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ABSTRACT LapA of Pseudomonas fluorescens Pf0-1 belongs to a diverse family of
cell surface-associated bacterial adhesins that are secreted via the type | secretion
system (T1SS). We previously reported that the periplasmic protease LapG cleaves
the N terminus of LapA at a canonical dialanine motif to release the adhesin from
the cell surface under conditions unfavorable to biofilm formation, thus decreasing
biofilm formation. Here, we characterize LapA as the first type | secreted substrate
that does not follow the “one-step” rule of T1SS. Rather, a novel N-terminal element,
called the retention module (RM), localizes LapA at the cell surface as a secretion in-
termediate. Our genetic, biochemical, and molecular modeling analyses support a
model wherein LapA is tethered to the cell surface through its T1SS outer mem-
brane TolC-like pore, LapE, until LapG cleaves LapA in the periplasm. We further
demonstrate that this unusual retention strategy is likely conserved among LapA-like
proteins, and it reveals a new subclass of T1SS ABC transporters involved in trans-
porting this group of surface-associated LapA-like adhesins. These studies demon-
strate a novel cell surface retention strategy used throughout the Proteobacteria and
highlight a previously unappreciated flexibility of function for T1SS.

IMPORTANCE Bacteria have evolved multiple secretion strategies to interact with
their environment. For many bacteria, the secretion of cell surface-associated ad-
hesins is key for initiating contact with a preferred substratum to facilitate biofilm
formation. Our work demonstrates that P. fluorescens uses a previously unrecognized
secretion strategy to retain the giant adhesin LapA at its cell surface. Further, we
identify likely LapA-like adhesins in various pathogenic and commensal proteobacte-
ria and provide phylogenetic evidence that these adhesins are secreted by a new
subclass of T1SS ABC transporters.

KEYWORDS biofilm, Pseudomonas fluorescens, type | secretion system, adhesin,
c-di-GMP

he biofilm lifestyle is profoundly consequential to human health and industry, for

better and for worse (1, 2). Although bacteria initiate surface contact and biofilm
formation through a variety of strategies, many microbes need cell surface-associated
protein adhesins to bind a surface. A family of giant type | secreted repeats-in-toxin
(RTX)-containing adhesins have been shown to be critical for biofilm formation or
surface binding by a variety of organisms, including Pseudomonas, Salmonella, Borde-
tella, Legionella, Vibrio, Shewanella, Desulfovibrio, and Marinomonas species (3-10). Cell
surface display of these adhesins, which promotes biofilm formation, typically coincides
with high intracellular cyclic di-GMP (c-di-GMP) levels.

Mechanistic studies from our lab on the giant RTX adhesin LapA of Pseudomonas
fluorescens Pf0-1 identified a novel regulatory node, LapG/LapD, that links cell surface
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display of LapA to intracellular c-di-GMP levels. The ability of the periplasmic protease
LapG to cleave LapA is inhibited when the effector, LapD, a transmembrane protein, is
bound to cellular c-di-GMP. LapD sequesters LapG away from LapA when LapD is in its
c-di-GMP-bound state. Conversely, when c-di-GMP levels decrease in the cell, LapD
releases LapG. Free LapG in turn cleaves LapA from the cell surface, releasing the
adhesin into the supernatant where it is unable to promote biofilm formation (11, 12).

In contrast, cell surface association and release of the RTX adhesin SiiE of Salmonella
enterica, which does not encode lapG or lapD homologs, are controlled by the proton
motive force (PMF). Here, the MotA- and MotB-like accessory proteins SiiA and SiiB likely
utilize PMF to enhance SiiE retention (13). Thus, while SiiE and LapA belong to the same
family of RTX adhesins, their cell surface regulation suggests they may localize to the
cell surface via distinct mechanisms.

Although homologs of lapG and lapD are found throughout the Proteobacteria, the
biofilm-promoting adhesins targeted by this regulatory node are largely unknown due
to the low sequence identities between RTX adhesins. Two hallmarks of most LapG
adhesin substrates characterized thus far are the presence of a N-terminal dialanine
cleavage motif located roughly between residues 100 and 130 and a varied number of
C-terminal RTX motifs (3, 14, 15).

Like other type | secretion system (T1SS) substrates, such as HlyA of Escherichia coli
and CyaA of Bordetella bronchiseptica, LapA’s C-terminal secretion signal and cognate
T1SS machinery (LapEBC) are required for LapA cell surface localization and, thus,
biofilm formation (6, 14). The T1SS is considered a one-step secretion strategy that lacks
any periplasmic intermediate (16); thus, it is currently unclear how LapA localizes to the
cell surface with an N-terminal dialanine cleavage motif that is accessible to the
periplasmic protease LapG. Here, we demonstrate that LapA is not secreted in a
canonical one-step T1SS fashion but rather tethers to the cell surface through its T1SS
apparatus as a stalled secretion intermediate. We provide evidence that a cleavable
retention module at the N terminus of LapA prohibits classical one-step secretion of the
adhesin by forming a plug that tethers LapA to the outer membrane through its T1SS
TolC-like pore, LapE. We also developed an algorithm to identify likely LapG substrates
(i.e., LapA-like adhesins) in lapG- or lapD-containing genomes and provide evidence
that this previously unappreciated retention strategy is broadly conserved in proteo-
bacteria. Finally, phylogenetic analysis reveals that the ABC transporters of LapA-like
substrates likely represent a distinct subclass of type | secretion systems.

RESULTS

Cell surface-associated LapA engages its T1SS. To gain mechanistic insight into
LapA cell surface localization, we first wanted to investigate the translocation status of
cell surface-associated LapA. Surface-associated LapA is found in the outer membrane
fraction; however, LapA lacks elements previously shown to be involved in the forma-
tion of outer membrane pores and translocation structures in target cell membranes
(17-19). Thus, we considered the possibility that LapA is anchored to the cell surface by
remaining in the T1SS apparatus as a secretion intermediate. This strategy could place
LapA’s N-terminal cleavage motif in the periplasm while displaying its C-terminal
adhesive repeats toward the extracellular environment, and it is consistent with the C-
to N-terminal T1SS secretion directionality (20). Although this retention mechanism is
unheard of for T1SS substrates, the LapG substrate from Pseudomonas aeruginosa, CdrA,
a two-partner secreted protein (TPS or T5bSS), likely uses a “cysteine hook” formed by
an intramolecular disulfide bond to anchor itself to the cell surface through its outer
membrane pore CdrB (21, 22). In support of our hypothesis, recent structural modeling
suggests that the N terminus of the large RTX adhesin MpIBP of Marinomonas primo-
ryensis could form a plug blocking secretion of the giant adhesin (23). To date, however,
there are no experimental data to support this model.

Therefore, to determine if LapA is secreted via the classical one-step T1SS model or
retained within its translocation machinery, we conducted a secretion competition
experiment to compare the secretion of the C-terminal secretion domain of LapA
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tagged with a three-hemagglutinin (HA) epitope tag for Western blotting (HA-C235;
Fig. 1A, far right). This tool allows us to discern if cell surface-associated LapA impacts
the availability of LapEBC to secrete the HA-C235 peptide. That is, if the secretion pore
(LapE) is occupied by LapA, we would expect that very little HA-C235 would be
secreted. In contrast, if LapE is not occupied by LapA (due to deleting the adhesin,
enhancing LapG activity to cleave LapA from the cell surface, or removing any potential
N-terminal retention domains), we would expect increased secretion of the HA-C235
secretion substrate. Thus, we examined secretion of the HA-C235 protein in strains
where LapA is locked at the cell surface (lapG mutant), or alternatively, in strains where
LapA is continuously secreted into the supernatant (lapD mutant). In the lapD mutant,
constitutive LapG activity removes LapA from the cell surface.

Western blot analysis of the supernatant fraction indicates that like LapA, HA-C235
peptide secretion is LapEBC dependent. Deletion of the lapE gene, which codes for the
outer membrane pore component of this T1SS, results in a loss of biofilm formation, as
reported previously (6), and eliminates HA-C235 secretion. HA-C235 secretion is re-
stored when HA-C235 and lapE are introduced into the lapE mutant and expressed as
a transcriptional fusion from the pMQ72 expression vector (Fig. 1B).

We next assessed the level of secreted HA-C235 substrate in various mutant
backgrounds to test our hypothesis that the occupancy of LapE by LapA would impact
the secretion of our small model substrate. HA-C235 supernatant levels in the lapA lapG
and lapD mutants are identical (Fig. 1C) and much higher than in the WT background
(Fig. 1B), indicating that a lack of LapA and constitutive LapA secretion, respectively,
does not impinge on HA-C235 secretion (Fig. 1B). However, when LapA is locked at the
cell surface in the lapG mutant strain, HA-C235 secretion is nearly abolished (Fig. 1C).
Together, these data indicate that cell surface localization, but not secretion, of LapA
limits LapEBC availability for secreting other peptides.

Chemical inhibition of LapG locks LapA at the cell surface. LapG is a calcium-
dependent cysteine protease that can be chemically inhibited in vivo and in vitro with
micromolar levels of EGTA (24). To determine if chemical inhibition of LapG in the lapD
mutant background can block HA-C235 secretion by enhancing surface-associated
LapA, we compared biofilm formation and HA-C235 secretion in the lapD mutant
grown in the absence or presence of 500 uM EGTA (—EGTA or +EGTA, respectively).
The addition of EGTA to the lapD mutant, which usually exhibits constitutive LapG
activity, restores LapA cell surface localization and biofilm formation by inhibiting LapG
activity (24). Here, each strain was subcultured for 5 h in K10T-1 medium with or
without 500 uM EGTA (Fig. 1D, growth) and then gently pelleted and resuspended for
20 min in the indicated medium (Fig. 1D, wash). The supernatants were then collected
and protein levels normalized to probe the HA-C235 protein via Western blot analysis.
Biofilm formation was utilized to demonstrate LapG inhibition under +EGTA growth
conditions. Biofilm assays were performed as described above for the Western blots,
but for the biofilm assay, cells were grown statically for 5 h in K10T-1 in 96-well plates
with or without 500 uM EGTA.

For cells grown and assayed in the absence of EGTA (—EGTA), which have abundant
LapG activity and no cell surface LapA (24), there were no biofilm formation and robust
secretion of the HA-C235 secretion substrate (Fig. 1D, left). In contrast, biofilm forma-
tion is restored in the lapD mutant grown in the presence of 500 uM EGTA (+EDTA),
indicating that LapG activity is inhibited under these conditions (Fig. 1D, top). Consis-
tent with our genetic evidence, chemical inhibition of LapG also blocked HA-C235
secretion, phenocopying the lapG mutant (Fig. 1C, lapG mutant, and Fig. 1D, center).
Reactivation of LapG proteolysis by resuspending EGTA-grown cells (+EGTA) in K10T-1
medium lacking EGTA (—EGTA) partially restored HA-C235 secretion after a short
20-min incubation (Fig. 1D, right). Together, these data support the idea that LapA
occupancy of the LapEBC secretion machinery can the block secretion of our model
substrate, and they are consistent with the model of LapA localizing to the cell surface
via anchoring in its T1SS machinery.
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FIG 1 LapA cell surface localization impacts LapEBC activity. (A) Scaled representation of LapA and HA-C235. (B and C) Biofilm formation (top) and Western
blot analysis of HA-C235 in the supernatant (S) and whole-cell (WC) fractions (bottom) from the indicated strains. (D) Top, biofilm analysis of lapD mutants
grown and washed in medium to activate (—EGTA) or inhibit (+EGTA) LapG activity. Bottom, Western blot analysis of the supernatant fraction for HA-C235
under the indicated growth and wash conditions. (E) Biofilm (top) and Western blot analysis (bottom) of the indicated strains. For panels B to E, the model
substrate was detected with anti-HA antibody. (F) A model for how LapA and CdrA are localized to the cell surface. LapA is predicted to be anchored in the
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LapE overexpression rescues HA-C235 secretion in a lapG mutant background.
The LapEBC T1SS proteins form a tripartite complex (LapE-LapBC) to secrete LapA.
Given that the secretion of HA-C235 is blocked when LapA is locked at the cell surface
(i.e.,, a lapG mutant or addition of EGTA), we reasoned that a T1SS component(s)
participating in cell surface localization of LapA is likely limiting. Therefore, overexpres-
sion of the limiting secretion component should allow additional secretion and thus
should rescue HA-C235 secretion in a lapG mutant. Previous work from our lab
comparing lapA, lapE, lapB, and lapC gene expression in the presence and absence of
the biofilm-promoting nutrient phosphate indicates that lapE is the only gene down-
regulated under phosphate-limiting conditions that inhibits biofilm formation (25).
Thus, we suspected that LapE might be the limiting component of the secretion
machinery.

To determine if lapE overexpression can rescue HA-C235 secretion in a lapG mutant,
we assayed for HA-C235 in the supernatant of the lapG mutant carrying a pMQ72-based
HA-C235-lapE transcriptional fusion construct. This construct allows simultaneous ex-
pression of HA-C235 and LapE protein from the same plasmid, with the open reading
frames coding for these proteins expressed from the same promoter. Western analysis
of the supernatant fraction indicates that the coexpression of HA-C235 and LapE, but
not HA-C235 alone, can stimulate HA-C235 secretion in a lapG mutant background (Fig.
1E). HA-C235 secretion in the lapA lapG mutant was used as a positive control for
secretion of the model substrate. Together, these data are consistent with the model
that LapA is retained on the cell surface by LapE, LapE levels are limiting, and retained
LapA occupies the secretion pathway, thus blocking the secretion of any other sub-
strate (Fig. 1F).

P. fluorescens LapA homologs contain a conserved N-terminal domain. Previous
work from our lab suggested that the N terminus of LapA may play a role in retaining
the giant adhesin at the cell surface (14, 24). To gain insight into the retention
mechanism of LapA, we used MUSCLE to align putative LapA-like proteins from closely
related P. fluorescens strains and color-filled residues according to the default Clustal X
color parameters in Jalview to highlight highly similar regions (see Fig. ST and Table S1
in the supplemental material). We hypothesized that regions of high similarity may play
functional roles in secretion and retention, while the low-identity regions may repre-
sent adhesive repeats that have evolved to bind specific substrata of importance to
each microbe. Our analysis revealed these LapA homologs contain two highly similar
regions: a C-terminal region that corresponds to LapA’s type | secretion signal required
for secretion via LapEBC (Fig. S1, blue box) (14) and an N-terminal region that extends
~20 residues beyond the LapG dialanine cleavage motif (Fig. S1, red box, and Fig. 2A).
Given the C- to N-terminal secretion directionality of T1S substrates (20), we speculated
that the N terminus might be involved in retaining these LapA homologs at the cell
surface.

The N terminus of LapA is required for surface retention. Closer examination of
the N terminus of P. fluorescens LapA homologs indicates that their sequence similarity
breaks down shortly after a polyglycine region (Fig. 2A, Poly-G). Because polyglycine
regions often serve as unstructured domain linkers, we hypothesized that the
N-terminal region of LapA encompassing up to this linker may function as a retention
module (1M-125S).

To test this idea, we engineered targeted deletions in this putative N-terminal
domain. Analysis of the primary sequences and predicted secondary structures sug-
gests that the N termini of Pseudomonas fluorescens LapA homologs may adopt similar

FIG 1 Legend (Continued)

Journal of Bacteriology

outer membrane via the outer membrane protein LapE, with an N-terminal “retention module” blocking the complete secretion of LapA. The previously
described CdrA protein is anchored in the CdrB pore, and CdrA is retained by a cysteine hook that restricts its secretion through the CdrB pore. Left, when
c-di-GMP levels are high, these proteins are anchored in their secretion pore. Right, upon cleavage of the N-terminal domains under low-c-di-GMP conditions,
the adhesins are released from the cell surface. Also shown are the c-di-GMP receptor LapD and the LapG protease, which target the N terminus of LapA

and the C terminus of CdrA.
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FIG 2 LapA’s N terminus serves as a retention module. (A) The first ~175 aa of the P. fluorescens LapA-like N termini (Fig. S1, red box) with LapG
cleavage motif (arrowhead) and putative polyglycine linker (Poly-G). (B) Western blot analysis of supernatant (S) and whole-cell (WC) fractions for
LapA. (C and D) Dot blot analysis of cell surface-associated LapA (CS) (C), and biofilm analysis of LapA N-terminal mutants (D). (D) n = 8. (Error
bars indicate the standard error of the mean [SEM].) ***, P < 0.0001 (unpaired two-tailed t test). OD.,, optical density at 550 nm.

secondary structures (Fig. S2A and C). We noticed regularly spaced glycine residues
conserved in the N-terminal 125 amino acids (aa) of LapA and homologs (Fig. S2A and
C), with a predicted B-sheet secondary structure between each glycine. Given that
glycine residues are known to punctuate secondary structures, we used a “Gly-to-Gly”
targeted truncation strategy to disrupt secondary structures within the N terminus of
LapA, using the alignment from Fig. 2A as a guide.

LapA is typically undetectable in the supernatant and enriched at the cell surface of
the lapG mutant (Fig. 2B and C, WT versus lapG). Therefore, candidate RM mutants were
engineered into the hyper-biofilm-forming lapG gene deletion strain using unmarked
allelic replacement, allowing us to decouple retention defects from LapG-mediated
proteolysis. Biofilm formation and LapA localization were assayed by comparing each
retention mutant to the parental lapG and Western blotting for LapA in the whole-cell
(WC) and supernatant (S) fraction, as well as in cell surface (CS) fractions.
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Consistent with our hypothesis, a LapA mutant lacking residues 31D-95A (A31D-
95A) is produced at levels similar to that observed for wild-type LapA, but this mutant
is released into the supernatant (Fig. 2B, blot S). Dot blot analysis of cell surface-
associated LapA indicates this mutant variant does not localize to the cell surface (Fig.
20), leading to the inability of this strain to form a biofilm (Fig. 2D). In support of our
hypothesis that cell surface-associated LapA occupies its outer membrane pore LapE,
this LapA retention mutant strain secrets HA-C235 at levels comparable to those in the
lapA lapG and lapD mutant strains (Fig. 1C, far right). A retention defect phenotype was
also observed in the A23V-95A RM mutant (Fig. S2B), a region that overlaps with the
A31D-95A mutant, and Western analysis confirmed that this mutant is expressed at
wild-type levels (data not shown). Interestingly, we were unable to detect the A02S-
108A RM mutant via Western analysis (Fig. 2B and C). This mutant phenocopied a lapA
mutant (Fig. 2B to D), suggesting the mutation destabilizes LapA. Together, these data
support the idea that the N terminus of LapA functions as a retention module,
contributing to the localization of LapA to the cell surface, and it also suggests that this
region plays a critical, but unclear, role in LapA stability.

Biochemical characterization of the N-terminal module of LapA supports the
proposed retention module model. Thus far, our data indicate that the retention
module is responsible for anchoring LapA at the cell surface, likely involving the LapE
outer membrane channel as a conduit (Fig. 1F and 3A). Consequently, the N-terminal
part of LapA comprising the first 160+ residues is predicted to contain a folded domain
for retention and a narrow unfolded segment enabling the protein to traverse the LapE
channel, a model similar to the one recently proposed for MpIBP (23). The following
experiments were designed to test this model. In particular, to determine if the N
terminus of LapA exhibits well-folded (retention module) and unfolded (LapE-
traversing) properties, we probed the structure of the purified N-terminal fragment
used in our in vitro cleavage experiments (1M-235V) in several ways.

First, we assessed the stability of the purified protein fragment using thermal
unfolding in the presence of an environmentally sensitive dye that interacts with
hydrophobic regions as the protein unfolds. A folded protein is expected to show one
(or more) unfolding transition(s), unlike fully disordered peptides that lack folded
domains and typically lack significant cooperative changes in the exposure of hydro-
phobic residue upon melting. From the melting curves, it is apparent that LapA
undergoes thermal unfolding at 85 = 3.7°C (Fig. 3B), indicating this N-terminal frag-
ment (or at least a part of it) adopts a highly thermostable fold.

Second, we assessed the conformation of the purified LapA fragment by size-
exclusion chromatography (SEC)-coupled small-angle X-ray scattering (SAXS), an ap-
proach that reports on the folded state and overall dimensions of proteins in solution.
X-ray solution scattering by LapA is recorded as the protein elutes from a gel filtration
column. Coupling SAXS with SEC reduces radiation damage by avoiding repeated X-ray
exposure of the same volume, while also benefiting from the size fractionation of the
sample during SEC (Fig. 3C). In addition, the experimental setup included in-line
multiangle light-scattering (MALS) detectors for the calculation of molecular weights of
the eluting scattering particles, in this case, the N-terminal domain of LapA. Similar to
the SEC profile during purification (not shown), the LapA fragment elutes in a single
peak from a gel filtration column with a narrow distribution of radius of gyration (R,)
values across the peak, indicating a monodisperse species (Fig. 3C, bottom). The
molecular mass values calculated based on light-scattering analysis fall between a
monomer and dimer of LapA, with higher values at the front edge of the peak (Fig. 3C,
top; molecular mass average = standard deviation [SD], 40.8 = 3.8 kDa). Such a
molecular weight distribution suggests that purified LapA has a tendency to self-
associate, existing as a transient monomer-dimer species under the conditions used
here. The averaged X-ray scattering data collected across the elution peak (Fig. 3D, top)
are used to extract structural information, including the overall dimensions of the
protein in solution (26). Guinier analysis at very small scattering angles estimates the
protein’s radius of gyration (R,) to be 50.0 = 0.7 A. A description of the data as a
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of 5 technical replicates. (C) SEC-MALS-SAXS data. LapA was subjected to size-exclusion chromatography (SEC) coupled to multiangle light scattering
(MALS) and small-angle X-ray scattering (SAXS) analysis. The two plots show the elution peak from the MALS (top) and SAXS (bottom) sample cells. The
SEC-MALS plot shows the signal of the light-scattering (LS) detector (gray line, left y axis) and molecular mass determination across the elution peak
(black circles, right y axis). The two horizontal dashed lines indicate the monomer and dimer molecular weights of LapA based on the primary sequence.
The SEC-SAXS plot shows the scattering intensity (gray line, left y axis) and radius of gyration (R,; black squares, right y axis). (D) SAXS analysis. SAXS
profiles collected across a size-exclusion chromatography peak were averaged. Background (buffer) scattering was subtracted using scattering data
flanking the elution peak (top). The Guinier analysis estimates the protein R, with 50.0 A (gR, range, 0.57 to 1.30, where q is scattering vector) Inspection
of the distance distribution function (middle) for LapA (gray solid curve) ylelds anR, of 51.6 A and a D,,,., (maximum dimension) of 161 A (Porod volume,
100,000 A3; quality estimate, 78). For reference, the predicted distance dlstrlbutlon function for the retention domain homology model shown in panel
A is shown (black dashed line). The corresponding Kratky plot for LapA (bottom) reveals features characteristic of partially unfolded proteins. (E) Limited
proteolysis. Calcium-dependent LapA cleavage by LapG generates two distinct bands, a smaller fragment corresponding to an extended N-terminal
retention domain (residues 1 to 108) and a larger C-terminal fragment (residues 109 to 235). Subtilisin and proteinase K converge over time to a single
relatively protease-resistant fragment (*) with an apparent molecular mass similar to that predicted for the minimal retention domain (A). A
representative gel of the results from at least three independent experiments is shown. Mol., molecular; term., terminal.
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distance distribution or P(r) function yields a similar R, as the Guinier analysis (51.6 1y
and a maximum diameter (D,,,,) of the scattering units of 161 A (Fig. 3D, middle). This
analysis suggests that this LapA N-terminal fragment (or a portion of this fragment) has
characteristics of intrinsically disordered proteins, an assessment that is based on the
large R, in proportion to the predicted molecular weight of the protein (26). Inspection
of the Kratky plot generated from the scattering data is another common approach to
estimate the folded state of a protein. In this analysis, a distinct peak is indicative of a
compact folded protein, whereas unfolded or partially folded proteins feature a rise or
plateau at the tail of the curve. The shape of the Kratky plot obtained for the LapA
fragment does not reveal a distinct peak (Fig. 3D, bottom), supporting the notion that
the N-terminal domain of LapA has characteristics of intrinsically disordered proteins.
Thus, the combined experimental approaches described above indicate that the N
terminus of LapA has both folded and unfolded features, which supports our overall
model (Fig. 3A).

Last, we subjected the purified protein to limited proteolysis by subtilisin or pro-
teinase K (Fig. 3E). In this assay, flexible and unfolded regions of a protein are more
susceptible to proteolysis, whereas compactly folded regions resist degradation. The
proteolysis patterns for LapA confirm the dual nature of LapA’s solution state observed
in the biophysical studies mentioned above: the proteolysis studies reveal a protease-
stable domain fragment (asterisk in Fig. 3E) similar in molecular weight to the retention
domain obtained after LapG cleavage, as well as a protease-sensitive part that is likely
the region that is threaded through the TolC-like channel of LapE in cells displaying
LapA at their surface (Fig. 3A).

ABC transporters of LapA-like adhesins form a distinct T1SS subgroup. Previous
bioinformatic studies have noted that LapG homologs are commonly encoded near
T1SS ABC transporter genes (27). Because LapA retention does not fit the classical
model of type | secretion, we were curious if the secretion machinery of LapA-like
adhesins may contain features distinguishable from those of traditional T1SS. ABC
transporters are found throughout all three domains of life but can often be function-
ally grouped based on common residues that are critical for secreting their substrate(s)
(28-30). Studies of the HlyB component of the T1SS ABC transporter E. coli, which
transports the RTX toxin HIyA, demonstrated that the HlyB ATPase contains an
N-terminal domain that is critical for binding the C-terminal RTX motifs of HlyA (30). The
N-terminal domain of HlyB resembles the C39 peptidase domain (C39) typically found
to be N-terminally fused to bacteriocin ABC transporters, but HlyB lacks the catalytic
cysteine residue required to cleave and activate immature bacteriocins during secretion
(Fig. 4, bacteriocin transporters, cysteine highlighted in red) (31). Instead, the C39-like
domain (CLD) of HIyB contains a tyrosine involved in binding HIyA that is conserved
among many ABC transporters involved in secreting RTX toxins, including the ABC
transporter secreting CyaB of B. bronchiseptica (Fig. 4, HlyB-like transporters, tyrosine
highlighted in red). Thus, the C39 and CLD of bacteriocin and RTX transporters can be
distinguished by their amino acid sequences (30).

Interestingly, the ATPase component of the T1SS transporter of LapA, called LapB,
contains an N-terminal CLD that lacks the residues critical for bacteriocin processing
(C39) and RTX binding (Y20). To test if the CLD from lapB homologs can be used to
distinguish transporters of adhesins that use an RM to localize these large proteins at
the cell surface, we assessed the phylogenetic relationship between C39 and CLD
sequences from bacteriocin and RTX toxins and the CLD from ABC transporters
involved in adhesin retention. The N-terminal domains from several characterized RTX
toxin and bacteriocin transporters were identified using InterPro (http://www.ebi.ac.uk/
interpro/) and compared with putative LapB-like ABC transporters using the online
phylogenetic analysis program phylogeny.fr, with default settings (http://www.phylogeny
fr). Three characterized LapB transporters (LapB, BB1189, and SO4318) and two ABC
transporters encoded near lapGD homologs (Mar181_1244 and D782_4135) were
chosen as potential LapB representatives for our analysis. Additionally, BLASTP was
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FIG 4 Phylogenetic analysis of ABC transporter subfamilies. Phylogenetic analysis of C39 peptidase domain or
C39-like peptidase domains (CLD) from indicated ABC transporters (Table S2). Bootstrap values are indicated in red
at noted branches. WebLogo results were generated by MUSCLE aligning members from each branch. WebLogo
results were truncated, and characterized functional residues are indicated in red (Y for HlyB-like and C for
bacteriocin transporters).

utilized to identify ABC transporters with N-terminal domains similar to LapB-CLD that
are encoded in the Legionella pneumophila (LssB) and Pseudomonas aeruginosa
(PA1876) genomes to determine if the LapB-CLD can predict transporters of LapA-like
proteins. LssB transports RtxA, which is involved in L. pneumophila virulence, while
PA1876 likely transports the cooperonic adhesin PA1874 and is involved in biofilm-
specific antibiotic tolerance (32-34). Table S2 lists the species, UniProt identification,
and CLD sequence information used for this analysis.

Our phylogenic analysis suggests that the ABC transporters of LapA-like adhesins
form a distinct group of transporters, with good support, that lack the functional
residues critical for RTX motif binding and bacteriocin processing (Fig. 4, LapB-like
transporters WebLogo). These differences at the amino acid level likely reflect func-
tional differences rather than the phylogenetic diversity of the organisms analyzed,
because characterized RTX toxin and LapA-like adhesin ABC transporters encoded
within the same genome cluster with their predicted substrate type. For example, the
RTX toxin transporter CyaB (Fig. 4, orange circle) and LapA-like adhesin transporter
BB1189 (red circle) encoded by B. bronchiseptica map to different clusters in this
analysis. These data support the idea that adhesins with an N-terminal RM are secreted
by a distinct group of T1SS ABC transporters.

Bioinformatic identification of LapG substrates. Our genetic, biochemical, and
bioinformatic data suggest that LapA belongs to a novel subfamily of RTX adhesins that
are translocated via a distinct group of T1SS ABC transporters, retained at the cell
surface through a periplasmic RM, and targeted by a periplasmic protease, LapG.
Despite the importance of LapA-like proteins as key biofilm adhesins, it is difficult to
identify these LapG substrates due to their relatively low sequence similarities. Addi-
tionally, open reading frame (ORF) analysis programs often overlook or misannotate
these large and complex adhesins (5, 35, 36). To overcome the first limitation, we took
advantage of the observation that the two proteins that control LapA localization, the
c-di-GMP-receptor LapD and the LapD-regulated protease LapG, show high sequence
similarity and functional conservation among microbes (3, 22, 37) and can be identified
by their respective domain architectures (LapG, pfam06035; LapD, pfam16448). We
utilized the NCBI Conserved Domains Database (CDD) and genome database to identify
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FIG 5 P. fluorescens Pf0-1 LapG in vitro cleavage analysis of LapA-like adhesins. (A) Overview of in vitro
N-terminal LapG cleavage assay. (B to D) Intact and cleaved N termini from LapA(1M-272)-6His,
Pfl01_01463(1M-240S5)-6His, VC0395_0388(1M-363G)-6His, and PA1874(1M-251T)-6His, were visualized
by Western blotting following 30 min of incubation with LapG-containing or empty vector control cell
lysates.

bacterial species containing lapDG homologs; ~1,300 such lapGD-containing species
spanning 120 genera were identified. Each annotated genome was investigated for
proteins containing hallmarks of LapA: an N-terminal LapG cleavage site and C-terminal
RTX motifs. To accomplish this task, we developed an algorithm to recognize large
proteins (>1,000 aa) containing RTX motifs (DX[L/I]X,GXDX[L/[IXGGX;D) and a canon-
ical N-terminal dialanine LapG cleavage motif ([T/A/P]JAA[G/V]) between residues 80
and 150.

Although our approach is constrained to properly annotated LapA-like ORFs, we still
identified approximately 500 putative LapG substrates in ~50 genera throughout the
Proteobacteria, including Legionella, Vibrio, and Marinomonas species (Table S3). Impor-
tantly, characterized LapG substrates LapA of P. fluorescens and BrtA of B. bronchiseptica
were identified (3, 24). In support of our ABC transporter analysis (Fig. 4), our algorithm
predicted RtxA, which is transported by the LapB-like ABC transporter LssB, to be a
LapG substrate (Fig. 4, red circle). Interestingly, some species likely encode multiple
LapG substrates, including P. fluorescens Pf0-1 (LapA and Pfl01_1463) and V. cholerae
0395 (FrhA and VC0395_0388).

LapG substrates predicted in silico are processed in vitro. LapG homologs can
cleave a variety of LapA-like N termini from unrelated species in vitro and in vivo with
various efficiencies (3, 37). To help validate the utility of our algorithm and confirm
predicted LapG substrates, we cloned and expressed the N-terminal elements spanning
the first ~250 to 350 residues of the putative LapG-proteolyzed adhesins Pfl01_1463
from P. fluorescens and VC0395_0388 from Vibrio cholerae (Fig. 5A). Cell lysates of E. coli
expressing C-terminally 6His-tagged, N-terminal fragments of Pfl01_1463 (residues
1M-240S, 117TAAG120 cleavage motif), or VC0395_0388 (1M-363G, 127AAAG130
cleavage motif) were mixed in equal concentrations with a lysate made from E. coli
expressing P. fluorescens Pf0-1 LapG or empty vector (pMQ72). The LapG-dependent
cleavage product was tracked via Western blotting, with the N terminus of LapA
(TM-235V, 107TAAG110 cleavage motif) and an uncleavable variant (LapATRRG, AAT08 -
109RR) serving as positive and negative controls, respectively (11).

Western blot analysis indicates that P. fluorescens Pf0-1 LapG can cleave both
predicted substrates, although it is less efficient at cleaving VC0395_0388 (Fig. 5B and
Q). Unlike FrhA (4), a role for VC0395_0388 in infection and/or biofilm formation is
currently unknown; however, these data implicate VC0395_0388 as a cell-surface-
associated c-di-GMP-regulated biofilm-promoting adhesin.

Conversely, P. fluorescens Pf0-1 LapG is unable to cleave the N terminus of PA1874
(TM-251T, 137AAAIG141) (Fig. 5D), a large 238-kDa putative outer membrane adhesin
encoded by Pseudomonas aeruginosa PAO1. Although the N terminus of PA1874
resembles LapA’s RM (Fig. 6A), it was not detected by our algorithm because it contains
a degenerate LapG cleavage motif (137AAAIG141). Instead, we manually identified
PA1874 by its proximity to the LapB-like transporter PA1876 (Fig. 4) (34). Together, our
in vitro cleavage analysis and ABC transporter bioinformatic analysis support the
predictive power of our algorithm for detecting LapA-like LapG substrates, but they
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FIG 6 Low-identity retention modules are functionally conserved. (A) MUSCLE alignment of putative RMs from P. fluorescens, P. aeruginosa, and V. cholerae
adhesins with residues colored according to the default Clustal X coloring scheme in Jalview. The putative polyglycine linker is boxed in red, while the canonical
and degenerate LapG cleavage sites are boxed in green and yellow, respectively. (B) Dot blot analysis of surface-associated wild-type LapA and LapA chimeras
(VC-Swap, PA-SWAP) in the wild-type (WT) and lapG mutant backgrounds. Pixel density is normalized to WT LapA in a WT background (y axis). (C) Biofilm
formation of the strains from panel B. (D) Western blot analysis of LapA RM chimeras in the supernatant (S) and whole-cell (WC) fractions. For biofilm

quantification, n = 8; error bars indicate the SEM. ***, P < 0.0001 (unpaired two-tailed t test).

also may suggest that LapB-like transporters can transport adhesins that localize to the
cell surface in a manner similar to that of LapA but are not cleaved by LapG.

LapG substrates predicted in silico have high-identity N- and C-terminal ele-
ments. LapA homologs from P. fluorescens strains have high identity N- and C-terminal
domains that correspond to their RM and type | secretion signals, respectively (Fig. S1
and S2). We next analyzed the predicted LapG substrates in L. pneumophila and B.
bronchiseptica genomes identified by our algorithm to determine if these proteins have
similar N- and C-terminal architectures. To accomplish this task, we used MUSCLE to
align the predicted LapG substrates from the L. pneumophila and B. bronchiseptica
genomes. In support of our retention model, the RtxA and BrtA homologs detected in
L. pneumophila and B. bronchiseptica species show similar N- and C-terminal domains
(Fig. S3 and S4, respectively). Although the degree of sequence similarity between
these regions varies, LapA, RtxA, and BrtA homologs contain a conserved N-terminal
region with spaced conserved glycine residues and a short linker sequence following
the LapG cleavage site, which may encompass their respective retention modules.
Additionally, PHYRE analysis (38) predicts that the putative RM of these adhesins may
adopt secondary structures similar to that of LapA, despite their low sequence identity,
suggesting these adhesins could tether through the outer membrane LapE pore, like
LapA.

Evidence of a conserved retention strategy among LapB-like T1SS substrates.
Our ABC transporter bioinformatic analysis, RM comparisons, and in vitro cleavage
results suggest that LapB-like T1SS may secrete two classes of adhesins that localize to
the cell surface via a LapA-like mechanism: (i) those that are cleaved by LapG and
removed from the cell surface in response to decreasing levels of c-di-GMP (LapA) and
(i) those that are retained at the cell surface similarly to LapA but are not targeted by
LapG (PA1874). To further investigate this possibility, we engineered LapA chimera
proteins where we replaced the RM of LapA (1M to 125S) with a representative RM from
each of the above-mentioned classes. We chose VC0395_0388 and PA1874 for the first
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and second classes, respectively, because we have characterized these N termini in vitro
(Fig. 5C and D). These chimeras are called VC-Swap and PA-Swap, respectively.

Using allelic exchange, we replaced the DNA encoding the N terminus of LapA of P.
fluorescens with DNA corresponding to the amino acids detailed in the alignment in Fig.
6A in both the wild-type P. fluorescens and the lapG mutant background. Figure 6A also
shows the LapG cleavage site in LapA and VC0395_0338 (boxed in green), the likely
degenerate LapG cleavage site in PA1874 (boxed in yellow), and the putative poly-
glycine linker common to all three N termini (boxed in red).

Biofilm formation and chimera localization were compared to those of the parental
wild-type and lapG mutant strains expressing the chimeras to determine if these
chimera proteins were retained on the surface, could support biofilm formation in P.
fluorescens, and/or were subject to LapG proteolysis to release the chimeric adhesins
from the cell surface. The cell surface levels and biofilm phenotypes of the VC-Swap and
PA-Swap chimeras are consistent with their differential susceptibilities to LapG cleavage
in vitro (Fig. 6B and C). Western blot analysis of the VC-Swap chimera on the cell surface
(Fig. 6B, CS) indicates that the deletion of the lapG gene enhances levels of the chimera
at the cell surface, and more importantly, enhances biofilm formation (Fig. 6C). While
we still detect some VC-Swap in the supernatant in a lapG mutant background (Fig. 6D),
overall, the VC-Swap chimera mimics wild-type LapA in the parental wild-type and lapG
backgrounds (Fig. 6B and C, WT). These data indicate that the RM from VC0395_0338
(Fig. 6A) can complement LapA localization and LapG-dependent release from the cell
surface, suggesting that LapA and VC0395_0338 localize to the cell surface by a similar
mechanism.

Conversely, PA-Swap chimera localization and corresponding biofilm formation
were not impacted by LapG activity. Consistent with our in vitro LapG cleavage analysis
(Fig. 5D), these data indicate that the PA1874 RM can complement LapA’s RM for cell
surface retention and biofilm formation but not for cleavage by LapG due the presence
of a degenerate cleavage motif (Fig. 6, PA-Swap). Importantly, despite their low
sequence identity with the RM of LapA, both chimeras are stable (Fig. 6D, WC),
suggesting that these RMs also encode the information necessary for LapA stability
(compare to Fig. 6B to D, A02S-108A).

DISCUSSION

Understanding the variety of mechanisms that govern secretion and surface display
of adhesins is critical for combating or exploiting biofilm formation. In this study, we
describe a novel cell surface localization strategy used by P. fluorescens Pf0-1 to anchor
the biofilm-promoting giant adhesin LapA at its cell surface. To our knowledge, LapA
is the first type | secreted substrate that does not follow the one-step rule of type |
secretion. Our secretion competition analysis indicates that LapA is not secreted
directly from the cell but rather occupies its T1SS TolC-like pore to associate with the
cell surface. This surface attachment strategy is quite different from those of other type
| secreted proteins, such as surface layer (S-layer) proteins, which bind cell surface
epitopes to anchor at the cell surface (39). Bioinformatic analysis of LapA homologs
from P. fluorescens strains suggests that these adhesins contain an N-terminal domain
of approximately 120 to 150 amino acids that is punctuated by an unstructured
polyglycine region. Mutational analysis of this LapA N-terminal domain indicates that
this region is required for retention of the adhesion; thus, it is called the retention
module (RM). Our biochemical analysis indicates the N terminus of LapA (residues 1M
to 235V) is composed of two functionally distinct regions: (i) a well-structured
N-terminal region that corresponds to the retention module and (ii) a poorly structured
downstream region past the RM that may be threaded through the LapE outer
membrane pore. Importantly, these N-terminal features are absent in adhesins, such as
SiiE of S. enterica, which does not encode LapDG homologs.

Our bioinformatic and genetic data indicate that multiple adhesins throughout the
Proteobacteria likely associate to the cell surface via this mechanism, suggesting that
LapA represents a large subset of type | secreted substrates that do not follow the
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one-step secretion rule. To identify these likely LapG substrates, we developed an
algorithm to identify large RTX adhesins with an N-terminal dialanine cleavage motif in
lapGD-containing genomes. In addition to identifying known LapG substrates, this
approach also revealed that some bacterial species encode multiple adhesins that are
likely processed by LapG. To our surprise, P. fluorescens PfO-1 encodes LapA, the focus
of this study, as well as Pfl01_1463, a previously unknown LapG substrate. These LapA
and Pfl01_1463 proteins have distinct domain architectures and differ in size (~520 kDa
versus ~290 kDa, respectively); however, in vitro cleavage analysis indicates that
Pfl01_1463 is indeed cleaved by LapG. These data suggest that P. fluorescens Pf0-1 and
other organisms may utilize different adhesins to suit their current environment or the
particular stage of biofilm formation.

How does the RM contribute to the cell surface localization of LapA? We propose
that the RM stalls the final steps of LapA translocation, leaving LapA threaded through
the TolC-like outer membrane pore, LapE, with its RM localized in the periplasm,
accessible to LapG, and C-terminal adhesive repeats displayed at the cell surface (Fig.
1F and 3A). Our biochemical analysis of the proposed RM is consistent with the
conclusion that a portion of this domain is well folded, thermostable, and sufficiently
large to not be able to pass through the TolC-like LapE pore if the RM is folded.
Presumably, the poorly folded domain is threaded through the LapE pore (Fig. 3A).
Furthermore, while the models in Fig. 1F and 3A oppose the classical one-step
paradigm detailed for over 25 years of T1SS literature, this model is consistent with our
artificial HA-C235 substrate competition experiments, EGTA-mediated inhibition of
LapG activity, and expression studies with the TolC-like LapE outer membrane protein.
Given the abundance of LapA-like adhesins in pathogens and environmental microbes
and the conserved role of c-di-GMP in regulating their cell surface localization, this
means of secreting and anchoring an adhesin appears to be a general strategy used for
cell-substratum and perhaps cell-cell adherence. Our bioinformatic analysis of LapB-like
ABC transporters further supports this idea.

Bioinformatic analysis of ABC transporters involved in transporting characterized
LapA-like RTX adhesins indicates that these transporters form a distinct subgroup of
ABC transporters. Importantly, by combining our ABC transporter and LapG substrate
prediction analyses, we can identify candidate T1SS ABC transporters and their likely
cognate adhesin substrate. These predictions could be quite useful for identifying the
mechanism of biofilm formation by poorly characterized microbes.

While the CLD of HlyB binds the C-terminal RTX motifs of HIyA to facilitate HIyA
transport, LapB lacks the residues shown to be critical for HlyB-CLD binding. In
toxins, such as HIyA, the RTX motifs have been shown to be critical for secretion and
are thought to discourage premature folding of the toxin in the cytoplasm. This
strategy seems well suited for small toxins; however, it is unclear if or how
C-terminal RTX motifs could discourage cytoplasmic folding of giant adhesins. In
the case of LapA, the N terminus and C-terminal RTX motifs are separated by
>5,000 amino acid residues. Additionally, the deletion of RTX motifs of LapA does
not profoundly inhibit biofilm formation (14), suggesting an alternative role for the
RTX in LapA. Given that both the C39 and degenerate CLD have been shown to bind
glycine-rich regions within their substrates, it is possible that the LapB-CLD binds
LapA'’s glycine-rich linker to discourage folding, which could act as an antinucle-
ation event.

Based on the recently reported Marinomonas MpIBP structural modeling (23) and
the data presented here and reported previously (14), we built a model of the LapA
retention module (Fig. 1F and 3A). Our genetic and structural analyses of the N
terminus of LapA are in good agreement with the proposed N-terminal domain of
MpIBP being localized to the periplasm. Interestingly, the proposed model for the
MpIBP adhesin of Marinomonas (22) indicates that the LapG proteolysis site may be
partially obscured by the TolC pore. Our mutational analysis also suggests that regions
not included in the MpIBP nuclear magnetic resonance (NMR) structure are important
for retention and LapG processing (14). In contrast, we propose that the LapG process-
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ing site is accessible in the periplasm, a conclusion consistent with our modeling (Fig.
3A), as well as our previous biochemical and genetic studies (11, 14, 22). For example,
regions C-terminal to the RM may be important for stalling or aligning LapA within the
LapE pore (Fig. 3A, far right between 117GGxxGGG123 and 159GG160). Further studies
will be required to obtain a detailed structural picture of the adhesion anchored in the
secretion pore.

MATERIALS AND METHODS

Strains and media. The P. fluorescens and E. coli strains listed in Table S4 in the supplemental
material were grown on lysogeny broth at 30°C and 37°C, respectively. Gentamicin was used when
appropriate (10 ug/ml for E. coli and 30 ug/ml for P. fluorescens). For biofilm and LapA localization
analyses, P. fluorescens strains were subcultured in K10T-1 for 6 h statically and with rotation, respectively
(25).

In silico prediction of LapG substrates. LapG and LapD homologs were defined as ORF-coding
proteins with the pfam06035 and pfam16448 domains, respectively. The NCBI Conserved Domains
Database (CDD) was utilized to generate a list of lapG- and lapD-containing bacteria, and the program-
ming language R was used to determine the intersecting lapDG-containing bacteria. The protein
annotations of these genomes were downloaded from the NCBI genome database, and each annotated
locus was interrogated for the presence of a LapG cleavage site within amino acids 80 to 150
([T/A/PJAA[G/V]) and at least one RTX motif (DX[L/I]X,GXDX[L/IIXGGX;D).

In vitro LapG cleavage analysis. Crude extracts of E. coli S17 carrying the indicated pMQ72-based
(40) plasmids were prepared by sonication. Protein levels were normalized after protein quantification
with a bicinchoninic acid assay (Pierce). Cell lysates were mixed in equal amounts and incubated for 30
min at 30°C. The assay was terminated by adding an equal volume of 2X SDS-PAGE dye. Western blot
analysis against the 6His epitope was used to detect the N-terminal fragment. All strains were grown with
0.4% arabinose to induce gene transcription.

Constructs for deletion mutants. Briefly, ~500 to 1,000 bp immediately upstream and downstream
of the region targeted for deletion or exchange was cloned into pMQ30 using yeast cloning and
transformed into E. coli S17 for conjugation into the indicated P. fluorescens PfO-1 strain. Allelic
replacement was performed as described previously (14, 40). All primers used in this study are listed in
Table S5.

Static biofilm assay. The static biofilm assay was performed and quantified as described previously (14).
P. fluorescens strains were grown as indicated in “Strains and media,” above, in 96-well plates. Cell growth was
discarded, and wells were stained with 0.1% crystal violet and destained with a 30% methanol and 10% acetic
mixture. Biofilm intensity was quantified by measuring the absorbance at 550 nm.

LapA localization. Whole-cell, supernatant, and cell surface localization analyses were performed as
previously using an HA-tagged variant of LapA (14). Pf0-1 strains were subcultured as detailed in “Strains
and media,” above. Cells were normalized and washed once in K10T-1. For cell surface analysis, 5-ul
aliquots were spotted onto nitrocellulose. The remaining cells were resuspended in 1X SDS buffer as a
whole-cell fraction. Filter-sterilized supernatants were concentrated in 30-molecular-weight cutoff
(MWCO) centrifugal filters (catalog no. UFC803096; Millipore) and the protein quantified using the
bicinchoninic acid assay (Pierce). Western blot analysis against the HA epitope was used to detect LapA.

HA-C235 localization. Strains were subcultured for 5.5 h, washed, and then resuspended for 20 min
in indicated medium under noninducing conditions. For chemical inhibition assays, K10T-1 medium was
supplemented with 500 wM EGTA when noted. Whole-cell and supernatant fractions were prepped as for
LapA localization. Western blot analysis against the HA epitope was used to detect HA-C235.

Thermal melting assay. The N-terminal module of LapA (residues 1 to 235) was purified as described
previously (24). A fluorescence-based thermal melting assay using SYPRO Orange (Invitrogen, Carlsbad,
CA) was used to generate protein melting curves (41). The reaction mixture contains 200 uM protein, 25
mM Tris-HCl (pH 7.5), 100 mM NaCl, 2 mM dithiothreitol (DTT), and 5X SYPRO Orange. A 20-ul reaction
mixture was melted in a MicroAmp 384-well plate (Applied Biosystems, Foster City, CA) using a ViiA 7
real-time PCR system (Applied Biosystems). The protocol was initiated with a 5-min incubation at 10°C,
followed by increasing the temperature to 99.9°C at the rate of 0.03°C/s; the excitation and emission
wavelengths were 485 = 15 and 625 *= 10 nm, respectively. Data from 5 technical replicates were
normalized, averaged, and plotted using GraphPad Prism (GraphPad, La Jolla, CA).

SEC-MALS-SAXS analysis. Purified LapA (residues 1 to 235; 10 mg/ml) was injected onto a Superdex
200 10/300 column (GE Life Sciences) equilibrated in SAXS buffer (25 mM Tris-HCI [pH 7.5], 300 mM Nacl).
The gel filtration column was in-line with the sample cells of light-scattering detector (Dawn Heleos II;
Wyatt, Santa Barbara, CA), refractive index detector (Optilab T-rEX; Wyatt, Santa Barbara, CA), and SAXS.
Each frame of scattering data was collected for 2 s, and frames corresponding to a single protein peak
were averaged and background corrected by using the program BioXTAS RAW (42). Averaged and
buffer-subtracted data were analyzed using Primus (43) and GNOM (44). Molecular weights were
determined based on in-line SEC-MALS, as reported previously (11).

Limited proteolysis. LapG was purified as described previously (37). Subtilisin and proteinase K were
purchased from Sigma (Carlsbad, CA). Purified LapA (40 uM) was incubated with LapG (1.6 uM) in
protease buffer (25 mM Tris-HCI [pH 7.5], 500 mM Nacl) in the absence or presence of 20 mM EGTA for
90 min at room temperature. In parallel reactions, LapA (40 wM) was incubated with either subtilisin (1
M) or proteinase K (1 M) over a time course of 30 min on ice. Aliquots were taken at the indicated time
points. Reactions were stopped by the addition of protease inhibitors (Complete; Sigma, Carlsbad, CA)
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and SDS-PAGE sample buffer, followed by incubation at 99°C for 5 min. Proteolysis patterns were
resolved on 15% SDS-PAGE gels stained with Coomassie blue.
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