between Buffer A (20 mM

Tris, pH 8, 50 mM NaCl, 0.025% BOG) and Buffer B (20 mM Tris,
pH 8, 1 M NaCl, 0.025% BOG). Fractions containing FplA as
determined by SDS-PAGE analysis were pooled and further
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purified on a HiPrep 16/60 Sephacryl S-200 HR size exclusion
column (GE Healthcare) in 20 mM Tris, pH 7.5, 150 mM NaCl,
10% glycerol. Protein concentrations were determined using a
Qubit fluorimeter and BCA assays according to the manufactu-
rer’s recommended protocol. Protein purity was determined
using ClearPage 4 –20% gradient gels (CBS Scientific) and
determined to be �95% pure for all constructs.

Antibody production and Western blotting to detect FplA

Purified FplA(20 – 431) was used to create a polyclonal anti-
body in rabbits (New England Peptide). To purify the antibody,
FplA(20 – 431) was coupled to CNBr-activated Sepharose (Bio-
world), and anti-FplA(20 – 431) antiserum adjusted to pH 8.0
with 20 mM Tris-HCl was passed through the column to bind
FplA(20 – 431) antibodies, followed by extensive washing in
PBS and elution in 2.7 ml of 100 mM glycine, pH 2.8. To the
eluted antibodies, 0.3 ml of 1 M Tris-HCl, pH 8.5 was added, for a
final storage buffer of 10 mM glycine, 100 mM Tris-HCl, pH 8.5.

For Western blot detection of FplA, proteins were separated
by SDS-PAGE and subsequently transferred to PVDF mem-
branes, blocked in 20 ml of TBST (20 mM Tris, 150 mM NaCl,
0.1% Tween 20) with 3% BSA for 15 h at 4 °C. After blocking, the
membranes were incubated with rabbit anti-FplA antibody
(1:10,000 for pure proteins, 1:2500 –1:1000 whole cells or
lysates) in TBST with 3% BSA for 1 h (70 rpm shaking, 26 °C).
After incubating with the primary antibody, the membrane was
washed with TBST, followed by incubation with goat anti-rab-
bit HRP secondary antibody (Cell Signaling) at 1:10,000 dilu-
tion in TBST with 3% BSA for 30 min (70-rpm shaking, 26 °C).
After the secondary antibody incubation, the membrane was
washed in TBST, followed by incubation with ECL-Plus blot-
ting reagents (Pierce) and visualization using Lucent Blue X-ray
film (Advansta) developed on an SRX-101A medical film pro-
cessor (Konica, Tokyo, Japan).

Development of an F. nucleatum 23726 �fplA strain

Single-crossover homologous recombination gene knock-
outs of F. nucleatum 23726 have been reported previously,
although as with all Fusobacterium mutagenesis strategies, effi-
ciencies are quite low. Based on a previous method (45),
we created an integration plasmid that will not replicate in
F. nucleatum, therefore only producing antibiotic resistant col-
onies for strains that incorporate the plasmid directly into the
chromosome in the gene of interest during transformation and
outgrowth. A central 1000-bp region in the FN1704 (fplA) gene
in F. nucleatum 23726 was amplified from genomic DNA by
PCR, digested with EcoRI and SpeI, and ligated into pJIR750
that was digested with the same enzymes and subsequently
treated with Antarctic phosphatase. The ligation was trans-
formed into Mix & Go! competent E. coli and plated on LB plus
10 �g/ml chloramphenicol, followed by selection of colonies,
purification of plasmid DNA, and verification of positive clones
by restriction digest analysis. A single positive clone was
selected for all future studies, and DNA was initially purified by
spin column (BioBasic), followed by additional purification of
the DNA using glycogen and methanol precipitation, followed
by resuspension in sterile deionized H2O.

F. nucleatum 23726 was made competent by growing a 5-ml
culture to midlog phase (A600 � 0.4) followed by spinning down
cells at 14,000 � g for 3 min, removal of medium, and five
successive 1-ml washes with ice-cold 10% glycerol in deionized
H2O. Cells were then resuspended in a final volume of 100 �l of
ice-cold 10% glycerol (final A600 �20). Bacteria were trans-
ferred to cold 1-mm electroporation cuvettes (Genesee), and
0.5–2.0 �g (concentration �500 ng/�l) of pDJSVT100 plasmid
was added immediately before electroporating at 2.0 kV (20
kV/cm), 50 microfarads, 129 ohms, using a BTX Electro Cell
Manipulator 600 (Harvard Apparatus). To the cuvette, 1 ml of
recovery medium (CBHK, 1 mM MgCl2) was added and imme-
diately transferred by syringe into a sterile, anaerobic tube via
septum for incubation at 37 °C for 20 h with no shaking. After
outgrowth, cells were spun down at 14,000 � g for 3 min,
medium was removed, and cells were resuspended in 0.1 ml of
recovery medium, followed by plating on CBHK plates with 5
�g/ml thiamphenicol and incubation in an anaerobic 37 °C incu-
bator for 2 days for colony growth. �5 colonies/�g of DNA were
achieved, and the fplA gene knock-out was verified by PCR specific
to the chromosome and catP gene that was incorporated into the
genome by the pDJSVT100 KO plasmid (for primers, see supple-
mental Table S3). In addition, Western blots were used to confirm
a loss of FplA protein expression (Figs. 7 and 8).

Enzymatic assay design, data collection, and FplA kinetics

Initial tests for FplA enzymatic activity were run using the
EnzChek Phospholipase A1 and EnzChek Phospholipase A2
assay kits (Thermo Fisher Scientific) at 1 and 10 �M FplA(20 –
431), using the manufacturer’s protocol (Fig. 4A). These assays
showed that FplA has PLA1 but not PLA2 activity, which is
consistent with data reported for the homologous enzyme
PlpD. We then went on to further characterize its activity by
developing a continuous kinetic assay using the PLA1-specific
substrate PED-A1 (Thermo Fisher Scientific) and determined
the full kinetic parameters of FplA with this substrate as
reported in Fig. 4 and supplemental Fig. S1. In detail, FplA was
used at 1 nM in the reaction and substrate (10 mM stock in 100%
DMSO) dilutions (0 –10 �M), and reactions were carried out in
reaction buffer (50 mM Tris, pH 8.5, 50 mM NaCl, 0.025% BOG).
All samples, including controls, contained equal concentra-
tions of DMSO. Reactions were run at 26 °C for 30 min with 3 s
of shaking between continuous fluorescent monitoring (excita-
tion � 488 nm, emission � 530 nm) every 2 min on a Spectra-
Max M5e plate reader (Molecular Devices). Relative fluores-
cence units measured upon cleavage of substrate ester bonds
and release of the acyl chain were converted to the concentra-
tion of product (BODIPY� FL C5) created by establishing a
standard curve using pure BODIPY� FL C5 (Thermo Fisher
Scientific). In all enzymatic reactions, controls containing no
protein were run, and the values were subtracted from the reac-
tions containing protein during analysis.

We then developed a continuous fluorescent assay to char-
acterize the phospholipase activity of FplA using the general
lipase substrates 4-MuB and 4-MuH (Santa Cruz Biotechnol-
ogy, Inc.). In detail, FplA was used at 1 nM in the reaction, and
substrate (50 mM stock in 100% DMSO) dilutions (0 –200 �M)
and reactions were carried out in reaction buffer (50 mM Tris,
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pH 8.5, 50 mM NaCl, 0.025% BOG). All samples, including con-
trols, contained equal concentrations of DMSO (0.4%). Reac-
tions were run at 26 °C for 30 min with 3 s of shaking between
continuous fluorescent monitoring (excitation � 360 nm,
emission � 449 nm) every 2 min on a SpectraMax M5e plate
reader. Relative fluorescence units measured upon cleavage of
substrate ester bonds and release of the acyl chain were con-
verted to the concentration of product (4-methylumbeliferone;
4-Mu) created by establishing a standard curve using pure
4-Mu (Sigma-Aldrich).

The steady-state kinetic parameters for each substrate were
determined using GraphPad Prism version 6 (GraphPad Soft-
ware, La Jolla, CA) by fitting the initial rate data (n � 2) to the
Michaelis–Menten equation,

v � Vmax�S	/
Km � �S	� (Eq. 1)

to obtain the values reported in Fig. 2 and supplemental Fig. S3.

Characterization of FplA inhibitors

We set out to characterize inhibitors that we could use as
effective tools to test the role of FplA both in vitro and poten-
tially in vivo by IC50 assays using a variety of inhibitor classes.
Inhibitors shown in Fig. 5 and supplemental Fig. S2 were cho-
sen based on their previous classification as inhibitors of a
diverse set of phospholipase enzymes: MAFP and PLA2 (64);
ATFMK, cPLA2, and iPLA2 (65); IDEFP and fatty acid amide
hydrolase (66); palmityl trifluoromethyl ketone, cPLA2, and
iPLA2 (67); ML-211, LYPLA1, and LYPLA2 (68); IDFP, fatty
acid amide hydrolase, and monoacylglycerol lipase (69);
LY311727 and sPLA2 (70); and manoalide, sPLA2, and PLC (71,
72). All inhibitors were purchased from Cayman Chemical.

For potent inhibitors, 0 –25 �M concentrations were used in
assays, and for compounds found to not inhibit efficiently, the
concentration range was 0 –100 �M. Inhibitors were diluted
into reaction buffer (50 mM Tris, pH 8.5, 50 mM NaCl, 0.025%
BOG) containing 10 �M 4-MuH. To initiate the reaction, 1 nM

final FplA(20 – 431) was added, and reactions were run at 26 °C
for 30 min with 3 s of shaking between continuous fluorescent
monitoring (excitation � 360 nm, emission � 449 nm) every 2
min on a SpectraMax M5e plate reader. Raw data (n � 2) for
each reaction were analyzed in GraphPad Prism using a log(in-
hibitor) versus response using variable slope and a least squares
(ordinary) fit model.

Use of fluorescent chemical probes to label and detect FplA

Purified recombinant FplA constructs or WT FplA from
F. nucleatum strains were visualized using an ActivX
TAMRA-FP probe (Thermo Fisher Scientific). This probe only
binds to proteins with activated serine residues. For purified
recombinant proteins, 5 �g of purified protein was incubated
with either 100 �M MAFP or PBS for 1 h. Following preincuba-
tion with MAFP or PBS, 1 �M ActivX TAMRA-FP probe was
added to the protein and incubated for 20 min at 26 °C followed
by the addition of SDS-PAGE running buffer to stop the reac-
tion. 500 ng of protein was run on an SDS-polyacrylamide gel at
210 V for 60 min, followed by transfer of proteins to PVDF
membranes in transfer buffer (25 mM Tris, 190 mM glycine, 20%

methanol, pH 8.3) at 80 V for 60 min. Fluorescent proteins were
visualized using a G:Box XX6 system (SynGene) using the
TAMRA fluorescence filter.

For the detection of FplA in F. nucleatum whole-cell mixtures, 5
ml of F. nucleatum 23726 or F. nucleatum 23726 �fplA cells at
A600 � 0.2 were pelleted, washed, and resuspended in 100 �l of
PBS. ActivX TAMRA-FP was added at a final concentration of 2
�M and incubated at 26 °C for 20 min, followed by the addition of
SDS buffer. 10 �l of this reaction (lysate from �4.2 � 108 bacteria)
was run per well on an SDS-polyacrylamide gel at 210 V for 60 min.
Gels were then imaged on a Typhoon Trio imager (GE Healthcare)
using the TAMRA filter setting.

Detection of FplA on the surface of E. coli by microscopy,
enzymatic activity, and proteinase K treatment

Using the expression vector pDJSVT86 that is described
under “Cloning of FplA constructs for expression in E. coli,” we
cloned FplA(20 –760) into the vector at the 3� end of the
OmpA(1–27)-His6 signal sequence (pDJSVT88). This con-
struct was expressed in LOBSTR RIL (62) E. coli in Studier
autoinduction medium at 37 °C for 20 h with 250-rpm shaking.
The empty vector pDJSVT86 was used as a negative control for
FplA expression for both microscopy and enzymatic assays.

For microscopy, stationary phase bacteria from overnight
expressions were washed in PBS, pH 7.5, 0.2% gelatin and spun
down at 5000 � g for 5 min, followed by resuspension of the
bacteria at an A600 � 0.2. To the bacteria, a final 3.2% parafor-
maldehyde was added for 15 min at 26 °C for fixation, followed
by washing in PBS, pH 7.5, 0.2% gelatin. 500 �l of fixed bacteria
were then added on top of a polylysine-coated coverslip in a
6-well plate, and 2 ml of PBS was added for a final volume of 2.5
ml. Bacteria were then spun down onto the coverslips at 2000 �
g for 10 min. Washed coverslips were submerged in 300 �l of
PBS, pH 7.5, 0.2% gelatin containing a 1:100 dilution of the
anti-FplA antibody and incubated for 20 h at 26 °C with light
shaking. Coverslips were washed again in PBS, pH 7.5, 0.2%
gelatin and then incubated in the same buffer containing an
anti-rabbit Alexa Fluor 488 – conjugated secondary antibody
for 30 min at 26 °C. Washed coverslips were mounted with
Cytoseal 60 (Thermo Fisher Scientific) and visualized by bright-
field and fluorescence microscopy using the GFP channel on an
EVOS FL microscope (Life Technologies, Inc.).

For the enzymatic activity assay, stationary phase bacteria
from overnight expressions were washed in PBS, pH 7.5, and
spun down at 5000 � g for 5 min, followed by resuspension of
the bacteria at an A600 � 0.2 in PBS, pH 7.5. Bacterial samples
were incubated with 10 �M MAFP or PBS, pH 7.5, at room
temperature for 60 min at 26 °C, followed by washing in PBS,
pH 7.5, and resuspension to the original A600 � 0.2 (2 � 108

CFU/ml in enzymatic assay buffer (50 mM Tris, pH 8.5, 50 mM

NaCl, 0.025% BOG). 2 � 106 bacteria were then added to reac-
tion wells containing 10 �M 4-MuH fluorescent lipase substrate
(excitation � 360 nm, emission 449 nm), followed by incuba-
tion at 37 °C for 30 min and detection of lipid cleavage and
product formation with a Spectramax M5e as seen in Fig. 6B.
Activity was plotted as fluorescence units, and statistical anal-
ysis was performed using a multiple-comparison analysis by
one-way analysis of variance in GraphPad Prism.
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To further validate the translocation of the PLA1 domain of
FplA to the surface of E. coli, the nonspecific and membrane-
impenetrable enzyme PK was used to cleave FplA in a dose-de-
pendent manner. FplA expression was induced with 500 �M

isopropyl 1-thio-�-D-galactopyranoside for 4 h with shaking at
37 °C. Bacteria were washed in PBS and adjusted to an A600 �
0.2 in PBS with 1 mM CaCl2 to activate PK. 100 �l of cells were
added to tubes, followed by the addition of 0, 100, 250, or 1000
nM PK and incubation at 26 °C for 15 min. Reactions were then
quenched with protease inhibitors (Roche Applied Science),
and samples were separated by SDS-PAGE and transferred to
PVDF for Western blot analysis with an anti-FplA antibody. As
a control, E. coli with the empty vector pDJSVT86 was analyzed
for FplA expression and cleavage. In addition, GAPDH was
used a load control and also as a control to show that PK was not
digesting intracellular proteins.

Lipid-binding assays

Binding of FplA to various lipids was performed with com-
mercially available lipids spotted on membranes or by our lab-
oratory spotting fresh lipids on blots.

For the first analysis, membrane lipid strips were pur-
chased from Eschelon, Inc. The strips were blocked in 10 ml
of TBST with 3% BSA for 2 h at 26 °C with 70-rpm shaking.
After blocking, lipid strips were incubated with TBST with
3% BSA containing 50 �g/ml of the indicated FplA construct
at 4 °C for 15 h. After incubation with FplA, lipid strips were
washed with TBST and incubated with a 1:1000 dilution of
rabbit anti-FplA antibody in 10 ml of TBST with 3% BSA for
60 min at 26 °C with 70-rpm shaking. Lipid strips were
washed with TBST and incubated with a 1:2000 dilution of
goat anti-rabbit IgG-HRP–linked antibody (Cell Signaling)
in 10 ml of TBST with 3% BSA for 30 min at 26 °C with
70-rpm shaking. After secondary antibody incubation, the
lipid strips were thoroughly washed in TBST, and ECL-Plus
blotting reagents were added for visualization (73). The
membranes were visualized using a G:Box XX6 system (Syn-
Gene) (supplemental Fig. S5).

For a more detailed analysis of FplA binding to phosphoi-
nositides, we purchased various phosphoinositides from Avanti
Polar Lipids and then spotted them onto PVDF at concentra-
tions from 0 to 200 pmol. We tested FplA binding to PI, PI(3)P,
PI(4)P, PI(5)P, PI(3,4)P2, PI(3,5)P2, PI(4,5)P2, PI(3,4,5)P3, and
cardiolipin. All steps for analysis were the same as described
above, except the membranes were visualized using Lucent
Blue X-ray film developed on an SRX-101A medical film pro-
cessor (Fig. 9).
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