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Structural Characterization of a Conserved, Calcium-Dependent
Periplasmic Protease from Legionella pneumophila

Debashree Chatterjee,® Chelsea D. Boyd,” George A. O’'Toole,” and Holger Sondermann?

Department of Molecular Medicine, College of Veterinary Medicine, Cornell University, [thaca, New York, USA,* and Department of Microbiology and Immunology, Geisel

School of Medicine at Dartmouth, Hanover, New Hampshire, USA®

The bacterial dinucleotide second messenger c-di-GMP has emerged as a central molecule in regulating bacterial behavior, in-
cluding motility and biofilm formation. Proteins for the synthesis and degradation of c-di-GMP and effectors for its signal trans-
mission are widely used in the bacterial domain. Previous work established the GGDEF-EAL domain-containing receptor LapD
as a central switch in Pseudomonas fluorescens cell adhesion. LapD senses c-di-GMP inside the cytosol and relays this signal to
the outside by the differential recruitment of the periplasmic protease LapG. Here we identify the core components of an or-
thologous system in Legionella pneumophila. Despite only moderate sequence conservation at the protein level, key features con-
cerning the regulation of LapG are retained. The output domain of the LapD-like receptor from L. pneumophila, CdgS9, binds
the LapG ortholog involving a strictly conserved surface tryptophan residue. While the endogenous substrate for L. pneumophila
LapG is unknown, the enzyme processed the corresponding P. fluorescens substrate, indicating a common catalytic mechanism
and substrate recognition. Crystal structures of L. pneumophila LapG provide the first atomic models of bacterial proteases of
the DUF920 family and reveal a conserved calcium-binding site important for LapG function.

Bacteria sense and respond to their environment by a multitude of
physiological programs, allowing them to adapt to changing and
often hostile conditions. Biofilm formation is one such mechanism
that is used widely by many pathogenic and environmental bacteria
(16). c-di-GMP, a molecule unique to bacteria, has emerged as an
important intracellular second messenger that regulates the forma-
tion of biofilms at multiple levels (17). The majority of the bacterial
genomes sequenced to date encode enzymes for the production and
turnover of ¢-di-GMP, diguanylate cyclases with GGDEF domains,
and phosphodiesterases with EAL or HD-GYP domains, respectively
(12). Receptors for c-di-GMP are a less-well-defined group that in-
cludes receiver domains in transcription factors, PilZ domain-con-
taining proteins, riboswitches, and proteins with catalytically inactive
GGDEF or EAL domains constituting a distinct class (36). These pro-
teins exploit their degenerate active sites or regulatory c-di-GMP-
binding sites to sense the cellular concentration of the dinucleotide
and to solicit a specific response.

One such receptor, the transmembrane protein LapD from
Pseudomonas  fluorescens, contains both catalytically inactive
GGDEF and EAL domains, with the latter serving as the exclusive
c-di-GMP binding module (31). Previous work established LapD
as a prototypical receptor for mediating inside-out signaling from
the cytosol to the periplasm. LapD responds to a rise in c-di-GMP
levels triggered by a nutritional signal, namely, the availability of
P;, by undergoing a conformational change from a nucleotide-
free, autoinhibited state to a c-di-GMP-activated state (19, 28-30)
(Fig. 1A). Only the activated state is capable of sequestering a
periplasmic protease, LapG, to LapD’s output domain which, in
turn, stabilizes LapG’s substrate, LapA (30). LapA is a large adhe-
sin protein that is embedded in the outer membrane by an un-
known mechanism (18). Proteolytic processing by LapG releases
LapA from the membrane, leading to biofilm dispersion when P; is
limiting (30). In conjunction with revealing the signaling and out-
put system for biofilm formation in P. fluorescens, we determined
the crystal structures of the functional domains of LapD spanning
almost the entire receptor (29). These studies revealed the main
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regulatory features controlling LapD function. Based on a bioin-
formatic analysis, it also allowed us to predict orthologous signal-
ing systems in many other bacteria, which may hinge on a LapD-
like c-di-GMP receptor and a LapG-like protease. Two of those
have been characterized independently in Pseudomonas putida
and Shewanella oneidensis (14, 37).

Another orthologous system that we predicted, based on
bioinformatics, is that of Legionella pneumophila, the causative
agent of Legionnaires’ disease (29). Unlike Pseudomonas, L. pneu-
mophila is a facultative intracellular bacterium that is also able to
grow in biofilms. Its genome encodes 21 predicted proteins with
GGDEF and/or EAL domains and a single PilZ protein, and a
subset of these have been shown to impact intracellular growth,
motility, or biofilm formation (5, 25, 34). However, the underly-
ing signaling mechanisms and networks and their regulation are
largely unknown for the majority of these proteins.

In this study, we focused on the periplasmic protease LapG of
L. pneumophila. LapG belongs to the domain of unknown func-
tion 920 (DUF920) (or COG3672) family, and hence, little is
known regarding its molecular mechanism. Sequence and fold
recognition methods classified these proteins as bacterial trans-
glutaminase-like cysteine proteases (BTLCPs) and predicted a
cysteine-histidine-aspartate (C-H-D) catalytic triad and core
structural motifs at the active site (13). Recently, O’Toole and
colleagues corroborated the notion that LapG functions as a cys-
teine protease (30). In an effort to further our mechanistic under-
standing of LapG and related proteases, we determined crystal

Received 16 April 2012 Accepted 8 June 2012

Published ahead of print 15 June 2012

Address correspondence to Holger Sondermann, hs293@cornell.edu.
Supplemental material for this article may be found at http://jb.asm.org/.
Copyright © 2012, American Society for Microbiology. All Rights Reserved.
doi:10.1128/JB.00640-12

jb.asm.org 4415


http://kb.asm.org/
http://dx.doi.org/10.1128/JB.00640-12
http://jb.asm.org

Chatterjee et al.

A Pseudomonas fluorescens
¢ : Biofilm formation
LapA | '
Cell surface 1 &
o :
1
GOK g, | ;
C "
Periplasm \ | T -
M I ‘
Cytoplasm
ylop + c-di-GMP @
(DGC)
—
—
(PDE) (@
- ¢c-di-GMP (
autoinhibited LapD c-di-GMP-activated LapD
B Legionella pneumophila Philadelphia 1
0827/tolC 408284 0829/cdgS9 408304 0831
Ipg0827  type | secretion outer membrane protein (TolC)
Ipg0828  LapG-like protease (DUF920)
Ipg0829  LapD-like c-di-GMP receptor (CdgS9)
Ipg0830  thioesterase or lipase (predicted)
Ipg0831  flavin-containing monooxygenase (predicted)

FIG 1 The LapADG signaling system. (A) Model of LapD-mediated regula-
tion of biofilm formation in P. fluorescens. The c-di-GMP receptor LapD lo-
calizes to the inner membrane (IM), where it senses cytoplasmic c-di-GMP
levels. It controls the stability of the large adhesin LapA in the outer membrane
(OM) by sequestration of the periplasmic protease LapG. The underlying sig-
naling pathway is controlled by the availability of P;. (B) Genetic map of the
LapD ortholog-containing operon in L. pneumophila.

structures of the LapG ortholog from L. pneumophila. In a parallel
study, the O’Toole group noted a dependence of P. fluorescens
LapG activity on calcium ions (4), and the structures allowed us to
identify a strictly conserved calcium-binding site in LapG and
BTLCPs. In addition, we demonstrate that the L. pneumophila
LapD-LapG system utilizes an output mechanism similar to that
which we previously described in P. fluorescens (29, 30).

MATERIALS AND METHODS

Protein expression and purification. DNA fragments encoding L. pneu-
mophila LapG lacking the signal peptide (Ipg0828; residues 52 to 244) and
the periplasmic output domain of the LapD ortholog CdgS9 (Ipg0829;
residues 22 to 152) were amplified from genomic DNA by standard PCR
and cloned into a bacterial expression vector based on pET28a (Novagen)
that adds an N-terminal, cleavable His,-SUMO tag (see Table S1 in the
supplemental material).

Native and selenomethionine-derivatized proteins were overex-
pressed in Escherichia coli BL21 T7 Express or T7 Express Crystal cells
(New England BioLabs), respectively. For the expression of native pro-
teins, cultures were grown at 37°C in terrific broth medium supplemented
with 50 wg/ml kanamycin. At an optical density at 600 nm (ODg,) of ~1,
the temperature was reduced to 18°C and protein expression was induced
by adding 1 mM IPTG. Selenomethionine-derivatized proteins were ex-
pressed in cells grown at 37°C in M9 minimal medium supplemented with
50 pg/ml kanamycin, vitamins (1 pwg/ml thiamine and 1 pg/ml biotin), a
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carbon source (0.4% glucose), trace elements, and amino acids (each of
the 20 amino acids at 40 pg/ml, with selenomethionine substituting for
methionine). Protein expression was induced at an ODy,, 0f 0.4 to 0.5. In
both cases, protein expression proceeded for 16 h at 18°C, after which cells
were harvested by centrifugation, resuspended in Ni-nitrilotriacetic acid
(NTA) buffer A (25 mM Tris-HCI [pH 8.5], 500 mM NaCl, 20 mM imi-
dazole), and flash frozen in liquid nitrogen. Cell suspensions were thawed
and lysed by sonication. Cell debris was removed by centrifugation, and
the clear lysates were incubated with Ni-NTA resin (Qiagen) that was
preequilibrated with Ni-NTA buffer A. The resin was washed with 20
column volumes of buffer A, followed by protein elution with 5 column
volumes of Ni-NTA buffer B (25 mM Tris-HCI [pH 8.5], 500 mM NaCl,
300 mM imidazole). The eluted proteins were buffer exchanged into a
low-salt buffer (25 mM Tris-HCl [pH 8.5], 150 mM NaCl) on a fast
desalting column (GE Healthcare). Proteins were subjected to size exclu-
sion chromatography on a Superdex 200 column (GE Healthcare) pre-
equilibrated with gel filtration buffer (25 mM Tris-HCI [pH 8.5], 150 mM
NaCl). Where indicated, the His;-SUMO moiety was cleaved off by using
the yeast protease Ulp-1 following desalting. Ulp-1, uncleaved protein,
and the cleaved fusion tags were removed by Ni-NTA affinity chromatog-
raphy prior to the final gel filtration. Purified proteins were concentrated
on Amicon filters with an appropriate size cutoff to concentrations of >25
mg/ml, flash frozen in liquid nitrogen, and stored at —80°C.

The expression and purification of the corresponding proteins from P.
fluorescens were described previously (29). The construction, expression,
and purification of P. fluorescens LapAN'*"™ were described elsewhere
(30). Site-directed mutagenesis was carried out by using the QuikChange
kit (Agilent Technologies) and following the manufacturer’s instructions,
followed by validation through DNA sequencing.

Crystallization, data collection, and structure solution. Crystals
were obtained by hanging-drop vapor diffusion mixing equal volumes of
protein (10 to 30 mg/ml) and reservoir solution, followed by incubation at
4°C. For the native, apo-state crystal form, the reservoir solution con-
tained 0.14 M ammonium tartrate dibasic and 20% polyethylene glycol
3350. The selenomethionine-derivatized protein crystallized in the same
condition supplemented with 0.1 M Bis-tris (pH 7.0). Crystals for calci-
um-bound and EGTA-treated LapG were obtained in the same condition
as the apoprotein, supplemented with 2 mM CaCl, and EGTA, respec-
tively. For cryoprotection, crystals were soaked in reservoir solution
supplemented with 25% xylitol. Cryopreserved crystals were flash fro-
zen and stored in liquid nitrogen. For optimal diffraction, crystals of
LapG-Ca** were grown at 20°C and transferred to 4°C for 1 h prior to
cryoprotection and freezing. Data on frozen crystals were collected at
100 K using synchrotron radiation at the Cornell High Energy Syn-
chrotron Source (CHESS; Cornell University, Ithaca, NY).

Data reduction was carried out with the software package HKL2000
(33). Experimental phases for the initial structure determination were
obtained from single-wavelength anomalous diffraction (SAD) experi-
ments with crystals grown from selenomethionine-derivatized proteins
by using the software package PHENIX (2). Refinement in PHENIX and
COOT (11) yielded the final models. Data collection and refinement sta-
tistics are summarized in Table S2 in the supplemental material. Illustra-
tions were made in Pymol (Schrédinger). Alignments were generated us-
ing ClustalW2 (24) and formatted with ESPript (15). Sequence logos were
generated using WebLogo (8, 35).

Protein pulldown assay. His,-SUMO-tagged L. pneumophila LapG or
His,-tagged P. fluorescens LapG was incubated with Ni-NTA resin (Qia-
gen) for 1 h at 4°C in binding buffer (25 mM Tris-HCI [pH 8.5], 75 mM
NaCl, 25 mM KCl, 40 mM imidazole). Following the removal of unbound
protein by three washing steps with 5 column volumes of binding buffer
each, LapG-bound resin (corresponding to ~50 g of protein) was incu-
bated with an excess of the untagged output domain (250 g or 20 wM) of
either L. pneumophila or P. fluorescens LapD for 30 min at 4°C. After the
resin was washed three times with 5 column volumes of binding buffer,
proteins were eluted from the resin with elution buffer (25 mM Tris-HCl
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[pH 8.5], 500 mM NaCl, 300 mM imidazole). Eluates were analyzed using
standard denaturing SDS-PAGE and Coomassie staining. All incubations
were carried out under gentle agitation in spin columns.

LapA cleavage assay. Purified P. fluorescens LapG variants (wild type
or D'*°A; 0.4 uM) and L. preumophila LapG variants (wild type, D'*°A,
E'*8A, or D'*?A; 40 to 150 M) were incubated at the indicated concen-
trations with purified LapAN*"™ (2 M) in reaction buffer (25 mM Tris-
HCI [pH 8.5], 150 mM NaCl, 20 mM MgCl,) overnight at room temper-
ature in the presence or absence of 10 mM EGTA. The reaction products
were separated by SDS-PAGE and analyzed by Western blotting using a
monoclonal antibody raised against pentahistidine (Qiagen) which was
detected by a horseradish peroxidase-coupled anti-mouse antibody. Blots
were developed by using enhanced chemiluminescence (GE Healthcare)
and exposed to film.

SEC-MALS. Size exclusion chromatography-coupled multiangle light
scattering (SEC-MALS) measurements were carried out by injecting pu-
rified proteins (100 uM) onto a WTC-030S5 gel filtration column (Wyatt
Technology) preequilibrated with gel filtration buffer (25 mM Tris-HCI
[pH 8.5], 150 mM NaCl). The SEC system was coupled to an 18-angle,
static light scattering detector and a refractive index detector (DAWN
HELEOS-II and Optilab T-rEX, respectively; Wyatt Technology). Data
were collected at 25°C every second at a flow rate of 1 ml/min and analyzed
with the software ASTRA, yielding the molecular mass and mass distribu-
tion (polydispersity) of the samples. For data quality control and normal-
ization of the light scattering detectors, monomeric bovine serum albu-
min (Sigma) was used.

ITC. Isothermal titration calorimetry (ITC) was used to determine the
apparent dissociation constants (K;) and stoichiometry of interactions
using a VP calorimeter (Microcal). Calorimetric titrations of calcium (2
mM in the syringe; 10-pl injections) and wild-type or mutant L. pneumo-
phila LapG (200 uM in the cuvette) were carried out at 20°C in gel filtra-
tion buffer (25 mM Tris-HCI [pH 8.5], 150 mM NaCl) with a delay of 300
s between injections. The data obtained were analyzed by integrating heat
effects normalized to the amount of injected protein and curve fitting
based on a single-site binding model by using the Origin software package
(Microcal).

Protein structure accession numbers. Coordinates and structure fac-
tors have been deposited in the Protein Data Bank (PDB) and assigned
accession numbers 4FGQ, 4FGP, and 4FGO.

RESULTS
The Lap operon in L. pneumophila. We previously predicted the
existence of proteins with sequence similarity to P. fluorescens
LapD and LapG in several bacterial species, including L. pneumo-
phila (29). In silico genomic analysis indicates that both genes map
to an operon containing at least five genes (Fig. 1B). It encodes a
predicted type I secretion outer membrane protein (Ipg0827/
TolC), a LapG-like protease (I[pg0828), a LapD ortholog with a
degenerate GGDEF-EAL domain module ([pg0829/CdgS9), and
two putative proteins (Ipg0830, predicted thioesterase/lipase ac-
tivity; Ipg0831, predicted flavin-containing monooxygenase).
While the functional relevance of the latter two gene products
within this cluster remains to be established, a type I secretion
system is required in P. fluorescens for the translocation of the
LapG substrate to the outer membrane (18), and L. pneumophila
TolC may fulfill a similar function. Considering the limited mech-
anistic characterization of DUF920-containing proteins and the
importance of LapG as a part of a c-di-GMP-dependent signaling
system (29, 30), we set out to determine the molecular mechanism
and structure of a LapG ortholog.

Conservation of the LapD-LapG interaction in L. pneumo-
phila. To establish that the LapG and LapD orthologs indeed form
acomplex as part of a regulatory system, we cloned, expressed, and
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purified the periplasmic output domain of L. pneumophila CdgS9
(the LapD ortholog) and LapG. Both proteins were expressed
most stably with cleavable, N-terminal hexahistidine-SUMO
(Hise-SUMO) tags. For comparison, we used the respective pro-
tein constructs from P. fluorescens, with the exception that LapG
contained a C-terminal Hisq tag instead of the Hisg-SUMO tag
(29). We previously demonstrated that the interaction between P.
fluorescens LapG and LapD relies on a strictly conserved, surface-
exposed tryptophan residue that is present at the tip of a beta-
hairpin motif in LapD’s output domain (29) (Fig. 2A). Mutation
of this residue (e.g., to alanine or glutamate) abolished LapG bind-
ing and signaling through LapD, serving as an invaluable specific-
ity control.

Hise-tagged (or His,-SUMO-tagged) LapG orthologs were
bound to Ni-NTA Sepharose, washed, and incubated with the
purified, untagged output domain of LapD or CdgS9, respectively.
Proteins were eluted and analyzed by SDS-PAGE. Despite overall
low sequence conservation of LapD orthologs (~23% across the
entire receptor), P. fluorescens LapG adsorbed not only the cog-
nate LapD output domain but also equally efficiently the corre-
sponding domain of the L. pneumophila ortholog (Fig. 2B). A
similar complex formation by L. pneumophila LapG and the cor-
responding LapD output domain was observed. Binding of L.
pneumophila LapG to the output domain of P. fluorescens LapD
was detectable but weaker. All interactions were sensitive to a non-
conservative (W-to-E) mutation at the critical tryptophan residue
at the center of the output domain beta-hairpin motif, indicating
that the mode of binding is specific and conserved across distantly
related bacterial species (Fig. 2B).

The crystal structure of L. pneumophila LapG. The LapG or-
tholog from L. pneumophila (residues 52 to 244; lacks the signal
peptide) was expressed in E. coli as a soluble protein and purified
by standard liquid chromatography. Upon crystallization (space
group P2,2,2; two molecules per asymmetric unit), the high-res-
olution structure was determined by SAD phasing with selenome-
thionine-substituted protein crystals (Fig. 3A; see Table S2 in the
supplemental material).

The structure reveals a bilobal fold of LapG (Fig. 3A). The
N-terminal lobe is formed by five a-helices folding into a globular
structure. In contrast, the C-terminal lobe consists of a five-
stranded anti-parallel B-sheet. The three central strands are longer
than the two flanking strands. The extreme C terminus folds into
a helix that is connected to the bulk of the protein by a flexible
linker and is buttressed by the N-terminal lobe via largely hydro-
phobic interactions. The strictly conserved active site, the C-H-D
catalytic triad (C¥7,H'%, D%, Fig. 3B), is located at the interface
between the two halves of the protein, with the histidine and as-
partate residues being contributed by the C-terminal lobe and the
catalytic cysteine residue by the central helix a5 of the N-terminal
lobe (Fig. 3A). The hydroxyl group of a serine residue (S'*°) points
toward the active site and engages in a hydrogen bond with D'** of
the catalytic triad.

The catalytic triad is equally conserved within the LapG sub-
group and all BTLCPs. The residue corresponding to position 190
in L. pneumophila LapG can be either a serine or an asparagine
residue in the LapG subset, as well as the wider BTLCP family (Fig.
3B). In order to more globally visualize the conservation of LapG-
type proteases, we mapped the conservation scores of 24 LapG
orthologs onto the accessible surface of the protease fold.
Orthologs from distantly related species, including Pseudomonas,
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Coomassie staining.

Legionella, and Vibrio species, were used to create the alignment
for this analysis (see Fig. S1 in the supplemental material). Inter-
estingly, not only is the catalytic triad strictly conserved, but we
also noted a fairly conserved surface patch extending from the
active site (Fig. 3C). While the functional relevance remains to be
established, the hydrophobic nature of this region may suggest a
role as an interaction interface, for example, for substrate binding,
considering its close proximity to the active site.

A structural role can be attributed to several hydrophilic resi-
dues. Consistent with the bioinformatic and modeling study of
BTLCPs (13), in addition to the invariant catalytic triad, there are
several conserved, polar, or charged residues that form a hydrogen
bond network stabilizing some of the core secondary structure
elements adjacent to the active site (N°!, N°°, K'*°, and N'”? in
BTLCP; N'%%, N'%¢, K'**, and the aforementioned S'*° in L. preu-
mophila LapG) (Fig. 4). Residues with similar function but more
specific to the LapG subfamily of BTLCPs are R*°' and D*** (Fig.
4B), located in the C-terminal lobe (Fig. 4A). Positioned by D%,
R*' coordinates D'®” of the catalytic triad. Together, these resi-
dues are part of the hydrogen bond network that coordinates D'*’
at the active site.

A comparison against the entire PDB using the DALI server
(20) was used to identify structurally related proteins. With the
structure of L. pneumophila LapG as the search model (Fig. 5A),
we identified eukaryotic protein transglutaminases as some of the
closest structural neighbors (Fig. 5B; PDB codes 1g0d, 1kv3, 1ggt,
and Inud) (3, 27, 32, 40). In addition, the search identified an
arylamine N-acetyltransferase (Fig. 5C; PDB code 2bsz) (21) and
putative bacterial cysteine proteases (Fig. 5D and E; PDB codes
3isr and 3kd4) with deposited structures but no associated publi-
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cation as proteins that contain a similar fold. All but one protein
(the putative bacterial protease with PDB code 3kd4) display a
catalytic triad that is conserved in sequence (C-H-D) and position
relative to that of LapG, with the cysteine residue being located at
the tip of the central helix (Fig. 5). Notably, the activity of several
transglutaminases depends on the presence of calcium ions (1,
41), and calcium-binding sites have been identified in a subset of
crystal structures and by modeling approaches (e.g., PDB code
Inud; Fig. 5B) (3, 6, 9). These studies identified three distinct
calcium-binding sites in the human transglutaminase 3 enzyme,
with site 1 being located adjacent to the active site. For transglu-
taminase, this site has been proposed to stabilize the enzyme, yet a
similar role in LapG could not be established. However, P. fluore-
scens LapG is sensitive to EGTA treatment and requires calcium
ions for the specific cleavage of its substrate, LapA (see the accom-
panying report [4]), suggesting a crucial function during catalysis.

Crystal structures of calcium-bound and EGTA-treated
LapG. Incited by the observation that P. fluorescens LapG’s activity
depends on calcium (4) yet no bound calcium ion was apparent in
the crystal structure, we initially used pattern prediction algo-
rithms with the apo-LapG structure as the input. The MUG calci-
um-binding site prediction server (38) identified a patch of four
conserved, negatively charged residues adjacent to the catalytic
triad that had the potential to accommodate a calcium ion (Fig.
6A). While not identical in exact position, the predicted site is as
close to the active site as is calcium-binding site 1, which was
found to be crucial for transglutaminase function (Fig. 5B). In
LapG, three of the residues, D¢ E® and D'*°, flank C**7 of the
catalytic triad, whereas the fourth residue (D'*°) is less conserved
and farther away with regard to the primary sequence (Fig. 6A).
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representative, nonredundant set of sequences. (C) Surface conservation and hydrophobicity. Based on the alignment of 24 sequences of LapG orthologs, the
sequence conservation was mapped to the accessible surface (left). In the right panel, the surface is colored according to the hydrophobicity of accessible residues.

Conservation 0%

Hydrophobic residues are shown in green, and polar and charged residues are gray and pink, respectively.

However, other aspartate or glutamate residues are located in
close proximity to D' and could function redundantly (Fig. 6A).
While both the N- and C-terminal lobes contribute residues to the
catalytic triad, the calcium-binding site is located entirely in the
N-terminal lobe. This motif is not unique to LapG-like proteins
but appears to be conserved in the entire BTLCP family on the
basis of sequence alignments (Fig. 6A), indicating a general mo-
lecular mechanism of these proteases.

To confirm the prediction, we crystallized L. pneumophila
LapG in the presence of calcium ions, yielding a new crystal form.
We solved the structure by SAD phasing (space group P4;2,2; one
molecule per asymmetric unit; see Table S2 in the supplemental
material). While the maximum resolution was 1.9 A, crystals dif-
fracted X-rays anisotropically with a resolution of ~2.8 A in the
worst orientation. This observation is consistent with poor pack-
ing interactions along one crystal axis and with the two N-termi-
nal helices being poorly resolved (with high B factors for residues
58 to 88; data not shown).

The overall fold of LapG in the new crystal form was preserved
(see Fig. S2 in the supplemental material; root mean square devi-
ation [RMSD] with or without calcium of 0.6 A). We observed
clear density around the residues predicted to form the calcium-
binding site (Fig. 6B, inset). A model with a calcium ion at that site
refined well. Furthermore, the coordination of the ion by the pro-
tein side chains is in good agreement with other calcium binding
motifs, revealing seven ionic or polar interactions, including one
water-mediated contact and a carbonyl backbone contact with
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Y'2? (Fig. 6B). To accomplish this, only the side chain of D'*° had
to adopt an alternative rotamer conformation, flipping toward the
binding site, while the other three residues are essentially in the
same conformation as in the apo-state structure. We noticed only
a small shift of the D'**-presenting loop relative to the body of
LapG. However, we cannot distinguish whether this change is cal-
cium induced or due to the altered packing interactions in this
crystal form.

We also crystallized LapG treated with EGTA (see Table S2 in
the supplemental material). This protein preparation crystallized
in the original condition. While we obtained crystals within the
same space group as LapG without EGTA treatment, it also crys-
tallized in a second space group under identical conditions and
similar crystal packing. We solved the structure by molecular re-
placement using the first LapG crystal structure as the search
model. The structure of the EGTA-treated monomer is almost
identical to the initial calcium-free state (RMSD of 0.12 A; see Fig.
S2 in the supplemental material) and very similar to the calcium-
bound state despite differences in crystal contacts.

Calcium binding by L. pneumophila LapG. To further vali-
date and quantify calcium binding, we turned to isothermal titra-
tion calorimetry. The titrations of calcium into a solution of LapG
protein are shown in Fig. 7. Purified protein bound calcium sub-
stoichiometrically with 0.6 calcium molecule per molecule of
LapG and with an affinity of 6.2 uM (Fig. 7A; Table 1). EGTA
treatment and repurification of LapG by gel filtration in EGTA-
free buffer as the mobile phase yielded protein that bound calcium
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FIG 4 Conservation of a hydrogen bond network around the catalytic triad.
(A) Residues from the N- and C-terminal lobes involved in a hydrogen bond
network around the active site are shown as sticks. (B) Sequence conservation.
Sequence logos for LapG orthologs and the entire BTLCP family are shown.

with the same affinity and negative change in enthalpy as the start-
ing material but with a stoichiometry of close to 1 (Fig. 7A; Table
1). Together, these data indicate that LapG purifies partially
bound to calcium, which can be extracted by EGTA treatment,
yielding calcium-free LapG. Based on the titration data, we expect
only one calcium-binding site per LapG monomer. Given that no
bound calcium was observed in the initial crystal structure, we
infer that the crystallization conditions are sensitive to the calci-
um-bound state of LapG. Finally, mutations in the key residues for
calcium coordination (D'*°A, E'*8A, or D'*°A) that were revealed
by the crystal structure significantly reduce calcium binding by
factors of >50 (Fig. 7B), well within the range one would expect
on the basis of similar mutations in other calcium-binding pro-
teins (39). In summary, the structural studies elucidate the overall
fold, catalytic core machinery, and a calcium-binding site as con-
served features of LapG-like proteases and members of the wider
BTLCP superfamily.

Oligomeric state of LapG in solution. It can be assumed that
the transmembrane receptor LapD, which interacts with LapG,
forms a constitutive homodimer mediated at least by its HAMP
domains, a two-helix module that forms a four-helix bundle
within a dimeric assembly as the functional unit. This prompted
us to analyze the oligomeric state of LapG in the crystals and in
solution.

Two different crystal forms of calcium-free LapG were ob-
tained, both with two molecules in their asymmetric units (RMSD
of protomer A versus protomer B, 0.08 A). A potential dimer
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interface can be identified on the basis of crystal packing interac-
tions. Although the protomer interactions are identical in the two
forms (RMSD considering dimeric assemblies, 0.17 A), the inter-
face is marginal, spanning only 670 A In both crystal forms,
protomers interact via a hydrophobic interface formed by the
B-sheets of the C-terminal lobe (Fig. 8A). Another part of the
interface in the crystallographic dimer is presented by the loop
protruding from the N-terminal lobe that contains a residue in-
volved in calcium binding (D'%), in addition to the conserved
residue, D''®. However, the overall packing and calculated bind-
ing enthalpies suggest that the dimerization interface is rather
weak overall (23).

We next evaluated LapG’s oligomerization propensity in solu-
tion by using purified proteins. We used SEC-MALS, a method
that yields the absolute molecular mass of a protein as it is eluted
from a gel filtration column (10). L. pneumophila LapG purified
from E. coli is monomeric in solution with a molecular mass of
~25 kDa (theoretical molecular mass based on sequence, 21.6
kDa; Fig. 8B). There was no change in its monomeric state when
the protein was incubated with calcium prior to SEC-MALS anal-
ysis or even when calcium was added to the mobile phase, so that
calcium was present throughout the experiment.

While we observed only monomeric LapG in solution, the
crystallographic dimer interface is moderately conserved across
various bacterial strains (Fig. 3C; see Fig. S1 in the supplemental
material), which could suggest that a subset of LapG-like or-
thologs may utilize this surface. Also, considering that the receptor
LapD forms constitutive dimers (29), such a mode of LapG
dimerization may still be relevant when LapG is bound to the
output domains of intact LapD.

Conservation of the basic catalytic mechanism of LapG. Un-
like in the case of P. fluorescens, the LapG-containing operon in L.
pneumophila lacks a putative LapA-like substrate protein. Al-
though the identity of the substrate for the L. pneumophila or-
tholog of LapG remains unknown, we evaluated LapG’s catalytic
activity by using P. fluorescens LapA as a model. LapA is a secreted,
large adhesin protein. Previous experiments established that
shorter constructs including the LapG cleavage site, a conserved
TAAG motif, are processed efficiently by P. fluorescens LapG in
vitro (30). The model substrate we use here comprises a 235-resi-
due-long, N-terminal fragment of LapA with a His, tag at its C
terminus (LapA™N*™) (Fig. 9). Proteolysis of LapAN*“"™ by puri-
fied P. fluorescens LapG produces a fragment of 15 kDa that can be
detected by Western blotting with primary antibodies that recog-
nize the His, tag. Mutation of D'** to an alanine residue in P.
fluorescens LapG, which corresponds to the calcium-binding mu-
tation D'*°A in L. pneumophila LapG, abolishes catalytic activity
completely, corroborating a calcium-dependent mechanism for
LapG function.

Similarly, L. pneumophila LapG successfully processed Lap
albeit less efficiently than P. fluorescens LapG. In these assays, we
used 100-, 250-, or 375-fold more LapG than in the samples incu-
bated with the P. fluorescens protease. While we were able to detect
a cleavage product with a molecular mass similar to that produced
by P. fluorescens LapG, indicating that the same cleavage site was
recognized, reaction mixtures containing L. pneumophila LapG
still contained uncleaved substrate. In addition, we observed a
second, minor cleavage product with a slightly higher molecular
mass at the two highest protease concentrations, which may indi-
cate an aspecific activity under these conditions and with this
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FIG 5 Structural similarities of LapG to transglutaminases, arylamine N-acetyltransferases, and putative bacterial proteases. A DALI protein structure database
search highlighted features structurally conserved between LapG (A) and distinct classes of proteins. Regions corresponding to the N and C lobes of LapG are in
red and pink, respectively, in panels B to E. Conserved catalytic (C-H-D) triads are shown as orange spheres. Calcium ions are shown as green spheres. (B) Human
transglutaminase 3. Z score, 7.4; RMSD, 3.6; aligning fragment spans 135 of 673 residues. Several transglutaminases were identified. The particular structure was
chosen to highlight the positions of calcium-binding sites in these enzymes. (C) Mesorhizobium loti arylamine N-acetyltransferase 1. Z score, 7.8; RMSD, 3.6;
aligning fragment spans 127 of 267 residues. (D) Putative cysteine protease from Cytophaga hutchinsonii. Z score, 9.4; RMSD, 3.1; aligning fragment spans 121
of 285 residues. (E) Putative protease from Parabacteroides distasonis ATCC 8503. Z score, 7.8; RMSD, 3.2; aligning fragment spans 121 of 505 residues.

model substrate. However, proteolysis efficiency was LapG con-
centration dependent. Furthermore, the calcium-binding single-
point mutations (D'*°A, E'*®A, and D'*°A in L. pneumophila
LapG) produced markedly reduced catalytic activity. Consis-
tently, both protease orthologs failed to cleave LapA™*™ when
incubated with EGTA, indicating that calcium is essential for
LapG’s function as a periplasmic protease.

Altogether, we validated our prediction of the existing LapD-
LapG system in L. pneumophila. More importantly, we showed
that it utilizes an output and proteolytic mechanism similar to that
of its P. fluorescens counterparts.

DISCUSSION

The superfamily of DUF920 domain-containing proteins or BTLCPs
consists of more than 400 members and is conserved across the
bacterial domain (13), yet functional and structural information
has been scarce. We recently identified LapG as a functional ex-
ample of this family, assigning it a biological role as a calcium-
dependent, periplasmic protease that is involved in biofilm dis-
persal of P. fluorescens (4, 30). Since we were unable to obtain
crystals of P. fluorescens LapG thus far, we instead determined the
high-resolution crystal structure of the LapG ortholog from L.
pneumophila in its apo and calcium-bound states. Considering
the sequence conservation in functionally important motifs, the
structures yield prototypic models of LapG-like proteins and the
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wider family of BTLCPs. In addition, the structures confirmed
their structural relationship to eukaryotic transglutaminases. In
analogy to transglutaminases, LapG also shows calcium depen-
dence, yet the exact molecular mechanism remains elusive in both
cases despite the available structural data.

Calcium has been known to play myriad roles in modulating
protein stability and function. In order for a protein to interact
with calcium, mainly through electrostatic forces, it usually has
negative charges on its surface. In the case of LapG, the N-terminal
lobe displays residues D'*°, E'**, and D'?’, creating a highly neg-
ative surface potential with which Ca®" can coordinate. It is pos-
sible that calcium binding to LapG aids in catalysis by providing
increased access to the substrate or by altering enzyme structure or
dynamics. While three of the four calcium-coordinating residues
are strictly conserved, the fourth residue (D'*°) appears more
variable. On the other hand, this residue is located in a flexible
loop that often harbors other, more conserved aspartate or gluta-
mate residues in close proximity (Fig. 6), which may have a redun-
dant calcium-coordinating function. It is possible that crystallo-
graphic packing biases the use of one position over another. The
use of alternative aspartate or glutamate residues would likely im-
pact the conformation of the loop, which could potentially alter
the active or substrate-binding site. A similar mechanism has been
discussed for mammalian tissue transglutaminases (26).

Another effect of calcium binding on enzyme catalysis could
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FIG 6 Structural identification of a conserved calcium-binding site in LapG. (A) Position of a putative calcium-binding site in LapG. Sequence conservation
indicates that at least 3 of the 4 residues predicted to form an ion-binding site are conserved in LapG and BTLCPs. (B) Crystal structure of calcium-bound LapG.
The crystal structure of LapG (gray) was determined in the presence of calcium ions (pink sphere). The left inset shows uninterpreted electron density that was
observed only in the presence of calcium. The density has amplitudes of IF | to IF | and is contoured at 3.6 o prior to the inclusion of calcium in the refinement.
The structure of non-calcium-bound LapG was superimposed. On the right, a close-up view of the calcium-binding site and calcium coordination is shown.

simply be a change in electrostatic potential close to the active site.  tially place LapG in close proximity to its substrate, LapA, which is
Calcium binding is also known to influence the specific subcellu-  anchored in the outer membrane.

lar localization of proteins. For example, in the case of calpain, The identity of the physiological target of L. pneumophila LapG
calcium is required for the association of the protein with cellular  is unknown. While the structural similarity of LapG to transglu-
membranes (7). In the case here, calcium binding may preferen-  taminases may indicate different catalytic functions, no transami-
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FIG 7 Isothermal titration calorimetry data for calcium binding to LapG. (A) Binding of calcium to wild-type L. pneumophila LapG. Calorimetric titration for
calcium (2 mM) titrated into LapG (0.2 mM) is shown (top, raw data; bottom, binding isotherms). LapG purified from E. coli was used with or without EGTA
treatment during its purification. (B) Binding of calcium to mutant LapG forms. Single-point mutations were introduced into the calcium-binding site of LapG
and analyzed as described for panel A. Data analyses are summarized in Table 1.
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TABLE 1 Calcium binding measured by isothermal titration calorimetry”

Crystal Structure of L. pneumophila LapG

L. pneumophila LapG n® K, (nM) AH (cal/mol) AS (cal/mol/degree)
Wild type 0.59 + 0.003 6.17 + 0.22 —1,615 *+ 10.0 18.3

EGTA-treated wild type 0.91 + 0.005 4,98 +0.32 —1,720 = 13.0 18.4

D'3°A 0.95 = 0.142 349.7 + 59.3 —2,700 = 569.9 6.6

E'*%A ND¢ ND ND ND

DA ND ND ND ND

“ Experiments were performed at 20°C.
b n, reaction stoichiometry.
“ND, not detected.

dase activity was detected in an in vitro assay (D.C. and H.S., un-
published data). However, L. pneumophila LapG can cleave
LapAN*"™ and thus is likely to function as a periplasmic cysteine
protease. The reduced activity of L. pneumophila LapG for
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FIG 8 Oligomerization of LapG. (A) Crystallographic dimer. Analysis of crystal
packing interactions reveals a putative LapG dimer that forms via partially hydro-
phobic interactions between protomers. (B) Oligomeric state in solution. SEC-
MALS was used to determine the absolute molecular mass of LapG in solution.
The effect of calcium on LapG’s oligomeric state was assessed by adding calcium to
the purified protein and by additionally adding calcium to the chromatography
mobile phase. The averaged molecular masses were 25.1 = 0.3 kDa for apo-LapG,
25.7 + 0.3 kDa for LapG+Ca® ", and 22.5 = 0.2 kDa for LapG with calcium in the
mobile phase.
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LapAN*"™ compared to that of the P. fluorescens enzyme could

have several causes. Although we previously determined a consen-
sus site for proteolytic cleavage of LapA by LapG, we also noticed
that a minimal peptide containing that motif evades processing by
the enzyme, suggesting that substrate recognition requires other
parts of LapA (Peter D. Newell and G.A.O., unpublished data).
Furthermore, L. pneumophila has a more complex life-style since,
unlike P. fluorescens, it can grow autonomously or within host
cells, increasing the potential target pool vastly. The notion that a
putative target may be encoded outside the LapG-containing
operon is supported by the presence of an incomplete type I se-
cretion system at this L. prneumophila locus. Furthermore, the se-
cretion system may be complemented by subunits encoded out-
side the lapDG-containing operon. Intracellular growth and
exposure to different environments (e.g., a different pH or tem-
perature) may also have an impact on the optimal point at which
L. pneumophila LapG is active. Altogether, these observations
hamper the identification of potential L. pneumophila substrates
by using bioinformatics.

Yet, an interesting speculation is the possibility that LapG or re-
lated proteases could degrade host proteins or have a role not only in
their own biofilm formation but also in those formed by competing
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FIG 9 Proteolytic activity of L. pneumophila LapG. (A) A model substrate
based on P. fluorescens LapA. Previous studies of P. fluorescens identified the
LapG-cleavage site of LapA within the first 235 residues of the adhesin. A
minimal, Hiss-tagged construct containing this region (LapAN'*"™) was pro-
teolyzed specifically and efficiently by P. fluorescens LapG. (B) L. pneumophila
LapG activity. Site-specific cleavage of purified LapA™'"™ was monitored by
using SDS-PAGE, followed by Western blotting with pentahistidine-specific
antibodies. L. pneumophila LapG with the E'**A or D'*’A mutation was used
only at the highest concentration. P. fluorescens LapG and a corresponding
calcium-binding mutant were included as positive and negative controls, re-
spectively. Sensitivity to EGTA treatment was also assessed. wt, wild type.
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bacteria. Substrate topology and protease access may determine the
feasibility of such a model. Atleast in P. fluorescens, LapG localization
to the periplasm is crucial for its regulatory effect on biofilm forma-
tion, as externally added protease does not appear to alter biofilm
phenotypes (C.D.B. and G.A.O., unpublished data).

Recently, a LapADG-like system was identified in S. oneidensis
(37). In this system, a large outer membrane protein, BpfA, is
crucial for surface attachment and subsequent biofilm formation.
The gene that encodes BpfA is located in a seven-gene operon
which also encodes a type I secretion system, a GGDEF-EAL do-
main-containing protein similar to LapD, and a hypothetical con-
served BTLCP-like protein homologous to LapG. An interesting
finding pertains to a positive effect of calcium on S. oneidensis
biofilm formation, which is BpfA dependent. Considering the
presence of putative calcium-binding sites in LapA and BpfA,
these large adhesin proteins could function as sinks for calcium
ions that, in turn, are required for proteolytic processing via
LapG-like proteases. Such a mechanism is supported by the ob-
servation that bacteria have the ability to concentrate calcium in
their periplasm to levels that are comparable to or above the mea-
sured affinity of LapG for calcium (22). Although the exact mech-
anism by which these proteins interact and function has yet to be
established, it is quite possible that they are regulated in a fashion
very similar to that of the Lap system in P. fluorescens (4, 29, 30).

Although the corresponding regulators and mechanism re-
main elusive for the orthologous system in L. pneumophila, a
growth phenotype in macrophages has been observed upon the
overexpression of CdgS9, the LapD ortholog in L. pneumophila,
indicating that the system is operational in this opportunistic
pathogen (25). In particular, cells showed a moderate or severe
growth reduction in rich broth or in macrophages, respectively.
Our structural and mechanistic studies described here may facili-
tate future research to uncover the physiological role of this sys-
tem in L. pneumophila and other bacteria. The protease and its
interaction with the receptor LapD/CdgS9 also provide an attrac-
tive angle for the development of specific inhibitors.
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