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(Bacl(ground: PlaC is a GDSL enzyme and the major GCAT secreted by Legionella pneumophila.
Results: The zinc metalloproteinase ProA processes and activates PlaC. Deletion of regions within a disulfide loop increased

Conclusion: Inhibitory disulfide loop reduction/deletion by ProA activates PlaC GCAT.
Significance: Here we recognized the postexport GCAT activation mechanism essential for modification of typical eukaryotic
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Enzymes secreted by Legionella pneumophila, such as phos-
pholipases A (PLAs) and glycerophospholipid:cholesterol acyl-
transferases (GCATs), may target host cell lipids and therefore
contribute to the establishment of Legionnaires disease. L.
pneumophila possesses three proteins, PlaA, PlaC, and PlaD,
belonging to the GDSL family of lipases/acyltransferases. We
have shown previously that PlaC is the major GCAT secreted by
L. pneumophila and that the zinc metalloproteinase ProA is
essential for GCAT activity. Here we characterized the mode of
PlaC GCAT activation and determined that ProA directly pro-
cesses PlaC. We further found that not only cholesterol but also
ergosterol present in protozoa was palmitoylated by PlaC. Such
ester formations were not induced by either PlaA or PlaD. PlaD
was shown here to possess lysophospholipase A activity, and
interestingly, all three GDSL enzymes transferred short chain
fatty acids to sterols. The three single putative catalytic amino
acids (Ser-37, Asp-398, and His-401) proved essential for all
PlaC-associated PLA, lysophospholipase A, and GCAT activi-
ties. A further four cysteine residues are important for the
PLA/GCAT activities as well as their oxidized state, and we
therefore conclude that PlaC likely forms at least one disul-
fide loop. Analysis of cleavage site and loop deletion mutants
suggested that for GCAT activation deletion of several amino
acids within the loop is necessary rather than cleavage at a
single site. Our data therefore suggest a novel enzyme inhibi-
tion/activation mechanism where a disulfide loop inhibits
PlaC GCAT activity until the protein is exported to the exter-
nal space where it is ProA-activated.

Legionella pneumophila resides in aquatic habitats and rep-
licates in diverse species of protozoa. When inhaled by suscep-

tible humans, the pathogen causes a severe form of pneumonia,
termed Legionnaires disease (1-3). Enzymes secreted by Legio-
nella, such as phospholipases A (PLAs),> may contribute to the
establishment of the disease and subsequent lung tissue
destruction. So far, three different PLA families, namely the
patatin-like, PlaB-like, and GDSL enzymes together with at
least 15 distinct proteins, have been identified in L. pneumo-
phila (4, 5).

Patatins were originally identified as a family of plant pro-
teins with acyl hydrolase activity fulfilling important functions
in signal transduction processes (6). Bacteria also possess pata-
tin-like proteins. Ten to 11 patatin-like protein genes are typi-
cally found in the genome of L. pneumophila (patA to patK).
Both bacterial patatin-like proteins and eukaryotic patatins are
characterized by a catalytic dyad consisting of a nucleophile
serine embedded into the typical lipase consensus motif
GXSXG and an aspartate that is often found in a DGG motif
(5,7).

PlaB shows no significant protein homology to any estab-
lished lipase/phospholipase family and is the most prominent
cell-associated PLA/lysophospholipase A (LPLA) of L. pneu-
mophila. PlaB homologues are yet uncharacterized proteins
especially found in water bacteria. Instead of the characteristic
GXSXG motif, PlaB constitutes the designated THSTG motif
surrounding the catalytic serine. Aspartate and histidine, rep-
resenting the other two members of the catalytic triad, are
embedded into the uncommon motifs GSDGVV and SHS,
respectively (8).

Three L. pneumophila proteins homologous to the “proto-
type” of GDSL enzymes, Aeromonas salmonicidalAeromonas
hydrophila SatA, are coded in L. pneumophila genomes and
were designated PlaA, PlaC, and PlaD (4, 5, 9-15). GDSL
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TABLE 1

Overview of strains used in this study
L.pn., L. pneumophila; term., terminal.

L. pneumophila PlaC GCAT Activation by ProA

Organism Mutation(s)/plasmid Tags Selection marker(s) Ref.
L.pn. Corby Wild type 27

L.pn. Corby plaA knock-out Km® This study
L.pn. Corby plaC knock-out Km"® This study
L.pn. Corby plaD knock-out Km"® This study
L.pn. Corby proA knock-out Km~® This study
L.pn. 130b Wild type Strain ATCC BAA-74
L.pn. 130b plaC knock-out Km?® 25

L.pn. 130b proA knock-out Km® Strain AA200 (30)
E. coli BL21 pet28a (+) C-term. His, tag Km"® Novagen

E. coli BL21 pMMB2002 Cm"® 23

E. coli BL21 pER13 = pBADTOPO plaA,,, C-term. His, tag Amp® This study
E. coli BL21 pMY6 = pMMB2002 plaC, . Cm* This study
E. coli BL21 pCL14, pER14 = pet28a (+) plaCc,,, C-term. His, tag Km*® This study
E. coli BL21 pER31 = pGEX—6—P1plaCCmby(*SP”‘s N-term. GST tag Amp® This study
E. coli BL21 pCL83 = pGEX-6-P1 plaC,,, (—SP)-Strep N-term. GST tag/C-term. Strep tag Amp® This study
E. coli BL21 pCL70 = pGEX-6-P1 plaCe,,, S37N(—SP) N-term. GST tag Amp® This study
E. coli BL21 pCL71 = pGEX-6-P1 plaC,,, D398N(—SP) N-term. GST tag Amp® This study
E. coli BL21 pCL72 = pGEX-6-P1 plaCy,,,, H401N(—SP) N-term. GST tag Amp® This study
E. coli BL21 pCL73 = pGEX-6-P1 plaCp,,,, C343N(—SP) N-term. GST tag Amp® This study
E. coli BL21 pCL74 = pGEX-6-P1 plaCc,,, C388N(—SP) N-term. GST tag Amp® This study
E. coli BL21 pCL75 = pGEX-6-P1 plaCy,,,, C415N(—SP) N-term. GST tag Amp® This study
E. coli BL21 pCL76 = pGEX-6-P1 plaCp,,,, C427N(—SP) N-term. GST tag Amp® This study
E. coli BL21 pCL77 = pGEX-6-P1 plaC,,, A364~75(—SP) N-term. GST tag Amp® This study
E. coli BL21 pCL78 = pGEX-6-P1 plaCy,,, A361-79(—SP) N-term. GST tag Amp® This study
E. coli BL21 pCL79 = pGEX-6-P1 plaCc,,,,, A358—79(—SP) N-term. GST tag Amp® This study
E. coli BL21 pCL80 = pGEX-6-P1 plaC,,, A343-88(—SP) N-term. GST tag Amp® This study
E. coli BL21 pCL85 = pGEX-6-P1 plaCy,,, A347-84(—SP) N-term. GST tag Amp® This study
E. coli BL21 PER7 = pET160 plaDc.,,y,, N-term. His, tag Amp® This study
E. coli BL21 pCL15 = pet28a (+) proAc,.., C-term. His, tag Km® This study

“ (—SP), constructs cloned without sequence coding for the putative signal peptide (amino acids 1-24).

enzymes possess a conserved GDSL signature motif harboring
the nucleophile Ser, which together with an Asp and a His
(DXXH motif) form the catalytic triad (16, 17). The GDSL pro-
teins share five conserved blocks of amino acid homology,
belong to the SGNH hydrolases, and differ in several properties
(folding structure, proximity of Ser nucleophile to the N termi-
nus, and close localization of catalytic Asp and His) from the
well characterized o/ B-hydrolases (17, 18). GDSL family mem-
bers are found in many bacteria as well as in higher plants and
show among others lipase, LPLA, PLA, and/or glycerophos-
pholipid:cholesterol acyltransferase (GCAT) activities (16,
17, 19).

PlaA is the major secreted LPLA of L. pneumophila and con-
tains a predicted signal peptide (20, 21). Because of the absence
of PlaA in the culture supernatant of a L. pneumophila type 11
secretion mutant, it is most likely exported via the Lsp type II
pathway (20, 22, 23). During L. pneumophila host cell infection,
PlaA promotes membrane destabilization of the Legionella-
containing vacuole and activation of the host cell death path-
way when the type IVB (Dot/Icm)-secreted effector SdhA is
lacking (24).

Lipolytic activity of the PlaD enzyme has not yet been con-
clusively shown (4, 5). It contains a C-terminal appendage of
about 170 amino acids that is missing in PlaA and PlaC. A signal
peptide is not predicted for PlaD, implying either a cell-associ-
ated localization or its export by a pathway different from the
Sec system (4, 5).

PlaC contains a predicted signal peptide and shows 27%
sequence identity to PlaA, 24% to PlaD, and 22% to A. salmoni-
cida SatA. A L. pneumophila plaC knock-out mutant exhibits
an approximately 20% reduction in secreted PLA and a 10%
reduction in secreted LPLA activities (25). Furthermore, L.
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pneumophila possesses secreted GCAT activity (21). plaC but
not plaA knock-out mutants completely lost their ability to
transfer long chain fatty acids from dipalmitoylphospholipids
to cholesterol. Therefore, PlaC is the major secreted GCAT of
L. pneumophila with PLA/LPLA activities (25). Furthermore,
the presence of GCAT activity within L. pneumophila culture
supernatant depends on the intact Lsp type II secretion system
and the type II-secreted zinc metalloproteinase ProA (22, 23,
26). This suggested proteolytic activation of PlaC GCAT
activity.

Here we aimed to clarify whether ProA directly (and by
which mechanism) activates PlaC GCAT activity. Our data
suggest a novel enzyme inhibition/activation mechanism
where a disulfide loop inhibits PlaC GCAT and full PLA
activity until the protein is exported to the external space
and ProA-activated.

EXPERIMENTAL PROCEDURES

Bacterial Strains and Growth Conditions—L. pneumophila
sgl strain 130b (ATCC BAA-74) was used to purify the PlaC
GCAT-activating factor via anion exchange (AEC) and gel fil-
tration chromatography as described previously (25). L. pneu-
mophila sgl strain Corby (27) was used for all other experi-
ments, including knock-out mutant construction as well as for
recombinant gene expression in Escherichia coli strains DH5«
and BL21. The strains used are listed in Table 1 and were grown
on buffered charcoal yeast extract agar and in buffered yeast
extract broth (both for Legionella) or on Luria-Bertani (LB) agar
and in LB broth (both for E. coli) as described previously (25,
28, 29).

DNA Techniques and Sequence Analysis—E. coli DH5« or
BL21 was used for the propagation of recombinant plasmid
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TABLE 2

Overview of primers used in this study

term., terminal.

Plasmid Gene Tag Primer name Primer sequence

pER13 plaA(—SP?) C-term. His tag BADPlaAf 5'-GGTTTCATGAAACTATTAGCAT-3’
BADPlaAr 5'-AAACTCTTCATTCTCGGCGAA-3’

pER31 plaC(—SP) N-term. GST tag PlaC_ohneSP_Eco 5-TGAATTCATGACGTCTATTCCAGTGAAA-3’
PlaC_Xhol_rev 5'-AGCTCGAGGTATTAGGCGGACTCTGGCAT-3’

pCL83 plaC(—SP)-Strep N-term. GST tag pGEX_Strep_fw 5'-CCGCAGTTCGAAAAATAATACCTCGAGCGGCCG-3'
PlaC_Strep_rv 5'-GTGGCTCCAGCTAGCGGCGGACTCTGGCAT3-3'

pCL14, pER14  plaC C-term. His tag PlaC_EcoRI 5'-TGAATTCTTATGATCCAAAACAACAGGG-3’
PlaC_Xhol 5'-AGCTCGAGGTATTGGGCGGACTCTGGCAT-3'

pCL70 plaCqzrn(—SP) N-term. GST tag PlaC_Serin_f 5'-AGTGGTGTTTGGAGACAACTTGTCTGATAACGGTAATA-3'
PlaC_Serin_rev 5 -TATTACCGTTATCAGACAAGTTGTCTCCAAACACCACT-3'

pCL71 PLaCyysom(—SP) N-term. GST tag ~ PlaC_D398N_fw 5-TATTTATTCTGGAATGAAATTCATCCA-3’
PlaC_D398N_rv 5'-TGGATGAATTTCATTCCAGAATAAATA-3'

pCL72 plaC, 0,0 (—SP) N-term. GST tag ~ PlaC_H401N_fw 5 -TGGGATGAAATTAATCCAACCACGAGA-3’
PlaC_H401N_rv 5'-TCTCGTGGTTGGATTAATTTCATCCCA-3’

pCL73 plaCezyz(—SP) N-term. GST tag PlaC_C343N_fw 5'-GAAGGATGCCAATATCGATGTGA-3’
PlaC_C343N_rv 5-TCACATCGATATTGGCATCCTTC-3’

pCL74 PlaCesgen(—SP) N-term. GST tag ~ PlaC_C388N_fw 5'-CTATCACATGAATAGTGAACCAG-3'
PlaC_C388N_rv 5'-CTGGTTCACTATTCATGTGATAG-3'

pCL75 plaCe, 5 (—SP) N-term. GST tag ~ PlaC_C415N_fw 5 -TTATGAGGTTAATTTGGCGTTGG-3’
PlaC_C415N_rv 5'-CCAACGCCAAATTAACCTCATAA-3'

pCL76 plaCeypn(—SP) N-term. GST tag PlaC_C427N_fw 5'-CGAGGTAACTAACAAAATGCCAG-3'
PlaC_C427N_rv 5-CTGGCATTTTGTTAGTTACCTCG-3’

pCL77 PlaC ysess(—SP)  N-term. GST tag ~ PlaC_del375fw 5-TTGAGCTCGTAGTTACGAGCAAATGGAG-3'
PlaC_del364rv 5'-AAGAGCTCAAGCAATTTGCTCCAGGT-3’

pCL78 plaCys6,_7o(—SP) N-term. GST tag ~ PlaC_del379fw 5'-CCAGGTGAAAATAACTATCACATG-3'
PlaC_del361rv 5'-ACGAGCAAATGGAGAGTGAAT-3'

pCL79 plaCysg o(—SP) N-term. GST tag ~ PlaC_del379fw 5'-CCAGGTGAAAATAACTATCACATG-3'
PlaC_del358rv 5'-AGAGTGAATGAATGCATTGAAC-3'

pCLS0 PlaCyss ss(—SP) N-term. GST tag ~ PlaC_del388fw 5'-AGTGAACCAGAAGACTATTTATTC-3'
PlaC_del343rv 5'-GGCATCCTTCACATTATAAAAAC-3'

pCL85 plaCysu;_g,(—SP) N-term. GST tag ~ PlaC_del384fw 5 -TATCACATGTGTAGTGAACCAGAA-3'
PlaC_del347rv 5'-CACATCGATACAGGCATCCTT-3'

pMY4 Ppopc plaC gdsl2_al_f 5'-TGCTTAAAAACCGCTCTGGA-3'
gdsl2_bl_r 5 -TTAACGGCATATTGGGTGAA-3’

pER7 plaD N-term. His tag PlaD_fTopo 5'-CACCGCAAATATCATGGCCCAAAAA-3'
PlaD_d1_r 5'-AGGGACGCATTAAAACTTACCAG-3’

pSB2 plaD gdsl3_al_f 5 -TTTTGCAAGTGGATTAGGTGA-3'
gdsl3_bl_r 5'-ACGTCCGATTTGTATGAGTG-3’

pCL15 proA C-term. His tag ProA_BamHI_fw 5'-ATGGATCCATGCACCCAAATTATTAT-3'
ProA_Xhol_rv 5'-ATCTCGAGATCGACATAACAAGATTG-3'

pAF14 proA:Kn® ProA3a_fw 5'-ATAACAAACCTGGGCACTCC-3'
ProAda_rv 5'-GACACGATCGCAGGCTATTA-3’

“ (—SP), without signal peptide.

DNA with backbones of the following vectors: pMMB2002
(23), pet28a(+) (Novagen), pPBADTOPO (Invitrogen), pPBCKS
(Stratagene), pGEX-6P-1 (GE Healthcare), pPGEM-T Easy (Pro-
mega GmbH), and pET160 (Invitrogen). Genomic and plasmid
DNA were prepared, amplified, and sequenced according to
standard protocols. Primers were obtained either from Tib
Molbiol or from Eurofins MWG Operon. Restriction enzymes
were purchased from New England Biolabs. Foreign DNA was
introduced into E. coli or L. pneumophila strains by electropo-
ration with an Invitrogen cell porator according to the manu-
facturer’s specifications as described earlier (25). Nucleotide
and translated protein sequences were analyzed using the
DNASTAR package, the pedant website, the NCBI website,
ExPASy, multiple sequence alignment by Florence Corpet,
Clustal W multiple alignment, and BPROM.

Cloning of L. pneumophila plaA, plaC, plaD, and proA into
Vectors for Recombinant Expression in E. coli—L. pneumophila
Corby plaA (lpc1811) was cloned into the pPBADTOPO vector
resulting in pER13 (C-terminal 6 XHisy tag). L. pneumophila
Corby plaC (lpc3121) was cloned into the pet28a(+) and
pGEX-6-P1 vectors, resulting in plasmids pCL14 (C-terminal
His, tag) and pER31 (N-terminal GST tag), respectively. To
introduce mutations into the plaC gene, the pER31 vector was
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mutated by means of the QuikChange site-directed mutagene-
sis kit (Stratagene) with the primers listed in Table 2, resulting
in pCL70-pCL76. To create PlaC disulfide loop deletion
mutants or a GST-PlaC construct, pER31 was amplified with
primers listed in Table 2 and ligated, resulting in pCL77-pCL80
and pCL85 or pCL83, respectively. L. pneumophila 130b plaC
was cloned into the pGEM-T Easy vector, yielding pMY4. After
digestion of pMY4 by Spel and Sacll, the insert was cloned into
pBCKS, yielding in pMY5. This vector was restricted by Sacl
and Kpnl, and the insert was ligated into pMMB2002, yielding
pMY6. L. pneumophila Corby plaD (Ipc0558) or proA (lpc2877)
was cloned into pET160, yielding pER7 (N-terminal His, tag),
or pet28a(+), resulting in pCL15 (C-terminal His, tag), respec-
tively (for primers, see Table 2).

L. pneumophila GDSL Enzyme Knock-out Mutant Con-
struction—Plasmids pAF3 (21), pBH5 (25), pBH4 (this study),
and pAF14 (this study) containing the plaA, plaC, plaD, and
proA genes, respectively, disrupted or partially replaced by a
Km® cassette were used to introduce a Km"® gene insertion
mutation into the chromosome of strain Corby via allelic
exchange. To assemble pBH4, L. pneumophila 130b plaD was
cloned into the pGEM-T Easy vector, yielding pSB2 (for prim-
ers, see Table 2). After pSB2 restriction by means of HindIII and
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Ndel, the insert was cloned into the pBCKS vector, yielding
pBH3. pBH3 was digested with Afel, which cleaves plaD at
position 806 bp, to insert the Kn® gene cassette, yielding pBH4.
To generate pAF14, proA:Kn® was cloned from an L. pneumo-
phila 130b proA knock-out mutant (AA200; kindly provided by
N. P. Cianciotto) into pGEM-T Easy (for primers, see Table 2)
(30). Knock-out mutants were generated by natural transfor-
mation and homologous recombination (21, 31). PCR and/or
Southern blot analysis was used to examine Km® Legionella for
the respective mutation.

Preparations of Culture Supernatants and Cell Lysates—For
assessment of hydrolytic activities, bacteria were harvested at
the end of exponential growth (if not stated otherwise at an
ODyg, 0f 2.0 -2.1). Culture supernatants were obtained by cen-
trifugation for 5 min at 5000 X g and in some instances were
subsequently concentrated by ultrafiltration with an exclusion
size of 10 kDa. Cell lysates were produced as described previ-
ously (21, 32). Culture supernatants and cell lysates were either
tested immediately for enzymatic activities or were stored over-
night at 4 °C. To prove recombinant overexpression of proteins
in E. coli, 5 pl of the cell lysate was used for SDS-PAGE with
Coomassie Blue staining. For Western blot analysis, Legionella
supernatants were complemented with 10 mm 1,10-phenan-
throline (metalloproteinase inhibitor) before concentration.

Culture Supernatant Fractionation for Partial Purification of
the PlaC-activating Factor—Five liters of culture supernatant
of L. pneumophila 130b plaC mutant was 15-fold-concentrated
by ultrafiltration with an exclusion size of 30 kDa, and the
resulting retentate was directly applied to a 6-ml Resource-Q
column (Amersham Biosciences) pre-equilibrated in buffer
containing 20 mm Tris-HCI (pH 7.5) for AEC. AEC was carried
out at 25 °C, and a gradient of 0—1 M sodium chloride in equil-
ibration buffer was used for elution of proteins followed by gel
filtration using a prepacked HiLoad 26/60 Superdex 200 col-
umn (Amersham Biosciences). Finally, 10-ml fractions were
collected and used for SDS-PAGE with silver staining as well as
for evaluation of protease activity by means of paracaseinate
precipitation on casein-buffered starch yeast extract agar plates
or azocasein hydrolysis and were stored at 4 °C (20, 33-36).

Purification of Recombinant ProA—Recombinant periplas-
mic ProA was isolated by osmotic shock (37) from E. coli
BL21(pCL15). The presence of protease activity was deter-
mined as described above (34, 36). To obtain purified ProA, the
periplasmic fraction was diluted 1:10 in 20 mm Tris-HCI (pH 9)
equilibration buffer and applied to a 1-ml Resource-Q column
(Amersham Biosciences) for AEC. AEC was carried out at
25 °C, and a gradient of 0—1 M sodium chloride in equilibration
buffer was used. Fractions of interest were combined and con-
centrated, and buffer exchange with 20 mm Tris-HCI (pH 8)
was performed by means of Amicon-15 filter devices (Milli-
pore) and centrifugation. The presence of a single ProA-His
protein band of 38 kDa was verified with SDS-PAGE and
Coomassie staining.

Overexpression of Recombinant PlaA-His, GST-PlaC Vari-
ants, PlaC-His, and His-PlaD and Purification of GST-PlaC-
Strep and PlaC-His—For expression of recombinant PlaA-His
(from pER13), GST-PlaC variants (from pER31, pCL70 - 80/83/
85), PlaC-His (from pCL14, pER14), and His-PlaD (from pER7),

JULY 6,2012+VOLUME 287+-NUMBER 28

L. pneumophila PlaC GCAT Activation by ProA

E. coli BL21 cultures were grown at 37 °C to an A4, 0f 0.8. The
GST-PlaC variant-expressing cultures were induced with 0.1
mM isopropyl 1-thio-3-p-galactopyranoside and transferred to
18 °C for 16 —17 h. PlaA-His, PlaC-His, and His-PlaD-express-
ing cultures were induced with 0.2% arabinose for PlaA-His or 1
mM isopropyl 1-thio-B-p-galactopyranoside for all others and
collected after 3—4 h of incubation at 37 °C. Cell lysates for
lipolytic activities were produced as described previously (21,
32). For the purification of GST-PlaC-Strep (from pCL83), the
cell pellet was collected and resuspended in 100 mm Tris-HCI
(pH 8.0) containing 100 mm NaCl and 1 mm EDTA. Homoge-
nization was performed using an Emulsi Flex C3 (Avestin)
applying 25,000 —30,000 p.s.i. The soluble fraction was isolated
by centrifugation at 13,000 X g at 4 °C for 60 min. GST-PlaC-
Strep was purified using Strep-Tactin® Superflow® high capac-
ity resin (IBA) according to the manufacturer’s instructions. To
obtain PlaC-Strep, GST-PlaC-Strep bound to the resin was
cleaved by PreScission protease (GE Healthcare) according to
the manufacturer’s instructions. Cells for the purification of
PlaC-His (pER14) were resuspended in 20 mm NaH,PO,, 500
mM NaCl, 20 mm imidazole (pH 7.4) and incubated with
lysozyme (10 mg/ml) for 30 min on ice followed by ultrasonica-
tion and DNase treatment steps. After centrifugation at
13,000 X g at 4°C for 30 min, PlaC-His was purified using a
HisTrap HP column (Amersham Biosciences) according to the
manufacturer’s instructions and concentrated by Amicon-15
filter devices (Millipore).

Assays for Lipolytic Activities—Lipolytic (PLA, LPLA, lipase,
and GCAT) activities were detected as described previously (21,
25, 38) by using the lipid substrates 1-monopalmitoyllysophos-
phatidylcholine, 1-monopalmitoyllysophosphatidylglycerol,
1-monopalmitoylglycerol, monopalmitoyllysophosphatidyle-
thanolamine, dipalmitoylphosphatidylserine, dipalmitoylphos-
phatidylethanolamine, 1,2-dipalmitoylphosphatidylglycerol
(DPPG; used in most cases as an acyl donor for GCAT detec-
tion), 1,2-dipalmitoylphosphatidylcholine (DPPC), cholesterol,
and ergosterol (used in amounts comparable with cholesterol).
To activate GCAT in cell lysates with expressed recombinant
PlaC, 100-ul reaction mixtures (lipid suspension and bacterial
product) were incubated with 2—6 milliunits of different
ProA preparations, such as culture supernatant from a L. pneu-
mophila plaC mutant or ProA from the periplasmic fraction of
BL21(pCL15). All lipids, including standards for thin layer
chromatography (TLC), were obtained from Sigma or Avanti
Polar Lipids. Detection of reaction products, such as free fatty
acids and sterol esters, was performed by lipid extraction and
subsequent TLC or by quantitative detection of free fatty acids
as described earlier (21, 25).

Western Blot Analysis—Samples were separated on a 12.5%
SDS-polyacrylamide gel (39). Proteins were transferred to a
nitrocellulose membrane. Primary polyclonal rabbit antibody
against PlaC (generated by BioGenes against recombinantly
expressed and purified PlaC-Strep) was added at a dilution of
1:1000. «-Rabbit linked to G-horseradish peroxidase (Sigma)
was used as a secondary antibody at a dilution of 1:10,000. Pro-
teins were detected by chemiluminescence (ECL kit, Amer-
sham Biosciences).
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Proteolysis of PlaC and Peptide Analysis by Liquid Chroma-
tography/Electrospray Ionization Tandem Mass Spectrometry
(Nano-LC/ESI-MS/MS)—Recombinant purified PlaC-His de-
rived from BL21(pER14) was applied to SDS-PAGE, and the
~51-kDa protein band was cut out, destained (10% acetic acid,
30% ethanol, 60% water (v/v/v)), rinsed with 100 ul of 50 mMm
ammonium hydrogen carbonate buffer, and subsequently
dehydrated with 100 ul of 100% acetonitrile until the fragment
became colorless. Next, the fragment was quickly rinsed with
ultrapure water, dried in a SpeedVac, and incubated overnight
with 0.6 ug of ProA (purified from L. pneumophila supernatant
via AEC) in 40 mm Tris-HCI (pH 7.5), 1 uM ZnCl,. Trypsin
proteolysis of ProA-digested PlaC-His and determination of
generated PlaC peptides via nano-LC/ESI-MS were carried out
according to a published protocol (40). The ProA-specific
cleavage sites in PlaC were determined by exact peptide mass
analysis and fragmentation of the ionized peptides applying col-
lision-induced fragmentation. Peptide identifications were per-
formed using the Mascot search engine (reference genome
sequences, L. pneumophila Corby and 130b). The precursor
and fragment mass tolerances were set to 0.002 and 0.5 Da,
respectively.

Protease-profiling Microarray—For identification of ProA
cleavage sites, a peptide microarray (JPT Peptide Technologies)
was used. For that purpose, phosphotyrosine-labeled peptide
octamers with five overlapping amino acids from the C-termi-
nal part of L. pneumophila 130b PlaC (amino acids 300 —433)
were synthesized. In short, the peptide microarray (containing
three identical subarrays) was incubated with 350 ul of purified
L. pneumophila 130b ProA (1 unit/ml) in 1X TBS with 10 um
ZnCl, for 15 h at 37 °C. As a negative control, 10 mg/ml BSA
was applied to an identical microarray. Next, the microarray
slides were washed five times with double distilled water fol-
lowed by treatment with fluorescence-labeled anti-phosphoty-
rosine antibody. Finally, fluorescence signal intensities of each
spot were determined, and the mean value for signal intensities
of the spots with identical peptides for the image of control
experiment (A) and from images subsequent to ProA incuba-
tion (B) was calculated. The calculated ratio (A/B) displayed
cleavage efficiency. The highest values (>1) indicated that the
spots displaying the peptides were cleaved most effectively by
ProA. The assay procedure was carried out according to the
manufacturer’s instruction.

RESULTS

Chromatographic Separation of the GCAT-activating Factor—
Because L. pneumophila proA knock-out mutant does not
transfer palmitic acid to cholesterol and therefore does not
exhibit GCAT activity in culture supernatants, it is likely that
zinc metalloproteinase ProA directly or indirectly promotes
GCAT activation (25). To identify the protein responsible for
PlaC GCAT activation, we performed AEC fractionation of L.
pneumophila plaC mutant culture supernatant, which contains
the activating factor but not PlaC. We subsequently incubated
the fractions with cell lysates of an E. coli clone expressing PlaC
but not showing GCAT activity without respective activation
(25). Fractions 7-14/15 and especially fractions 8 and 9 indeed
induced GCAT activity as shown by the formation of choles-
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FIGURE 1. Chromatographic separation of an L. pneumophila ~38-kDa
protease as the GCAT-activating factor of PlaC. A, AEC fractions (1-17)
from culture supernatant of L. pneumophila 130b plaC mutant were assayed
for GCAT activation of plaC-expressing DH5a (pMMB2002 plaC = pMY6).
DH5a(pMY6) cell lysates were incubated with the respective AEC fraction,
DPPG/cholesterol, and 2 mm ZnCl, for 20 h at 37 °C. Subsequently, lipids were
extracted and subjected to TLC. Accumulation of cholesterol palmitate indi-
cates GCAT activity in fractions 7-14/15 (dashed frame). Results are represent-
ative for at least two additional experiments. st., standard; TPG, tripalmitoyl-
glycerol; FFA, free fatty acids; C, cholesterol. B, AEC fractions 4-18 were
applied to an agar plate containing casein and incubated for 8-18 h at 37 °C.
Precipitation of paracaseinate indicates the presence of proteinase activity in
the fractions showing GCAT activation. G, silver-stained reducing SDS-PAGE
of AEC fractions showed enrichment of an ~38-kDa protein in the GCAT-
activating fractions. Results are representative of at least one additional
experiment.

terol palmitate (CP) when the mixtures were incubated with
DPPG and cholesterol, thereby highlighting the successful frac-
tionation of the GCAT-activating factor (Fig. 1A4). Fractions 1-6
and 16 —17 did not show CP generation, but instead especially frac-
tions 1/2 and 4—7 showed a marked release of fatty acids, indicat-
ing the presence of secreted L. pneumophila PLAs (Fig. 14) (4, 5,
25). Next, the fractions were tested for protease activity on casein
agar, and protease-positive fractions 7—-15 were exactly overlap-
ping the fractions inducing cholesterol acylation (Fig. 1B). Reduc-
ing SDS-PAGE showed the consistent presence of a prominent
~38-kDa protein in the fractions of interest especially in fractions
8-11 (Fig. 1C). The 38-kDa protein was N-terminally sequenced,
and the sequence “EKVQA” was determined that corresponds to
mature ProA starting from amino acid 208 after cleavage of the
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FIGURE 2. L. pneumophila zinc metalloproteinase ProA directly activates PlaC GCAT activity transferring both palmitic and propionic acid to choles-
terol and analysis of acyl donor substrate specificities. A, E. coliBL21 cell lysates from clones expressing plaC (BL21(pet28a plaC = pCL14)) or harboring the
empty vector (EV) (BL21(pet28a)) were incubated with DPPG/cholesterol and supplemented with Tris-HCl as the buffer control, the periplasmic fraction of
BL21(pet28a) as the empty vector control, or the protease-active periplasmic fraction of E. coli expressing proA (BL21(pet28a proA = pCL15)). B, recombinantly
expressed and purified GST-PlaC-Strep was incubated with DPPG/cholesterol and supplemented with Tris-HCl or recombinantly expressed and purified
ProA-His. C, for determination of donor substrate specificities of GCAT activity, L. pneumophila Corby proA mutant 10-fold-concentrated late logarithmic phase
culture supernatant was incubated with different diacyl- and lysophospholipids and cholesterol and supplemented either with Tris-HCl or protease-active
periplasmic fractions of BL21(pet28a proA = pCL15). After 3 (B) or 16 h (A and () of incubation, lipids were extracted and analyzed for the formation of
cholesterol esters by means of TLC. All results shown are representative of at least two additional experiments. st., standard; CB, cholesterol butyrate;
C, cholesterol; MPLPC, 1-monopalmitoyllysophosphatidylcholine; MPLPG, 1-monopalmitoyllysophosphatidylglycerol; MPLPE, monopalmitoyllysophosphati-

dylethanolamine; DPPS, dipalmitoylphosphatidylserine; DPPE, dipalmitoylphosphatidylethanolamine.

signal peptide (amino acids 1-24) and the N-terminal propeptide
(amino acids 25-207) (41).

ProA Directly Activates PlaC GCAT Activity—As judged
from our biochemical analysis, it was likely that ProA directly
activated PlaC GCAT activity. To confirm that observation, L.
pneumophila proA and plaC were cloned into vector
pet28a(+), resulting in C-terminal Hisg-tagged gene fusions.
Subsequently, the periplasmic fraction of E. coli BL21 express-
ing proA was incubated together with cell lysates of the plaC-
expressing E. coli strain. The plaC-expressing E. coli clones or
the empty vector controls alone showed only very minor or no
GCAT activity. Only when plaC- and proA-expressing bacterial
products were combined was a marked increase in CP genera-
tion observed (Fig. 2A4). Also, recombinant purified GST-PlaC-
Strep led to cholesterol acylation when incubated with purified
ProA-His (Fig. 2B). In addition to the CP spot, another com-
pound was formed due to PlaC activity (Fig. 2, A and B). This
spot, running to a lower height than CP during TLC analysis,
was also mentioned in earlier reports describing L. pneumo-
phila GCAT activity expressed both naturally in L. pneumo-
phila and recombinantly in E. coli. There it was designated
“unknown substance” whose development depends on the
presence both of cholesterol and PlaC; therefore, it might rep-
resent another cholesterol ester (21, 25, 33). We tested several
defined cholesterol esters with different acyl chain lengths,
such as cholesterol propionate (CPP) and butyrate, for their
running behavior and found that the additional compound rep-
resents CPP (Fig. 2, A and B). To summarize, we found that
PlaC GCAT is directly activated by ProA and that it also trans-
fers fatty acids with a shorter chain length.

Acyl Donor Substrate Specificities of L. pneumophila GCAT—
To assess the nature of the phospholipid acyl donor for L. pneu-
mophila GCAT activity and its dependence upon activation by
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ProA, we monitored CP generation after incubation of L. pneu-
mophila Corby proA mutant culture supernatant (containing
secreted not GCAT-activated PlaC) with cholesterol and differ-
ent diacyl- and lysophospholipids, such as dipalmitoylphos-
phatidylserine, dipalmitoylphosphatidylethanolamine, DPPG,
DPPC, monopalmitoyllysophosphatidylethanolamine, 1-mo-
nopalmitoyllysophosphatidylglycerol, and 1-monopal-
mitoyllysophosphatidylcholine. Here we show that only incuba-
tions with diacylphospholipids dipalmitoylphosphatidylserine and
DPPG as well as to a lesser extent with DPPC and concomitant
addition of recombinant ProA developed CP (Fig. 2C). This means
that L. pneumophila GCAT activity preferentially transfers pal-
mitic acid from dipalmitoylphosphatidylserine, DPPG, and DPPC
to cholesterol, and it depends on enzyme activation by ProA. In
contrast, development of CPP was observed for a variety of diacyl-
and lysophospholipids and did not seem to be strictly dependent
on ProA. This therefore suggests that enzymes in addition to PlaC
may be responsible for transferring fatty acids with shorter chain
lengths (Fig. 2C). We also performed experiments with 16:0 18:1
diacylphosphatidylglycerol and 16:0 18:1 diacylphosphatidylcho-
line as well as Acanthamoeba and U937 cell lysates (the latter two
without external sterol addition) and observed that ProA-acti-
vated PlaC uses a variety of acyl lipid donors for sterol acylation but
not unesterified fatty acids, such as propionic and palmitic acids
(data not shown).

PlaC Is the Major L. pneumophila GCAT Transferring Pal-
mitic Acid to Both Cholesterol and Ergosterol, and Together with
PlaA and PlaD It Transfers Short Chain Fatty Acid to Sterols—
It has been shown earlier that secreted GCAT activity of a L.
pneumophila plaC knock-out mutant was negligible with
respect to CP generation and that plaA does not contribute to
that activity (25). Here we examined the three L. pneumophila
single GDSL enzyme knock-out mutants for their GCAT activ-
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FIGURE 3. PlaC is the major L. pneumophila GCAT transferring palmitic acid to both cholesterol and ergosterol, and together with PlaA and PlaD it
transfers propionicacid to sterols. Formation of different cholesterol (A) or ergosterol esters (B) by late logarithmic phase cell lysates and 8-fold-concentrated
culture supernatants from L. pneumophila Corby wild type versus single GDSL protein knock-out mutants was studied after 16-h incubation at 37 °C with
DPPG/sterol, lipid extraction, and TLC. Cell lysates of E. coli clones expressing plaA, plaC, and plaD (BL21(pBADTOPO plaA = pER13), BL21(pet28a plaC = pCL14),
and BL21(pET160 plaD = pER27)) were incubated with DPPG, DPPC, 1-monopalmitoyllysophosphatidylglycerol (MPLPG), and 1-monopalmitoyllysophosphati-

dylcholine (MPLPC) with Tris-HCl or the periplasmic fraction of BL21(pet28a proA =

pCL15) to determine PLA/LPLA activities via quantification of FFA (C). The results

represent the means and standard deviations of duplicate cultures and three reactions each and are representative of three independent experiments. The E. coli
preparations were further incubated with DPPG/cholesterol (D) or DPPG/ergosterol (E) with Tris-HCl or the periplasmic fraction of BL21(pet28a proA = pCL15) for 16 h,
and then lipids were extracted and analyzed for sterol ester formation by means of TLC. All results shown are representative of at least one additional experiment. st.,
standard; CB, cholesterol butyrate; C, cholesterol; E, ergosterol; BYE, buffered yeast extract; EP, ergosterol palmitate; EPP, ergosterol propionate.

ity with respect to CP and CPP development. To that end, we
incubated cell lysates and concentrated culture supernatants of
wild type L. pneumophila and single GDSL enzyme knock-out
mutants with DPPG and cholesterol. Fig. 3A confirms that PlaC
is the major secreted GCAT inducing CP production, whereas
PlaA and PlaD do not contribute to this. However, because both
plaA and plaC mutant culture supernatants showed reduced
generation of CPP, we conclude that PlaA and PlaC transfer
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short fatty acids (such as propionic acid) to cholesterol (Fig.
3A). Interestingly, generation of CPP was also induced by cell
lysates of the wild type and all mutants. Therefore, L. pneumo-
phila may contain another cell-associated enzyme, different
from the three GDSL enzymes introduced here, that promotes
cholesterol acylation.

L. pneumophila is predominantly an environmental bacte-
rium that successfully replicates in protozoa, such as amoebae.
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Because amoebae do not contain cholesterol but instead a vari-
ety of sterol species, including ergosterol (4, 25, 42—45), we
were interested to know whether the Legionella GDSL enzymes
acylate this potential acceptor lipid. We therefore incubated
cell lysates and concentrated culture supernatants of L. pneu-
mophila wild type and single GDSL enzyme knock-out mutants
with DPPG and ergosterol. A result very similar to the above
described cholesterol acylation was observed here; i.e. for the
wild type supernatants, a compound spot that likely represents
ergosterol palmitate and a spot likely representing ergosterol
propionate were detected. Only the plaC mutant culture super-
natant exhibited severely reduced production of ergosterol
palmitate, and the plaA and plaC mutants exhibited reduced
development of ergosterol propionate (Fig. 3B). The cell lysates
of all tested strains showed the presence of a so far unknown
cell-associated activity responsible for esterification of sterols
(both ergosterol and cholesterol) (Fig. 3B).

To confirm the mutant studies and to get further insight into
the L. pneumophila GDSL enzyme activities, plaA, plaC, and
plaD were expressed in E. coli. All three genes were found to be
expressed as shown by the presence of PLA/LPLA activities
with and without addition of recombinant ProA (Fig. 3C).
Recombinantly expressed PlaA and PlaD showed some PLA
activity but major LPLA activity as already known for PlaA (21).
For both enzymes, PLA and LPLA activities were reduced by
ProA addition. Mainly, LPLA activity and some PLA activity
were also found to be associated with the clone expressing plaC.
As shown before, PlaC-dependent PLA activity but not LPLA
activity increased by concomitant incubation with ProA (Fig.
3C) (25). Next, clones expressing the three genes were tested for
GCAT activity. PlaC possessed activity for transfer of palmitic
acid and propionic acid to both cholesterol and ergosterol that
was activated by ProA (Fig. 3, D and E). The generation of sterol
palmitate was not observed for plaA- and plaD-expressing
clones; however, both induced generation of ergosterol propi-
onate. Interestingly, in the case of PlaA, this ester was only
formed with ProA, and in the case of PlaD, a weak spot of ergos-
terol propionate was observed only without ProA incubation
(Fig. 3E). From those experiments, we conclude that not only
PlaC but also PlaA and PlaD may transfer fatty acids to host cell
sterols, and therefore all three enzymes possess acyltransferase
activity. In this context, it seems that PlaA and PlaD may have a
preference for the transfer of short chain fatty acids, such as
propionic acid, whereas PlaC in addition transfers long chain
fatty acids, such as palmitic acid.

PlaC Processing Depends on ProA—We have shown that
ProA directly activates PlaC GCAT activity. Now it was of
interest to determine whether PlaC is indeed processed by
ProA. Therefore we analyzed the protein size of PlaC present in
the culture supernatant of L. pneumophila wild type versus a
proA mutant. Whereas in the wild type a protein of about 36
kDa was detected in the culture supernatant after reducing
SDS-PAGE and Western blotting, in a proA mutant, an approx-
imately 40 —45-kDa protein was found (Fig. 4A4). The unpro-
cessed protein present in the proA mutant likely represents
PlaC without a signal peptide (calculated mass, 47 kDa). To
further evaluate the nature of processing, the PlaC protein sizes
were compared under non-reducing SDS-PAGE. Here no con-

JULY 6,2012+VOLUME 287+-NUMBER 28

L. pneumophila PlaC GCAT Activation by ProA

WT AplaC AproA M WT AplaC AproAM

55kDa

' + t4okDa

| 35kDa

- -

FIGURE 4. Secreted PlaC is processed by ProA in L. pneumophila. 10-fold-
concentrated culture supernatants of L. pneumophila Corby wild type, plaC
mutant, and proA mutant were applied to reducing (360 mm -mercaptoeth-
anol) (A) and non-reducing (B) SDS-PAGE, Western blot analysis, and detec-
tion with an a-PlaC antibody. Results are representative of at least one addi-
tional experiment. WT, wild type; M, molecular weight marker.

siderable difference in the protein size was observed (Fig. 4B). It
was further found that after overexpression of PlaC-Strep in L.
pneumophila wild type and affinity extraction of PlaC-Strep
from the culture supernatant protein bands of ~38-39 and
~8-9 kDa, corresponding to processing at about amino acids
360-370, were detected after reducing SDS-PAGE, whereas
only the full-length 47-kDa protein was found in a proA mutant
(data not shown). This suggests processing within a disulfide
loop where a disulfide bond still keeps the separated protein
chains connected. PlaC contains four cysteine residues in its
C-terminal half, and those might form disulfide loops involved
in GCAT activation. But before clarifying the importance of
cysteines, we aimed to characterize essential catalytic amino
acids.

The Individual Members of the Putative Catalytic Triad Ser-
37/Asp-398/His-401 Are Essential for the PlaC-associated
GCAT and PLA Activities—Amino acid homology to A. hydro-
phila SatA and the presence of defined protein regions charac-
teristic of GDSL enzymes and SGNH hydrolases within PlaC
suggested the importance of Ser-37, Asp-398, and His-401 for
enzymatic activity (Figs. 5 and 6A) (15, 19, 46, 47). To determine
the significance of these three amino acids for PlaC PLA and
GCAT activities, point mutations (S37N, D398N, and H401N)
were introduced in GST-PlaC (Table 1). The constructs were
expressed in E. coli and tested for the above mentioned activities.
Fig. 6B shows that only the wild type but not the mutated construct
possesses GCAT activity. PLA activity of the mutants was severely
reduced compared with the wild type using DPPG as substrate
(Fig. 6C), although the proteins were expressed at similar levels
(Fig. 6D). Our data verify that Ser-37, Asp-398, and His-401 likely
constitute the catalytic triad and that PlaC possesses identical cat-
alytic residues for both GCAT and PLA activities.

Cysteines Cys-343, Cys-388, Cys-415, and Cys-427 Are Essen-
tial for PlaC-associated PLA and GCAT Activities—It has been
shown that the GCAT activity of A. salmonicida SatA requires
activation by a bacterial serine proteinase (48). Additionally, it
was published that trypsin is able to activate A. hydrophila SatA
GCAT expressed in A. salmonicida by means of processing the
protein between two cysteines (Cys-225 and Cys-281), forming
a disulfide bridge (49). L. pneumophila PlaC contains four cys-
teines in the C-terminal region that may form one or two disul-
fide bridges and thereby may assure integrity of the catalytic
triad after possible proteolytic cleavage (Fig. 6A). Indeed, the
program DiANNA predicted disulfide bridge formation (a)
between the PlaC residues Cys-343 and Cys-388 and (b) the
residues Cys-415 and Cys-427 (50). Insulin, chymotrypsinogen,
prothrombin, and diverse bacterial toxins like the diphtheria
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organism name block I block IT

Aeromonas salmonicida ~ SatA 27 IVMFGDSLSDTG 37 LTIANEAEGGAT 37
Legionella pneumophila  PlaA 23 IVVFGDSLSDNG 41 SHLLDYAFGGAG 34
Legionella pneumophila  PlaC 30 IVVFGDSLSDNG 108 EVYLNKAFGGSW 53
Legionella pneumophila  PlaD 10 LVVLGDSLSDRG 98 RFARFYCEGGLT 49

block III

VILWVGANDYL 26
FVIWIGANNYL 26
YFIYSGSNDYI 34
VVEWSGANDLI 78

block IV block V

NGAKQILLFNLPD 128 FWDQVHPT 24
KGAKHILVLNLPD 104 FFDLVHPT 25
AGARRFVIMGIPH 123 FWDEIHPT 30
KYKELGIPVNLSV 53 FWDDVHPT 170

FIGURE 5. Conserved domains and catalytic triad (bold) of L. pneumophila Corby GDSL enzymes PlaA, PlaC, and PlaD compared with SatA of A.
salmonicida. The digits highlight the number of amino acids before and after the conserved regions.

toxin are good examples of enzymes that undergo processing
and concomitant activation in between their disulfide bridge-
forming residues (51-55) Therefore, to get insight into the
importance of the four cysteine residues (Cys,343, Cys,388,
Cys,415, and Cys,427), we incubated the wild type plaC-ex-
pressing clone with increasing amounts of the reducing agent
dithiothreitol (DTT) and observed that GCAT activity for
transfer of both palmitic and propionic acid was inhibited by 50
mwm DTT (Fig. 6E). Additionally, the four cysteines were indi-
vidually mutated in GST-PlaC and expressed in E. coli. Fig. 6, F,
G, and H, illustrate that after mutation of Cys-343, Cys-388,
Cys-415, and Cys-427, although expressed at a similar level,
both GCAT and PLA activities were severely reduced or even
completely lost as compared with that of the wild type con-
struct. Collectively, these data imply that disulfide bridge for-
mation between Cys-343 and Cys-388 as well as Cys-415 and
Cys-427 may be essential for GCAT activity.

Determination of ProA-specific Cleavage Sites in PlaC: Disul-
fide Loop Reduction/Deletion Independently of ProA Activates
PlaC-dependent PLA and GCAT Activities—Three different
experimental strategies were followed to identify the potential
ProA cleavage site within PlaC. Strategy 1 used an array of
phosphotyrosine-labeled overlapping peptides of 8 amino
acids, representing the last 134 amino acids (amino acids 300 —
433) of PlaC. Cleavage of a specific peptide was detected by
comparison of spot intensities from identical peptides on chips
incubated with ProA or BSA, respectively. One unambiguous
cleavage site was found between GIn-366 and Tyr-367 located
within the potential loop region between Cys-343 and Cys-388
(Fig. 7A). An additional, not clearly defined, potential cleavage
site was found between the amino acids Phe-315 and Asn-319.
Processing at this site, i.e. in front of the potentially disulfide
bridge-forming cysteines, however, would separate the three
members of the catalytic triad. Because we have shown that
the lack of even one of the triad renders the enzyme inactive, we
attribute the cleavage rather to the nature of peptides used in
the assay and therefore did not include it for further analysis.
No cleavage was observed in the region between Cys-415 and
Cys-427. Strategy 2 purified denatured PlaC, which was
digested with ProA and trypsin, and the resulting peptides were
mapped by means of LC/ESI-MS. Here three major cleavage
sites within the potential Cys-343 and Cys-388 loop, namely
between Tyr-363 and Val-364, GIn-366 and Tyr-367, and Gln-
372 and Tyr-373, were detected (Fig. 7A). The second proposed
cleavage site (GIn-366 and Tyr-367) was also found by strategy
1. Additional cleavage was observed between Asp-314-and Phe-
315, Phe-315 and Leu-316, Leu-316 and Phe-317, and Phe-317
and Val-318. This cleavage region matches a region also iden-
tified in strategy 1, but the site was not further analyzed due to
the expected inactivation of the enzyme. Because several poten-
tial cleavage sites were observed for the region between Cys-343
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and Cys-388 but no potential cleavage sites were observed
between Cys-415 and Cys-427, we focused on a more detailed
analysis of the first region. In strategy 3, five single (V364G,
Q366A, Y367F,Y367W, and Y367A), five triple (P358 A/F359A,
R361A/N362A/Y363A,V364A/L365A/Q366A,Y367A/T368A/
Q369A, and Y373A/R374A/D375A), and five double triple
(P358A/F359A + Y367A/T368A/Q369A, P358A/F359A+
V364A/L365A/Q366A, R361A/N362A/Y363A + Y367A/
T368A/Q369A, V364A/L365A/Q366A + Y373A/R374A/
D375A, Y367A/T368A/Q369A + Y373A/R374A/D375A)
amino acid changes especially in the potential cleavage sites
were applied to the region between Cys-343 and Cys-388; how-
ever, none of the PlaC mutants showed defective GCAT activa-
tion (data not shown). We then introduced deletions of differ-
ent lengths within the loop structure, i.e. from amino acids 364
to 375, 361 to 379, 358 to 379, 347 to 384, and 343 to 388 (Fig.
7A). Except the latter deletion, all others showed a very inter-
esting enzymatic phenotype: instead of the expected loss of
ProA-induced activation of GCAT, these constructs possessed
extraordinarily high GCAT and PLA activities even without
activation by ProA (Fig. 7, B and C). GCAT activation of those
deletion mutants was completely independent of ProA. This
was observed despite the detection of comparable or even lower
amounts of the respective proteins (Fig. 7D). This implies that
reduction/deletion of the potential loop region, for example via
proteolytic cleavage at several sites, rather than cleavage at a
single specific site induces GCAT activity.

When an alignment of the L. pneumophila PlaC Cys-343/
Cys-388 loop region with homologous proteins was performed,
Legionella ssp. PlaC-like GDSL proteins were found to contain
similar regions, whereas several cyanobacterial GDSL proteins
and Arabidopsis thaliana extracellular lipase EXL4 lack the
domain (Fig. 7E). This suggests that Legionella bacteria might
possess specific means for postexport activation of GCAT and
PLA activities by the described ProA-dependent mechanism
(Fig. 8).

DISCUSSION

We postulate a novel enzyme activation mechanism by
which cells may control a per se toxic enzymatic activity until
it is released from the cell (Fig. 8). Such a mechanism might
be of extraordinary importance to prevent damage of Legio-
nella via its PlaC-dependent PLA activity that targets phos-
pholipids typically contained in prokaryotes, such as phos-
phatidylglycerol or as shown for some intracellular bacteria
phosphatidylcholine (56 —58). Although the here described
ProA-dependent increase in PlaC-derived PLA after expres-
sion in E. coli was not as prominent as seen for GCAT, we
showed earlier that secreted PLA is reduced by two-thirds in
a L. pneumophila proA knock-out mutant compared with the
wild type (20).
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FIGURE 6. The individual members of the putative catalytic triad Ser-37/Asp-398/His-401 and cysteines Cys-343, Cys-388, Cys-415, and Cys-427
are essential for the PlaC-associated GCAT and PLA activities. The localization of the three catalytic amino acids, the four cysteine residues, and the
predicted signal peptide (SP) of L. pneumophila PlaCis depicted in A. Cell lysates of E. coli clones expressing plaC (BL21(pGEX plaC = pER32)); the catalytic
triad mutants (BL21(pGEX plaCg;,y = pCL70), BL21(pGEX plaCpzogn = PCL71), and BL21(pGEX plaC, 40,y = PCL72)); or C343N, C388N, C415N, and C427N
mutants (BL21(pGEX plaCcs,3y = PCL73), BL21(pGEX plaCcsg5y = PCL74), BL21(pGEX plaCc,qsy = PCL75), and BL21(pGEX plaCc,,,n = PCL76)) were
incubated with DPPG/cholesterol with Tris-HCl or the periplasmic fraction of BL21(pet28a proA = pCL15) for 3 h, and then lipids were extracted and
analyzed for sterol ester formation by means of TLC (B and F). The E. coli preparations were further incubated solely with DPPG supplemented with
Tris-HCI or the periplasmic fraction of BL21(pet28a proA = pCL15) to determine PLA/LPLA activities via quantification of FFA (C and G). The results
represent the means and standard deviations of duplicate cultures and three reactions each and are representative of three independent experiments.
Comparable expression of the different plaC constructs was shown by detection of the overexpressed 74-kDa GST-PlaC protein in reducing SDS-PAGE
and Coomassie Blue staining (D and H). Cell lysates of BL21(pGEX plaC = pER32) were incubated with DPPG/cholesterol supplemented with the
periplasmic fraction of BL21(pet28a proA = pCL15) and with different concentrations of the reducing agent DTT for 3 h. Subsequently, the lipids were
extracted and analyzed for sterol ester formation by means of TLC (E). All results shown are representative of at least one additional experiment. st.,
standard; CB, cholesterol butyrate; C, cholesterol, M, molecular weight marker.
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FIGURE 7. Disulfide loop deletion independently of ProA activates PlaC-dependent PLA and GCAT activities. An overview of the PlaC region between
amino acids 341 and 390 highlighting the potential ProA cleavage sites as identified by means of the peptide cleavage microarray and nano-LC/ESI-MS as well
as PlaC loop-deletion mutants is shown (A). Cell lysates of E. coli clones expressing plaC (BL21(pGEX plaC = pER32)) and/or mutants (BL21(pGEX plaCas64_75 =
pCL77), BL21(pGEX plaCys6,_70 = pCL78), BL21(pGEX plaCass5_79 = PCL79), BL21(pGEX plaCas4,_g. = PCL85, and BL21(pGEX plaC,s,;_gs = pCL8O)) were
incubated with DPPG/cholesterol supplemented with Tris-HCl or the periplasmic fraction of BL21(pet28a proA = pCL15) for 3 h, and then lipids were extracted
and analyzed for sterol ester formation by means of TLC (B). The E. coli preparations were further incubated solely with DPPG supplemented with Tris-HCl or the
periplasmic fraction of BL21(pet28a proA = pCL15) to determine PLA/LPLA activities via quantification of FFA (C). The results represent the means and standard
deviations of duplicate cultures and three reactions each and are representative of three independent experiments. Comparable expression of the different
plaC constructs was shown by detection of the overexpressed 74-kDa GST-PlaC proteins in reducing SDS-PAGE and Coomassie Blue staining (D). The disulfide
loop region (PlaC amino acids 330-400) ClustalW2 multiple alignment of different PlaC-like GDSL proteins of Legionella ssp., different cyanobacterial species,
and A. thaliana extracellular lipase EXL4 highlighting the potential ProA cleavage sites is shown (E). st., standard; CB, cholesterol butyrate; C, cholesterol;
M, molecular weight marker; AA, amino acids; * indicates positions which have a single, fully conserved residue, : indicates conservation between groups of
strongly similar properties, and . indicates conservation between groups of weakly similar properties.

We have now mechanistically elucidated GCAT activation of  ports Hartmanella vermiformis amoebae and guinea pig infec-
a bacterial GDSL protein by a bacterial metalloproteinase. So  tion, and is indeed found in the L. pneumophila phagosome
far, only bacterial serine proteinase-dependent activation in A. (62— 64). Here we showed that the enzyme also regulates lipo-
salmonicida SatA and eukaryotic RhoA-dependent activation lytic activities of the pathogen that might contribute to the
for Salmonella enterica Sse] have been described (48, 49, observed loss of hemolytic activities in a L. pneumophila proA
59-61). knock-out mutant (65, 66).

The L. pneumophila zinc metalloproteinase ProA fulfils a As shown in the case of PlaC GCAT activation, disulfide loop
variety of functions that may trigger bacterial pathogenicity. It reduction/deletion rather than cleavage at a single site as a pre-
degrades host extracellular matrix and immunity proteins, sup-  condition for enzyme activation to our knowledge has not yet
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Cytoplasm

External space

FIGURE 8. Proposed model for ProA-dependent activation of L. pneumophila PlaC GCAT activity. Within the cytoplasm, PlaC and ProA are present in their
inactive preproform. After transport of PlaC and ProA through the inner bacterial membrane via the Sec system and concomitant signal peptide cleavage, ProA
is present in its inactive proform. In the periplasm, a disulfide bridge(s) may be formed within PlaC, which is then still found in its GCAT-inactive proform. After
subsequent export of ProA and PlaC via the Lsp secretion system, ProA acquires its mature active form via autoactivation by means of N-terminal propeptide
cleavage. PlaCis then processed and thereby activated by mature ProA and subsequently shows GCAT and full PLA activity. IM, inner bacterial membrane; OM,

outer bacterial membrane; LPS, lipopolysaccharide.

been described. There are other examples of eukaryotic and
bacterial enzymes where proteolytic processing within a pro-
tein loop structure and often subsequent release of individual
protein domains result in increased activity. For example, RipA,
an endopeptidase of Mycobacterium tuberculosis, is expressed
as a zymogen and activated via proteolytic processing of an
exposed loop connecting the prodomain with the catalytic
domain, resulting in the release of the catalytic domain (67). In
other cases, such as Pseudomonas exotoxin A, enzyme activa-
tion is triggered by proteolytic cleavage at Arg-279 between two
disulfide bridge-forming cysteines, and after a following reduc-
tion of the disulfide bridge, the activity domain is released (55,
68). Several bacterial toxins, including diphtheria toxin, Shiga
toxin, cholera toxin, and E. coli heat-labile toxin, require activation
by bacterial or host proteinases (55, 69-71). For example, the
C-terminal region of Shiga toxin subunit A contains two disulfide
bridge-linked cysteines forming a loop that contains the trypsin
and furin proteinase recognition sequence Arg-Val-Ala-Arg (72).
Cleavage at a single site results in enzymatically active disulfide
bridge-linked A1 and A2 fragments (70).

Conformational changes associated with loop cleavage seem
important for the regulation of enzyme activity and substrate
binding. In some cases, such as RipA of M. tuberculosis, the loop
binds tightly to the catalytic cleft, for example by means of sev-
eral hydrogen bridges (67). It is possible that reduction/deletion

JULY 6,2012+VOLUME 287+-NUMBER 28

of the possible Cys-343/Cys-388 loop structure in PlaC may
eliminate a sterically inhibiting structure and then results in an
“open gate” conformation for more efficient fatty acid substrate
donor and acceptor binding. Because a reduced level of PLA
and full LPLA activity was observed before ProA activation (Fig.
3C), we speculate that the more voluminous diacylphospho-
lipid substrates might get better access to the substrate binding
or catalytic domains after loop reduction/removal and that
access to the acceptor molecule might only be possible after
proteolytic processing. Interestingly, similar PlaC Cys-343/
Cys-388 loop protein sequences were only found in PlaC-like
Legionella enzymes, suggesting that the protein region targeted
by ProA for GCAT activation is perhaps genus-specific. How-
ever, as our own experiments suggest, the mechanism of acti-
vation by loop reduction/deletion may be more universal. A
further possible target of a similar activation is L. pneumophila
PlaA acyltransferase whose activation here was shown to be
ProA-dependent (Fig. 3E). Importantly, the localization of
potentially loop-forming cysteine residues in many other
GDSL enzymes, including PlaA, is conserved as they are gen-
erally located between homology block IV and V.? Even more
intriguing, we found several GDSL enzymes of different cya-

3 C.Lang and A. Flieger, unpublished observation.
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nobacteria annotated as phosphatidylcholine-sterol O-acyl-
transferases and plant enzymes, such as the extracellular A.
thaliana GDSL esterase/lipase EXL4, that only showed a
very small protein region of about 8-10 amino acids
between the potentially disulfide bridge-forming cysteines
(Fig. 7E), suggesting that those enzymes may be active even
without proteinase activation.

Here we found that the three potential catalytic amino
acids of PlaC, namely Ser-37, Asp-396, and His-401, were all
required for both PLA and GCAT activities. The three cata-
lytic amino acids are conserved in the three L. pneumophila
GDSL enzymes and are strictly conserved in other GDSL
enzymes, suggesting that all enzymes of this family addition-
ally possess acyltransferase activity. Indeed, here we showed
that, in addition to PlaC, PlaA and PlaD also contribute to
sterol acylation (Fig. 3). The latter two were not able to trans-
fer palmitic acid but rather short chain fatty acids. Although
the origin of the short chain fatty acid, especially propionic
acid, substrates is not clear, they might be a minor constitu-
ent of the DPPG substrate used.

PlaC, PlaA, and to some extent PlaD acylate ergosterol, a
typical membrane lipid of protozoa (including amoebae), fungi,
and microalgae (Fig. 3, B and E) (43—45). Free living amoebae
inhabiting aquatic systems are the predominant host for Legio-
nella intracellular growth in natural environments (73). Ergos-
terol substitutes for mammalian cholesterol as a major sterol in
many protozoan/amoebal cells, including Acanthamoeba (42,
44). Sterols are essential components of the membranes mod-
ulating membrane fluidity, signal transduction, and activity of
membrane-bound enzymes (45). Therefore, acylation of sterols
present not only in protozoans but also in the accidental human
host provides Legionella with an important tool for host cell
manipulation. However, specific processes that are targeted by
the L. pneumophila GCATs remain to be established in the
future.
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