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ABSTRACT

Fusobacterium nucleatum is a pathogenic oral bacterium that is linked to multiple
human infections and colorectal cancer. While most Gram-negative pathogens utilize
secretion systems for cellular invasion and infection, F. nucleatum lacks Type I, Il, I,
IV, and VI secretion. By contrast, F. nucleatum strains are enriched in Type V secreted
autotransporters, which are Gram-negative bacterial virulence factors critical for binding
and entry into host cells. Here we present the first biochemical characterization of a F.
nucleatum Type Vd phospholipase class A1 autotransporter (strain ATCC 25586, gene
FN1704) that we hereby rename Fusobacterium phospholipase autotransporter (FplA).
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.
Using multiple FplA constructs we characterized lipid substrate specificity, potent
inhibitors, and chemical probes to detect and track this enzyme family. While the role of
FplA is undetermined in F. nucleatum virulence, homologous phospholipases from
intracellular pathogens are critical for vacuole escape, altered host signaling, and
intracellular survival. We hypothesize that upon intracellular invasion of the host, FplA
could play a role in phagosomal escape, subversion of autophagy, or eicosanoid-
mediated inflammatory signaling, as we show that FplA binds with high affinity to host
phosphoinositide signaling lipids critical to these processes. Our identification of
substrates, inhibitors, and chemical probes for FplA, in combination with an fp/A gene
deletion strain, encompass a powerful set of tools for the future analysis of FplA in vivo.
In addition, these studies will guide the biochemical characterization of additional Type

Vd autotransporter phospholipases.
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IMPORTANCE

F. nucleatum is an emerging pathogen that is linked to the pathogenesis of colorectal
cancer, yet there is a critical knowledge gap in the mechanisms used by this bacterium
to elicit changes in the host for intracellular entry and survival. As phospholipases are
critical virulence factors for intracellular bacteria to initiate vacuole lysis, cell-to-cell
spread, and evasion of autophagy, we set out to characterize a unique Type Vd
secreted phospholipase A1 enzyme from F. nucleatum. Our results show a potential
role for modulating host signaling pathways through cleavage of phosphoinositide
dependent signaling lipids. These studies open the door for further characterization of
this unique enzyme family in bacterial virulence, host-pathogen interactions, and for F.

nucleatum, in colorectal carcinogenesis.

INTRODUCTION

Fusobacterium nucleatum is an emerging oral pathogen that readily disseminates,
presumably through hematogenous spread', to cause potentially fatal infections of the
brain:, liver, lungss, heart:, appendix’, and amniotic fluid where it causes pre-term
birth'ss. Recent studies have uncovered a correlation between colorectal cancer tumors
and an overabundance of F. nucleatum present in diseased tissue™=. Subsequent
studies confirmed a potential causative effect for F. nucleatum in the onset and
progression of disease using an APC ~ mouse model of accelerated CRC
pathogenesis, where upon oral gavage with F. nucleatum, mice showed increased
numbers of intestinal tumors*. Subsequent experiments show that intravenous injection

of F. nucleatum results in bacterial localization to mouse tumor tissues rich in Gal-
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86  GalNAc surface polysaccharide in a Fap2 autotransporter protein dependent
87 manner. In addition, human patients that had the highest detected levels of F.
88  nucleatum within tumors had the lowest survival rate*. Invasive F. nucleatum strains can
89 enter into epithelial and endothelial cells**, which induces the secretion of
90 proinflammatory cytokines that drive local inflammation as seen in colorectal cancer,
91 and also provides a niche in which the bacterium can subvert the host immune
92 system. Previously characterized proteins involved in host cell binding and invasion
93 include FadA (ATCC 25586, gene FN0264), a small helical adhesin that binds to E-
94 cadherin and modulates prevalent colorectal cancer signaling pathways™*; Fap2 (ATCC
95 25586, gene FN1449), a galactose inhibitable Type Va secreted adhesin that binds Gal-
96 GalNAc sugars>*; and RadD (ATCC 25586, gene 1526), an arginine inhibitable Type
97  Va autotransporter adhesin®#=. Upon interaction with oral epithelial cells, F. nucleatum
98 also induces the production of human B-defensin 2 and 3 (hBD2, hBD3), which are
99  secreted, cationic antimicrobial peptides that can directly kill Gram-negative bacteria,
100 and also act as chemo-attractants to modulate adaptive immunity during
101 infection=*. Despite our knowledge of the intracellular and immune modulating lifestyle
102  of F. nucleatum, very few proteins have been characterized that play a role in
103 intracellular survival and subversion of bacterial clearance systems such as

104  autophagy.

105
106  F. nucleatum is unique among pathogenic bacteria in that it does not harbor large, multi-

107  protein secretion systems (Types I-IV, VI, and IX in Gram-negative bacteria) to establish
108 infections and alter host-signaling for survival*. To compensate for this apparent lack of

109 virulence factors, invasive and isolated clinical strains of F. nucleatum contain an
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110 overabundance of uncharacterized proteins containing type || membrane occupation
111  and recognition nexus (MORNZ2) domains, and a genomic expansion of Type V

112  secreted effectors known as autotransporters®. Autotransporters are large outer

113 membrane and secreted proteins that are divided into 5 classes (Type Va-Ve) based on
114 their domain architecture, and are critical proteins in host cell adherence, invasion, and
115  biofilm formation=+. The type Vd autotransporter PlpD from Pseudomonas aeruginosa
116  was recently characterized biochemically and structurally and revealed a secreted N-
117  terminal patatin-like protein (PFAM: PF01734) with an a- hydrolase fold containing a
118 catalytic dyad (Ser, Asp) conferring phospholipase A1 activity (EC 3.1.1.32) through the
119  hydrolysis of glycerophospholipid moieties at the sn-1 position to release a fatty

120 acid»». In addition, PlpD contains a 16-strand C-terminal Beta barrel domain of the
121  bacterial surface antigen family (PFAM: PF01103) for initial outer membrane

122  anchorage, and a predicted periplasmic polypeptide-transport-associated (POTRA)

123 domain potentially involved in protein folding and translocation of the phospholipase
124  domain to the surface. The PlpD secreted phospholipase domain was able to disrupt
125 liposomes and was also shown to bind multiple phospholipids, including the

126  phosphoinositide class of human intracellular signaling lipids®. Upon our analysis, we
127  found that in most cases, F. nucleatum genomes each contain one gene (in strain

128 ATCC 25586, gene FN1704, UniProtKB-Q8R6F6 - herein renamed fp/A) encoding for a

129  previously uncharacterized type Vd autotransporter that is homologous to PlpD.

130
131 Bacterial phospholipases play critical roles in virulence by converting vacuoles or

132  phagosomes into protective encasements for replication and survival, or by aiding in

133 vacuole lysis to achieve liberation into the cytoplasm and subversion of host lysosomal
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134 induced death*= . Bacterial acyl hydrolases of the A, B, and lysophospholipase (LPAs)
135 families are almost exclusively membrane-associated or injected into the host by

136  secretion systems, many through the well-characterized type 3 secretion system

137  (T3SS)=. Intracellular pathogens including Helicobacter, Listeria, Salmonella, Shigella,
138 Pseudomonas, and Legionella rely on phospholipases for intracellular survival and

139 intercellular spread=. Helicobacter pylori uses the outer membrane phospholipase

140  PIdA1 for virulence, and this enzyme is involved in growth at low pH*, colonization of the
141 gastric mucosa®, and hemolytic activity=. Listeria monocytogenes secretes two

142  phospholipase C proteins (PI-PLC and PC-PLC), and these enzymes are critical for late
143  time point evasion of autophagy and establishment of an intracellular

144  lifestyle*. Structural predictions of FplA align well with the Pseudomonas aeruginosa
145 type lll secreted toxin ExoU, which is activated by ubiquitination and also binds to

146  ubiquitinated host proteins to initiate its phospholipase A2 and lysphospholipase

147  activity”, thereby causing PI(4,5).-associated cytoskeletal collapse and arachadonic acid
148 dependent inflammatory signaling=+. In addition, FplA is highly homologous to the

149 Legionella pneumophila effector VipD, which is a phospholipase A1 enzyme that is

150 activated after binding the human GTPase Rab5* or Rab22, whereupon it protects the
151 bacteria from endosomal fusion and phagosomal maturation in macrophages*, and also
152  blocks host apoptosis by cleaving mitochondrial phospholipids~. It is noteworthy that
153 there is no evidence that F. nucleatum induces cytoskeletal collapse or cell death upon
154 infection of epithelial or endothelial cells; this has led us to hypothesize a role for FplA

155  more similar to VipD in evasion of autophagy.
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156 Understanding the molecular mechanisms used by F. nucleatum to divert

157 intracellular clearance will provide tools to dissect host-pathogen interactions critical for
158 persistent infection and modulation of cell-signaling pathways as seen associated with
159 colorectal cancer. While multiple mechanisms of cellular binding and entry have been
160 identified, there are no studies to determine if this initial binding needs to be aided by
161 additional enzymes or factors for breaching the host membranous barrier. We propose
162 a model in which FplA has the enzymatic potential to perform a diverse set of functions
163 in F. nucleatum virulence and intracellular colonization, including lipid cleavage for entry
164 into host cells, vacuole escape for cytoplasmic access, and cleavage of

165 phosphoinositide signaling lipids to subvert host defense mechanisms including

166  autophagy.

167
168 RESULTS

169 FN1704 encodes for a type Vd phospholipase autotransporter

170  Fusobacterium phospholipase autotransporter (FplA, UniProtKB-Q8R6F6) was

171 identified as the gene previous labeled FN1704 in F. nucleatum ATCC 25586. Domain
172  identification was carried out using SignalP 4.1 to identify a signal sequence (residues
173 1-19), and the SWISS-MODEL* structure prediction server which allowed the

174 identification of a patatin domain responsible for phospholipase activity (residues 60-
175 350), a POTRA domain common in protein-protein interactions (residues 351-431), and
176  a C-terminal beta barrel domain (residues 431-760) to insert FplA in the outer

177 membrane. In addition, we identified a unique 40 amino acid N-terminal extension

178 (NTE, residues 20-59) that plays a role in the catalytic efficiency of the enzyme likely by

179  being critical for proper protein folding and position of the active site residues, and not
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180  substrate binding (Fig. 1A, Fig. S1A). Structure prediction of this enzyme revealed the
181  N-terminal patatin domain is highly similar to PlpD from Pseudomonas aeruginosa

182  (PDB: 5FQU), and an alignment shows an overall fold in residues 60-343 (32% identity
183  corresponding to PlpD residues 22-311) that upon alignment globally have a root mean
184  squared deviation (RMSD) of 0.20 angstroms, with a highly conserved active site

185  containing a catalytic dyad (Ser98 and Aps243) and an oxyanion hole (Gly69/70/71)
186 (Fig. 1B, Fig. S1B). In addition, the next closest structural homologs of the FplA

187  catalytic domain (residues 60-343) are predicted to be the non-autotransporter

188 phospholipase A enzymes ExoU (Type Il secreted) from P. aeruginosa (19.0% identity
189 toresidues 102-472, PDB: 4AKX, 3TU3) and VipD (Type IV secreted ) from Legionella
190 pneumophila (17.3% identity to residues 33-411, PDB: 4AKF), with an overall RMSD of

191 10.8 A for ExoU and 5.0 A for VipD for structural alignments (Fig. S2A-B).

192
193  Characterization of fluorogenic substrates to probe the phospholipase A1 (PLA)

194  activity of FplA

195  Multiple FplA constructs were cloned from the F. nucleatum 25586 genome and

196 expressed in E. coli, including variations that lack a signal sequence for cytoplasmic
197 expression (Residues 20-431, 20-350, 60-431, 60-350), and a full-length version in
198  which we replaced the native signal sequence with an E. coli OmpA signal for more
199 robust expression and surface presentation (OmpA 1-27/FplA 20-760). Constructs
200 were tested for their phospholipase activity using substrates specific for either A1 or A2
201 class enzymes, as the homolog PlpD from P. aeruginosa showed specific A1

202  activity. We showed that FplA has only PLA, activity (Fig. 2A, Fig. S3A-B) using the

203  PLA. specific substrate PED-A1, and further demonstrated that the general lipase
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204  substrates 4-Methyl Umbelliferyl Butyrate (4-MuB) and 4-Methyl Umbelliferyl

205 Heptanoate (4-MuH) are robust tools for studies of FplA and other Type Vd

206  autotransporter phospholipases (Fig. 2A). In addition we determined this enzyme is not
207  dependent on calcium for activity (Fig. S3C), and that it is most active at pH 8.5 (Fig.
208 S3D). The first full Michaelis-Menten kinetics for a Type Vd autotransporter were

209 performed on each FplA construct using 4-MuH as a substrate, and indicated that

210 amino acids 20-350, incorporating the N-terminal extension and catalytic PLA, domain,
211 shows the most robust catalytic efficiency (k../K., = 3.2 x 10° s* M) (Fig. 2B, Fig.

212  S3E). Upon removal of the N-terminal extension, constructs had lower substrate

213 turnover rates (k..), but the relative binding affinities (K.) for 4-MuH was unchanged (Fig.
214 2C-F). We also show that tighter binding was seen with the substrate that most closely
215 mimics a phospholipid (PED-A1, K.=1.90 uM), and of the single acyl chain substrates,
216  4-MuH (7 carbon acyl chain) resulted in significantly tighter binding (K.=19 uM) than
217  with the 4 carbon acyl chain substrate 4-MuB (K.,=500 uM) (Fig. 2D). Mutation of the
218 active site serine (S98A) and aspartate (D243A) residues that make up the catalytic

219 dyad resulted in no detectable enzymatic activity (Fig. 2B). In addition, the glycine rich
220 stretch that constitutes the oxyanion hole (G69/70/71) was analyzed, but G—A single
221 mutations or multiple glycine changes (G69/70/71A) rendered the proteins insoluble

222 (unpublished data) and therefore could not be used for enzymatic analysis.

223
224 ldentification of FplA inhibitors and chemical probes for in vitro enzyme

225 characterization
226  We present the first characterization of inhibitors for Type Vd autotransporter

227  phospholipases. Our library was chosen based on previously characterized compounds
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228 used to inhibit a broad range of lipases. We show that the classic calcium-dependent
229  PLA, inhibitor Methyl Arachidonyl Fluorophosphonate (MAFP) is the most potent for
230  FplA with an IC,, of 11 nM*. Additional potent inhibitors contained a trifluoromethyl

231 ketone head-group (ATFMK) which also covalently binds to active site serines within
232 enzymes, or an enylfluorophosphonate group (Fig. 3A-C). We observed that IDEFP is
233  a much more potent inhibitor than IDFP; these compounds differ by only a double bond
234  atthe end of the IDEFP acyl chain. In addition, MAFP is the most potent inhibitor and
235 the arachidonyl portion of the molecule contains four double bonds, making it and

236  ATFMK the most unsaturated substrates of the inhibitors tested. We therefore

237  hypothesize that FplA binds and docks unsaturated acyl chain substrates and inhibitors
238  with much higher affinity than saturated acyl chains, potentially because of angular

239  changes within the molecule at double bonds. Additional inhibitors were tested that
240 showed no significant activity against FplA (IC., > 100 uM) and their analysis, as well as
241 IC,, plots for all inhibitors are presented in Fig. S4. Among the non-potent inhibitors are
242  LY311727, an inhibitor of human secretory PLA, (sPLA.)*, and Manoalide, an inhibitor
243 human group Il sPLA,, cobra venom PLAZ2, and phospholipase C (PLC)**. These

244  inhibitors are predicted to not be competitive inhibitors that irreversibly inactivate the

245  catalytic serines, and therefore are likely specific for motifs not present in FplA.

246
247  Activity-based protein profiling (ABPP) probes have been used extensively to study the

248  serine hydrolase super-family of proteins=*. The ActivX TAMRA-FP probe, which
249  contains a fluorophosphonate (FP) headgroup to label the active site serine, along with
250 alinker and a fluorescent TAMRA molecule, was used to label purified FplA constructs

251 (Fig. 3D). The ActivX TAMRA-FP probe labeled active FplA, but did not bind to the
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252 S98A or D243A mutants. We propose that in the absence of D243 which stabilizes
253  substrate, the probe does not properly interact with S98 to initiate covalent labeling. In
254  addition, in the presence of the inhibitor MAFP, the ActivX TAMRA-FP probe is unable
255 to bind to FplA due to competitive inhibition (Fig. 3D). We further demonstrated that
256 load controlling is even by transferring the probe bound proteins to PVDF and

257  immunoblotting using a custom FplA antibody that we generated in rabbits using the

258  FplA... construct as an antigen.

259
260 Expression of full-length FplA on the surface of E. coli

261 As PLA, enzymes are increasingly being recognized as important virulence factors, the
262  discovery that all bioinformatically identified Type Vd autotransporters belong to this

263 enzyme family is potentially significant*. Previously described work on the

264  characterization of PlpD from P. aeruginosa uncovered an enzyme that is cleaved and
265 released into the media. We created a FplA construct from F. nucleatum 25586 for

266  recombinant expression in E. coli that removed the native signal sequence (residues 1-
267 19) and replaced it with the signal sequence from E. coli OmpA (residues 1-27). This
268 resulted in more robust expression of FplA on the surface of E. coli when compared with
269 using a native signal sequence, which may not be recognized as efficiently by the E. coli
270  Sec machinery (native signal sequence data not shown). We demonstrated that FplA
271 can be efficiently exported through the Sec apparatus, assembled in the outer

272  membrane, and the PLA, domain of FplA is present and functional on the surface of E.
273  coli. In Fig. 4A we show that full-length FplA was detected on the surface of E. coli by
274  fluorescence microscopy when using our polyclonal FplA antibody for detection and an

275  Alexa Fluor 488 conjugated secondary antibody. FplA on the surface was active as
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276  addition of whole live bacteria to a reaction containing the fluorogenic substrate 4-MuH
277  resulted in cleavage of the lipid substrate and a subsequent increase in fluorescence,
278  which was inhibited by the addition of MAFP (Fig. 4B). To further prove that full-length
279  FplA is expressed on the surface of E. coli, we confirm that treatment with the non-
280  specific and cell-impermeable protease, Proteinase K (PK), cleaves FplA from the

281 surface, but does not cleave the cytoplasmic control GAPDH (Fig. 4C-D).

282
283  Attempts to detect FplA on the surface of F. nucleatum 23726 and F. nucleatum 25586

284 by fluorescence microscopy were unsuccessful, which we attribute to the low

285 abundance of this protein as indicated by the need to use large cell quantities in order to
286  see the protein via western blot. It is possible that this is because FplA is such a potent
287  phospholipase that high expression of the enzyme could be detrimental to F. nucleatum,
288 as it could result in self-lysis and cell death. Additionally, we were unable to detect

289  enzymatic activity by placing wild-type F. nucleatum 23726 directly in a mixture of 4-
290 MuH substrate (results not shown). Neither of these negative results for activity were
291 surprising considering the low amount of FplA present; such a lack of activity at the

292  surface is not uncommon for other outer membrane phospholipases in Gram-negative
293  bacteria. For example, outer membrane phospholipase A (OMPLA) from E. coli displays
294  no activity in the absence of outer membrane destabilization compounds such as

295  polymyxin Be.

296
297  Creation of an fplA deletion strain in F. nucleatum 23726

298 Genetic manipulation of Fusobacterium spp. is technically challenging, and of the seven
299 strains used for analysis in this manuscript, only F. nucleatum 23726 and 10953 have

300 been successfully mutated by gene deletion=. A single homologous crossover plasmid


https://doi.org/10.1101/136598

bioRxiv preprint doi: https://doi.org/10.1101/136598; this version posted May 10, 2017. The copyright holder for this preprint (which was not
certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission.

301 (pDJSVT100, Table S2) that we developed from a Clostridium shuttle vector= using a
302 recombination method previously established for F. nucleatum® was used to create a
303 AfplA strain (Gene HMPREF0397_1968) (Strain DJSVTO01, Table S1) marked with

304 chloramphenicol resistance (Fig. 5A-B). We verified by PCR that the fp/A gene was
305 disrupted by the chromosomally-inserted plasmid, and further showed expression of the
306 protein had been abolished by a fluorescent probe and western blots probed with an
307 anti-FplA antibody. As phospholipases have been shown to play a role in bacterial

308 membrane maintenance, we tested F. nucleatum 23726 AfplA for changes in growth
309 rates and cell size, and found that when compared to wild-type F. nucleatum 23726,
310 there were no changes in these physical parameters when grown under standard

311 laboratory conditions (Fig. S5A-D).

312
313  F. nucleatum strains express FplA as a full-length outer membrane protein or as a

314 cleaved phospholipase domain that remains associated with the bacterial

315 surface.

316  Our initial results showed that FplA from F. nucleatum 23726 was expressed as a full-
317 length 85 kDa protein, with no apparent release of the PLA, domain from the beta barrel
318 domain. Since PlpD from P. aeruginosa is a Type Vd autotransporter that releases the
319 PLA domain into the media, we sought to see if FplA from seven different F. nucleatum
320 strains had different expression patterns or actual physical differences in the size or
321 location of expressed and/or secreted domains. Various FplA proteins were expressed
322  as either a full-length 85 kDa proteins (Strains 23726 and 25586) or as a truncated

323  phospholipase domain (FplA antibody developed against the PLA, and POTRA

324 domains) around 25-30 kDa for strains 10953, 4 8,4 1_13, 49256, and 7_1 when
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325 expressed in either mid-exponential (OD., = 0.7) or stationary phase (OD.. = 1.2) (Fig.
326 6A). Interestingly, we could not detect any secreted FplA in the spent culture media, as
327 was previously seen for PlpD from P. aeruginosa (Fig. 6B). We then tested for the

328 presence of full length FplA in 10953 (cleaved) and 23726 (uncleaved) in early

329 exponential growth (OD., = 0.2) and found that we could detect full length and truncated
330 FplA from 10953, indicating that upon increases in bacterial cell density, FplA is cleaved
331 from the surface by an unknown protein and mechanism (Fig. 6C). It is possible that
332  FplA cleavage from the surface results in an active PLA, domain that remains

333 associated with the surface until released by undetermined host factors (pH, molecular
334  cues, etc.) while colonizing specific regions of the human body.

335 While the FplA amino acid sequences from the seven tested strains are highly
336 similar (>95% identity), we identified two regions in F. nucleatum 23726 and F.

337 nucleatum 25586 at the intersection of the end of the N-terminal extension and just

338 Dbefore the end of the PLA, domain, which could correspond to potential protease

339 processing sites (Fig. 6D, Fig. S6). The suspected cleavage site in F. nucleatum 23726
340 and F. nucleatum 25586 flanking the PLA, domain is switched from a highly-charged
341 motif (consensus sequence: KNIEDKKEKEF), to a more neutral motif (consensus

342 sequence: KFVTNSDAKI) that could be more protease resistant, resulting in retention of
343 the full-length protein. In addition, to arrive at the 25 kDa product seen in five strains, a
344  second cleavage event could occur at the end of the N-terminal extension, as strains
345 23726 and 25586 differ in this region by substitution of an alanine for charged and polar

346 residues (Fig. S6).

347
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348 FplA binds phosphoinositide signaling lipids with high affinity and could play a
349 role in host colonization and altered signaling.

350 We first demonstrated that FplA is a potent phospholipase with PLA, activity (Fig. 7A)
351 using artificial fluorogenic substrates. Next, we tested FplA for binding to lipids found in
352 human cells and found that it preferentially binds to human phosphoinositides, as was
353 previously seen when characterizing the homologous enzyme PlpD from P. aeruginosa®
354 (Fig. S7). Upon incubation with a more diverse and freshly-prepared library of Pls, FplA
355 was found to preferentially bind to PI(4,5)p., and with even stronger affinity to PI(3,5)p.,
356 and PI(3,4,5)p. lipids (Fig. 7b). This is consistent with structurally homologous enzymes

357 binding Pls, and implicates a role for this enzyme in an intracellular environment.

358
359 DISCUSSION

360 F. nucleatum is an emerging pathogen with an increasingly identified role in the onset
361 and progression of colorectal cancer:**. Because of this as well as other strong

362  connections with pathogenesis, tools are needed to probe the molecular mechanisms
363 used by this bacterium during host colonization and subsequent infection. Seminal
364 work by other groups has shown a repertoire of both small (FadA, ~15 kDa) and large
365 (Fap2, >300 kDa, Type Va secreted) adhesins that are critical for interaction with the
366 host to initiate entry into cells; in turn critical for the onset of inflammation>". Upon entry
367 into host cells, very little has been reported about how F. nucleatum is able to establish
368 anintracellular niche. We set out to probe the role of a potential virulence factor that
369 we predicted to have phospholipase activity, thereby providing a potential mechanism
370 for colonization and subversion of the host mechanisms of bacterial clearance. We

371 characterized the gene FN1704, which we have renamed fplA for Fusobacterium
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372  phospholipase autotransporter (FplA). Our in vitro studies were focused on identifying
373 tools and methods to characterize Type Vd secreted autotransporters to determine their
374 role in virulence in a diverse set of Gram-negative bacteria; many such autotransporters
375 have been identified in intracellular pathogens=. We created a F. nucleatum 23726
376  AfplA strain which will allow us to next probe the role of this enzyme through the first in
377  vivo studies of Type Vd autotransporter phospholipases in infection. Our analyses
378 indicate that deletion of the fplA gene from F. nucleatum does not alter growth or cell
379 size and shape under laboratory growth conditions, adding to our hypothesis that FplA
380 is a virulence factor and not a bacterial maintenance protein. Considering both PlpD
381 and FplA are Type Vd autotransporters that bind human phosphoinositides, they have
382 the potential to share the same in vivo role as the structurally similar phospholipases
383 ExoU and VipD, which have been characterized as intracellular virulence factors

384 involved in cleavage of PI(4,5)p2 and PI(3)p respectively. Hydrolysis of these lipids
385 result in modulation of the host by inducing actin depolymerization, cell death, and

386 subversion of host responses to bacterial infection by blocking autophagy and

387  apoptosis®e,

388 Determining that different F. nucleatum strains express mature FplA proteins of
389 varying molecular weights was a surprising result that made us question which form of
390 the enzyme may be involved in virulence. Because of the genetic intractability of

391 Fusobacterium spp., we have not been able to delete copies of fplA in strains that we
392 predicted to have a truncated yet surface-associated version of the protein. The

393 development of more robust genetic systems for Fusobacterium has the potential to
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394 open doors to fill a critical knowledge gap in the role of Type Vd secretion in a variety of
395 clinically isolated F. nucleatum strains.

396 While our focus has been on the role of FplA induced changes in intracellular
397 signaling, it still remains to be determined if this enzyme plays a role in other processes
398 by cleaving additional host lipids. Support for this comes from results showing ExoU
399 also cleaves PA, PC, and PE>»~, and VipD is able to cleave PC and PE>. Our initial

400 results showed that FplA does not bind with high affinity to PA, PC, and PE, but these
401 results do not rule out potential cleavage of these lipids in experiments that better

402  simulate an environment found in infection. FplA could be involved in cleaving lipids in
403  a mucous-rich environment, as this bacterium is found in the gut and virulent strains
404 have been isolated from patients with inflammatory bowel disease”*. To add to the role
405  of bacterial phospholipases cleaving lipids found in structural membranes, ExoU plays a
406  major role in P. aeruginosa entry into the bloodstream upon leaving the lungs®, and

407  strains lacking ExoU are far less virulent and are cleared more efficiently in mouse

408 models of pneumonia=<. Since cases of Fusobacterium bacteremia are frequently

409 documented (F. nucleatum comprises 61% of cases)®, and a wide array of bodily

410 locations have been reported for F. nucleatum infections (brain=, liver®, lungss, heart*), it
411  will be critical to use our characterized chemical and biochemical tools, including an fp/A
412  deletion strain, to test the role of this enzyme in the previously established

413 hematogenous spread-.

414 Outside of the Type lll, IV, and V secreted phospholipases A1 and A2, Vibrio
415 cholerae also produces a large Type | secreted multifunctional-autoprocessing repeats-

416 in-toxin (MARTX) protein characterized as a PLA1 enzyme that selectively cleaves
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417  PI(3)p and upon expression in mammalian cells, reduces intracellular PI(3)p levels and
418 inhibits endosomal and autophagic pathways=. In addition, MARTX from Vibrio

419  wulnificus is necessary for epithelial barrier disruption and intestinal spread=. Unique to
420 MARTX when compared to FplA, PlpD, VipD, and ExoU, is the use of a catalytic triad
421  (Ser, Asp, His) instead of a dyad (Ser, Asp)~. To add to the importance of bacterial

422  enzymes that alter phosphoinositides, the Mycobacterium tuberculosis enzyme SapM is
423  a PI(3)p-specific phosphatase that depletes phagosomes of this signaling lipid, resulting
424 in the inability of the infected cell to form mature phagolysosomes*. Legionella

425  pneumophila was recently found to use the phosphoinositide kinase LepB to convert
426  PI(3)p to PI(3,4)p., and subsequently SidF, a phosphoinositide phosphatase converts
427  PI(3,4)p. to PI(4)p, which is an important docking molecule for multiple L. pneumophila
428  effectors to label the Legionella-containing vacuole inside host cells®.

429 As there are an impressive number of phosphoinositide modulating enzymes
430 secreted by bacteria to alter host signaling and induce colonization, it will be important
431 to develop a robust set of chemical and molecular tools to determine the role of Type Vd
432  surface bound or secreted PLA4 enzymes in virulence and intracellular survival. FplA is
433  the lone Type Vd PLA; enzyme found in F. nucleatum, and we believe, based on our
434  biochemical analysis and multiple previously characterized functions of phospholipases
435 in pathogenic bacteria, FplA has the potential to be critical for the intracellular survival

436  and pro-oncogenic signaling by this emerging pathogen.

437
438 MATERIALS AND METHODS

439  Bacterial strains, growth conditions, and plasmids.
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440 Unless otherwise indicated, E. coli strains were grown in LB at 37°C aerobically, and F.
441 nucleatum strains were grown in CBHK (Columbia Broth, hemin (5 ug/mL) and

442 menadione (0.5 pg/mL)) at 37°C in an anaerobic chamber (90% N., 5% CO,, 5% H.).
443  For taxonomy verification of Fusobacterium, PCR amplification of a 1502bp region of
444 the 16S rRNA gene sequence was carried out using the universal primers U8F and

445 U1510R (Table S3) as previously described=. The primers were used at a concentration
446  of 20 uM with 1-2 uL of extracted genomic DNA as the template. The reaction

447  conditions were: 95°C 3 min, (98°C 20 s, 50°C 15s, 72°C 1 min) x 35 and 72°C 5 min.
448 The quality of the amplicons was determined by agarose gel electrophoresis, and

449 amplicons were then purified using the EZ-10 Spin Column PCR Products Purification
450 Kit (BioBasic, Canada), quantified on the NanoDrop® ND-8000 (Thermofisher;

451 Burlington, ON) and sent for Sanger sequence analysis following a BigDye® Terminator
452  v.3.1 cycle sequencing PCR (Thermofisher; Burlington, ON) amplification. Sanger

453  sequencing was carried out at the Advanced Analysis Center at the University of

454  Guelph. Obtained DNA sequences were compared to the GenBank database (NCBI)
455 using BLASTn. Where appropriate, antibiotics were added at the indicated

456  concentrations: carbenicillin 100 pg/mL; thiamphenicol 5 pg/mL (CBHK plates), 2.5

457  pg/mL (CBHK liquid).

458
459 Bioinformatic analysis of fp/A in multiple Fusobacterium strains

460 The genome sequence of F. nucleatum strain ATCC 25586 (GenBank accession
461 NC_003454.1) was used to predict all open reading frames using the Prodigal Bacterial
462  Gene Prediction Server” . An open reading frame encoding for a 760 amino acid

463  protein was identified using a HMMER model built from a seed alignment of the PFAM
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464 (EMBL-EBI website) patatin family (PF01734) and the stand alone HMMER 3.1

465  software package=. The identified gene contained an N-terminal patatin domain

466  conferring phospholipase activity and a C-terminal bacterial surface antigen domain
467 (PFAM: PF01103) that encodes for an outer membrane beta barrel domain. Cross

468 referencing revealed this gene is FN1704 in F. nucleatum ATCC 25586, which was

469 incorrectly predicted to be a serine protease in both the KEGG and Uniprot databases.
470  The same method was used to search multiple Fusobacterium genomes resulting in the
471 identification of only one protein with this structure in each strain. A PSI-BLAST search
472  using FplA returned a close match to the Pseudomonas aeruginosa protein PlpD, which
473  was previously characterized as a class A1 phospholipase and labeled as the firstin a
474  new class of type Vd autotransporters==. Alignment of FplA proteins from seven strains

475  of Fusobacterium shown in Fig. S6 was performed using Geneious version 9.0.2%.

476
477  Structure prediction to identify domain boundaries and catalytic residues in FplA

478  Structure prediction was performed using the FplA sequence from F. nucleatum strain
479 25586 and the SWISS-MODEL Workspace». Results showed a close match of the N-
480 terminal phospholipase domain to PlpD from Pseudomonas aeruginosa (PDB: 5FYA)
481 and the C-terminal POTRA and beta barrel domains to BamA from Haemophilus

482  ducreyi (PDB: 4K3C) (Fig. 1B, Fig. S1B). A composite predicted structure was

483 assembled using the predicted phospholipase, POTRA, and beta barrel domain, which
484 has the phospholipase domain exposed on the surface of the bacteria (Fig. S1), which
485  we confirmed biochemically as a recombinant protein in E. coli and a native protein in F.
486  nucleatum. In addition, the modeled FplA phospholipase domain was aligned with ExoU

487  (PDB: 4AKX) and VipD (PDB: 4AKF) (Fig. S2A-B). Active site residues in FplA were
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488 identified as S98 and D243, and these were verified by multiple enzymatic and chemical
489  Dbiology methods presented in Fig. 2 and Fig. 3. In close proximity to the active site is
490 the oxyanion hole comprised of three consecutive glycine residues (G69, G70, G71).
491  Graphical representations and alignments of all predicted structures were created using

492  PyMOL Molecular Graphics System, Version 1.7.3 Schrodinger, LLC.

493
494  Cloning of FplA Constructs for Expression in E. coli

495  All primers were ordered from IDT DNA and all plasmids and bacterial strains either
496  used or created for these studies are described in Table S1 (Bacterial Strains), Table
497 82 (Plasmids), and Table S3 (Primers). All restriction enzymes and T4 DNA Ligase,
498 and Antarctic Phosphatase were from NEB (MA, USA). DNA purifications kits were from
499  BioBasic (Markham, ON). Genomic DNA for F. nucleatum ATCC 25586 was purchased
500 from ATCC (VA, USA) and used to create all recombinant FplA constructs for

501 expression described herein. pET16b was used as the base expression vector for E.
502  coli expression of FplA constructs. All constructs were created by using 50 ng of

503 genomic DNA as a template, followed by PCR amplification with primers for each

504  construct described in Table S3 using Q5 High-Fidelity Polymerase (NEB, USA) and a
505 ProFlex PCR System (Applied Biosystems, USA) under the following conditions: 98°C 2
506 min, (98°C 20 s, 50-62°C 20 s, 68°C 1-4 min) x 6 cycles for 50, 53, 56, 59, 62°C (30

507 cycles total), and 72°C 5 min. PCR products were then spin column purified and

508 digested overnight at 37°C with restriction enzymes described in Table S3. Digested
509 PCR products were spin column purified and ligated by T4 DNA ligase into pET16b

510 vector that had been restriction enzyme and Antarctic Phosphatase treated according to

511 the manufacturer's recommended protocol in a 20 pl final volume for 1 hour at 26°C. 5
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512  ul of ligations were transformed into Mix & Go! (Zymo Research, USA) competent E.
513 coli and plated on LB 100 ug/ml carbenicillin (ampicillin), followed by verification of

514 positive clones by restriction digest analysis using purified plasmid. Positive clones

515 were then transformed into LOBSTR RIL" E. coli cells for protein expression.

516 Specifically, pDJSVT84 (FplA....), pDJSVT43 (FplA....), pDIJSVT85 (FplA...), and
517 pDJSVT82 (FplA...) all produce proteins with a C-terminal 6x-Histidine tag and are

518 expressed in the cytoplasm because these constructs lack the N-terminal signal

519 sequence used to export FplA through the Sec apparatus in F. nucleatum. pDJSVT60
520 (FplA...: S98A) and pDJSVT61 (FplA,.. D243A) were created by using pDJSVT43 as a
521 template for Quikchange mutagenesis PCR. Verification of mutants and all clones was
522 performed by Sanger sequencing (Genewiz, USA). To facilitate the export of FplA to the
523 surface of E. coli, a new inducible expression vector was created using pET16b as the
524  backbone by incorporating the signal sequence from the E. coli protein OmpA (residues
525 1-27). In addition, this expression vector (pDJSVT86) contains an N-terminal 6x-

526  Histidine tag that remains on the expressed protein after residues 1-21 from OmpA are
527 cleaved in the periplasm. This effectively creates an inducible vector for the expression
528 of periplasmic and outer membrane proteins in E. coli that was customized with GC rich
529 restriction sites (Notl, Kpnl, Xhol) to facilitate enhanced cloning of AT rich (74%)

530 genomes such as F. nucleatum. Using the pDJSVT86 expression vector, pDJSVT88
531 (OmpA.., 6xHis, FplA....) was created and shows efficient export of enzymatically

532  active, full-length FplA to the surface of E. coli (Fig. 4).

533
534  FplA Protein Expression and Purification
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535 Briefly, all FplA construct in LOBSTR RIL™ E. coli cells were grown in Studier auto-

536 induction media” (ZYP-5052, 0.05% glucose, 0.5% lactose, 0.5% glycerol) at 37 °C, 250
537 rpm shaking, and harvested at 20 hours post inoculation by pelleting at 5 kG for 15

538 minutes at 4°C. Pellets were weighed and resuspended in lysis buffer (20 mM tris pH
539 7.5, 20 mM imidazole, 400 mM NaCl, 0.1 % BOG, 1 mM PMSF) at 10 mL/gram of cell
540 pellet. Bacteria were lysed by using 5 passes on an EmulsiFlex-C3 (Avestin, Germany),
541 followed by removal of insoluble material and unlysed cells by pelleting at 15 kG for 15
542 minutes at 4°C. The resulting supernatant containing 6xHis-tagged FplA constructs

543  were gently stirred with 5 mL of NiCl, charged chelating sepharose beads (GE

544 Healthcare, USA) for 30 minutes at 4°C, followed by washing with 200 mL of wash

545  Dbuffer (20 mM Tris pH 7.5, 50 mM Imidazole, 400 mM NaCl, 0.1% BOG). After

546  washing, FplA was eluted in 10 mL of elution buffer: (20 mM Tris pH 7.5, 250 mM

547 Imidazole, 50 mM NaCl, 0.1% BOG). This protein was directly applied to a HiTrap Q FP
548 anion exchange column (FplA construct theoretical Pls: 5.91-6.34) and purified on an
549  AKTA pure system (GE Healthcare, USA) using a linear gradient between Buffer A (20
550 mM Tris, pH 8, 50 mM NaCl, 0.025% BOG) and Buffer B (20 mM Tris, pH 8, 1 M NaCl,
551 0.025% BOG). Fractions containing FplA as determined by SDS-PAGE analysis were
552  pooled and further purified on a High-prep 16/60 Sephacryl S-200 HR size exclusion
553  column (GE Healthcare, USA) in 20 mM Tris pH 7.5, 150 mM NaCl, 10%

554 glycerol. Protein concentrations were determined using a Qubit fluorimeter and BCA
555 assays according to the manufacturer’'s recommended protocol. Protein purity was

556 determined using ClearPage 4-20% gradient gels (CBS Scientific, USA) and determined

557 to be greater than 95% pure for all constructs.

558
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559 Antibody Production and Western Blotting to Detect FplA

560 Purified FplA,... was used to create a polyclonal antibody in rabbits (New England

561 Peptide, USA). To purify the antibody, FplA..... was coupled to CNBr-Activated

562  Sepharose (Bioworld, USA) and Anti-FplA,,.... antisera adjusted to pH 8.0 with 20 mM
563  Tris-HCI was passed through the column to bind FplA,,... antibodies, followed by

564 extensive washing in phosphate buffered saline (PBS) and elution in 2.7 mL of 100 mM
565 Glycine, pH 2.8. To the eluted antibodies, 0.3 mL of 1M Tris-HCI pH 8.5 was added, for
566 a final storage buffer of (10 mM Glycine, 100 mM Tris-HCI, pH 8.5).

567 For western blot detection of FplA, proteins were separated by SDS PAGE gels run at
568 210V for 60 minutes, followed by transferring proteins to PVDF membranes in transfer
569  Dbuffer (25 mM Tris, 190 mM Glycine, 20% methanol, pH 8.3) at 80V for 60

570 minutes. Post-transfer, membranes were blocked in 20 mL of TBST (20 mM Tris, 150
571 mM NacCl, 0.1% Tween 20) with 3% BSA for 15 hours at 4°C. After blocking, the

572 membranes were incubated with rabbit anti-FplA antibody (1:10,000 for pure proteins,
573 1:2,500-1:1000 whole cells or lysates) in TBST 3% BSA for 1 hour (70 rpm shaking,
574 26°C). After incubating with the primary antibody the membrane was washed with

575 TBST, followed by incubation with goat anti-rabbit-HRP secondary antibody (Cell

576  Signaling, USA) at 1:10,000 dilution in TBST 3% BSA for 30 minutes (70 rpm shaking,
577 26°C). After the secondary antibody incubation, the membrane was washed in TBST,
578 followed by incubation with ECL-Plus blotting reagents (Pierce, USA) and visualization
579  using Lucent Blue X-ray film (Advansta, USA) developed on an SRX-101A medical film

580 processor (Konica, Japan).

581
582 Development of an F. nucleatum 23726 AfplA strain
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583  Single-crossover homologous recombination gene knockouts F. nucleatum 23726 have
584  been previously reported, although like with all Fusobacterium mutagenesis strategies,
585 efficiencies are quite low. Based on a previous method=, we created an integration

586  plasmid that will not replicate in F. nucleatum, therefore only producing antibiotic

587 resistant colonies for strains that incorporate the plasmid directly into the chromosome
588 in the gene of interest during transformation and outgrowth. A central 1000bp region in
589 the FN1704 (fplA) gene in F. nucleatum 23726 was amplified from genomic DNA by
590 PCR, digested with EcoRI and Spel, and ligated into pJIR750 that was digested with the
591 same enzymes and subsequently treated with Antarctic phosphatase. The ligation was
592 transformed into Mix & Go! competent E. coli, and plated on LB 10 ug/mL

593 chloramphenicol, followed by selection of colonies, purification of plasmid DNA, and
594  verification of positive clones by restriction digest analysis. A single positive clone was
595 selected for all future studies, and DNA was initially purified by spin column (BioBasic,
596 Canada), followed by additional purification of the DNA using glycogen and methanol
597 precipitation, followed by resuspension in sterile deionized H.,O.

598 F. nucleatum 23726 was made competent by growing a 5 mL culture to mid-log
599 phase (OD.,= 0.4) followed by spinning down cells at 14k G for 3 minutes, removal of
600 media, and five successive 1 mL washes with ice cold 10% glycerol in diH,O. Cells
601 were then resuspened in a final volume of 100 pL of ice cold 10% glycerol (Final OD.,=
602 ~20). Bacteria were transferred to cold 1 mm electroporation cuvettes (Genesee, USA)
603 and 0.5-2.0 yg ([ ]> 500 ng/uL) of pDJSVT100 plasmid was added immediately before
604 electroporating at 2.0 kV (20 kV/cm), 50 pyF, 129 OHMs, using an Electro Cell

605 Manipulator 600 (BTX, USA). To the cuvette, 1 mL of recovery media (CBHK, 1 mM
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606 MgCl,) was added, and immediately transferred by syringe into a sterile, anaerobic tube
607 via septum for incubation at 37°C for 20 hours with no shaking. Post outgrowth, cells
608 were spun down at 14 kG for 3 minutes, media removed, and resuspended in 0.1 mL
609 recovery media, followed by plating on CBHK plates with 5 pyg/mL thiamphenicol and
610 incubation in an anaerobic 37°C incubator for two days for colony growth. ~5

611 colonies/ug of DNA were achieved, and the fplA gene knockout was verified by PCR
612  specific to the chromosome and catP gene that was incorporated into the genome by
613 the pDJSVT100 KO plasmid (Primers, Table S3). In addition, western blots were used

614 to confirm a loss of FplA protein expression (Fig. 5-6).

615
616 Enzymatic assay design, data collection, and FplA kinetics

617 Initial tests for FplA enzymatic activity were run using the EnzChek Phospholipase A1
618 and EnzChek Phospholipase A2 assay kits (ThermoFisher, USA) at 1 uM and 10 uM
619 FplA... using the manufacturer’s protocol (Fig. S3A-B). These assays showed that
620 FplA has PLA,, but not PLA, activity, which is consistent with data reported for the

621 homologous enzyme PlpD. We then went on to further characterize its activity by

622 developing a continuous kinetic assay using the PLA, specific substrate PED-A1

623 (ThermoFisher, USA) and determined the full kinetic parameters of FplA with this

624  substrate as reported in Fig. 2 and Fig. S3. In detail, FplA was used at 1 nM in the

625 reaction and substrate (10 mM stock in 100% DMSO) dilutions (0-10 uM) and reactions
626  were carried out in reaction buffer (50 mM Tris pH 8.5, 50 mM NaCl, 0.025% BOG). All
627  samples including controls contained equal concentrations of DMSO. Reactions were
628 run at 26°C for 30 minutes with 3 seconds of shaking in between continuous fluorescent

629  monitoring (Ex = 488 nm, Em = 530 nm) every 2 minutes on a SpectraMax M5: plate
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630 reader (Molecular Devices, USA). Relative fluorescence units measured upon cleavage
631 of substrate ester bonds and release of the acyl chain were converted to the

632  concentration of product (BODIPY® FL C5) created by establishing a standard curve
633 using pure BODIPY® FL C5 (ThermoFisher, USA). In all enzymatic reactions, controls
634  containing no protein were run and the values were subtracted from the reactions

635 containing protein during analysis.

636 We then developed a continuous fluorescent assay to characterize the

637 phospholipase activity of FplA using the general lipase substrates 4-Methylumbelliferyl
638 Butyrate (4-MuB) and 4-Methylumbelliferyl heptanoate (4-MuH) (Santa Cruz

639 Biotechnology, USA). In detail, FplA was used at 1 nM in the reaction and substrate
640 (50 mM stock in 100% DMSO) dilutions (0-200 uM) and reactions were carried out in
641 reaction buffer (50mM Tris pH 8.5, 50mM NacCl, 0.025% BOG). All samples including
642  controls contained equal concentrations of DMSO (0.4%). Reactions were run at 26°C
643  for 30 minutes with 3 seconds of shaking in between continuous fluorescent monitoring
644 (Ex =360 nm, Em 449 nm) every 2 minutes on a SpectraMax M5 plate reader. Relative
645 fluorescence units measured upon cleavage of substrate ester bonds and release of the
646  acyl chain were converted to the concentration of product (4-Methylumbeliferone, 4-Mu)
647 created by establishing a standard curve using pure 4-Mu (Sigma Aldrich, USA).

648 The steady-state kinetic parameters for each substrate were determined using
649  GraphPad Prism version 6 (Graphpad Software, USA) by fitting the initial rate data

650 (n=2) to the Michaelis-Menten equation (Equation 1):

651
652 v=V.[SI/(K.+[S]) (1)

653
654 to obtain the values reported in Fig. 2 and Fig. S3.
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655
656 Characterization of FplA inhibitors

657  We set out to characterize inhibitors that we could use as effective tools to test the role
658 of FplA both in vitro and potentially in vivo by IC,, assays using a variety of inhibitor

659 classes. Inhibitors shown in Fig. 3 and Fig. S4 were chosen based on their previous
660 classification as inhibitors of a diverse set of phospholipase enzymes:

661 Methylarachidonyl fluorophosphonate (MAFP), PLA.*; Arachidonyl Trifluoromethyl

662 Ketone (ATFMK), cPLA,, iPLA.; Isopropyl Dodec-11-Enylfluorophosphonate (IDEFP),
663 fatty acid amide hydrolase™; Palmityl Trifluoromethyl Ketone (PTFMK), cPLA,, iPLA.™;
664 ML-211, LYPLA1, LYPLAZ27; Isopropyl Dodecylfluorophosphonate (IDFP), fatty acid
665 amide hyrolase, monoacylglycerol lipase®; LY311727, sPLA,*; Manoalide, sPLAZ2,

666 PLC+». All inhibitors were purchased from Cayman Chemical, USA.

667 For potent inhibitors, 0-25 uM concentrations were used in assays, and for

668 compounds found to not inhibit efficiently, the concentration range was 0-100

669 M. Inhibitors were diluted into reaction buffer (50 mM Tris pH 8.5, 50 mM NacCl,

670 0.025% BOG) containing 10 uM 4-MuH. To initiate the reaction, 1 nM final FplA..... was
671 added and reactions were run at 26°C for 30 minutes with 3 seconds of shaking in

672  between continuous fluorescent monitoring (Ex = 360 nm, Em 449 nm) every 2 minutes
673 on a SpectraMax M5: plate reader. Raw data (n=2) for each reaction were analyzed in
674  GraphPad Prism using a log(inhibitor) vs. response using variable slope and a least

675 squares (ordinary) fit model.

676
677 Use of fluorescent chemical probes to label and detect FplA

678  Purified recombinant FplA constructs or WT FplA from F. nucleatum strains were

679 visualized using an ActivX TAMRA-FP probe (ThermoFisher, USA). This probe only


https://doi.org/10.1101/136598

bioRxiv preprint doi: https://doi.org/10.1101/136598; this version posted May 10, 2017. The copyright holder for this preprint (which was not
certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission.

680 binds to proteins with activated serine residues. For purified recombinant proteins, 5 ug
681  of purified protein was incubated with either 100 uM of methylarachidonyl

682  fluorophosphonate (MAFP) or PBS for 1 hour. Following pre-incubation with MAFP or
683 PBS, 1 uM ActivX TAMRA-FP probe was added to the protein and incubated for 20
684 minutes at 26°C followed by the addition SDS-PAGE running buffer to stop the

685 reaction. 500 ng of protein was run on an SDS-PAGE gel at 210V for 60 minutes,

686 followed by transferring proteins to PVDF membranes in transfer buffer (25 mM Tris,
687 190 mM Glycine, 20% methanol, pH 8.3) at 80V for 60 minutes. Fluorescent proteins
688  were visualized using a G:Box XX6 system (SynGene, USA) using the TAMRA

689 fluorescence filter.

690 For the detection of FplA in F. nucleatum whole cell mixtures, 5 ml of F.

691 nucleatum 23726 or F. nucleatum 23726 AfplA cells at OD,, = 0.2 were pelleted,

692 washed, and resuspended in 100 yL of PBS. ActivX TAMRA-FP was added at a final
693  concentration of 2 yM and incubated at 26°C for 20 minutes, followed by the addition of
694  SDS buffer. 10 uL of this reaction (lysate from ~4.2 x 10° bacteria) was run per well on
695 an SDS-PAGE gel at 210V for 60 minutes. Gels were then imaged on a Typhoon Trio

696 (GE Healthcare, USA) using the TAMRA filter setting.

697
698 Detection of FplA on the surface of E. coli by microscopy, enzymatic activity, and

699 Proteinase K treatment

700 Using the expression vector pDJSVT86 that is described in the cloning and expression
701  section above, we cloned FplA,....into the vector at the 3’ end of the OmpA...-6xHis

702  signal sequence (pDJSVT88). This construct was expressed in LOBSTR RIL™ E. coli in

703  Studier autoinduction media at 37°C for 20 hours with 250 RPM shaking. The empty
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704  vector pDJSVT86 was used as a negative control for FplA expression for both

705 microscopy and enzymatic assays.

706 For microscopy, stationary phase bacteria from overnight expressions were

707  washed in PBS pH 7.5, 0.2% gelatin and spun down at 5 kG for 5 minutes, followed by
708 resuspending the bacteria at an OD,.,=0.2. To the bacteria, a final 3.2%

709 paraformaldehyde was added for 15 minutes at 26°C for fixation, followed by washing in
710 PBS pH 7.5, 0.2% gelatin. 500 pL of fixed bacteria were then added on top of a

711  polylysine coated coverslip in a 6 well plates, and 2 mL of PBS was added for a final
712  volume of 2.5 mL. Bacteria were then spun down onto the coverslips at 2,000x G for 10
713 minutes. Washed coverslips were submerged in 300 yL of PBS pH 7.5, 0.2% gelatin
714  containing a 1:100 dilution of the anti-FplA antibody and incubated for 20 hours at 26°C
715  with light shaking. Coverslips were washed again in PBS pH 7.5, 0.2% gelatin and then
716 incubated in the same buffer containing an anti-rabbit Alexa Fluor 488 conjugated

717  secondary antibody for 30 minutes at 26°C. Washed coverslips were mounted with

718 Cytoseal 60 (ThermoFisher, USA) and visualized by brightfield and fluorescence

719  microscopy using the GFP channel on an EVOS FL microscope (Life Technologies,
720 USA).

721 For enzymatic the enzymatic activity assay, stationary phase bacteria from

722  overnight expressions were washed in PBS pH 7.5 and spun down at 5 kG for 5

723  minutes, followed by resuspending the bacteria at an OD,,=0.2 in PBS pH

724  7.5. Bacterial samples were incubated with 10 uM MAFP or PBS pH 7.5 at RT for 60
725 minutes at 26°C, followed by washing in PBS pH 7.5 and resuspension to the original

726  OD.=0.2 (2 x 10° CFU/mL in enzymatic assay buffer (50 mM Tris pH 8.5, 50 mM NaCl,
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727  0.025% BOG). 2 x 10° bacteria were then added to reaction wells containing 10 yM 4-
728  MuH fluorescent lipase substrate (Ex = 360 nm, Em 449 nm), followed by incubation at
729  37°C for 30 minutes and detection of lipid cleavage and product formation with a

730 Spectramax M5: as seen in Fig. 4B. Activity was plotted as fluorescence units and

731  Statistical analysis was performed using a multiple comparison analysis by one-way
732  ANOVA in GraphPad Prism.

733 To further validate the translocation of the PLA, domain of FplA to the surface of
734  E. coli, the non-specific and membrane impenetrable enzyme proteinase K (PK) was
735 used to cleave FplA in a dose dependent manner. FplA expression was induced with
736 500 uM IPTG for four hours shaking at 37°C. Bacteria were washed in PBS and

737  adjusted to an OD,, = 0.2 in PBS with 1 mM CacCl, to activate PK. 100 pL of cells were
738 added to tubes followed by the addition of 0, 100, 250, or 1000 nM PK and incubation at
739 26°C for 15 minutes. Reactions were then quenched with protease inhibitors (Roche,
740 USA) and samples were separated by SDS-PAGE and transferred to PVDF for western
741  blot analysis with an anti-FplA antibody. As a control, E. coli with the empty vector

742 pDJSVT86 were analyzed for FplA expression and cleavage. In addition, GAPDH was
743  used a load control, and also as a control to show PK was not digesting intracellular

744  proteins.

745
746 Lipid binding assays

747  Binding of FplA to various lipids was performed with commercially available lipids
748  spotted on membranes, or by our laboratory spotting fresh lipids on blots.
749 For the first analysis, membrane lipid strips were purchased from Eschelon,

750 Inc. The strips were blocked in 10 mL of TBST 3% BSA for 2 hours at 26°C with 70 rpm
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751 shaking. After blocking, lipid strips were incubated with TBST 3% BSA containing 50
752  pg/mL of the indicated FplA construct at 4°C for 15 hours. After incubation with FplA,
753 lipid strips were washed with TBST and incubated with a 1:1000 dilution of rabbit anti-
754  FplA antibody in 10 mL of TBST 3% BSA for 60 minutes at 26°C with 70 rpm

755  shaking. Lipid strips were washed with TBST and incubated with a 1:2000 dilution of
756  goat anti-rabbit IgG-HRP linked antibody (Cell Signaling, USA) in 10 mL of TBST 3%
757  BSA for 30 minutes at 26°C with 70 rpm shaking. After secondary antibody incubation,
758 the lipid strips were thoroughly washed in TBST, and ECL-Plus blotting reagents were
759  added for visualization. The membranes were visualized using a G:Box XX6 system
760  (SynGene, USA) (Fig. S7)

761 For a more detailed analysis of FplA binding to phosphoinositides, we purchased
762  various phosphoinositides from Avanti Polar Lipids, and then spotted them onto PVDF
763  at concentrations from 0-200 picomols (pMol). We tested FplA binding to PI, PI(3)p,
764  Pl(4)p, PI(5)p, PI(3,4)p., PI(3,5)p., PI(4,5)p., PI(3,4,5)p., and cardiolipin. All steps for
765  analysis were the same as described above, except the membranes were visualized
766  using Lucent Blue X-ray film developed on a SRX-101A medical film processor (Fig.

767  TB).
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778
779 FIGURE LEGENDS

780 Fig1 FplAis a Type Vd autotransporter phospholipase from Fusobacterium

781  nucleatum. (A) Structure and description of FplA domains and their location in the
782  periplasm, outer membrane, and surface exposure of the phospholipase A1 (PLA.)
783 domain. (B) Alignment of a predicted FplA PLA, domain structure overlaid with the
784  crystal structure (PDB: 5FQU) of the homologous enzyme PlpD from P. Aeruginosa,
785  with a magnified view of the catalytic dyad (S98, D243) and oxyanion hole (G69, G70,

786  G71).

787
788 Fig 2 Characterization of FplA lipase activity with multiple fluorescent substrates. (A)

789  FplAis a PLA, specific enzyme as shown by cleavage of the substrate PED-A1. FplA
790 also efficiently processes the saturated acyl chain of the substrates 4-MuB (4-Methyl
791  Umbelliferyl Butyrate) and 4-MuH (4-Methyl Umbelliferyl Heptanoate). (B) Steady-state
792  kinetics of multiple FplA constructs with 4-MuH. (C) Visual representation of FplA

793  catalytic activity when expressed as truncated versions lacking specific domains. (D-F)
794  Characterization of FplA turnover rates and substrate binding affinities with multiple

795 substrates. Results show that FplA binds longer acyl chains with higher affinity, and
796 that loss of the N-terminal Extension domain (residues 20-59) reduces turnover rate but

797  does not affect substrate binding affinity.

798
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799 Fig 3 Characterization of FplA inhibitors. (A) IC,, assays showing varying degrees of
800 inhibition towards FplA by inhibitors that were previously shown to inhibit a variety of
801 lipases. (B) Structure and names of tested inhibitors. (C) IC,, plot of MAFP, the most
802 potent (11 nM) FplA inhibitor characterized. (D) Analysis of the active site of FplA shows
803 that the active site serine (S98) reacts with ActivX TAMRA-FP probe, but does not bind
804 in the presence of the competitive inhibitor MAFP. S98A and D243A mutants will not
805 bind the serine active site probe. Western blot probed with an anti-FplA antibody and

806 SDS-PAGE gels stained with Coomassie blue serve as load controls for all constructs.

807
808 Fig 4 Expression and functional analysis of Full length FplA in E. coli. (A) An OmpA..,

809 signal sequence allows for robust expression of FplA..., on the surface of E. coli as

810 seen by fluorescence microscopy with an anti-FplA antibody. (B) Enzymatic activity of
811 FplA when live E. coli are added to reactions containing 4-MuH as a fluorescent

812 substrate. (C) Proteinase K (PK), a cell impenetrable non-specific protease, is able

813 to digest surface exposed FplA, but not a the cytoplasmic protein GAPDH. (D)

814  Schematic of PK cleavage of full-length FplA from the surface of E. coli. EV = Empty
815 vector. Statistical analysis was performed using a multiple comparison analysis by one-

816 way ANOVA. p-values: * =<0.05, ** =< 0.0005.

817
818 Fig 5 Creation of an F. nucleatum 23726 AfplA strain. (A) pDJSVT100 is a single-

819  crossover integration plasmid for disruption of the fplA gene. Primers are labeled in red
820 for PCR reactions A and B to confirm plasmid integration and gene knockout. (B) PCR
821 confirmation of the F. nucleatum 23726 AfplA strain. (C) Analysis of FplA protein (85.6

822  kDa) expression in WT and AfplA by fluorescent chemical probe (ActivX TAMRA-FP) to

823 label all active site serine enzymes in the bacteria (Also serves as a load control),
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824 followed by transfer to PVDF for western blot analysis and detection with an anti-FplA

825 antibody.

826
827 Fig 6 Western blot analysis of FplA in multiple Fusobacterium strains. (A) Initial

828 characterization of FplA expression and protein size in mid-exponential phase (OD., =
829 0.7) and stationary phase (OD.,, = 1.2) shows that several strains produce a truncated
830 form of FplA that consists of the PLA, domain to which the FplA antibody was raised.
831 (B) Western blot of media from Fusobacterium growths shows that while truncated,
832 FplAis not released into the media and remains associated with the bacteria. (C)

833  Analysis of FplA expression reveals that strain 10953, which is cleaved in mid-

834  exponential and stationary phase, is still primarily full-length protein during early

835 exponential phase growth (OD,, = 0.2) , with a portion beginning to be

836 cleaved. (D) Sequence alignment reveals that all FplA sequences from cleaved strains
837  contain a highly-charged motif at the PLA/POTRA hinge region as a potential site for
838 cleavage by an unidentified protease, with the exception being the non-cleaved FplA
839  proteins from F. nucleatum strains 23726 and 25586, which contain a drastically

840 different and more neutral motif.

841
842 Fig 7 Overview of select bacteria phospholipase A enzymes and the role they play in

843 intracellular processes. (A) Overview of phospholipase enzyme classes and the bonds
844  they cleave within a phospholipid. (B) F. nucleatum FplA,.... binds with high affinity to
845 phosphoinositide lipids that are critical for multiple cellular processes in a human host.
846  (C-F) Bacterial phospholipases are confirmed virulence factors that play a major role in
847  colonization of the host and evasion of autophagy and subsequent clearance. While the

848 role of ExoU (T3SS) and VipD (T4SS) have been well characterized, the role of the
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T5dSS PLA, enzymes PlpD from P. aeruginosa and FplA from F. nucleatum remain to

be determined during infection and host colonization.
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Figure 1
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Fig 1 FplAis a Type Vd autotransporter phospholipase from Fusobacteirum nucleatum. (A) Structure and
description of FplA domains and their location in the periplasm, outer membrane, and surface exposure of
the phospholipase A1 (PLA ) domain. (B) Alignment of a predicted FplA PLA, domain structure overlayed
with the crystal structure (PDB: 5FQU) of the homogous enzyme PlpD from Pseudomonas Aeruginosa, with
a magnified view of the catalytic dyad (598, D243) and oxyanion hole (G69, G70, G71).
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Fig 2 Characterization of FplA lipase activity with multiple fluorescent substrates. (A) FplA is a PLA1 specif-
ic enzyme as shown by cleavage of the substrate PED-A1. FplA also efficiently processes the saturated acyl

chain of the substrates 4-MuB (4-Methyl Umbelliferyl Butyrate) and 4-MuH (4-Methyl Umbelliferyl Hepta-
noate). (B) Steady-state kinetics of multiple FplA constructs with 4-MuH. (C) Visual representation of FplA
catalytic acivity when expressed as truncated versions lacking specific domains. (D-F) Characterization of
FplA turnover rates and substrate binding affinities with multiple substrates. Results show FplA binds
longer acyl chains with higher affinity, adn that loss of the N-terminal Extension domain (residues 20-59)
reduces turnover rate but does not affect substrate binding affinity.
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Fig 3 Characterization of FplA inhibitors. (A) IC, assays showing varying degrees of inhibition towards
FplA by inhibitors previously shown to inhibit a variety of lipases. (B) Structure and names of tested inhibi-
tors. (C) IC_, plot of MAFP, the most potent (11 nM) FplA inhibitor charactrerized. (D) Analysis of the active
site of FplA shows that the active site serine (598) reacts with ActivX TAMRA-FP probe, but can not bind in
the presence of the competitive inhibitor MAFP. S98A and D243A mutants will not bind the serince active
site probe. Western blot and SDS-PAGE gels stained with Coomassie blue serve as load controls for all
constructs.
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Figure 4
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Fig 4 Expression of Full length FplA in E. coli and functional analysis. (A) An OmpA, __signal sequence
allows for robust expression of FplA, __ 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 are added to reactions containing 4-MuH
as a fluorescent substrate (C) Proteinase K (PK), a cell impenetrable non-specific protease, is able to digest
surface exposed FplA, but not the cytoplasmic protein GAPGH. (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 ANOVA. p-values: * = < 0.05, *** = < 0.0005.
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Figure 5
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Fig 5 Creation of an F. nucleatum 23726 AfplA strain. (A) pDJSVT100 is a single-crossover integration
plasmid for disruption of the fplA gene. Primers are labeled in red for PCR reactions A and B to confirm
plasmid integration and gene knockout. (B) PCR confirmation of the F. nucleatum 23726 AfplA strain. (C)
Analysis of FplA protein (85.6 kDa) in WT and AfplA 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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Fig 6 Western blot analysis of FplA in multiple Fusobacterium strains. (A) Initial characterization of FplA
expression and protein size in mid-exponential phase (OD, = 0.7) and stationary phase (OD, , = 1.2)
shows that several strains produce a truncated form of FpA that consists of the PLA, domain to which the
FplA antibody was raised. (B) Western blot of media from Fusobacterium growths shows that while truncat-
ed, FplA is not released into the media and remains associated with the bacteria. (C) Analysis of FplA
expression during early exponential phase growth (OD600 = 0.2) reveals that strains 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.
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Figure 7
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Fig 7 Overview of select bacteria phospholipase A enzymes and the role they play in intracellular process-
es. (A) Overview of phospholipase enzyme classes and the bonds they cleave within a phospholipid. (B)
FplA binds with high affinity to phosphoinositide lipids that are critical for multiple cellular processes in a
human host. (C-F) Bacterial phospholipases are confirmed virulence factors that play a major role in coloni-
zation of the host and evasion of autophagy and subsequent clearance. While the role of ExoU (T3SS) and
VipD (T4SS) have been well characterized, the role of the T5dSS PLA1 enzymes PlpD from P. aeruginosa and

FplA from F. nucleatum remain to be determined.
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Fig S1 (A) Composite model of the predicted FplA structure in a bacterial outer membrane (OM) (B) Align-
ment of amino acids from PIpD and FplA from the predicted structures of the PLA, domains.
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Figure S2
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Fig S2 (A) Alignments of a predicted FplA structure (residues 60-431) with ExoU (PDB: 4AKX) and VipD
(PDB: 4AKF). (B) Zoomed in view of active sites after alignment showing similar architectures and residue
placement of the catalytic dyad (Ser, Asp) and oxyanion hole (Gly, Gly, Gly).


https://doi.org/10.1101/136598

bioRxiv preprint doi: https://doi.org/10.1101/136598; this version posted May 10, 2017. The copyright holder for this preprint (which was not
certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission.

Figure S3
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Fig S3 Eznymatic analysis of FplA, ... (A-B) Enzymatic assays show that FplA is a PLA, specific enzyme with
no PLA, activity. (C) FpIAZO_431 does not need calcium for activity and is more active against the substrate
4-MuH than 4-MuB, indicating that longer acyl chains are critical for substrate binding. (D) pH dependent
active of FplA, .. using 4-MuH as a substate shows maximal activity at pH 8.5. (E) Eznyme kinetics and
activity plots of FplA FplA andFplA__ . with 4-MuH.
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Fig S4 Analysis of multiple inhibitors previously shown to inhibit a diverse set of phospholipases. IC50
values equte to the concentration of inhibitor necessary to achieve 50% inhibition of FplA, ,.. using
4-MuH as a substate.
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Figure S5

Growth curve in CBHK media
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Fig S5 (A) Analysis of a AfplA mutant on F. nucleatum 23726 growth in rich CBHK media reveals no growth
defect in the abscence of FplA. (B-D) Loss of FplA does not alter bacterial cell shape or length as deter-
mined by analyzing n=~500 bacteria using the MicrobelJ plugin for ImageJ. Statistical analysis was
performed using an unpaired t test. ns = not significant (p-value = 0.195).
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Fig S6 Alignment of full-length FplA from 7 strains of Fusobacterium and potential cleavage sites for
release of the PLA, domain are outlined in red and were determined based on differences seen in the
23726 and 25586 strains (not cleaved) when compared to the remaining five strains that can be cleaved.
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Figure S7
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Fig S7 Initial analysis of FplA, ., and FplA, . S98A lipid binding using commercially available lipid strips

from Eschelon Inc. Subsequent analysis used freshly blotted lipids (Avanti Polar Lipids) and revealed strong
affinity for phosphoinsositides, but not PI(4)p as seen here.
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Supplementary Table 1: Bacterial strains used in this study (Casasanta et al).

Strain Bacterial Relevant genotype Source or
Species Reference
TOP10 E. coli mcrA, A(mrr-hsdRMS-mcrBC), Phi80(del)M15, Invitrogen

AlacX74, deoR, recA1, araD139, A(ara-leu)7697, galU,
galK, rosL(SmR), endA1, nupG

LOBSTR-BL21(DE3)-RIL E. coli fhuA2 [lon] ompT gal (A DE3) [decm] AhsdS A DE3 = A [1]
sBamHlo AEcoRI-B int::(lacl::PlacUV5::T7 gene1) i21
Anin5 arnA(H359S, H361S, H592S, H593S)
slyD(1-150)

F. nucleatum nucleatum F. nucleatum | Wild Type ATCC, [2-5]
ATCC 23726

DJSVTO1 F. nucleatum | F. nucleatum ATCC 23726 Cm" Tm" AFN1704::catP This Study
F. nucleatum nucleatum F. nucleatum | Wild Type ATCC, [2-5]
ATCC 25586

F. nucleatum polymorphum | F. nucleatum | Wild Type ATCC, [2-5]
10953

F. nucleatum vincentii F. nucleatum | Wild Type ATCC, [2-5]
ATCC 49256

F. nucleatum vincentii F. nucleatum | Wild Type [5]

4 113

F. nucleatum animalis 4_8 F. nucleatum | Wild Type [5]

F. nucleatum animalis 7_1 F. nucleatum | Wild Type [5]

Cm', Chloramphenicol resistance

Tm', Thiamphenicol resistance

Andersen KR, Leksa NC, Schwartz TU. Optimized E. coli expression strain LOBSTR eliminates common contaminants from
His-tag purification. Proteins. 2013;81: 1857—-1861.

Knorr M. Uber die fusospirillare Symbiose, die Gattung Fusobacterium (KB Lehmann) und Spirillum sputigenum. Zugleich ein
Beitrag zir Bakteriologie der Mundhohle. Il. Mitteilung Die Gattung Fusobacterium | Abt Orig Zentralbl Bakteriol Parasitenkd
Infektionskr Hyg. 1922;89: 4—22.

Knorr M. Ueber die fusospirillare symbiose, die Gattung Fusobacterium (KB Lehmann) und Spirillum sputigenum. Il Mitteilung. Die
Gattung Fusobacterium. Zentbl Bakteriol Parasitenkd Infekt Hyg Abt. 1923;1: 4-22.

Dzink JL, Sheenan MT, Socransky SS. Proposal of three subspecies of Fusobacterium nucleatum Knorr 1922: Fusobacterium
nucleatum subsp. nucleatum subsp. nov., comb. nov.; Fusobacterium nucleatum subsp. polymorphum subsp. nov., nom. rev.,
comb. nov.; and Fusobacterium nucleatum subsp. vincentii subsp. nov., nom. rev., comb. nov. Int J Syst Evol Microbiol.
Microbiology Society; 1990;40: 74—78.

Manson McGuire A, Cochrane K, Griggs AD, Haas BJ, Abeel T, Zeng Q, et al. Evolution of invasion in a diverse set of
Fusobacterium species. MBio. 2014;5: e01864.
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Supplementary Table 2: Plasmids used in this study (Casasanta et al).

Plasmid Description Reference
pET16b E. coli inducible expression vector EMD Millipore
pJIR750 Base C. perfringens-E. coli shuttle vector to make F. nucleatum shuttle vectors. [1
pDJSVT43 F. nucleatum 25586 FN1704 (fplA) 20-431 C-6xHis cloned into pET16b This Study
pDJSVT60 F. nucleatum 25586 FN1704 (fplA) 20-431 S98A C-6xHis cloned into pET16b This Study
pDJSVT61 F. nucleatum 25586 FN1704 (fplA) 20-431 D243A C-6xHis cloned into pET16b This Study
pDJSVT82 F. nucleatum 25586 FN1704 (fp/A) 60-431 C-6xHis cloned into pET16b This Study
pDJSVT84 F. nucleatum 25586 FN1704 (fplA) 20-350 C-6xHis cloned into pET16b This Study
pDJSVT85 F. nucleatum 25586 FN1704 (fp/A) 60-350 C-6xHis cloned into pET16b This Study
pDJSVT86 E. coli inducible expression vector - pET16b with E.coli OmpA signal sequence This Study
(residues 1-27) followed by a 6xHis tag and multiple cloning site.
pDJSVT88 F. nucleatum 25586 FN1704 (fplA) 20-760 cloned into pDJSVT86 for expression of | This Study
full length FplA on the surface of E. coli
pDJSVT100 | Shuttle vector to make strain DJSVTO1 (Table S1): F. nucleatum ATCC 23726 This Study
AFN1704::catP (Cm" Tm")

Cm'’, Chloramphenicol resistance

Tm', Thiamphenicol resistance

1. Bannam TL, Rood JI. Clostridium perfringens-Escherichia coli shuttle vectors that carry single antibiotic resistance determinants.
Plasmid. 1993;29: 233-235.
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Supplementary Table 3: Primers introduced in this study (Casasanta et al).

Primer Sequence 5' to 3' Direction Restriction Tag FplA Construct Strain/Plasm
Site id (Table S1,
S2)
prDJSVT95 GCACTACCCATGGAAAATATCGAATT | Forward Ncol AA 20-350, pDJSVT43,
AAAATCAAGAG 20-431 pDJSVT84
prDJSVT96 CTAGTTCTCGAGTTAATGATGATGAT | Reverse Xhol 6xHis | AA 20-431, pDJSVT43,
GATGATGTGCTTTTTCTCCATCTAAA 60-431 pDJSVT82
TATAAAAC
prDJSVT135 CTATATAACAGGTACTGCTATAGGAG | Forward QuikChange: AA pDJSVT60
CCTTTATTG 20-431 S98A
prDJSVT136 CAATAAAGGCTCCTATAGCAGTACCT | Reverse QuikChange: AA | pDJSVT60
GTTATATAG 20-431 S98A
prDJSVT137 GGAAATATATGTTGCTGGTCTTGTTA | Forward QuikChange: AA pDJSVT61
GTAG 20-431 D243A
prDJSVT138 CTACTAACAAGACCAGCAACATATAT | Reverse QuikChange: AA | pDJSVT61
TTCC 20-431 D243A
prDJSVT153 CTAGTTCTCGAGTTAATCTAATTTATA | Reverse Xhol OmpA 1-27 FplA | pDJSVT88
TCCAATTG 20-760
prDJSVT203 GCACTACGCGGCCGCGGAAAATATC | Forward Notl OmpA 1-27 FplA pDJSVT88
GAATTAAAATCAAGAG 20-760
prDJSVT211 GCACTACCCATGGGAAATTTAAAAGT | Forward Ncol AA 60-350, pDJSVT82
TGCTCTAGTTTTAAG 60-431
prDJSVT214 CTAGTCTCGAGTTAGTGGTGGTGGT | Reverse Xhol 6xHis | AA 20-350, pDJSVT84,
GGTGGTGCTTTTTATTATCAGCTTTA 60-350 pDJSVT85
GC
prDJSVT215 GAGATATACCATGGGAATGAAAAAG Forward Ncol OmpA 1-27 pDJSVT86
ACAGCTATCGCG vector
prDJSVT216 GATCCTCGAGGGTACCCGCGGCCG Reverse Notl, Kpnl, 6xHis | OmpA 1-27 pDJSVT86
CGTGGTGGTGGTGGTGGTGGGTGTT Xhol vector
ATCTTTCGGAG
prDJSVT259 GCATCGAATTCGAGATGTTGCTAAAA | Forward EcoRI KO vector for pDJSVT100
TTTTAATAG strain 23726
AfplA
prDJSVT260 CGTAGCACTAGTCTAGAAAACTTTGA | Reverse Spel KO vector for pDJSVT100
AAGTACAC strain 23726
AfplA
prDJSVT295 CATTTTTAGCAGATTATGAAAGTG Reverse catP primer to Strain
confirm DJSVTO1
pDJSVT100 and
AfplA
USF AGAGTTTGATYMTGGCTCAG Forward 16s rRNA for F. Fusobacterium
nucleatum strains
verification
U1510R GGTTACCTTGTTACGACTT Reverse 16s rRNA for F. Fusobacterium
nucleatum strains

verification
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